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CHAPTER I 

INTRODUCTION 

The importance of the area of superconductivity can be clearly seen from the 

number of Nobel Prizes won in this field. The potential applications of 

superconducting materials are transmission line cables, generators, magnetic 

energy storage systems, magnetic levitation, the medical imaging etc., 

Superconductivity is a phenomenon characterized by two properties: zero 

resistance below a critical temperature (Tc) and expulsion of magnetic flux below 

a critical field (Hc). Superconductivity is a phenomenon of strongly correlated 

behavior in a many-body system, which is important and is still an unsolved 

mystery in physics. The discovery of surprising properties in the field drives 

experimentalists and theorists to understand and complete the puzzles [1]. 

After successfully liquefying helium (He) at the boiling point of 4.2 K, which was 

accomplished in July 1908, Dutch physicist Kamerlingh Onnes measured 

temperature dependence of resistance of mercury (Hg) and found that at 

approximately 4.2 K the resistance of Hg dropped suddenly to zero. This 

suggested that the metal had undergone transition to a new state, which he called 

the superconductive state [2-3]. From studies on several elements, many other 

elements have been found to be superconducting with different transition 

temperatures (Tc) [4-8]. Onnes was awarded Nobel Prize for Physics in 1913. 

Meissner and Ochsenfeld in November 1933 found that superconductors are 

normal metals above their critical temperature and allow all magnetic field lines 

from an external field to penetrate into the samples. After entering into 

superconducting state, superconductors expel the external magnetic field lines by 
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generating equal and opposite fields on their own, thus exhibiting perfect 

diamagnetism below its critical temperature. This property is known as Meissner 

effect and it determines whether a compound is in its normal state or in 

superconducting state [9]. Meissner and Ochsenfeld also found that there is a limit 

to the magnetic field value (Hc) below which the superconductivity is sustained. If 

the magnetic field becomes stronger than Hc, then superconductivity will be 

destroyed. Hc is temperature dependent. 

Over the years superconductivity has been discovered in many metals and 

metallic compounds with increasing critical temperatures. In most of the 

applications before 1986 the superconductors used were alloys like NbTi, Nb3Sn, 

V3Sn, and NbN and were used to construct the first superconducting high field 

magnets. Even though the field and current carrying properties were satisfactory, 

the fact that the highest critical temperature is around 25 K had limited their 

applications, since liquid helium was preferred to utilize these superconductors. 

The alternative coolant liquid hydrogen (boiling point is 20 K), required special 

safety considerations, and cryo-refrigerators, which made their operation complex 

and hence was not attractive. However, the cost of liquid helium being high made 

any application costly to maintain or operate. 

However in 1986, Alex Muller and Georg Bednorz [10] discovered a whole new 

class of superconductors in La2−xBaxCuO4, with the highest known critical 

temperature, at that time, of 35 K, now known to belong to a family of cuprate 

superconductors. For this invention they were awarded Nobel prize in 1987. After 

this great discovery, the search for high temperature superconductors was 

amplified. Since 1986, the number of researchers working in the field of 

superconductivity increased tremendously.  
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With variations introduced to the crystal structure, the critical temperature of 

these materials quickly increased to 90 K and above. Because of this jump in Tc, 

these superconductors are often referred to as high temperature superconductors 

(HTSC or HTS). In 1987, a joint group of Wu and Chu had discovered a 

superconductor of composition YBa2Cu3O7-δ (referred to as YBCO or Y-123) 

with a transition temperature of 93 K [11]. Subsequently Bi and Tl containing 

compounds were discovered with transition temperatures of 110 K and 125 K 

respectively in 1988 [12-13]. The highest known critical temperature is 135 K, to 

date,  which is a thallium-doped mercuric-cuprate (HgBa2Ca2Cu3O8) discovered 

in 1993 [14-15]. 

Many cuprate superconductors have transition temperatures above 77 K, and this 

unlocks the practical applications which were not economically viable with 

conventional low temperature superconductors. Since these superconductors can 

be easily cooled in liquid nitrogen (LN2, boiling point is 77 K), which is 

significantly cheaper than liquid helium, the opportunity for research as well as 

the ability to use them in industries has drastically increased. 

1.1. Types of Superconductors: 

Based on their response to the applied magnetic properties, superconductors can 

be divided into two types (Type I and Type II). Type I superconductors are pure 

metals and they display perfect diamagnetism and zero electrical resistance below 

their critical temperatures. They expel the external magnetic field completely and 

are able to levitate over a magnet, but the levitation is unstable because they can 

move about on the magnetic field lines. Type II superconductors are alloys or 

intermetallic compounds which also display zero electrical resistance below their 

critical temperatures but are able to trap some external magnetic fields in certain 

magnetic field range. Type II superconductors can stably levitate over a magnet. 
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They can also suspend underneath the magnets which is because they possess a 

property known as flux pinning, discussed in further sections. 

 

Fig. 1.1. Typical H vs T phase diagram for a Type-I and Type-II superconductors. Note 
there is only one critical field in Type-I superconductor and type-II superconductor 
displaying the existence of two critical fields (Hc1 and Hc2).  

Type I superconductors exist in two phases (i) non-superconducting phase which 

is above their Tc (normal state) and (ii) superconducting phase below Tc where it 

shows complete Meissner effect. On the other hand, Type II superconductors also 

have a non-superconducting (normal phase) and a Meissner phase. Along with 

these two phases they consist of a mixed phase between them. This phase contains 

regions of normal state within the volume of the Meissner state. These 

superconductors have two critical magnetic fields, namely the lower critical field 

(Hc1(T)) and the upper critical field (Hc2(T)), which are the limits for the Meissner 

state and the mixed state respectively. When the external magnetic field is equal 

to Hc1, the magnetic flux abruptly enters the sample. The penetration of the 

magnetic field increases parabolically until Hc2 into the superconductor, where it 
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reaches normal state [16-17]. H-T phase diagram of both the superconductors 

(Type-I and Type-II) is shown in fig. 1.1. 

As the applied magnetic field or the average flux density increases, the distance 

between vortices decreases, and when the applied field reaches the value of Hc2 of 

the superconductor then the vortices begin to overlap causing the order parameter 

to decrease until it vanishes. If the superconductor contains impurities or defect 

i.e. if it is not a perfect single crystal, magnetic field lines may pass through such 

defects in the superconductor. These vortices (and their normal cores) may be 

stationary or mobile depending on the specific superconductor. 

In the mixed phase, the magnetic flux enters the superconductor in the form of a 

series of magnetic flux lines called the flux line lattice. Each flux line (called a 

vortex) carries a quantized flux, Φo = h/2e = 2.07 × 10−15 Tm2, generated due to 

the supercurrents circulating around the flux [16, 18]. The center of the vortex is 

in the normal state, which is non-superconducting, and the vortex is surrounded 

by the material in superconducting state; hence the name “mixed state”. 

 

Fig. 1.2. Phase diagram of a superconductor. 
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Further research revealed that the current, applied magnetic field, and temperature 

are coupled together to define the superconducting limits of a material as a phase 

diagram for a superconductor as is shown in fig. 1.2. It is these upper limits of Tc, 

Hc and Jc that material scientists and engineers make attempts to improve in order 

to realize applications.  

The critical temperature is unique to each element or material. The  evolution  in  

the  Tc  of  the superconducting  materials,  over years, from  elementary mercury  

to  various high  Tc  superconductors,  is  shown  in  fig.  1.3. Recent discoveries 

in this field are also included.  

 

Fig. 1.3. Schematic of the critical temperature discoveries of the various superconducting 
materials over the years. 

Different class of materials and the Tc ranges are given in table 1.1.   
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Table 1.1. Tc range of different types of superconductors, where m=1 and 2 and 

n=1, 2, 3….. 

 

Among all the cuprate superconductors, REBCO has drawn more attention 

because of low flux creep and easy preparation. Even though the Tc’s are little less 

compared to other HTS cuprates, applications can be realized because Tc of 

REBCO materials are well above 77 K, the boiling point of LN2. Even though the 

properties of the LREBCO (where LRE= light rare earth elements such as Nd, 

Sm, Gd etc.,) materials are better than YBCO, the YBCO superconductors are 

found to be more interesting because of ease of preparation. YBCO can be 

prepared in air atmosphere, where as for preparation of LREBCO materials inert 

atmosphere need to be provided to reduce the formation of solid solutions that 

deteriorate superconducting properties. 
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1.2. Crystal Structure: 

REBCO materials are ceramic in nature, the properties are sensitive to structure; 

they contain weakly coupled copper oxide (CuO2 and CuO) planes. REBCO and 

most other high temperature cuprate superconductors contain a Group 2 metal (eg, 

Ca, Ba, Sr) and a heavy metal such as RE, Bi or Hg [19]. These cuprates have a 

perovskite unit cell in the form ABO3, where oxygen atoms surround the B atoms 

in octahedral formation, as shown in fig. 1.4. The YBCO unit cell consists of 

three simple perovskite cubes vertically stacked with Y and Ba in the 'A' sites and 

Cu in the 'B' sites of an ABO3 perovskite. However the copper is not surrounded 

by an octahedron of oxygen. Instead some copper sites have 5 oxygen neighbors 

in a square-pyramidal arrangement whilst others have 4 oxygen neighbors in a 

square formation [20]. 

 

Fig. 1.4. The crystal structure of an ABO3 perovskite type with the origin centered at (a) 
the B-site ion and (b) the A-site ion. 

Parent compound of YBCO superconductor is Y3Cu3+
3O9 (see fig. 1.5) which also 

contains perovskite units. Doping of Y by Ba leads to structural modification as 

well as reduction of Cu3+ to Cu2+ state. This in turn results in a reduction in the 

number of required oxygen ions and thus creates oxygen vacancies in the 

structure. This gives a transition temperature of ~ 92 K below which the 

compound has zero electrical resistance making it a superconductor [21]. 
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Y3Cu
3+

3O9  → YBa2Cu
3+

3O8  →  YBa2Cu
2+

2Cu
3+

O7-x 

 

Fig. 1.5. Origin of the structure of YBa2Cu3O7-x from Y3Cu3O9 as a triple-perovskite unit.  

The crystal structure of all CuO based HTS consists of two dimensional copper 

oxide planes that are separated by other atoms like Sr, La, Y or Ba, and some 

additional oxygen atoms. The atoms in between the layers serve as dopants. For 

example doping Sr in La2CuO4 introduces charge carriers (holes) into the CuO2 

planes and thus the crystal acquires superconductivity.  

The oxygen content in YBa2Cu3O7-δis extremely important in determining the 

superconducting properties. Heating the superconductor in oxygen gas can 

increase the oxygen content in the superconductor. Each oxygen forms an O2− ion 

by attracting two electrons, which are partly generated from the CuO2 planes, 

creating vacancy holes in the structure. With increasing hole concentration, the 

anti-ferromagnetism of the structure decreases to zero and the crystal becomes 

electrically conductive and superconductivity begins. An optimum Tc of 92 K is 

obtained for δ=0.08, but Tc falls rapidly if oxygen content is reduced in the 

structure, and for δ > 0.56, YBa2Cu3O7-δis not superconducting. Also important 
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for the superconducting properties of YBCO is the existence of chains of Cu-O 

atoms, which have metal-like electrical properties and reduce the anisotropy of 

the superconductor. 

Y-Ba-Cu-O system has different phases like YBa2Cu3O7-δ (Y-123, YBCO), 

YBa2Cu4O8 (Y-124), Y2Ba4Cu7O14 (Y-247) and Y2BaCuO5 (Y-211) [22]. Among 

these phases, Y-123, Y-124 and Y-247 are superconducting phases with Tc ~92 K, 

~80 K and ~40 K respectively. Recently Y3Ba5Cu8O18 (Y-358) material are 

reported to show superconductivity with highest Tc, among REBCO compounds, 

of 105 K [23-24].  

1.3. Growth of the REBCO superconductors: 

Various processes have been employed for the fabrication of bulk high-

temperature superconductors.  

1.3.1. Sintering: 

Sintering is the process of forming a solid mass of material by heat without 

melting it to the point of liquefaction and is the commonly used technique in 

ceramic processing which has several advantages in synthesizing the products in 

desired shapes for various practical applications. In this process due to heat 

treating the material below its melting point allows the atoms to diffuse across the 

boundaries of the particles, fusing the particles together and creating one solid 

piece. For synthesis of REBCO all the precursor powders (RE2O3, BaCO3 and 

CuO) are taken in stoicheometric ratios and the mixture is taken to a phase 

forming temperature below the melting point of material which allows the 123 

phase to form. In this process by controlling the heat treatment one can control the 

microstructural properties such as size of the grains of the material. However, it 
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has been recognized that, although good Tc values can be easily achieved, Jc 

values are very small in bulk sintered oxide superconductors [25-27].  

 

Fig. 1.6. SEM image of sintered YBCO [26].  

The fig. 1.6 represents the optical micrograph of bulk sintered YBCO. It can be 

seen that there are many grain boundaries which are coupled with very weak 

links. Even though the Jc inside each grain is very large, due to the grain 

boundaries or weak links presents in the samples, Jc drops to zero and the 

resultant bulk Jc of the material will be very small as compared to single grain Jc.  

1.3.2. Melt Growth Process: 

In order to increase the Jc, both the elimination of weak links and the introduction 

of effective pinning centres are necessary. To overcome this weak link problem in 

sintering process and to get the high Jc through grain  alignment in the REBCO 

materials the melt growth (MG) process is introduced by Jin et al,. [28]. MG 

process involves the heat treatment of the sample assembly to above the peritectic 

temperature Tp of the RE-123, in this heat treatment the sample undergoes series 

of phase transformations which are reversible if sufficient time is given for the 
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system to come to equilibrium. RE-123 decomposes into RE-211 and liquid 

phases (BaO + CuO), which while cooling form again into RE-123 leaving some 

RE-211 in composites. In this process the Y-123 phase preform is heated to a 

temperature which is above the melting point of the Y-123 (1008 oC) and cooled 

subsequently to recrystallize into Y-123 or YBCO composite. The schematic 

phase diagram for YBCO is shown in fig. 1.7.  

 

Fig. 1.7. Schematic phase diagram of the YBa2Cu3O7-δ (solid lines) and for NdBa2Cu3O7-δ 
(dashed lines); 123 = REBa2Cu3O7-δ; 211 = RE2BaCuO5; 200 = RE2O3; 010 = BaO; L= 
Liquid phases.  

From this phase diagram, it is found that there are two kinds of peritectic 

reactions in this system. At high temperatures above 1200 oC, Y2O3, plus liquid 

(L: a mixture of BaO and CuO) are stable. On cooling, these two phases react 

peritectically to produce YBCO [29]. The Y-211 particles are able to orient 

themselves randomly and evenly in the Y-123 liquid. The mixture is then cooled 

very slowly, forming a bulk Y-123 crystal with additional Y-211 impurities.  

From the micrograph (shown in fig. 1.8) the formation of platelets (continuous) 

can be observed along with the non-superconducting 211 particles embedded in 
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123 matrix. Due to peritectic reaction with liquid phases, 211 phase particles 

become spherical. By melt texturing Y-123, using compact Y-211 absorbant 

blocks as support, Salama and Sathyamurthy [30] obtained higher critical current 

density (18 kAcm−2) in spite of numerous remaining high-angle grain boundaries 

[31]. On the other hand, the large mono domain samples require the use of a low 

cooling rate, to maintain a stable planar growth front.  In the case of Y-123, the 

maximum growth rate can be increased by decreasing the inter particle spacing 

between the Y-211 particles close to the solidification interface (through addition 

of excess Y-211 to the nominal composition, or addition of grain growth 

inhibitors).  

 

Fig. 1.8. SEM image of YBCO processed through MG process. The spherical shape Y-
211 phase particles can be seen in Y-123 matrix [28]. 

Following these observations, a number of modifications to melt growing 

techniques have been brought about, for example the powder-melt-process (PMP) 

[32], solid-liquid-melt-growth (SLMG) [33], and melt-quenched pressurized 

partial-melt-growth (MQPPMG) [34]. Refinement of Y-211 particles and their 

homogeneous dispersion were the key factors for the improvement of flux pinning 

in bulk superconductors. To control these parameters, Murakami et al, developed 
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the melt-powder-melt-growth (MPMG) [35] and quench-melt-growth (QMG) 

[36] processes. These methods achieved fine dispersion of Y-211 particles, which 

led to improved flux pinning, resulting in large levitation forces between a 

permanent magnet and MPMG processed Y-123 bulk at liquid nitrogen 

temperature.  

1.3.3. Infiltration Growth Process: 

Even though the properties of REBCO processed through MG process is better 

than sintered products, some problems like shrinkage in final products due to 

liquid out flow and existence of resultant porosity limit the applications of the 

final products.  

High current applications of HTSC superconductors require the synthesis of bulk 

ceramic materials with large size and different shapes possessing high critical 

current densities. In combination with the introduction of pinning centres, the 

numerous processing routes developed in order to increase the mono-domain size 

allow critical currents up to several hundreds of kAcm−2 at 77 K [37] that are 

quite promising for some of the industrial applications. In MG process because of 

the chance of unreacted liquid phases to be left back in the matrix, it is not 

possible to study the effect of different types of dopants.  

The infiltration and growth process has been proposed initially by Chen et al., 

[38] and extensively developed by Reddy et al, [39-40] to be an alternative 

technique for single-domain synthesis that allows finer 211 particle distribution. 

This method yields obtaining high density RE-123 materials with refined 211-

particles well dispersed in the final microstructures [41].  
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Fig. 1.9. A schematic sketch of microstructures comparing MG and IG Processed 
REBCO materials. 

In contrast to the conventional melt-texturing process, this process starts with a Y-

211 preform fabricated through any suitable methods for ceramic powder, such as 

uniaxial compaction, cold isostatic pressing, etc. This Y-211 preform is then 

provided with a barium-rich liquid phase from a liquid source such as Y-123 

pellet. Upon heating these two, kept in contact, above peritectic temperature, 

barium-rich liquid phase formed in the liquid source specimen will infiltrate into 

the Y-211 preform and react to form Y-123. The liquid infiltration growth process 

possesses two advantages compared to the MG process: (1) near-net shape 

fabrication and (2) the refinement of Y-211 inclusions in the final Y-123 products 

[42]. Cloots et al. reviewed different techniques available for RE-123 bulk 

fabrication and discussed various parameters that affect the final microstructures 

in IG and MG processes.   Their comparison of microstructures in MG and IG 

processed REBCO [43] is displayed in fig. 1.9.  
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From the microstructures in this image one can observe the following: 

(1) The liquid infiltration growth process has resulted in a significantly 

smaller particle size range for the Y-211.  

(2) Y-211 particle distribution in liquid phase for the liquid infiltration growth 

process is quite uniform, compared to MG process. For this process, these 

Y-211 particles are preformed and their distribution is pre-determined. 

However, for the conventional melt-texturing process, the Y-211 particles 

are generated from the incongruent decomposition of Y-123; the nature of 

this decomposition is found to result in the large size distribution of Y-

211. 

(3) No obvious porosity or cavity could be observed in the liquid infiltration 

growth process. For the conventional melt-texturing process, a certain 

amount of pores (> 20%) always exist in the final product. This is mainly 

due to the loss of liquid phase during the process. Presences of these pores 

are detrimental to the applications based on the bulk transport and 

mechanical properties. 

In the IG process, no liquid out flow occurs and Y-123 does not undergo 

decomposition, as it does in MG process, and hence the effect of dopants on the 

growth and properties of RE-123 can be studied effectively. Although IG process 

has evident advantages, it is necessary to optimize the processing parameters to 

fabricate high quality Y-123 bulk components of large size. For this, it is essential 

to understand the various factors that control the microstructural features and 

promote large critical currents homogeneously throughout the volume of the bulk 

RE-123.  
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1.4. Factors affecting flux pinning behavior: 

The applied magnetic field in a material generates vortex lattice in a 

superconductor. The interaction of supercurrents with the magnetic field in the 

flux vortex, causes Lorentz force (FL = J ×B) to be generated. This force drives 

the vortices down the flux density gradient, causing a flow of flux which creates a 

voltage. The resistance due to the flux motion is called flux flow resistance, and 

results in a non-zero resistance state (normal state) in the superconductor [44], 

destroying the superconductivity. Experimental results show that the 

magnetization of a Type II superconductor does not change significantly with 

time, which suggests that there is another force which balances this Lorentz force 

and prevents flux motion. This is known as the pinning force and is caused by 

defects or in-homogeneities in the crystal structure of the superconductor, which 

are called flux pinning centers. The flux lines adapt to the distribution of the 

defects in the crystal structure and are “pinned” by the defects in the 

superconductor. In other words, the flux lines can become distorted in order to 

travel through these pinning centers since it requires less energy to flow through 

normal regions than to weaken superconductivity in regions that are not normal. 

Since the introduction of pinning centers in the superconductor inhibits the 

motion of vortices, zero resistivity can be realized to higher fields in Type II 

superconductors with flux pinning capabilities [45-46]. 

It has been proposed that twin planes, stacking faults, oxygen deficient regions, 

dislocations, and non-superconducting inclusions such as RE-211 can act as 

pinning centers. It is believed that the fine Y-211 particles will increase the Y-

123/Y-211 interfacial area and induce many micro-defects (or stacking faults) 

around Y-211 particles, which enhance the flux pinning ability and result in a 

higher Jc value. So it is important to control the size of the initially Y-211 

powders for optimizing the microstructures of final samples [47-50]. 
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From theoretical aspects it is believed that the defects smaller than the twin 

boundary widths are required for the large flux pinning to very high fields [51-

52].  It was suggested that the non-superconducting RE-211 particles or other 

related crystal defects such as dislocations and stacking faults responsible for the 

increment of Jc might be effective only at low or intermediate fields. However, for 

achieving enhancement of Jc in low and intermediate fields, improvement of 

fracture toughness, and reduction of cracks, it is necessary to refine the size of the 

RE-211 by optimizing the processing route.  

1.5. Effect of Light Rare Earth doping in YBCO: 

Even though the YBCO, commonly used for levitation at 77 K, has a Tc of 91-93 

K [53], the pinning performance rapidly drops at temperatures close to Tc and 

therefore the pinning is insufficient for significant levitation at 90 K. In this 

aspect, the situation is even worse with BiSrCaCuO, TlBaCuO and other 

compounds which possess Tc above 100 K, but exhibit rapid fall in Jc much 

bellow Tc, because of flux creep problems [54-55]. These compounds cannot be 

used for levitation even with liquid nitrogen cooling, due to a low-lying 

irreversibility line. To date, only the LRE-123 (LRE = light rare earth elements 

Nd, Sm, Gd etc.,) composites exhibit a sufficiently good pinning performance up 

to 90 K. This has become possible by designing the inclusion of nanoparticles and 

nanostripes in these materials [55-56]. The current bulk HTS materials are thus 

characterized by their very complicated microstructures on the nanoscale. 
 

The pinning provided by the non-superconducting particles of the RE-211 phase 

is mainly effective at low magnetic fields and high temperatures above 77 K. In 

this case, the interfaces between RE-123 and RE-211 play an important role in the 

flux pinning, rather than the RE-211 particles themselves, since their size is much 
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larger than the coherence length, which is of the order of a few nanometers [56-

58].  

Survey of literature shows that doping of several light rare earths (LRE) is 

possible on Y site without compromising on their Tc values. LREs can also 

occupy Ba-site due to comparable ionic size thus forming solid solutions of 

LRE1+xBa2-xCu3O7-δ (called RE/Ba -ss type) with lower Tc values. The presence of 

such low Tc clusters due to the formation of solid solutions has been confirmed 

experimentally. Murakami et al. have proposed that nano-sized RE-rich clusters 

of low Tc act as field-induced pinning centers, [59-60] and thus result in the peak 

effect in the mixed REBCO materials (ΔTc pinning). Hu et al. have fabricated 

binary RE –based system such as (Nd, Sm)-Ba–Cu–O and reported that they show 

rise in Tc and a high Jc [61]. They reported that the higher solubility of Nd resulted 

in the compositional deviations in the RE-123 matrix at nanoscale and enhance 

flux pinning [62]. Recently, the mixing of RE elements in the precursor powder 

[e.g., (Nd, Eu, Gd)–Ba–Cu–O (NEGBCO)] materials has also been proven to be 

effective in enhancing Jc [63]. Compositional annuli cores [64-65] with a distinct 

range of the rare earth chemical ratio were found in this material. It is proposed 

that these cores also affected the pinning properties at high fields and were also 

regarded as field induced pinning centers. 

In literature, YBCO compounds in which ternary LRE elements (a mixture of 

light rare earth atoms) are added at the Y-site have been shown to exhibit the 

highest critical current densities among all 123-type superconductors [66-70]. The 

increase in Jc is due to an additional degree of freedom providing an increased 

disorder on the Y-site. The compounds also exhibit substitution of the LRE3+-ion 

on the Y3+ and on Ba2+ site [71] forming solid solutions. The solid solutions are 

regions where the LRE atoms have substituted for Ba within a unit cell, forming a 

LRE-rich phase (LRE)1+xBa2-xCu3Oy within  the LRE-Ba2Cu3Oy (LRE-123 or 
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LREBCO) matrix. The (LRE)1+xBa2-xCu3Oy phase features a lower Tc than the 

pure LRE materials [72]. This leads to a spatial variation of the superconducting 

properties within the sample on the size of several unit cells; implying that 

nanoclusters are formed within the high-Tc superconducting matrix. In turn, this 

spatial variations of nano-scale may be responsible for the extraordinary 

performance of the LREBCO superconductors concerning the increased values of 

the critical current density especially at elevated applied magnetic fields, as the 

coherence length (ξ) is of the order of 3–5 nm in the (a, b)-plane of LRE 

superconductors. 

Formation of large fraction of solid solutions where LRE ion substitutes Ba2+ 

degrades the superconducting properties [65-66]. Synthesis of LRE-123 

compounds by oxygen-controlled melt-growth (OCMG) process suppresses 

LRE/Ba substitution largely and increases the Tc values of these systems to 96 K, 

which is the high Tc reported in the RE-123 systems. Solid solutions of (RE, 

RE')BCO type which show higher Tc values are also reported to form in REBCO 

compounds. This process not only removed the negative influence of the LRE/Ba 

substitution on Tc, but the low concentration of the remaining LRE/Ba clusters 

gave rise to a compositional fluctuation [73-74], leading particularly to 

improvement of pinning at intermediate and high magnetic fields. One of the 

hypotheses is that compositional fluctuation causes a spatial distribution of Tc, 

which provides ΔTc pinning [75-77]. This is observed as pronounced secondary 

peak in the M-H loops thus enhancing the irreversibility field [78-79]. Thus, one 

can propose two fundamental pinning mechanisms in bulk LRE-123: the pinning 

by normal-conducting inclusions operative at low fields; and ΔTc pinning due to 

chemical fluctuations, improving flux pinning at intermediate and high fields. 

Based on the above facts, several groups have tried to disperse fine RE-211 or 

LRE-211 particles in the RE-123 or LRE-123 matrix. As the reaction path in 
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LRE-123 is identical to that of Y-123, a similar processing technique was used 

successfully to disperse LRE-211 in the LRE-123 matrix [80-81].  The dispersion 

of LRE-211 enhanced the flux pinning in low fields but resulted in large particles 

of about 1–20 µm in diameter in melt grown samples. This caused the high field 

pinning to be reduced because the relatively large fraction of LRE-211 present in 

the matrix overshadowed the advantages of compositional fluctuation [82]. 

In literature, the studies on LRE-123 systems with two, three, and four LRE 

elements compounded on the LRE site is not well established [83-92]. It was also 

verified that low-field pinning can be enhanced when an appropriate 

concentration of fine RE-211 secondary phase particles is added. Studies on 

(Nd0.33, Eu0.33, Gd0.33)Ba2Cu3Oy (NEG-123) showed that these materials are suited 

for high field applications, since it exhibits enhanced microscopic chemical 

fluctuation in the superconducting matrix and thereby strong pinning [93-95]. 

Such secondary phase particles also induce the formation of point-like defects 

(e.g. strains, stacking faults, etc.,) in their vicinity and, as a result, indirectly 

participate also on the pinning enhancement at intermediate and high fields. As 

reported recently, NSG-123 system (Eu replaced by Sm) also provides a good 

performance at liquid nitrogen temperature [96-97], in addition to uniform 

microstructure and reasonable flux pinning at high fields. 

1.6. OCMG process: 

Peritectic decomposition temperature (Tp) of the REBCO or LREBCO depends on 

the ionic radius of the RE elements. From this table it can be seen that as the ionic 

radius increases the Tp of the RE increases. In literature it is also observed that 

mixing two or more RE leads to different Tp depending on the average size of the 

RE elements. Also the Tp depends on the atmospheric pressure employed for the 

fabrication of the REBCO/LREBCO superconductors. For instance in 1% O2 – Ar 
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atmosphere Tp for YBCO is 980 oC, YSm-123 is 1010 oC and 1040 oC for NSG-

123 [83, 98].  

As mentioned above, the melt processing under low oxygen partial pressure 

significantly improves the Tc of LRE-123 materials [99-100]. Moreover, it results 

in a systematic reduction of crystallization temperature that improves the 

controllability of matrix chemical fluctuations. This in turn results in the 

generation of an efficient network of nano-scale pinning centers. Each system 

would have an optimum pressure (pO2) value under which the amount of 

remaining LRE/Ba clusters is so small that they cannot support the high pinning 

in the material. In the NEG-123 system, this value seems to be around 0.1% pO2 

as Jc and Hirr values of the samples melt-processed in 0.1% pO2 are still higher 

than those of the samples processed in 1% pO2 [30].  

Sakai and Murakami et al., [101] discussed the effect of atmosphere on formation 

of pores. Inert gas entrapment during melting also caused pore formation. The 

control of the composition, atmosphere and heating conditions was effective in 

reducing the amount of pores. The mechanisms of the gas release from the sample 

can be summarized to occur: (1) during the orthorhombic to tetragonal phase 

transition; (2) during the decomposition of the RE123 phase; (3) due to 

entrapment of the inert gas from the environment; (4) due to evolution of the 

vapors of the constituent elements. On the other hand, there are two possible 

mechanisms for the entrapped gas to escape from the sample. One is the diffusion 

in the solid state, and the other is the discharge of the gas bubbles moving through 

the liquid phase. They propose that a large amount of oxygen gas gets generated 

as a result of the orthorhombic to tetragonal phase transformation, however, it can 

be reduced in advance with simple pretreatment in Ar. Thus, prior to melt 

processing the precursors should be treated in oxygen-free atmosphere like Ar to 

remove oxygen to avoid the formation of pores. When the sample is melted in the 
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inert gas atmosphere at high temperatures, the gas will be trapped in the sample. 

In this case, the amount of pores increases with the increase in the partial pressure 

of the inert gas during the melt process. Since the inert gas cannot diffuse out of 

the sample, it remains inside as pores. Thus it is important to shorten the time for 

the melted sample exposed to the inert gas atmosphere at high temperatures. 

Consequently, the key to the fabrication of highly dense REBCO bulk 

superconductor is the prevention of the inert gas entrapment during melting and 

the employment of sluggish decomposition process.  

1.7. Microstructure: 

As discussed in earlier microstructure control of HTSC is the key parameter for 

successful industrial applications of these materials. In the LRE-123 system a 

large number of crystal defects are present in the 123 matrix that can act as 

effective pinning centers [102-105]. In addition to the crystal defects, finely 

dispersed non-superconducting 211 phase particles are known to be effective in 

enhancing flux pinning at low fields [106-110]. The smaller the size of these 

particles, the more effective flux pinning is on them. Therefore, the size control of 

211 particles is very important in these materials. In this section we discuss the 

effects of secondary phase content, shape, 123/211 interface, chemical 

composition of final 211 particles on the mixed REBCO superconducting 

properties. 

The microstructure and compositions of the different phases present in the 

LREBCO samples were established in literature [111-112]. In fig. 1.10, the TEM 

microstructure of NSE-123 with 10 and 30 mol% of Gd-211 additions was 

displayed in (a) and (b) respectively. Two different types of 211 particles were 

found in LREBCO. TEM-EDX analyses clarified that the large particles consisted 

of Nd, Sm and Gd on the RE site in different ratios. 
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Fig. 1.10. TEM image of MG processed NSGBCO samples with the addition of (a) 10 
mol % Gd-211 and (b) 30 mol % of Gd-211. 

Earlier studies [113-118] on the NEG-123, NSG-123 systems reported a similar 

effect and suggested that in the partially melted regime there are two kinds of 

LRE-211 inclusions: one intentionally added as an initial powder and another one 

produced by the peritectic decomposition of LRE-123. 

The surface pinning by the 123/211 interface provides effective flux pinning 

when the interface is sharp [119]. High resolution TEM images clearly showed 

clean interfaces between the NSG-123 and Gd-211 without any impurity phase as 

shown in fig. 1.11. At such a sharp interface, the order parameter rapidly varies 

over the distance of the coherence length, which gives to a large flux-pinning 

force. On the other hand, potential nanometric strains around these particles might 

contribute to high-field pinning [120-121]. 

The systematic study has been done by doping different RE-211 (Gd-211 and Eu-

211) phase particles in NEG-123 show that chemical fluctuations found in 

different regions which are confirmed through EDS study. However, the chemical 

ratio started to fluctuate and deviate from 1:1:1 when the amount of Eu-211 
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exceeded 20 mol%. In the sample with 30 mol% Gd-211 the chemical ratio in the 

NEG-123 matrix was nearly Nd:Eu:Gd= 1:1:2. EDS analyses proved that the 

excessive Gd and Eu atoms in the NEG-123 matrix diffused during the peritectic 

reaction from the Gd-211 and Eu-211 particles to the rare earth sites of the RE-

123 matrix. Together with the present results we can conclude that a significant 

excess of some LRE elements in the NSG matrix deteriorates superconducting 

properties at high fields and leads to a reduction of the irreversibility field [122-

123]. 

 

Fig. 1.11. TEM dark-field images of NSEBCO superconductors with the addition of 10 
and 30 mol% of Gd-211. The white and block contrast in the micrograph reflecting the 
compositional fluctuations occurred due to RE/Ba substitution. 

To date, studies on secondary and ternary light rare earth HTSC compounds is 

carried out in different systems like (Y, Nd)BCO, (Y, Sm)BCO, NEGBCO, 

YSNBCO, SEGBCO etc., all prepared by melt growth process. As per our 

knowledge there are no reports on detailed microstructural work on mixed 

REBCO samples fabricated using IG process. IG process is an efficient way to 

study the effects of doping different elements in REBCO compounds on the 

microstructural and superconducting properties. For this we have carried out 

extensive microstructural characterizations on compounds of YBCO with LRE 
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doping and by changing different processing conditions. All these composites 

were synthesized using POIG process which is developed recently in our group 

and which was shown to result in along with highly homogeneous distribution of 

Y-211 phase particle in final products and enhanced Jc up to high fields.  

1.8. Organization of the thesis: 

The present thesis is organized into seven chapters. The contents of the chapters 
are as follows. 

Chapter I provides a brief introduction to high temperature superconductors in 

general and reviews the literature on synthesis and properties of large grained 

REBCO superconductors. Variations of melt growth processing and Infiltration 

growth processing methods developed to reduce grain boundaries and create flux 

pinning centers to enhance the current densities are discussed. Present status of 

the area and the challenges yet to be resolved are narrated. This chapter also 

defines the objectives of the present work. 

Chapter II discusses the experimental techniques used in the present work. 

Preparation of Y-123 superconductors into which RE elements Sm and NSG are 

doped for Y using POIG process is discussed. Samples are characterized with 

regard to their structure, microstructure, and composition of various phases 

present and their magnetic properties. The ACMS (Alternating Current 

Measurement System) setup available with Physical Property Measurement 

System (PPMS-6000, Quantum design make) is used for the initial 

characterization. Microstructures of metallographically polished samples are 

studied under a Field Emission Scanning Electron Microscopy (FESEM, ZEISS 

make, Ultra 55 model) and compositional analysis was done through Energy 

dispersive Spectroscopy attachment. The X-ray diffraction (XRD) study includes 

phase identification and lattice parameter calculation. In the present study XRD 
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patterns of samples were taken using a Cu Kα (λ = 1.5405 Å) as the X-ray source; 

Bruker's AXS Model D8 Advance System and X-ray diffractometer with Co Kα (λ 

= 1.7902 Å) source INEL Model CPS 120 model. Rietveld refinement of unit cell 

dimensions and contents is carried out using Fullprof program. Magnetic 

properties of the materials at several temperatures, up to 9 T, are studied using a 

Vibrating Sample Magnetometer attached to the PPMS.  

The next part of the thesis is Chapter III that discusses the initial optimization of 

the infiltration temperature which is shown to have a profound effect on the final 

microstructure. Quenched studies carried out to study the evolution of grain 

growth through peritectic temperature are also discussed. The mechanical 

properties of the processed materials show correlation with hardness and the field 

dependence of current density, both of which appear to be affected similarly by a 

network of nanometric defects present in the YBCO composites. 

Chapter IV discusses introduction of substantial amounts of nanometer-sized 

particles of Sm2O3 as a second phase into YBCO being synthesized by POIGP. 

Sm2O3 nanoparticles are introduced into the Y-211 preform before POIG 

processing in two different ways viz. one through formation of a Sm2O3 gel and 

the other by chemical substitution of Sm for Y at unit cell level. The first part of 

the chapter describes a gel and sol-based method to introduce 10, 20 and 30 wt% 

of Sm2O3 nanoparticles into Y-211 preform individually and without 

agglomeration using a Nano-dispersive sol-casting method reported elsewhere 

[124]. These samples are referred to as YSm-10, YSm-20 and YSm-30 

respectively. FESEM images demonstrate the successful introduction of 

individual Sm2O3 nanoparticles on the Y-211 particle surfaces, without 

agglomeration even at the high concentrations involved. The Jc(H) curves of the 

IG processed YSm-samples show that YSm-20 offers the best performance.  
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The effects of introducing Sm2O3 nanoparticles on the final microstructure of the 

POIG-processed (Y, Sm)BCO samples are not always salutary. The particles are 

demonstrated to promote reaction and sintering between Y-211 grains in the 

perform before infiltration, which can give rise to porosity in the final samples 

due to improper infiltration of the liquid phases in extreme cases. The grain 

coarsening of the Y-211 due to sintering gets carried over to the final 

microstructure; the resulting Y-211 size is in the range  2-5 microns, unlike in 

POIG-processed pure Y-123 (i.e. Y-123 without Sm2O3 addition), which is 

mostly below one micron. POIG processing of pure YBCO without any dopants is 

also carried out in Ar atmosphere for comparison.  

The second part of this chapter discusses POIG processing of (Y1.6, 

Sm0.4)Ba2Cu3Oy, called YSm20-C. Atomic level mixing of Y and Sm was 

expected in this case, and thus the problems associated with the sintering of Y-

211 particles and the resultant blocking of liquid phase movement into perform, 

was expected to be eliminated. But, the microstructure and Jc(H) performance of 

this sample are found to be far inferior to YSm-20 synthesized by NDSC method 

discussed above. The effect of doping 0.1% nano- sized Nb2O5 to YSm-20 was 

also studied. 

In Chapter V, we discuss the work done on the effect of introducing 20 wt. % of 

NSG-211, which is a mixture of three REs, viz. Nd, Sm, and Gd, into Y-211. 

Compounding of three REs (Nd, Sm and Gd) in YBCO was chosen to increase 

the lattice mismatch effects further as compared to singly-doped RE-211 studied 

in Chapter IV. This sample is referred to as YNSG. The Jc values are found to be 

indeed higher than for YSm- series. Jc curves as a function of H remained flat up 

to very high magnetic fields, for instance Jc >1 kAcm-2
 up to nearly 7 T.  
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Chapter VI discusses the salient features observed in the microstructures and 

magnetic properties of various samples studied in the earlier chapters. Detailed 

EDS studies showed that in the microstructures of the YSm- series and YNSG 

superconductors, where dopants are added externally, bright Y-rich regions are 

seen within the YSm-211 particles. On the contrary, in YSm20-C, where Sm is 

chemically substituted for Y, bright regions are found smeared throughout the 

YSm-211 particles. Probable mechanism is proposed. 

Another important feature observed in the microstructures of the Ar-processed 

samples is the undesirable uniform presence of abundant spherical porosity in the 

microstructures. The geometry of the pores suggests association with the 

evolution of gases at the texturing stage of the IG process. The presence of such 

porosity in the microstructure must have a major impediment to achieving high Jc, 

especially to high fields, and could have affected the reproducibility of results at 

various centers of research on REm-123 samples. This is because such samples 

necessarily had to be processed in inert atmosphere to prevent solid solution 

forming.  

Murakami’s group had discussed the possibility of evolution of either oxygen or 

entrapped argon during cooling through the peritectic temperature to be the reason 

for spherical porosity [101]. Choosing YNSG that showed the best current density 

to high fields as a model system, some experiments with modified heat-treatments 

are carried out to assess the effect of gases on the nature and extent of porosity in 

the processed samples. A detailed analysis of various microstructures that resulted 

from different processing conditions is presented in this chapter.   

Magnetic measurements carried out using PPMS have provided the field 

dependence of current density that is used to assess the superconductor 

performance for various applications. Our results show that doping 20 wt. % Sm 
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for Y (YSm-20 sample) shows better flux pinning properties than YBCO; YNSG 

with mixed rare earth element doping exhibits the highest Jc(0) of nearly 21.5 

kA/cm2 at 77 K. This demonstrates the effective pinning due to lattice mismatch 

defects that are on nano-scale. Jc(H) curves also remain reasonably flat to high 

fields. Earlier reports of Jc(0) of 18 kA/cm2 that remained flat to high fields, 

observed in YBCO processed by POIGP in air (YBCO-Air),  were due to the 

presence of defects in wide size range originating from twinning [125]. It is 

interesting to note that the present samples YSm-20 and YNSG show flat Jc(H) 

performance in spite of considerable porosity and absence of twinning and this 

can be attributed to lattice mismatch defects contributing to flux pinning at high 

fields. Further work on process modifications that can minimize porosity in the 

samples is also discussed. Correlation of Jc(H) curves obtained in different 

samples with their microstructures, and  discussion on the factors that contribute 

to flux pinning at different field regimes is presented.  

 In summary, the present work is aimed at a systematic study of the 

microstructures and Jc(H) in Y-123 samples when Yttrium is replaced by other 

rare earths. Introduction of RE for Y was done by different methods into Y-211 

preform which was subjected to Preform Optimized Infiltration Growth 

processing. This process enables incorporation of nano-dopants into 211 preform. 

Detailed characterization of various samples, viz. crystal structures using XRD, 

microstructures using FESEM and magnetic properties using PPMS was carried 

out. A summary of the results and the conclusions drawn are presented in 

Chapter VII. 
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Chapter II 

Experimental methods 

Objective of this work was to enhance flux pinning and identify the factors that 

control it at high fields in infiltration and growth (IG) processed (Y, RE)Ba2Cu3O7-

į (RE = rare earth elements) bulk superconductors, in which Sm and mixed RE 

elements are substituted in place of Y. Various experimental methods are used to 

synthesize the samples chosen for study and investigate their structural, 

microstructural and magnetic properties.  Among them, structural characterization 

was carried out for all synthesized samples by recording X-ray Diffraction (XRD) 

patterns and Rietveld refinement is done to evaluate the lattice parameters and 

volume of the unit cell. Microstructural and compositional investigations were 

carried out employing the Field Emission Scanning Electron Microscopy 

(FESEM) and Energy Dispersive Spectroscopy (EDS). Physical Property 

Measurement System (PPMS) with Vibrating sample magnetometer (VSM) 

facility is employed for measuring the magnetic moment as a function of 

magnetic field for the determination of critical current density of superconducting 

samples at various temperatures. The superconducting-to-normal transition 

temperature and its width are often obtained from ac susceptibility measurements 

which are carried out using ACMS facility on the PPMS system. All of the 

techniques are briefly introduced below. For some of the samples mechanical 

properties such as hardness and elastic modulus are determined by using Nano-

Indentation measurement. 

2.1. Furnaces used for processing samples: 

In the present work, different home-made furnaces with re-crystallized Al2O3 

muffle were used for sintering the precursor powders RE-123 and RE2BaCuO5 
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(RE-211). For synthesizing various YBCO and (Y, LRE)Ba2Cu3O7 samples by 

infiltration and growth process (IGP), furnace  was set up with a long Al2O3 

muffle and commercial grade Ar atmosphere was purged through the hot zone.  

For oxygenating the processed samples another furnace was set up with a quartz 

muffle of length ~ 100 cm introduced into the Al2O3 muffle. For gas purging, the  

muffles of the furnace after loading with the samples  was  sealed  with  rubber  

cork  and  plaster  of  Paris  cloth  and  sealed  with  Teflon  tapes.  To insulate the 

caps from the hot zone and to maintain stability of temperature in the hot zone, 

fire brick separators and quartz wool were placed far away on both sides of the 

hot zone.  Kanthal APM wires were used as heating   elements. Chromel– Alumel 

thermocouples were used for temperature measurements. Eurotherm make 

temperature controller (model 2404) and thyristor (model TE10A) were used for 

controlling the temperature in the furnaces to an accuracy of ± 2 oC. A Schematic 

picture of the furnace along with the temperature controller and thyristor are 

shown in fig. 2.1.   

 

Fig. 2.1. A schematic diagram of the furnace used. 
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The heat profiles of the furnaces were measured through temperature as a function 

of depth along the muffles and are shown in figs. 2.2 (a) and (b). 

 

Fig. 2.2. The heat profiles showing the temperature distribution obtained along the length 
of the muffle in tubular furnaces used for (a) sintering powders / IGP and (b) 

oxygenation. 

2.2. Sample Preparation: 

The precursor powders of YBa2Cu3O7 (Y-123), Y2BaCuO5 (Y-211) and (Nd0.66, 

Sm0.66, Gd0.68)BaCuO5 (NSG-211) are synthesized by chemical methods from 

Y2O3, BaCO3, CuO powders. Chemical synthesis ensures homogeneity in the 

composition of the powders compared to those produced by solid state routes. An 

additional advantage is the possibility of producing very fine powders through 

combustion synthesis [1-2]. In order  to prepare powders of Y‐123 and RE‐211, 

Rare earth oxide (RE2O3) of Indian Rae‐Earth make, Barium  Carbonate  (BaCO3)  

and Copper Oxide (CuO) of E‐Merck make, each of them of 99.99% purity were  

weighed out in stoicheometric ratios and were dissolved in nitric acid (HNO3) to 

make corresponding nitrates. The mixture was mixed well on a magnetic stirrer to 

get a clear solution. Requisite amount of citric acid was added to the nitrate 
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precursor solution along with a small amount of chelating agent Ethylene glycol.  

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

ammonia (NH3). The resultant gel solution then was kept for combustion on a hot 

plate at 250 oC to get the voluminous powders. 

To form the requisite phases of Y-123 and RE-211, the powders were sintered at 

900 oC and 950 oC for 12 hours respectively. Sub micron sized RE-211 particles 

were observed through FESEM image which is recorded at a magnification of 10 

kX shown in fig. 2.3 (a) and for Y-123 phase particles also shown in fig. 2.3 (b). 

 

Fig. 2.3. FESEM images obtained from sintered Y‐211 and Y-123 powders used in the 
present experiments are shown. The micrograph shows that the Y‐211 particles are of 
size in the range 400 nm – 1m. 

2.3. Fabrication of YBCO/(Y, LRE)BCO superconductors by the modified 

POIGP: 

 Infiltration Growth (IG) process enables fabrication of REBCO products with 

near‐net shape and overcomes defects like shrinkage, cracks, pores etc., [3-4]. 

However,  this  process  suffers  from  serious  problems  like  in-homogeneities  

in  the distribution of Y‐211 particles [5-6] and hence often results in non‐uniform 

current densities [7-8] across the volume of the samples. Preform optimized IG 
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process (POIGP) recently developed in our group offers products without any 

macro defects such as porosity, cracks along with homogenously distributed fine 

sized Y-211 phase particles in the final compositions. In this process a pressure of 

460 MPa is applied to make preforms and the sintering temperatures in the heat 

treatment schedule are optimized to strengthen the preforms to support liquid 

phase infiltration. Processed samples support high Jc up to high fields owing to 

enhanced flux pinning caused by the presence of submicron sized Y-211 particles 

and wide spread twinning with twin widths of 25-100 nm present throughout the 

sample. For these reason we have adopted this process to synthesize all the 

present samples. 

2.3.1. Preform Fabrication: 

 Sintered  powders  of  Y‐123  and  Y‐211  were  compacted  into  pellets of 

dimensions  of  16  mm  X  16  mm  X  ~  15  mm  and  16  mm  X  16  mm  X  ~  

8  mm respectively by applying uni‐axial pressure. For this purpose, a hydraulic 

press was used. The preforms were made at the optimized compaction pressure of 

460 MPa.  

2.3.2. Sample assembly and heat treatments: 

Bulk (Y, LRE)BCO samples are fabricated employing modified Infiltration 

Growth process. A schematic of the sample assembly employed is shown in fig. 

2.4. The RE-211 preform is supported on thin layers of Y2O3, Yttria-Stabilized 

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

during heat treatment. The presence of Y2O3 and YSZ layers also help in avoiding 

contamination of the sample by alumina at elevated temperatures. Y-123 pellet, 

which is the source of liquid phases, is placed above the RE-211 preform. 
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Fig. 2.4. Assembly for POIG processing of the samples. 

The sample assembly arranged as described above is heat-treated in a tubular 

muffle furnace, which has a uniform hot-zone of ~ 60 mm. The cooling rates used 

during heat treatment schedule of POIGP was modified for synthesizing (Y, 

LRE)BCO, compared to that for YBCO, keeping in mind that the peritectic 

temperatures differ based on the RE elements chosen and also the atmosphere 

selected. The heat treatment schedules thus used for YBCO and (Y, LRE)BCO 

are shown in fig. 2.5.  

 

Fig. 2.5. Heat treatment schedules of YBCO (in air) and for (Y, LRE)BCO (in Ar). 
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The POIG processed samples thus prepared were characterized as discussed 

below. 

2.4. X-ray diffraction analysis: 

Solid matter can be categorized as amorphous and crystalline materials. Those 

materials in which the atoms are arranged in random directions similar to the 

disorder present in a liquid are known as amorphous materials. Crystalline 

materials are those materials in which the atoms are arranged in a regular pattern, 

and there is a smallest volume element that by repetition in three dimensions 

describes the crystal. This smallest volume element is called a unit cell. The 

dimension of the unit cell is described by three axes: a, b, c and the angles 

between them α, ȕ, Ȗ.  

An electron in an alternating electromagnetic field will oscillate with the same 

frequency as the field. When an X-ray beam hits an atom, the electrons around the 

atom starts to oscillating with the same frequency as the incoming beam. In 

almost all directions interference is destructive, that is, the combining waves are 

out of phase and there is no resultant energy leaving the solid sample. However, 

the atoms in a crystal are arranged in a regular pattern, and in some particular 

directions interference is constructive, i.e., the waves are in phase and well 

defined X-ray beams leave the sample in specified directions. Hence, a diffracted 

beam may be described as a beam composed of a large number of scattered rays 

mutually reinforcing one another. English physicists Sir W.H. Bragg and his son 

Sir W.L. Bragg [9-10] developed the relationship, nȜ = 2d sinθ in 1913 to explain 

why the cleavage faces of crystals appear to reflect X-ray beams at certain angles 

of incidence (θ). The variable d is the distance between atomic layers in a crystal, 

and the parameter Ȝ is the wavelength of the incident X-ray beam and n is an 

integer giving the order of reflection. This observation is an example of X-ray 
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wave interference, commonly known as X-ray diffraction (XRD), and was the 

direct evidence for the periodic atomic structure of crystals. In 1919 A. W. Hull 

pointed out that “every crystalline substance gives a pattern; the same substance 

always gives the same pattern; and in a mixture of substances each produces its 

pattern independently of the others". The X-ray diffraction pattern of a pure 

substance, therefore, acts like a fingerprint of the substance. Thus, the powder 

diffraction method is a powerful tool suited for characterization and identification 

of polycrystalline phases.  

Ideally, the sample consists of random distribution of all possible (h, k, l) planes. 

Only crystallites having reflecting planes (h, k, 1) parallel to the specimen surface 

will contribute to the reflected intensities and each possible reflection from a 

given set of h, k, l planes will have an equal number of crystallites contributing to 

it. In order to produce all possible reflections, X-ray is scanned through the 

glancing angle θ on the sample. The schematic description of Bragg‟s law is 

represented in fig. 2.6. 

 

Fig. 2.6. Schematic description of Bragg‟s Diffraction δaw. 
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The most common use of powder diffraction includes phase identification and 

lattice parameter calculation. The phase identification of compounds consists of 

identification of phases using search-match utility and estimation of the amount of 

crystalline phases present in the samples. Phase identification of the samples was 

performed using X'Pert High score software with support of the ICDD PDF 1I 

database. Different phases (vol.%) formed in the samples, the lattice parameters 

and unit cell volumes were quantitatively estimated from the XRD patterns using 

the TOPAS and Fullprof programs through Rietveld refinement process.  

In the present study powder XRD patterns of samples were taken using a Cu Kα as 

the X-ray source (Ȝ =1.5404 Å); Bruker's AXS Model D8 Advance System or an 

X-ray diffractometer with Co Kα (Ȝ = 1.7889 Å) source INEL Model CPS 120.  

2.5. Microstructural Characterizations: 

Microstructural properties provide information on the key parameters responsible 

for enhancement of Jc in superconductors. Microstructural analysis of complex 

non-stoicheometric material has a lot of challenges. In  order  to  prepare  

specimens  for  microstructural  characterization, the  samples  were  sliced  into  

thin  sections  using  a  low  speed  diamond  saw (model  Isomet  1000,  Buehler-

make).  The  specimens  extracted  from  the samples  were  mounted  in  bakelite  

and  ground  on  silicon  carbide  papers (600,  800, 1000 and 1200 grits) to a flat 

surface.  They were  further polished on  polishing  cloth  on  the  rotating  wheel  

of  a  Buehler  polishing  machine, using different grades (6, 3, 1, 0.25 ȝm) of 

diamond paste as grinding media. Kerosene was used as a lubricant during 

polishing.  The surface was cleaned after every stage of polishing.  Polishing time 

at each stage ranged from 2 to 30 minutes with silicon carbide paper and 0.5-2 

hours with diamond paste. The  polished  surface  of  the  sample  was  then  

cleaned  with  methanol  and dried  in  hot  air.  In  the  present  study,  no  etching  
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was  done  to  the  polished surface  of  the  samples.  The  micrographs  thus  

obtained  were  characterized for  various  microstructural  parameters  using  

quantitative  metallographic methods as explained below. Scanning Electron 

Microscope (SEM) and Energy Dispersive X.ray Spectrometer (EDS) are the 

tools used to perform microanalysis on these materials such as observe the grain 

size, presence of secondary phases and their distribution, defects an voids, 

twinning, etc.   

2.5.1. Field Emission Scanning Electron Microscope: 

FESEM is one of the most versatile and well known analytical techniques for 

microstructural studies. Compared to conventional optical microscope, an electron 

microscope offers advantages including high magnification, large depth of focus, 

great resolution and ease of sample preparation and observation. Electrons 

generated from an electron gun enter a surface of a sample and generate many low 

energy secondary electrons. The intensity of these secondary electrons is 

governed by the surface topography of the sample. An image of the sample 

surface is therefore constructed by measuring secondary electron intensity as a 

function of the position of the scanning primary electron beam.  

The FESEM employs a high-energy electron beam (in keV) and helps in imaging 

the topography of the sample surface by operating in a raster scan mode. In the 

case of a FESEM, a field-emission cathode in the electron gun of a FESEM 

provides narrower probing beams at low as well as high electron energy, resulting 

in both improved spatial resolution and minimized sample charging and damage. 

The electrons, when they interact with the atoms of the sample, produce 

secondary electrons, back-scattered electrons, transmitted electrons, characteristic 

X-rays etc. A typical schematic sketch representing the above mentioned 

processes are shown in fig. 2.7. Separate detectors are present to pick up the 
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information from each of these processes. The secondary electron imaging can 

produce very high-resolution images of a sample surface, revealing details even in 

the size range 10 - 100 nm.  Due  to  the  very  narrow  electron  beam,  FESEM  

micrographs have a large depth of field yielding a characteristic three-dimensional 

appearance useful for understanding the surface structure of a sample.  

 

Fig. 2.7. A schematic picture showing emission of electron beam and presence of various 
detectors in an FESEM. 

Electron  beam  of  very  high  energies  are  employed  in  order  to visualize the 

sub-surface structures while low energy BSE detection is quite useful for high 

resolution investigation of specimen that accumulate surface charge, in spite of 

thin gold coating. This is met through a new In-lens detection system.  In order to 

reduce aberrations and sensitivity to interfering stray-fields the electron optical 

column is equipped with a positively biased booster that shifts the energy of the 



Chapter II 52 

 

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

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

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

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

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

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

lens  at  higher  energies  and  smaller  electron  beam  diameters. Another 

advantageous effect of this arrangement is the collection of secondary electrons 

emerging from the sample surface attracted and accelerated by the positively 

biased electrode of the beam booster and finally projected onto the In-lens 

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

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

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

composition and measure the abundance of elements in the sample. 

 In  the  present  work,  a  Field  Emission  Scanning  Electron Microscope (model  

Ultra  55,  Carl Zeiss-make) along with Energy Dispersive Spectrometry (EDS) 

was  employed  for  obtaining  the micrographs. The working distance for most of 

the cases was in the range 4 -10 mm.  The  charging  effects  of  the  electron  

beam  on  the  sample  were bypassed by either gold coatings or by creating a 

silver paint / strip channel from the holder to the sample.  

2.5.2. Energy Dispersive X-ray Spectroscopy: 

To get the composition of different phases observed through microstructural 

studies in the samples, they were individually selected and investigated through 

EDS. Through different techniques like point scan, area scan, line scan and 

mapping on the sample, relative amounts of different elements present in each of 

the phases is estimated. 
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Energy Dispersive X-Ray Spectroscopy (EDS) is an analytical technique that 

qualitatively and quantitatively identifies the elemental composition of materials 

analyzed in FESEM. EDS analyzes the top two microns of the sample with a 

spatial resolution of one micron. Beryllium windowed EDS detect all elements 

with atomic numbers greater than oxygen at concentrations greater than 0.1%. 

"Windowless” EDS detectors can also detect carbon, nitrogen and oxygen at 

concentrations greater than 1.0%. EDS displays the distribution of elements as 

either dot maps or line profiles with a spatial resolution of one micron. 

When the electron beam of the FESEM is scanned across the sample, it generates 

X-rays from the atoms. X-rays are produced as a result of the ionization of an 

atom by high-energy radiation wherein an inner shell electron is removed. To 

return the ionized atom to its ground state, an electron from a higher energy outer 

shell fills the vacant inner shell and, in the process, releases an amount of energy 

equal to the potential energy difference between the two shells. This excess 

energy, which is unique for every atomic transition, will be emitted by the atom 

either as an X-ray photon or will be self absorbed and emitted as an Auger 

electron. The energy of each X-ray is characteristic of the atom from which it 

escapes. The EDS system collects the x-rays, sorts them by energy and displays 

the number of X-rays versus their energy. This qualitative EDS spectrum can be 

either photographed or plotted. This data can then be further analyzed to produce 

either an area elemental analysis (displayed as a dot map) or a linear elemental 

analysis (displayed as a line scan) showing the distribution of a particular element 

on the surface of the sample. The EDS data can be compared to either known 

standard materials or computer-generated theoretical standards to produce either a 

full "quantitative" or a "semi-quantitative" analysis. The location of the peaks on 

the energy scale identifies the elements. The peak heights vary because each 

transition has different probability of occurring and the detector's efficiency is a 
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function of energy. The EDS spectrum has a peak width because the energy 

dispersion is a statistical event, i.e. every photon does not produce the same 

number of electron - hole pairs and there is thermal noise caused by the 

amplification process. 

2.6. Methods used for superconductor characterization: 

2.6.1. ac susceptibility measurement: 

AC  magnetic susceptibility (ACMS)  is  the  standard  tool  for  determining  the  

magnetic  field  effect  on  the  superconductor.  The diamagnetic nature of 

superconductor is a bulk effect and is not a surface effect, which can be confirmed 

by ac susceptibility measurement. In the fully superconducting state, the sample is 

a perfect diamagnetic and so χ' = –1. Typically, the onset of a significant nonzero 

χ' is taken as the superconducting transition temperature. 

ACMS is useful for the evolution of the superconductivity with magnetism by 

applying an oscillating external magnetic field. The contribution of different 

phases to the diamagnetism can be activated by applying small field. The property 

of perfect diamagnetism is exploited in this method to estimate the Tc of the 

superconductors, low Tc phases present in the materials, using the PPMS 

(quantum design) with ACMS (Alternating Current Magnetic Susceptibility) set 

up. The PPMS ACMS consists of a pair of pick-up coils with opposite winding 

directions connected in series. The coils are located one above the other with a 

small separation between them. The sample is fixed to the end of a sample rod 

that is connected to a linear actuator which moves the sample vertically from one 

coil to the other. Under applied field, the sample has some magnetic moment and 

the motion of the sample with respect to the coils generates an emf (V) according 

to Faraday‟s law of induction. 
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The response of the secondary as a function of temperature is measured and 

various properties such as onset Tc, broadness which is due to the presence of low 

Tc phases and solid solutions and the superconducting fractions in the materials 

are calculated.  As soon as the superconducting to normal state transition takes 

place, the signal in the secondary suddenly rises, the temperature at which this 

transition takes place is the Tc of the material.  

Due to this, a voltage proportional to the frequency is induced in the secondary 

coil. The in-phase and out-of-phase components (w.r.t. the driving current of the 

primary coil) of the voltage are proportional to the real χ' (diamagnetic response) 

and imaginary χ'' (power loss) components of the susceptibility respectively. We 

have used this technique extensively while characterizing the superconducting 

properties of (Y, LRE)BCO.  

AC susceptibility is the magnetization response of a material in an AC magnetic 

field and can be expressed by the following equation 2.1. 

� =
 (2.1)   ……………                        ࢉࢇ�ࢊ�ࢊ

Where χ is the magnetic susceptibility, M is the magnetization of the sample and 

H is the AC magnetic field. 

A block diagram of a typical mutual inductance set up used for measuring 

susceptibility as a function of temperature of a sample is shown in fig. 2.8.  
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Fig. 2.8. Block diagram of ac susceptibility measurement system. 

The property of perfect diamagnetism is exploited in this method to estimate the 

Tc of the superconductors, low Tc phases present in the materials, employing the 

PPMS ACMS (Alternating Current Magnetic Susceptibility (quantum design). 

We have used this technique extensively to characterize the superconducting 

properties of (Y, LRE)BCO samples. 

If the applied ac voltage is  � =  where ω is the angular frequency ,ݐ� ݏ���� 

(=2πf), the resulting magnetization amounts to 

ۻ = ܜ૑ܛܗ�′�)ܗ۶ +  (2.2) .……… (ܜ૑ܖ�ܛ′′� 

Where �′ and �′′ represent the real and imaginary components of the fundamental 

ac susceptibility. The fundamental principle on which this measurement works is 

based on the mutual induction (Faraday‟s law) 
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Basically the assembly comprises of a mutual inductance coil assembly 

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

secondary coils are identical and are connected in opposition in order to cancel 

the voltages induced by the ac field itself. A constant current source is employed 

to drive an ac current in the primary solenoid. The field produced by a current 

with r.m.s. value „Irms ‟ in a solenoid is given by  

ܛܕܚ۶ =  
ܘۺܛܕܚ۷ܘۼܗ�  ………. (2.4) 

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

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

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

 

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

conditions (number of turns, diameter, etc.), no voltage will be detected by the 

lock-in amplifier when the coil assembly is empty. But, in practice, the net output 

from the secondary coils is often non-zero and is temperature dependent. This is 

eliminated by measuring and subtracting the back ground voltage from the signal 

measured after introducing the sample in similar conditions. Additionally, there is 

a need to correct the extraneous phase shifts arising from various sources in the 

setup. This is done by shifting the phase of the references so as to obtain χ’’ = 0 

well above Tc as well as well below Tc.  

 

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

phase lock-in amplifier, it gives out a signal in the form of dc voltages �ݎ  and ��  
proportional to the real and imaginary parts of M that are in-phase and out-of 
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phase, respectively, with respect to the reference signal which is in-phase with the 

applied field H.  

 

From the measured �ݎ  and�� , the real and imaginary components of the ac 

susceptibility χr and χi are determined using the formulae shown in Eq. 2.5 to Eq. 

2.6. 

ܚ� =  
૓ܚહ૑�ܕ۶ܗ�ۼ(૚−۲)

 ………. (2.5) 

�� =  
૓�હ૑�ܕ۶ܗ�ۼ(૚−۲)

 ………. (2.6) 

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

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

D is the demagnetization factor and α is the filling factor [11]. The absolute 

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

calculated using the expressions given by Murphy et al. [12].  

The property of perfect diamagnetism is exploited to estimate the Tc of the 

superconductors and detect low Tc phases if present in the materials in employing 

the PPMS ACMS (Alternating Current Magnetic Susceptibility (quantum design) 

facility. 

2.6.2. M­H hysteresis loops and critical current density measurements: 

The critical current density (Jc) in type‐II superconductors can be estimated by 

analyzing the magnetization using critical state model proposed by C.P. Bean 

[13]. The model assumes that the penetrated super‐currents flow with a density 

equal to Jc independent of the local internal field. If this magnitude of the current 

flows everywhere in the specimen, it is in the critical state.  The process of 
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magnetization of a slab of thickness 2a in a field parallel to its surface is shown in 

fig. 2.9, when the current density is independent of the external field.  

 

Fig. 2.9. Magnetization process of thin slab of thickness 2a in a field parallel to 
the surface [13]. 

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

material is in critical state. The εaxwell‟s equation is  

࡮  =  (2.7) .………  ࢉ�૙ࣆ

Where Jc is the critical current density in Am‐2, B is the magnetic induction in 

Tesla and μo is the absolute permeability. 

 The local internal field Hi is given as   �࢏ =
 (2.8) .………࢕ࣆ࡮

Where B is the macroscopic local flux density.   

The local magnetization Mi becomes, Mi = Hi - H, where H is the applied field.  

The total magnetization M is the average of Mi, over the sample cross‐section.   

If we consider the magnetization for two stages namely   
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(i)  0 < H < H*  and (ii) H* < H 

   Where H* is the applied magnetic field at which the internal field reaches the 

centre of the specimen.   

For an infinite slab, the initial magnetization curve M(H) becomes   

�  � =  −� +  
�૛૛�ࢇࢉ  , ૙ �࢕� < � < �∗             ………..   2.9 

� � =  − ૛ࢇࢉ�  , ∗� �࢕� < �                       ……… 2.10 

The reverse curve for high -Hm (H
* < Hm) case is given by  

� � =  − ૛ࢇࢉ� + ࢓� −  �−  
ࢇࢉ�૛૝ �−࢓�  ࢓� �࢕�, − ૛�∗ < � <    ࢓�

………2.11 

� � =  
૛ࢇࢉ� , �࢕� − ࢓� −� < ࢓� − ૛�∗     …………  2.12 

Where H is the applied magnetic field, Hm is the maximum applied field and 2a is 

the thickness of the slab. 

When Hm > 2H
*, Jc is related to the magnetization M for slab of thickness 2a as � �+ − � �− =  (2.13)  .……………                  ࢇࢉ�

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

at a given field. The  discussion  made  above  is  applicable  only  if  the  sample  

is considered  as  an  infinite  slab.  

For the orthorhombic geometry   
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2.6.3. Calculation of Jc from M-H loops: 

Magnetization hysteresis loops representing magnetization (M) as a function of 

applied magnetic field (H) were recorded on the samples at various cryogenic 

temperatures using a Physical Property Measurement System (PPMS) of 

Quantum design make.  

 

Fig. 2.10. A typical magnetic hysteresis (M-H) loop obtained from an IG processed 
YBCO superconductor at 5 K [14]. 

The specimens used for the measurements were of size approximately 2 mm x 2 

mm x 5 mm, which were cut such that their long dimension was normal to the 

pressed surface of the samples. The samples were exposed to magnetic fields of 

up to 9 Tesla generated by superconducting magnet in order to record the field 

dependences of magnetization. A typical M-H loop obtained for a superconductor 

is shown in fig. 2.10. 
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Critical current densities (Jc) of the samples were determined following extended 

Bean‟s critical State model using the relation [15-16]: �ࢉ =  
૛૙ ��ࢊ  ………. (2. 15) 

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



 

a

b

3
1 ; a > b and a, b are broad and 

narrow dimensions of the sample (in cm). 

2.7. Mechanical properties: 

A TI 900 Tribo-Indenter, Hysitron make, was used for the nano hardness (Hn) and 

elastic modulus (E) measurements. Hn and E measurements were carried out at 16 

different points on each polished sample. Nanoindentation studies at low applied 

loads enable the determination of Hn and E of each of the phases present in the 

superconductor composite separately, unlike measurements at high applied loads 

which create indentations with sizes bigger than the size of Y-211 inclusions [17]. 

The samples were indented by a Berkovich-type pyramidal diamond tip with a 

maximum load of 8,000 N for each indent. The relations given by Oliver and 

Pharr [18] were used for analyzing load–displacement data recorded at 

indentations to determine reduced Young‟s modulus (Er) and nano hardness (Hn) 

values. To overcome the error due to choice of indenter, reduced modulus Er is 

defined for non-rigid indenters based on the load-displacement behavior [17-18]. 

Nanoindentation: It enables mechanical probing of a material surface to 

nanometric-scale depths, while simultaneously monitoring LOAD and DEPTH. 

1. Mechanics of small volumes: Understanding whether thin films, lines, 

dots have different mechanical properties than bulk counterparts 
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2. Material physics: Measuring deformation processes such as dislocation 

nucleation, crack growth, etc. 

In indentation an indenter tip (Berkovich, Sphero-conical, Knoop or cube cornor), 

normal to the sample surface with a known geometry is driven into the sample by 

applying an increasing load up to some preset value. The load is then gradually 

decreased until partial or complete relaxation of the sample has occurred. The 

load and displacement are recorded continuously throughout this process to 

produce a load-displacement curve from which the nano-mechanical properties 

such as Hn, Er, stress-strain studies of the sample material can be calculated. 

Nanoindentation tester can be used in a mapping mode to take data automatically 

from a variety of locations on the sample. For the present work Berkovich 

indenter is used for all measurements. The photograph of the instrument used for 

indentation and the  schematic of the basic Hysitron tribo-indenter system are 

displayed in fig. 2.11 (a) and (b) respectively. 

 

Fig. 2.11.  (a) Photograph of Nanoindentation instrument and (b) a schematic 
image of the nano-indenter system.  
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The nano hardness (Hn) and reduced young‟s modulus (Er) values were calculated 

as a function of penetration depth using a method of Oliver and Pharr. In this 

method the contact depth (hc) is given as 

ࢉࢎ = �ࢇ࢓ࢎ  − � ��  ………….. (2.16) 

Where İ is a parameter, for Berkovich indenter the value of İ is 0.75 and S is 

contact stiffness and P is applied load. In the present study Pmax is 8000 mN. The 

expression for S is  

� =  
࢔�ࢊ�ࢊ = ૛ ��  

� ࢉ࡭   …………… (2.17) 

 Where Ac is the contact area of the indenter. The expression for Ac is  

ࢉ࡭ = ૛૝.૞૟ ࢉࢎ૛   ……………  (2.18) 

Er is given by   

૚�� =  
૚−ࣇ૛� −  

૚−࢏ࣇ૛�࢏   …………..  (2.19) 

Where, υ, E are poisson ratio and young‟s modulus of the sample and Ei (1141 

GPa) and υi (0.07) are the corresponding parameters for the Berkovich diamond 

indenter. In general υ is set equal to 0.3 for YBCO [17-18]. 

The nanohardness (Hn) is defined as the mean contact pressure under the 

condition of the indenter at maximum load (Pmax): The nano hardness is calculated 

using the equation shown below.  �࢔ =  
�૛૝.૞૟ ࢉࢎ૛ ……………….  (2.20) 
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In summary, in this chapter different experimental facilities and techniques by 

which the present thesis work has been carried out are introduced and the physical 

properties that can be derived from them are described. 
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Chapter III 

 

Study of growth mechanism and the effect of infiltration 

temperature on the properties of Preform Optimized 

Infiltration Growth processed YBCO superconductors 

In this chapter we have discussed the initial work done to assess the growth 

mechanism and the effect of infiltration temperature on the physical properties 

(structural, microstructural, mechanical and magnetic) of preform optimized 

infiltration growth (POIG) processed YBCO superconductors. The objective of 

the present work is to 

a) Understand the peritectic reaction and growth mechanism of YBCO 

superconductors in IG   process by investigating the ingots quenched 

from different temperatures. 

b) Study the effect of infiltration temperature on the properties of YBCO 

synthesized by POIG process. 

c) Examine the results and draw correlations, if any, between 

microstructural, mechanical and magnetic properties measured. 

3.1. Introduction: 

REBa2Cu3O7-δ (REBCO, where RE=Y, Gd, Sm, Nd etc.,) is one of the widely 

studied high temperature superconductor (HTS) systems. Their critical 

temperatures (Tc) above which superconductivity is lost are higher than the 

boiling point of liquid nitrogen (Tc ~ 92 K, for YBCO), and they have the least 

flux creep among all HTS [1-2] systems.  

Sintering is the commonly used technique in ceramic processing and it allows 
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formation of different shapes needed for various practical applications. 

However, it has been realized that, although good Tc values can easily be 

achieved, critical current density (Jc) values are very small in bulk sintered 

oxide superconductors [1-3]. Melt textured REBCO materials [4-6] have 

superior current carrying capacities due to the elimination of most of the weak 

links and due to texturing/alignment of the grains. Even though, the properties 

of YBa2Cu3O7-δ (Y-123) processed by melt texturing are substantially better 

than those of sintered Y-123, the melt texturing technique poses several 

problems which are severe enough to block many applications. The incongruent 

melting of REBCO produces liquid phases, which tend to diffuse out to the 

exterior of the components as a result of their low viscosity. In the case of 

samples exceeding a few centimetres in dimensions, the problem is very severe 

and leads to products with defects like distortions, cracks, and macro and micro 

porosities. The depletion of liquid phases from the interior of the material will 

not only alter the stoichiometry but also hinder the grain growth and texturing 

process of YBCO. These drawbacks therefore limit the fabrication of 

components of large and complex shapes. The only shapes reported so far by 

melt processing in the literature are either those of disks or bars [4-6]. Due to 

their ceramic nature, and due to various kinds of defects mentioned above, the 

melt processed Y-123 materials pose difficulties in machining into different 

suitable shapes for applications. The possibilities of using the bulk RE-123 

material for applications would be aided by the availability of a process which 

allows the fabrication of near-net-shaped and large-sized components without 

internal defects and with superconducting properties at least comparable to the 

existing melt processed samples. 

With the aim of overcoming the difficulties associated with the MG process, the 

Infiltration Growth (IG) process was developed [7]. It allows near‐net shape 



 

 

Chapter III 69 

 

fabrication of REBCO simultaneous with microstructures that support high 

current density [8]. The IG process involves the infiltration of liquid phases 

(BaCuO2 and CuO) into a porous preform of the primary RE2BaCuO5 (RE‐211) 

phase and subsequent reaction between them to form RE‐123 on cooling below 

the peritectic formation temperature [9-10]. The reaction occurring between 

RE‐211 and the liquid phases is shown below. 

 732252 223 OCuREBaCuOBaCuOBaCuORE  

Though the IG process has many advantages compared to the MG process like 

the minimization of shrinkage, cracks and distortions in the final product, 

various reports discuss the occurrence of inhomogeneity in the distribution of 

Y2BaCuO5 (Y‐211) particles in the YBCO matrix [7-13]. This causes a wide 

variation, across the sample volume, in the microstructure and the current 

densities [12, 14]. The problem of inhomogeneity in the RE‐211 distribution 

and hence of the non‐uniformity in Jc(H), occurs even in MG processed 

samples [15-17]. In MG process an extent of 2-30% porosity is reported in 

literature [18-24], which is attributed to the oxygen gas evolution during 

peritectic decomposition of RE-123 into RE-211 and liquid phases. Both 

Mahmood et al. and Iida et al. [14, 26] have reported a residual porosity of only 

up to ~ 1% in IG processed REBCO samples and this is because no oxygen gets 

released during IG process [27-30]. Though the pore size and their density in 

the RE-123 samples can be much reduced by employing IG process, the extent 

of reduction depends on the conditions used for their fabrication.  Devendra et 

al. [31-32] reported porosity as low as ~ 0.2% in the optimized YBCO samples 

processed using a modified IG process. Modifications were made to the IG 

process paying special attention to the stability of the preform used in the 

process. This modified process was named as “Preform Optimized Infiltration 
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and Growth Process (POIGP)”. The Y‐211 preforms used were made under 

relatively higher compaction pressures (460 MPa) and were sintered at 950 
o
C 

for an optimum duration prior to the liquid phase infiltration, so as to offer 

enough mechanical rigidity during the infiltration process. Thus POIGP led to 

microstructures with minimal porosity and a homogenous distribution of Y‐211 

inclusions in the superconducting Y‐123 matrix [31]. 

The POIG process involves heat treatment to 1100 
o
C to render sufficient 

infiltration and was found to yield good YBCO samples with considerable Jc 

sustained to high fields (i.e. flat Jc to high fields). However, these samples are 

found to exhibit [103] texture [32], unlike the [00Ɩ] texture reported in seeded 

melt textured REBCO samples [33-35]. Since the source pellet Y-123 melts at 

1008 
o
C and the Nd-123 seed melts at 1065 

o
C, seeded growth giving rise to [00Ɩ] 

texture is not feasible if infiltration of liquid phases is carried out at 1100 
o
C in 

POIG process. Hence, it is worth investigating the pros and cons of selecting a 

lower infiltration temperature (Ti) during the POIG process, with regard to the 

properties of the resultant YBCO, in order to envisage seeded growth during 

POIGP. 

While Tc is an intrinsic property, field dependence of Jc strongly depends on the 

microstructure of the end product which in turn depends on the processing 

conditions [36]. To obtain high quality REBCO materials for practical 

applications reproducibly, an understanding of the fundamental factors 

responsible for achieving favourable microstructures in REBCO 

superconductors is essential [37-38]. 

There are several reports on the nucleation of Y2BaCuO5 (Y-211) from YBCO 

melt and their growth in melt-grown REBCO materials. It is established that the 

peritectic recombination of Y-211 and liquid phases forms Y-123 phase [38-43] 
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along with some amount of remnant liquid phase or Y-211 depending on the 

choice of the starting composition. Homogenous distribution of fine Y-211 

particles in the matrix of Y-123 contributes to the much needed flux pinning 

caused by defects created at Y-211/Y-123 interface. Presence of an optimum 

content of fine-sized RE-211 inclusions uniformly distributed in the matrix of 

RE-123 is known to improve the flux pinning and enhance the magnitude of Jc 

and lead to superior field dependence of Jc [12, 44]. The most efficient way to 

fulfil these requirements is to control the size of the Y-211 particles in the 

molten state, prior to the grain growth of Y-123 [45]. 

Numerous empirical processes have been developed for optimizing the size; 

content and morphology of Y-211 particles in melt processed YBCO. It has 

been reported that finer the starting extra Y-211 added to Y-123 (in the 

precursor powder), the finer will be the size of residual Y-211 particles in the 

end product obtained after melt processing [46]. Both the starting composition 

of the precursor powder and the thermal profile used to melt process influence 

the size and morphology of the Y-211 particles [47-49]. 

In the MG process, the Y-123 decomposes into Y-211 and liquid phases; which 

later recombine while being cooled below peritectic temperature (Tp). This 

process involves outflow of liquid phases during melting and hence fails to 

provide a means to study the mechanism of the recombination. On the other 

hand, in IG process liquid phases infiltrate into Y-211 preform and when cooled 

through Tp they react with Y-211 particles and form Y-123 matrix with finer 

unreacted Y-211 particles left back in the matrix. Hence IG process gives an 

opportunity to investigate reaction mechanism [31, 50] and the factors that 

control the Y-211 particle size. Uniform distribution of fine sized Y-211 

particles of ~ 1-2 m size can be observed in IG processed products [51], when 
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compared to a size range of 0.5 –3 m achieved on adding grain refiners like Pt 

and CeO2 in MG process [52-56].  

In order to choose appropriate processing conditions, mechanism of growth of 

Y-123 and the resultant dispersion and size of Y-211 particles in Y-123 matrix 

have been studied in this chapter by quenching the samples from selected 

temperatures during IG process as described in section 3.2. The effect of 

choosing a lower infiltration temperature is discussed in section 3.3.  

3.2 Growth mechanism through quenching: 

The vertical furnace used for quenching the samples is shown in fig. 3.1 (a) and 

the heat treatment schedule used for quenching the samples into liquid nitrogen 

(LN2) is given in fig. 3.1 (b). 

 

Fig. 3.1. (a) Vertical furnace with alumina muffle, used for quench experiments. (b) 

The heat treatment schedules for quenching the samples.  

The Y-211 and Y-123 pellets were assembled as shown in fig. 3.2 for the POIG 

process. The pellets were supported on inert substrates to prevent liquid phase 

loss and to avoid contamination from the alumina crucible used [31]. 
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Fig. 3.2. The sample assembly used in POIGP. Y-123, which is the liquid phase 

source, is kept on top of a Y-211 pellet pressed under an optimum pressure of 460 

MPa. They are supported on top of a thin Yttria pellet and dense plates of Yttria 

stabilized Zirconia and alumina as shown. 

Details of the three samples chosen for study are given below. All three sample 

assemblies were ramped to 1045 
o
C in 4 hours and were maintained there for 1 

hour for liquid phase infiltration into Y-211 preform.  

S45: The first sample was quenched into LN2 from 1045 
o
C. Resultant sample 

is S45. 

S10: The second sample assembly after a dwell at 1045 
o
C for 1 hour as given 

for S45, was cooled to 1010 
o
C within 0.2 hour  time and was quenched into 

LN2 resulting in sample S10. 

S05: The third sample assembly after a dwell at 1045 
o
C for 1 hour followed by 

cooling to 1010 
o
C in 0.2 hour as for S10, was further cooled to 1005 

o
C, which 

is below the peritectic temperature of 1008 
o
C, slowly at a cooling rate of 0.5 

o
C/h and was quenched into LN2 to obtain sample S05. 

Microstructural characterization and the compositional analysis were performed 

using FESEM and EDS facilities. The Y-211 particles in the matrix of Y-123 

were observed under FESEM using an in-lens detector. 
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3.2.1 Microstructural characterization: 

The present investigation details the formation of Y-123 phase at various stages 

of IG process. It is interesting to observe the initial particle size and 

morphology of Y-211 particles prior to examining the final microstructure. 

FESEM image recorded at 25 kx magnification on the Y-211 powder sintered 

at 950 
o
C for 12 h is shown in fig. 3.3 (a) and the corresponding histogram is 

shown in fig. 3.3 (b). It is observed from fig. 3.3 (a) that the Y-211 particles are 

spherical in morphology and are fused with one another after sintering at 950 

o
C. 

 

Fig 3.3. (a) FESEM image for Y-211 powder sintered at 950 
o
C obtained at a 

magnification of 25 kX, (b) The histogram for Y-211 particle size, the average size of 

the Y-211 particles is ~ 1 m. The Y-211 particles after sintering are rounded and 

fused among themselves to some extent. 

Optical images recorded in the quenched samples S-45, S-10 and S-05 are 

shown in figs. 3.4 (a), (b) and (c).  
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Fig.  3.4. Optical micrographs of the differently quenched S45, S10 and S05 samples 

are shown in figs (a), (b) and (c) respectively. 

On first look one observes the following.  

Optical images at different magnifications show that there are no gaps between 

Y-211 particles which are much closely spaced. We can also observe the 

presence of dark color phase (which could be unreacted liquid phases) that are 

infiltrated into the Y-211 preform in (a) and (b). We note here that in the case 

of S45, after allowing infiltration of liquid phases at 1045 
o
C we did not give 

much time to react with Y-211 particles and also the temperature used for 

quenching is much above the peritectic temperature of YBCO. 

Figs. 3.5 (a), (b), and (c) show the micrographs of S45 sample obtained under 

magnifications of 5, 10, and 20 kx respectively. Distribution of Y-211 particles 

can be seen to be uniform within the bulk of the sample and large pores can 

also be observed. Fig. 3.5 (b) shows that most of the Y-211 particles have sharp 

edges and the size of Y-211 particles is > 2 m. Fig. 3.5 (c) shows the presence 

of liquid phases around the Y-211 particles. 
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Fig 3.5. FESEM images from S45, which was quenched from 1045 
o
C. Some amount 

of liquid phase infiltration can be observed. It can be observed that Y-123 matrix is not 

formed. 

Figs. 3.6 (a), (b), and (c) show the micrographs of S10 at magnifications of 5, 

10, and 20 kx. Homogenous distribution of Y-211 particles and the presence of 

infiltrated liquids around Y-211 particles are seen. Fig. 3.6 (b) shows that sharp 

edges of the Y-211 particles are getting rounded up indicating that Y-211 

particles have started reacting with liquid phases. Fig. 3.6 (c) shows that the 

infiltrated liquid phases filled the gaps between the Y-211 particles completely 

unlike in S45 where there were un infiltrated regions. 

 

Fig. 3.6. FESEM micrographs of S10, are shown at increasing magnifications in figs. 

(a) to (c). It can be observed from fig. (c) that the sharp edges of Y-211 particles are 

rounded; the particles are still of the same size as in fig. 3.5. 
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Unlike S45 and S10, the sample S05 was allowed to cool slowly through Tp. A 

continuous Y-123 matrix with spherical Y-211 particles is observed in S05 

indicating that the peritectic reaction has progressed by cooling to 1005 
o
C. A 

homogeneous distribution of Y-211 particles can be observed in fig. 3.7 (a) and 

(b) at a magnification of 5 kx and 10 kx. FESEM micrograph at magnification 

of 20 kx, shown in fig. 3.7 (c), indicates that most of the Y-211 particles are 

spherical and are less than 1 m in size, which is advantageous to increase Y-

123/Y-211 interface defect density which would enhance the magnetic flux 

pinning. 

 

Fig. 3.7. FESEM of S05. The formation of Y-123 and uniform distribution of fine Y-

211 particles in the Y-123 matrix can be seen. The Y-211 particles are spherical in 

shape and are smaller (< 1 m) after the peritectic reaction with liquid phases. 

In order to understand the origin of the occurrence of sharp edges of Y-211 

particles in S45, we closely examined the microstructure of Y-211 pellet after it 

is pressed from Y-211 powder, and before infiltrating liquid phases which is 

shown in fig. 3.8. 
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Fig. 3.8. FESEM micrographs of Y-211 powder after pressing into a pellet, before 

further heat treatments. Sharp edges have been for these particles due to cracking in the 

pressing process.  

Fused Y-211 particles which were spherical in sintered powder (fig. 3.3 (a)) are 

found to be broken with sharp edges when pressed into pellet, as can be seen in 

figs. 3.8 (a) and (b). In fig. 3.8 (b), the sharp edges of the broken Y-211 

particles which are of sizes around 1-2 m can be seen. The applied pressure of 

460 MPa seems to have broken the Y-211 particles. 

3.2.2. Elemental Analysis: 

An examination of the composition of the matrix region between Y-211 

particles in a line scan has led to the following results as shown for S05, S10 

and S45 samples in figs. 3.9 (a), (b) and (c) respectively. 
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Fig 3.9. EDS line analysis of S05, S10 and S45. In S05 the matrix region between Y-

211 particles Y-123 as deduced from the composition graph shows the ratio of 

elements Y: Ba: Cu to be nearly 1:2:3. In S10 and S45, we observe that liquid phases 

with high Ba and Cu content are present in the matrix region.   

3.2.3. Structural Analysis: 

 

Fig. 3.10. XRD patterns of S05 and S10 with the Bragg peaks corresponding to Y-211, 

BaCuO2, CuO and Y-123 phases marked.  
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In fig. 3.10 (a) all peaks are indexed to Y-211, BaCuO2, CuO and Y-123 

phases, taken from JCPDS file numbers 811199, 790838, 895899, and 898867 

respectively. In fig. 3.10 (b) peaks corresponding to Y-123 phase which is in 

agreement with the EDS results that Y-123 has not formed in S10 sample. In 

both the XRD patterns Y-211 phase was dominant. But in S05 sample Y123 

phase was found along with Y211 and BaCuO2 phases due to prolonged heat 

treatment. 

3.2.4. Discussion: 

From the FESEM images recorded on sintered Y-211 powder, it is evident that 

due to sintering at a temperature of 950 
o
C, all spherical Y-211 particles in the 

powder form are fused. From histogram it is clear that the starting sizes of the 

Y-211 phase particles are of the order of 500 nm to 1 m.  

EDS study confirms the formation of Y-123 in the matrix region in S05, 

whereas in case of S10 and S45 there is infiltration of liquid phases into the Y-

211 preform but formation of Y-123 matrix is not seen. This shows that the 

quenching temperatures of these samples are 1010 
o
C and 1045 

o
C, which are 

above Tp and hence Y-123 matrix formation has not commenced in these S10 

and S45 samples. The composition of the precipitates is inferred in all the 

samples to be Y-211 from EDS studies. These results agree with the 

conclusions drawn from the microstructural studies. Structural study through 

XRD is also confirmed the formation of Y-123 phase in S05 along with the 

traces of Y-211 and liquid phases (BaO+CuO). Whereas in S10 only Y-211 and 

liquid phases were found. 

From the FESEM images in S05 sample we can observe the formation of 

platelets and also the continuous Y-123 matrix with homogenously distributed 
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Y-211 particles. But in the case of S10 we observe the unreacted infiltrated 

liquid phases in the Y-211 preform (confirmed through EDS) and there is not 

much space present in between the Y-211 particles, which have got rounded up. 

Since the temperature used for quenching is just above the peritectic 

temperature of YBCO, the observations suggest that the peritectic reaction is 

just about to start. Sharp edges of Y-211 observed in S45 suggest that there is 

no reaction between Y-211 and liquid phases as the sample was quenched from 

1045 
o
C, which is much above the Tp. 

Quench studies of IG processed YBCO samples show that the fused Y-211 

particles in sintered powder are broken during pelletization, forming sharp 

edged individual particles. The Y-211 particles have very sharp edges in S45 

which are less sharp in S10 as the peritectic reaction is about to start. In S05, 

the Y-211 particles became spherical and got refined to < 1 m size because of 

peritectic reaction during slow cooling from 1010 
o
C to 1005 

o
C, which is 

below Tp. These results are supported by micro-structural, compositional, which 

revealed that sufficient liquid phases infiltration and Y-123 phase formation in 

the matrix region led to very fine and spherical Y-211  precipitates uniformly 

distributed, as seen in S05. 

3.3.  Effect of Infiltration temperature on the properties of Infiltration 

Growth Processed YBCO superconductor: 

The importance of optimizing the fabrication of the Y-211 preform in achieving 

high current densities to high magnetic fields has recently been established [31-

32]. Here we have investigated the effect of the choosing the infiltration 

temperature to be 1100 
o
C (sample Y-1) and 1040 

o
C (sample Y-2) on the 

microstructure, magnetic properties and mechanical strength of POIG processed 

YBCO superconductor. The reason for such a study stems from the observation 
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that a Ti of 1100 
o
C being well above the Tp of the seed crystal (even Nd-123) 

and hence will not be effective in fabricating single domain components by 

POIG process. A study of lower Ti is aimed at facilitating infiltration below Tp 

= 1048 
o
C of the seed crystal.  

Hence, in the present work we have compared the results of subjecting the 

sample assembly to a Ti of 1040 
o
C with those subjected to Ti of 1100 

o
C. 

Sintered powders of Y‐123 and Y‐211 were taken in 2:1 ratio and were 

compacted into pellets separately under an optimum pressure of 460 MPa. The 

Y-211 and Y-123 pellets were assembled as shown in fig. 3.2 for the POIG 

process [31]. 

Two different samples Y-1 and Y-2 are prepared by POIG process by following 

the heat-treatment schedules with infiltration temperatures 1100 
o
C and 1040 

o
C 

as shown in fig. 3.11. 

 

Fig. 3.11. The heat treatment schedules followed to synthesize the samples Y-1 and Y-

2. The only difference between the two heat treatments is the infiltration temperature. 

For sample Y-1, Ti was 1100 
o
C, and for sample Y-2, it was 1040 

o
C. 
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The POIG process involves heat treating the sample assembly to Ti where 

infiltration of liquid phases takes place into Y-211 preform, followed by 

cooling to 1010 
o
C, and slow cooling from 1010 

o
C to 980 

o
C. Then the samples 

were furnace cooled. The samples thus obtained were oxygenated in a tubular 

furnace at 460 
o
C in flowing oxygen for 100 h [31]. The temperature of the 

furnace was controlled and monitored using a Eurotherm make temperature 

controller (model 2404) and a thyristor (TE10A). Photographs of the IG 

processed samples Y-2 and Y-1 are shown in fig. 3.12 . 

 

Fig. 3.12. (a) IG processed sample Y-2 prepared starting with a preform infiltrated at 

1040 
o
C and (b) IG processed sample Y-1 prepared starting with a preform infiltrated 

at 1100 
o
C.  The arrows point to the final POIG processed samples. 

3.3.1. Structural properties: 

Processing the samples to 1100 
o
C does not permit seeded growth which is 

generally used to achieve [00Ɩ] texture. The XRD pattern recorded in sample Y-

1 and Y-2 are shown in fig. 3.13. It can be seen that both the samples are 

textured in [103] direction. 
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Fig. 3.13. XRD patterns from sample Y-1 and Y-2 showing [103] texture.  

3.3.2. Microstructural properties: 

 

Fig. 3.14. Y-211 particles are distributed uniformly in the Y-123 matrix of the samples 

(a) in Y-1 and (b) in Y-2. The histograms for Y-211 particle size distribution in Y-1 

and Y-2 are shown in (b) and (e) respectively. It can be observed that a substantial 

number of Y-211 particles are of size below 1 m in both the samples; in the sample 

Y-2 for which the infiltration temperature was lower, the Y-211 particles are finer in 

size. Twinning is observed in the Y-123 matrix of sample Y-1 (fig. c), and not 

observed in sample Y-2 (fig. f). 
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Analysis of the microstructures was carried out in samples Y-1 and Y-2 to 

assess the distribution and size of the non-superconducting Y-211 particles in 

the superconducting Y-123 matrix using Carl Zeiss-Axio Vision image 

processing software on the micrographs obtained from FESEM. 

FESEM images obtained in samples Y-1 and Y-2 are shown in fig. 3.14 (a-c) 

and (d-f) respectively. The Y-211 particles can be seen to be fine, spherical and 

uniformly distributed in the Y-123 matrix in both the samples. From histograms 

it is clear that the distribution of Y-211 shows that majority of the particles are 

in the range of 0.5–1.5 μm in both the samples.  

3.3.3. Magnetic properties: 

 

 

Fig. 3.15. The temperature dependence of in phase component of the ac 

susceptibility (χ‟
) in samples Y-1 and Y-2. 

The temperature dependence of the in-phase components of ac susceptibility 

(χ’) measured at 33 Hz for the two samples are shown in fig. 3.15. The figure 

reveals onset of Tc to be at 91.6 K in sample Y-2 with a small tail region close 

to Tc (zero) indicating possible existence of minor amounts of lower Tc phases 

which could be oxygen deficient phases [14, 57]. For Y-2 sample onset of a 
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sharp superconducting transition is found at 92.1 K in sample Y-1. The 

transition width (ΔTc) is nearly 0.7 K for Y-1 and 2.5 K for Y-2 sample as 

measured between 10 % to 90 % increase of diamagnetic susceptibility.  

M-H loops were recorded in the samples at different temperatures sweeping the 

magnetic field in the range 0-8 Tesla for both the samples (Y-1 and Y-2) using 

a physical property measurement system (PPMS). Jc was calculated by 

following extended Bean‟s Critical State model [58-60], using the formula 

d

M
JC




20 Acm
−2

. Here ΔM (in emu/cc) is the difference in the hysteretic 

magnetization between the curves obtained while increasing and decreasing the 

magnetic fields (ΔM= M
+
- M

-
) and 






 

a

b
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3
1  is the reduced dimension, 

where „a‟ and „b‟ are the planar dimensions (in cm) of the sample with a ≥ b. 

The dimensions of the specimens used in magnetization measurements were a = 

2 mm, b=1.5 mm, and c=5 mm, for samples Y-1 and Y-2. 

 

Fig. 3.16. (a) and (b) shows magnetic field dependence of Jc at different temperatures 

for samples Y-1 and Y-2 respectively. It can be observed that the Jc of sample Y-2 (Ti 

= 1040 
o
C) is not sustained to very high magnetic fields as for the sample Y-1. This is 

in spite of a finer Y-211 distribution in the former case. 
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To estimate the critical current densities, magnetic hysteresis loops were 

recorded for which the magnetic field (H) was applied normal to the pressed 

surface of the sample and was varied up to 14 T and 9 T at different 

temperatures for samples Y-1 and Y-2 respectively. The field dependences of Jc 

at different temperatures are shown in fig. 3.16. 

At temperatures of 50 K and below, high Jc values were retained up to the 

maximum applied fields of 8 T for both the samples. On the other hand at 77 K, 

the Jc is found to decrease rapidly beyond 2 T for sample Y-2. Sample Y-2 

showed a zero-field Jc(0) of ~ 126.4 kA/cm
2 
at 25 K which decreased to ~ 18.1 

kA/cm
2
 when warmed up to 77 K. Sample Y-1 showed Jc(0) of 316 kA/cm

2 
at 

15 K which reduced to 18.2 kA/cm
2 

at 77 K. It is evident from figs. 3.16 (a) and 

(b) that the performance of sample Y-1 which exhibited a flat Jc better than 1 

kA/cm
2
 at 77 K up to 7 T is superior to that of sample Y-2. Microstructural and 

magnetic properties of the samples Y-1 and Y-2 are compared in Table 3.1. 

Table. 3.1. Microstructural and magnetic properties of the samples Y-1 and Y-

2. 
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3.3.4. Mechanical properties: 

 

The development of bulk high-temperature superconductors (HTSC) and their 

applications has today come to a point where the mechanical response to high 

magnetic fields is as important as their critical-current density and large-grain 

property. In fact, in the currently produced centimetre-sized single-domain 

HTSC bulks with strong pinning, leading to high critical current density, the 

pinning induced strain can be so huge that it threatens the mechanical stability 

of the material [5]. For trapped field applications of oxide superconductors, 

materials with high Jc as well as high mechanical strength are required. 

Therefore, the major research objective is to improve the mechanical properties 

simultaneous with their critical currents in REBCO materials. 

 

It is observed while cutting the samples Y-1 and Y-2 for microstructural studies 

that Y-2 is brittle, while Y-1 with superior Jc(H) is quite hard. This section 

presents a systematic evaluation of mechanical properties at local level in Y-1 

and Y-2. Surface indentation experiments carried out by a nano-indenter were 

used to probe the mechanical properties of the solid surface by measuring the 

nano-scale penetration depth of the indenter and the applied force; such 

information is highly valuable to assess the influence of local stresses and the 

robustness of the ceramic surface [61-65]. Though it probes on the surface, 

polished section from interior gives information on local stresses/strength on 

selected phases/regions/grains. For the measurement of hardness (Hn) and 

elastic modulus (Er) a nanoindenter, TI 900 Tribo-Indenter, Hysitron make, was 

used. The measurements were carried out at 16 different points on each 

polished sample. Nano-indentation studies at low applied loads enable the 

determination of Hn and Er of each of the phases in the superconductor 

composites, separately. This would be unlike in measurements at high applied 

loads which would create indentations of sizes bigger than the size of the Y-211 
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inclusions [66]. The samples were indented by a Berkovich-type pyramidal 

diamond tip with a maximum load of 8,000 N for each indent. Oliver and 

Pharr [61-62] method was used to analyze the load–displacement data recorded 

during indentation, to determine Er and Hn values. To overcome the error due to 

the choice of the indenter, reduced modulus Er is defined for non-rigid indenters 

based on the load-displacement behaviour, through the equation. 

૚�� = (૚ − �૛)� +
(૚ − ��૛)��  

Where E and � are Young's modulus and Poisson's ratio for the specimen and Ei 

(1141 GPa) and νi (0.07) are the corresponding parameters for the Berkovich 

diamond indenter. In general � is set equal to 0.3 for YBCO [61-62, 66]. 

 

Fig. 3.17. FESEM images recorded after nano-indentation in Y-1 using (a) SE and (b) 

in-lens detectors. The SE image in (a) clearly shows the position of the indent and in 

(b) the microstructure of the same region can be clearly seen. In (a) serial numbers are 

provided for each indent, and in (b) position of the indents are pointed out with arrow 

marks. 

The nano-indentation marks are clearly visible as seen in fig. 3.17 (a), when 

recorded using the secondary electron mode. The same area is observed using 
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the in-lens mode of the FESEM to observe the Y-211 grains (fig. 3.17 (b)). 

From 16 measurements, the indents falling on Y-123 matrix and the Y-211 

grains are selectively studied, ignoring those located partially on Y-123 and Y-

211. The Hn and Er values were then determined at different indents formed 

exclusively on the Y-123 superconductor matrix phase and on the Y-211 grains. 

Similar measurement is carried out for sample Y-2, FESEM images of Y-2 

sample after indentation measurements are shown in figs. 3.18.  

 

Fig. 3.18. FESEM image of Sample Y-2 recorded after indentation using SE and in-

lens detectors are shown in (a) and (b) respectively. 

3.3.5. Discussion: 

From the microstructural studies it can be understood that compared to sample 

Y-1, sample Y-2 shows presence of a large number of fine particles < 0.5 μm, 

while Y-1 shows considerable number of Y-211 particles larger than 2 m, 

which could be because higher temperature of operation promotes grain growth. 

The above microstructural studies demonstrate a clear improvement in 

producing uniform distribution of fine Y-211 particles in both the samples Y-2 

and Y-1 processed by POIGP, even without adding any grain refiners like Pt 

and CeO2, when compared to various reports in literature on samples made 

using MG and IG processes [13, 15, 17, 67]. Higher Ti appears to have resulted 
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in sufficient amount of infiltration into Y-211 preform reducing the extent of 

macro defects to 0.2% in sample Y-1 compared to 2.7 % in sample Y-2. 

Additionally, widespread twinning is observed in Y-1. The sizes of the twin 

widths are of the order of 25-100 nm, whereas twinning is not observed in Y-2. 

The structural of the both the samples (Y-1 and Y-2) resulted in (103) direction. 

We believe that due to slow cooling (0.5 
o
C/h) both the samples (Y-1 and Y-2) 

have crystallized in [103] structure. Some peaks were indexed to Y-211 phase, 

while no other impurity phases were found to be present.  

Though both the samples Y-1 and Y-2 show equally good distribution of Y-211 

in Y-123 matrix and considerable zero field Jc, sample Y-1 shows better field 

dependence of Jc which is flat up to 7 T at 77 K. But Jc(H) curve of Y-2 sample 

shows a rapid fall at high fields. The fact that the Y-211 particles are fine and 

spherical is expected to contribute to considerable flux pinning and 

enhancement of Jc due to large Y-123/Y-211 interfacial defects [57]. This result 

is attributed to the microstructural properties that even though the distribution 

of Y-211 particles sizes are comparable in both samples, no twinning is 

observed in Y-2 sample which also exhibits macro-porosity.  

Even though all Y-211 powders used for fabricating the YBCO samples were 

prepared by same method, due to processing at different temperatures it is 

observed that the hardness values at of Y-211 site got modified. It can be 

noticed in Y-2 that due to processing at lower Ti, a lower hardness value of 

10.94 GPa on an average is observed. FESEM images of Y-2 after indentation 

has been done are displayed in fig. 3.18.  

The mechanical properties of different phases (Y-123 and Y-211) of both the 

samples are presented in Table 3.2. We observe from the Table 3.2 that the Hn 
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and Er have average values of around 17.7 GPa and 290 GPa respectively for 

Y-123 phase and 23.0 GPa and 302 GPa for Y-211 phase, in sample Y-1. For 

sample Y-2, the corresponding values are considerably lower at 9.5 GPa and 

145 GPa respectively for Y-123 phase and 10.9 GPa and 140 GPa for Y-211 

phase.  

Table. 3.2. Mechanical properties of Y-1 and Y-2 measured on the Y-123 and 

Y-211 phases in both the samples. 

 

Mechanical properties of composite (average values of 16 indents) and different 

phases are compared with the values from literature and are given in Table 3.3. 

From this table it can be observed that the mechanical properties of the sample 

Y-1 are superior to the Y-2 and also the MG and IG processed samples reported 

in literature [68]. 

We attribute higher hardness of the sample Y-1 to be correlated to (a) high 

density of nanometric defects associated with twinning in matrix, starting at the 

twin boundaries, in the highly dense crossing-twin network in the 

superconductor and (b) minimization of macro defects after facilitating 
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infiltration at 1100 
o
C. It is worthwhile to note that enhancements in mechanical 

strength simultaneous with high Jc to high fields seems to be originating from a 

stress field caused by uniform distribution of defects in a wide size range. 

Table 3.3. Comparison of mechanical properties with those reported in the 

literature. 

 

The results obtained on the two samples Y-1 and Y-2 subjected to infiltration 

temperatures, Ti of 1100 
o
C and 1040 

o
C respectively are compared. Though 

both the samples Y-1 and Y-2 show equally good distribution of Y-211 in Y-

123 matrix and considerable zero field Jc, sample Y-1 shows better field 

dependence of Jc which is flat up to 7 T at 77 K and it also exhibits higher 

hardness. Though YBCO samples with [00Ɩ] texture are reported to yield higher 

zero field  Jc values when field is applied along c-axis, heat treatment at 1100 

o
C  is found, from the present work to yield higher hardness and retention of 

high Jc to high fields. Infiltration at higher temperature is found to yield highly 

dense composites with minimal macro-defects and higher hardness of 19.2 GPa 

in sample Y-1. The occurrence of higher hardness, simultaneous with retention 

of considerably high current density to high fields in sample Y-1 has definite 
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advantages for trapped field applications. 
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Chapter IV 

Structural, microstructural and magnetic studies of POIG 

processed (Y, Sm)BCO superconductors 

The aim of the present chapter is to study the effect of introducing samarium (Sm) 

at Y site into bulk   YBCO samples, either through doping nanometric Sm2O3 

particles or by chemical substitution. This was done by causing modifications to 

the Y2BaCuO5 (Y-211) preforms, which were then subjected to POIG process 

under commercial grade Ar atmosphere (1% O2 in Ar). The objective is to study 

the structural, microstructural and magnetic properties of the POIG processed (Y, 

Sm)Ba2Cu3O7-δ ((Y, Sm)BCO or YSm-123) superconductors and to look for 

possible correlations among the various observations. 

4.1. Introduction: 

It is known that to enhance the Jc -H performance of REBCO superconductors at 

77 K, the number of effective pinning centres should be increased in addition to 

having a material with critical temperature (Tc) well above 77 K. The coherence 

length of the REBa2Cu3O7-δ (REBCO or RE-123; RE stands for rare earth 

elements) superconductors is on the nanoscale [1-4]. Hence, defects created at the 

interface of non superconducting phase RE2BaCuO5 (RE-211) particles with RE-

123 matrix [5], dislocations [6], twins and stacking faults [7] present in the 

samples have been identified to be effective as flux pinning centres. [8]. Creation 

of stress field associated with compositional fluctuations in the nano-scale is also 

reported to be beneficial for flux pinning [9-10]. 

An examination of the literature shows that nanometre-sized additives in REBCO 

directly serve as flux pinning centres due to their small size. Many investigators 
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have introduced nanoparticles of various dopants in REBCO materials. For 

instance, Y2O3 [11], ZrO2 [12], BaCeO3 [13], Al2O3 [14] and NiO [15], have been 

introduced as fine second phase particles in the Y-123 matrix. Y2Ba4CuMOy 

(M=U, Nb, Ta, Mo, W, and Re) [16] nanoparticles have been introduced into the 

YBCO matrix by other groups during melt processing and IG processing. Most 

often, the expectation has been that the particles themselves would serve as 

pinning centres, but in cases like ceria, Zirconia, barium cerate etc. reactions with 

the Y-123/Y-211 system leading to refinement of Y-211 particles has been 

observed [17-19]. However, highest current densities (Jc) reported in melt grown 

samples are mixed rare earth based copper oxide superconductors doped with 

nanometre-sized, non interacting materials. For instance, Melt processed (Nd0.33, 

Eu0.33, Gd0.33)Ba2Cu3O7-δ (NEG-123) superconductor with 35 mol.% of 

nanometre-sized (70 nm) Gd-211 and 0.1 mol.% of nanometre-sized NbO3 are 

reported to exhibit the highest Jc of 600 kA/cm2 at 77 K in zero field and 200 

kA/cm2 at 4 T [10]. 

In REBCO systems, where RE represents the light rare-earth elements (LRE) like 

La, Nd, Sm, Eu, etc., it is observed that some of the LRE3+ ions can occupy the 

Ba2+ sites because their ionic radii are close to each other. Increasing replacement 

of Ba2+ sites is found to result in a deterioration of superconducting properties, 

and substantial reduction of critical temperature especially at high substitution 

levels [20-25]. Subsequent investigations led to the observation that modified 

synthesis either under reduced oxygen partial pressures or usage of excess Ba (in 

the form of precursors such as BaO, BaO2, BaCuOx etc.) can effectively suppress 

the substitution of RE at Ba site. In other words, such a process suppresses 

formation of solid solutions of the LRE1+xBa2-xCu3Oy (RE/Ba -ss) type and 

permits local compositional fluctuations of (RE1-x, RE'x)BCO (RE/RE' -ss) type in 

the processed samples [26], where RE and RE1 are different rare earth elements in 
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mixed REBCO samples. 

Enhancement of Jc in these materials gives rise to the assumption that an 

additional pinning mechanism may be acting in this type of materials. There are 

some reports that discuss the sources of flux pinning in medium field regions (2-5 

T) in the REBCO materials. Several groups have reported the presence of lower 

or higher Tc clusters, compared to 92 K of stoicheometric REBCO, due to the 

formation of (RE1-x, RE'
x)BCO or RE1+xBa2−xCu3Oy solid solutions through EDS 

measurements [27]. Murakami group have proposed that nano-sized RE-rich 

clusters act as field-induced pinning centres, [27] and thus result in an 

enhancement in Jc at high fields, referred to as the peak effect in the REBCO 

materials. Recently, the mixing of RE elements as in NEG-123 materials has also 

been proven to be effective in enhancing Jc [28]. Regions of compositional 

segregation within RE-211 particles, called annuli cores, [29-30] with a distinct 

range of the rare earth chemical ratio were found in this material. These cores 

strongly affect the pinning properties at moderate fields and were also regarded as 

field induced pinning centres. Similar compositional variations are reported in the 

(Nd, Sm)-Ba–Cu–O system [31]. Since these nanoscale compositional 

fluctuations were formed during the peritectic transformation, the reaction 

mechanisms between these nano particles and the matrix are important [8]. 

The pinning mechanism in RE1+xBa2−xCu3Oy solid solutions might be a result of 

partial substitution of Nd for Ba as observed by TEM studies in single Nd-123 

crystals [32]. The formation of vacancies on barium sites may also contribute to 

pinning, assuming that point defects of substitutional type and vacancies in the 

barium sub lattice interact to create clusters, the size of which is of the order of 

the coherence length in these materials. High Jc values combined with decreasing 

Birr in (Nd, Y)Ba2Cu3O7- δ (NdY-123) compared to Y-123 are observed in oxygen 

deficient Y-123 and NdBa2Cu3O7- δ (Nd-123) single crystals [33] due to the 
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presence of lower Tc phases. A similar behavior is expected in the composite 

materials with a defect concentration generated by the substitution of Nd or Sm 

on barium sites. The optimization of the oxygen content in these materials was 

shown to lead to an increase in the Jc values at higher applied magnetic fields.  

The (Y, Sm)-Ba-Cu-O samples fabricated in melt growth process reveal annuli 

cores within larger (Y, Sm)2BaCuO5 (YSm-211) inclusions which consist of Sm 

rich areas surrounded by Y rich zones. The distribution of the inclusions is not 

homogeneous. The YSm-211 inclusions in (Y, Sm)Ba2Cu3O7-δ (YSm-123) matrix 

are of size ~5 m which exist together with elongated ones of 10–20 m. The 

pinning is dominated by the interfacial defects around the (Sm, Y)-211 inclusions 

[34]. 

It is reported that the presence of Sm results in the formation of compositional 

fluctuations (RE/RE' -ss) causing variation of Tc across different regions in the 

matrix which can act as effective pinning centers at higher fields. This provides 

ΔTc pinning and contributes to the peak effect observed in Jc–H curves. This 

result demonstrates a possible way to introduce peak effect in YBCO materials 

and thus enhance the applications in high field regions [35]. To understand the 

effect of varying the extent of Sm doping in YBCO sample, different amounts of 

Sm2O3 was doped into MG processed YBCO materials by means of nano-scale 

Sm2O3 addition to YBCO powders. The amounts of nanometric YSm-211 is 

varied from 0.1 to 0.4 mol.% [35]. It has been reported that the solubility of Sm in 

liquid phases is higher than Y at high temperatures. As a consequence, Sm 

diffuses and dissolves into the liquid phase and then takes part in the growth of 

RE-123 phase.  

Most of the works reported on substituted REBCO superconductors have been on 

melt grown samples. Work on mixed RE superconductors prepared by infiltration 
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growth (IG) process has been very limited. As of now there is no clear 

understanding as to why and how these annuli cores representing compositional 

segregation, seen as formation of bright and dark regions within RE-211 particles, 

occur in mixed REBCO superconductors. One of the aims of this work is to study 

if introduction of Sm into Y-211 preform results in formation of annuli cores and 

whether compositional fluctuations occur in the matrix after IG process and lead 

to enhancement in Jc. In the present work, the effect of introducing Sm (into 

YBCO) at nano scale is investigated systematically, with regard to the structural, 

micro-structural and magnetic properties of the POIG processed (Y, Sm)BCO 

system as discussed below. 

4.2. Systems studied in this chapter and methods of synthesis: 

4.2.1.  Systems studied in this chapter: 

In order to substitute Sm at Y site as in (Y, Sm)BCO system, two different 

processing routes were chosen. Effect of adding small amounts of nano Nb2O5 

powder to preform was also investigated. The systems studied in the present 

chapter are described below  

(i) Addition of different amounts of nano Sm2O3 sol into Y-211 preform 

powder as discussed in section 4.2.2. The pellets of the resultant preform 

powders were subjected to POIGP. The optimum composition with the 

best Jc(H) performance is identified. 

(ii) The chosen optimum composition is synthesized using Chemical 

substitution of Sm for Y as discussed in section 4.2.3. 

(iii) Further addition of 0.1 wt % of nano powders of Nb2O5 to the optimal 

composition is rendered and the Jc(H) performance is investigated as 
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discussed in section 4.2.4. 

4.2.2. Addition of nano Sm2O3 to synthesize (Y, Sm)BCO preform powders: 

 Y-123 and Y-211 powders were synthesized following a chemical route 

employing citrate method which is discussed in section 2.2 of chapter 2.  A sol 

containing nano Sm2O3 particles were prepared by sol-gel process. For this Sm2O3 

powder was dissolved in HNO3 on magnetic stirrer and ammonia was added to the 

solution to adjust pH to 8. This solution was washed several times using double 

distilled water and was ultrasonicated for 30 minutes. The Sm2O3 particles were 

then observed to be dispersed in solution homogenously. The nano Sm2O3 sol was 

then added to Y-211 powder in varied amounts of 0, 10, 20 and 30 wt.% along 

with premix solution employing Nano Dispersive Sol Casting (NDSC) method. 

This method enables introduction of nano-particles into Y-211 preform without 

agglomeration [17]. For this, premix solution was prepared by dissolving an 

organic monomer, methacrylamide (MAM) and a cross linker, N, N‘-

methylenebisacrylamide (MBAM) in distilled water. The concentration of 

organics in premix solution was 16 wt%, and the mass ratio of MAM: MBAM 

was 6:1 that can promote the formation of a relatively rigid cross-linked gel 

network between Sm2O3 particles. This solution was then mixed using homemade 

tumbling machine with solution to ball volume ratio as 1:1 for 12 hours. 

Polymerization was activated by adding chemical initiator, ammonium per 

sulphate (APS) whereas a catalyst, N.N.N‘, N‘- tetramethylenediamine (TEMED) 

was used to control the kinetics of the mixture. This mixture was then dried at 70 
oC in a hot air oven. Dried powders were then sintered for 2 hours at 600 oC to 

remove the carbon related compounds. The resultant YSm-211 preform powders 

are referred to as YSm-10—211, YSm-20—211 and YSm-30—211 respectively, 

corresponding to x wt % nano Sm2O3 addition to (100-x) wt % Y-211, with x=10, 

20 and 30. 
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4.2.3. Chemical substitution: Synthesis of (Y1.6, Sm0.4)BaCuO5 preform 

powder: 

The YSm-20 sample was found to be optimum from Jc(H) performance after 

POIG process, as will be discussed in section 4.4. This composition was chosen 

for an alternate synthesis through chemical substitution route to compare the 

microstructural features and Jc(H) performance in both the cases. For this 

purpose, (Y1.6, Sm0.4)BaCuO5 powders were prepared by chemical combustion 

route using citrate precursors (as discussed in chapter 2, section 2.2.) by taking 

stoicheometric ratios of Y2O3, Sm2O3, BaCO3 and CuO. After the combustion, 

powders were collected and sintered at 950 oC for 12 hours and the resultant 

preform powders are referred to as (YSm-20-C-211), where C stands for 

Chemical substitution. 

4.2.4. Synthesis of (Y, Sm)BCO with 20 wt.% Sm2O3 and 0.1 wt.% doping 

of Nb2O5: 

Nb2O5 sol is prepared through dissolving NbCl5 powder (Alfa Aeser Puratronic 

make, 99.999 purity, metal basis) in double distilled water and dried. 0.1 wt.% 

Nb2O5 powder was added to the YSm-20-211 preform powder (prepared by 

mixing 20 wt.% nano Sm2O3 sol to Y-211 powder). The resultant preform is 

referred as YSm-20-Nb-211. 

The various YSm-211 preform (mixture of Y-211 and nano Sm2O3 particles or 

Sm) powders discussed above were compacted into pellets under an optimum 

pressure of 460 MPa as suggested by Devendra et al. [25]. The Y-123 powder 

which is a source of liquid phases during POIGP was taken as twice the amount 

of YSm-211 preform pellet and was also pressed separately. The pellets were 

supported on inert substrates to prevent liquid phase loss and to avoid 

contamination from the alumina crucible used. The arrangement of preforms for 

synthesizing the samples is shown in fig. 4.1. 
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4.2.5. Heat treatment schedule: 

It is known that the peritectic decomposition temperatures (Tp) of the RE-123 

varies with the ionic radius of the RE element involved and the atmosphere.  For 

instance, Tp of Y-123 is 1005 oC and Sm-123 is 1054 oC when processed in air 

while it is 980 oC and 1005 oC in argon with 1% O2 and 950 oC and 980 oC in 

argon with 0.1% O2 atmosphere. Thus it was found that Tp of YBCO decreased by 

about 30 oC in a 1% O2 in Ar (commercial grade Ar) atmosphere and decreased 

by 60 oC in a 0.1% O2 in Ar atmosphere compared to that measured in air [29]. It 

was also observed that the Tp of (RE, RE')-123 composites increases linearly with 

an increase in the ionic radius of the RE element. This suggests that (RE, RE')-

123 composites form a complete solid solution, which enables us to control Tp 

according to the radius ratio or the kind of rare earth elements being used. 

 
Fig. 4.1. Heat treatment schedule followed to synthesize the (Y, Sm)BCO samples. 

The heat-treatment schedule used for fabricating the (Y, Sm)BCO samples is 

shown in fig. 4.1. To avoid the formation of solid solutions like Sm1+xBa2-xCu3O7-

δ which are of lower Tc, heat treatment was carried out in commercial grade Ar 

atmosphere. In this heat treatment two stages of slow cooling was followed to 
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grow (Y, Sm)BCO superconductors. The POIG processes involves heat treating 

the sample assembly (shown as inset in fig. 4.1) initially to 950 oC for 

strengthening the preforms and then raise the temperature to 1100 oC (Ti) where 

infiltration of liquid phases takes place into YSm211 preform. This was followed 

by rapid cooling to 1040 oC, and slow cooing from 1040 oC to 980 oC with a 

cooling rate of 1 oC/h and from 980 oC to 950 oC with a cooling rate of 0.5 oC/h 

and was maintained at 950 oC for 24 hours for completion of grain growth and 

was furnace cooled to room temperature. Slow cooling was done relatively to 

lower temperatures because in Ar atmosphere Tp of RE-123 materials come down. 

Peritectic temperature of these (Y, Sm)BCO in commercial grade Ar is 1005 oC, 

as reported in melt grown samples [29, 35] . 

The oxygen absorption or oxygenation process in highly dense RE-123 samples 

and single crystals are very slow compared to porous materials or those materials 

which are in the powder form [36]. The samples thus obtained were oxygenated in 

a tubular furnace at 460 oC in flowing oxygen for a long duration of 110 h, to 

form the superconducting orthorhombic phase. 

4.2.6. End products: 

The series of (Y, Sm)BCO or YSm-123 superconductors are prepared by POIG 

processing the corresponding preforms as described below under commercial 

grade Ar atmosphere (hereafter referred to as ‗under argon‘), unless specified 

otherwise. The products thus obtained are highlighted below. 

YSm-10: is the superconductor prepared using YSm-10 - 211 preform under 

argon atmosphere. 

YSm-20: is the superconductor prepared using YSm-20 - 211 preform under 

argon atmosphere. 
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YSm-30: is the superconductor prepared using YSm-30 - 211 preform under 

argon atmosphere. 

YSm-20-C: is the superconductor prepared using YSm-20-C - 211 preform under 

argon atmosphere. 

YSm-20-Nb: is the superconductor prepared using YSm-20-Nb - 211 preform 

under argon atmosphere. 

YBCO-Ar: In order to evaluate the role of processing conditions realistically, 

YBCO was also POIG processed under argon without any Sm 

maintaining the same heat treatment schedule.  

4.3. Characterization techniques: 

Structural studies on oxygenated (Y, Sm)BCO samples were carried out 

employing X-ray diffraction (XRD) patterns recorded using Cu Kα as the X-ray 

source (Ȝ=1.5406 Å) in Bruker's AXS Model D8 Advance System. The polished 

surface (down to 0.25 ȝm size) of each of the samples was examined using a 

field-emission scanning electron microscope (FESEM; Zeiss-make Ultra 55 

model). An in-lens detector was used to observe YSm-211 particles in the matrix 

of YSm-123.  

Superconducting transition temperature (Tc) of the processed samples was 

characterized by measuring temperature dependence of ac susceptibility with the 

help of ACMS attachment on Quantum design make physical property 

measurement system (PPMS). M-H loops were recorded in the samples at 

different temperatures (25 K, 50 K, 65 K and 77 K) sweeping the magnetic field 

in the range 0-9 Tesla for all samples using the VSM attachment on the PPMS 

system. Jc was calculated following extended Bean‘s Critical State model [37-38], 
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using the formula 
d
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20 Acm−2. Here M (in emu/cc) is the difference in 

the hysteretic magnetization between the curves obtained while increasing and 

decreasing the magnetic fields (M= M+- M-) and 
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1  is the reduced 

dimension, where ‗a‘ and ‗b‘ are the planar dimensions (in cm) of the sample with 

a ≥ b. The dimensions of the specimens used in magnetization measurements 

were a = 3 mm, b=2 mm, c=5 mm. 

4.4. Results on (Y, Sm)BCO samples POIG processed after addition of nano 

Sm2O3 particles to Y-211 powders in preform: 
 

4.4.1. Observations on preform powders: 

 

 
Fig. 4.2. FESEM images of (a) and (d) YSm-10, (b) and (e) YSm-20 and (c) and (f) 
YSm-30 powders sintered at 950 oC. The figures in the lower panel are at lower 
magnifications. The figures in the upper panel are at higher magnifications. Sm2O3 nano 
particles added to Y-211 can be seen to be distributed individually and without 
agglomeration on the Y-211 surface in (a). In (b) and (c) such particles are too numerous 
to individually resolved.  
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Preform powders were prepared by adding Sm2O3 sol in different amounts (x 

wt%, x= 0, 10, 20 and 30) to Y-211 powder (of 100-x wt.%), mixing it intimately 

and sintering the mixture at 950 oC for 1 h as discussed in section 4.2.2. The 

distribution of the Sm2O3 particles in YSm-211 preform has been studied before 

pelletizing the powders and subjecting them to IG process. FESEM images of the 

sintered powders of YSm-10, YSm-20 and YSm-30 in Y-211 are shown in fig. 

4.2. It is clear that the Sm2O3 particles are distributed homogenously onto Y-211 

particles in all the three preforms and the Sm2O3 particle sizes are of the order of 

50 - 80 nm. From the FESEM images it suggests that there is some reaction 

between nano Sm2O3 and Y-211 particles during sintering so that the nano Sm2O3 

particles get embedded onto the surface of Y-211 particles. 

 

4.4.2. Structural characterization: 

 

Fig. 4.3. XRD patterns obtained from YBCO-Ar, YSm-10, YSm-20 and YSm-30 
samples are shown. The patterns were obtained using Cu Kα radiation. The Bragg peak 
positions corresponding to the 211 minority phases are indicated by (*).  

Fig. 4.3 shows the XRD patterns for YBCO-Ar, YSm-10, YSm-20 and YSm-30 

composites. The FULLPROF program was used to determine the lattice 
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parameters of the composites from the corresponding X-ray diffractograms. The 

profile matching with the program confirms that the majority phase in all the 

XRD patterns have crystallized with Pmmm space group. The prominent 

reflections could be indexed to orthorhombic structure for all samples. YSm-211 

phase is found to be present as the minor phase coexisting with YSm-123 phase. 

In all the samples [00Ɩ] texture was observed even without any seeding. In order 

to analyze the lattice parameters accurately relatively strong reflections with no 

overlap were considered. Extra peaks due to additional phases are seen in YSm-

10 and YSm-30 samples, unlike in YBCO-Ar and YSm-20 samples. No 

diffraction peaks corresponding to liquid phases are found indicating that the 

peritectic reaction is complete. On increasing the concentration of Sm into Y-211 

preform, a relative shift in the peak positions toward smaller angles has been 

observed suggesting a change in the lattice constants.  

Table 4.1. Lattice parameters and cell volumes of YBCO-Ar, YSm-10, YSm-20 
and YSm-30 samples.  

 

Lattice parameters for YBCO-Ar, YSm-10, YSm-20 and YSm-30 are presented in 

Table-4.1. The accuracy in the determination of the lattice parameters of the 

multi-phase systems studied here is ± 0.3 Å.  
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4.4.3. Temperature dependence of ac susceptibility: 

 

 

Fig. 4.4. Temperature dependence of the real part of ac susceptibility (χ') for YBCO-Ar, 
YSm-10, YSm-20 and YSm-30 samples. 

Temperature dependence of ac susceptibility in the three samples of (Y, Sm)BCO 

system and YBCO-Ar are  measured as discussed in section 2.5 in chapter 2 and 

are shown in fig. 4.4. Onset of Tc was measured to be at 91.0 K, 90.39 K, 90.71 K 

and 90.51 K and width of the transition temperature was 2.5 K, 5.5 K, 2.5 K and 

5.7 K for YBCO-Ar, YSm-10, YSm-20 and YSm-30 samples respectively. 

Broader transition widths at Tc and a tail region below the sharp drop at Tc are 

found for YSm-10 and YSm-30 as compared to YSm-20 and YBCO-Ar samples. 

4.4.4. Microstructural properties of processed samples: 

FESEM image of YBCO-Ar sample which is recorded at a magnification of 5 kX 

using in-lens mode detector is displayed in fig. 4.5 (a) and the corresponding 

histogram showing particle size distribution is shown in fig. 4.5 (b). It can be seen 

that the size of Y-211 phase particles is of the order of 0.5 to 4 m with majority 

being of 1-2 m size. It can be seen that many pores of spherical shape (spherical 

porosity) exist throughout the sample. 
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Fig. 4.5. FESEM image from YBCO-Ar, and the corresponding Y-211 particle size 
histogram, is shown in (a) and (b) respectively.  

The FESEM images of all (Y, Sm)BCO samples are shown in fig. 4.6 which are 

recorded at 2 kX magnification. Correlating the microstructural features to those 

in literature we identify the inclusions to be YSm-211 embedded in (Y, Sm)BCO 

matrix. However elemental analysis was carried out and the results are presented 

in section 4.7.2.2 of this chapter.  

Corresponding histograms indicate the distribution of YSm-211 particles in a size 

range of 2-7 m. The distribution is narrow for YSm-20 while in YSm-10 and 

YSm-30 with relatively lower and higher concentrations of Sm distribution is 

wider, indicating that the refinement of the YSm-211particles is more effective in 

YSm-20. In all (Y, Sm)BCO samples spherical porosity is observed. In addition, 

defects or non-spherical porosity is also observed. The extent of porosity is 

estimated using the Axiovision software and are tabulated in Table 4.2.  
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Fig. 4.6. FESEM images obtained from the samples YSm-10 YSm-20 and YSm-30 using 
In-lens detector are shown in (a), (b) and (c) respectively. In all the images, the presence 
of YSm-211 particles can be seen in the YSm-123 matrix. The corresponding 211 particle 
size histograms are shown in figs. (d), (e) and (f) respectively. 

The FESEM images of all (Y, Sm)BCO samples which are recorded at 5 kX 

magnification are shown in fig. 4.7. All micrographs exhibit presence of brighter 

regions (cores) which are surrounded by darker regions within the precipitates (or 

inclusions which are the YSm-211 particles). Similar core formation is reported, 

in MG processed (Sm, Y)BCO system, to be arising from compositional 

segregation [34]. No reports of annuli cores exist in literature in IG processed 

REBCO superconductors, to the best of our knowledge. 
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Fig. 4.7. FESEM images obtained from the samples YSm-10 YSm-20 and YSm-30 (at 5 
kX) are shown in (a), (b) and (c) respectively. In all images YSm-211 particles can be 
seen in YSm-123 matrix. The micrographs obtained at higher magnifications than those 
in fig. 4.6 are intended to clearly show the Y-211 core region (bright) in the YSm-211 
particles.  

Table 4.2: Tc onset and transition widths (ΔTc) obtained from ac susceptibility 

measurements for YBCO-Ar, YSm-10, YSm-20 and YSm-30 samples. YSm-211 

phase content (Vol. %), YSm-211 particle size-range, and porosity in the matrix 

estimated from microstructural studies, are also shown. 

 

 Onset of transition (Tc), superconducting transition width (ΔTc), porosity, the 

volume fraction of RE-211 (i.e. Y-211 or YSm-211) particles and their size range 

observed in the processed samples of YBCO-Ar, YSm-10, YSm-20 and YSm-30 

are presented in Table 4.2. Average content of YSm-211 particles is calculated in 
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an area scan of 60000 m2 in the FESEM image with the help of Axiovision 

software and is presented in Vol.%. 

4.4.5. Magnetic properties of the (Y, Sm)BCO superconductors: 

 

4.4.5.1. Field dependence of critical current densities: 

 

Fig. 4.8. The field dependence of Jc at temperatures 25 K, 50 K, 65 K and 77 K (for 
YBCO-Ar, YSm-10, YSm-20 and YSm-30 POIG processed samples) are shown in figs. 
(a), (b), (c) and (d) respectively. YBCO-Ar shows maximum Jc at zero field (Jc(0)) in 
comparison with other samples at all temperatures. Among all (Y, Sm)BCO samples, 
YSm-20 showed the best performance and it supported significantly larger Jc up to high 
magnetic fields at all temperatures. 

The field dependence of critical current density (Jc(H)) are determined from M-H 

loops recorded in YBCO-Ar and (Y, Sm)BCO samples. Jc (H) curves obtained for 

the YBCO-Ar, YSm-10, YSm-20 and YSm-30 at different temperatures (at 25, 
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50, 65 and 77 K) with the applied magnetic field parallel to the pressed direction 

are shown in fig. 4.8. (a-d). It is observed that the YSm-20 sample exhibits 

superior Jc(H) at all temperatures. Zero field Jc at 77 K for the YBCO-Ar, YSm-

10, YSm-20 and YSm-30 is found to be 17.8 kA/cm2, 2.0 kA/cm2, 4.1 kA/cm2 and 

2.4 kA/cm2 respectively. Jc > 1 kA/cm2 is observed up to 1.75 T for YBCO-Ar, 

1.25 T for YSm-20 and up to 0.2 T in YSm-10 and YSm-30 samples at 77 K 

while at 65 K, Jc > 1 kA/cm2 was observed all the way to 9 T for YSm-20, while 

it is up to 6.2 T, 4.1 T and 3.5 T for YBCO-Ar, YSm-10 and YSm-30 samples 

respectively. It can be seen that the Jc(H) performance at high fields is the best for 

YSm-20 sample. 

The calculated Jc(0) at different temperatures for the samples YBCO-Ar, YSm-10, 

YSm-20 and YSm-30 are given in Table 4.3. 

Table 4.3: Current density at zero field (Jc(0)) for the YBCO-Ar, YSm-10, YSm-

20 and YSm-30 samples at 25 K, 50 K, 65 K and 77 K. 

 

4.4.5.2. Flux pinning properties: 

Flux pinning force (Fp) in (Y, Sm)BCO samples was calculated using the relation 

Fp(H) = Jc*B [39, 40-41]. For normalization of the Fp curves with respect to 

maximum pinning force (Fp max) the normalized flux pinning force (Fp/ Fp max) 

plotted as a function of applied field for all the samples are shown in fig. 4.9. An 

enhancement of Jc in high fields can be observed from the curves in all (Y, 
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Sm)BCO samples compared to YBCO-Ar. The peak position of H (Fp/Fp max)max 

at 77 K for YSm-20 was observed at 2.1 T, while for YBCO-Ar it is at 1 T. For 

YSm-10 and YSm-30 samples, the peak field was observed at 1.5 T. 

 

Fig. 4.9. The field dependence of the normalized flux pinning force Fp / Fp max for the 
samples YBCO-Ar, YSm-10, YSm-20 and YSm-30 at temperatures 25 K, 50 K, 65 K and 
77 K are shown in figs. (a), (b), (c) and d). The curve for sample YSm‐20 peaks at the 
maximum field of 2.1 T at 77 K. 

4.5. Results on YSm -20-C sample processed through Chemical substitution 

of Sm for Y and comparison with those of YSm-20 presented in Sec. 4.4: 

 

 In earlier section, nano Sm2O3 was added in the form of sol to Y-211 powders in 

preform, which after POIG processing has led to annuli core formation within 

YSm-211 inclusions in YSm-123 matrix. Such cored YSm-211 with 

compositional fluctuations are observed in all (Y, Sm)BCO superconductors as 

seen in figs. 4.7. To investigate the possibility of distributing Sm more uniformly 

throughout the matrix, at the unit cell level, Sm was chemically substituted for Y, 
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rather than through addition of nano Sm2O3 to Y-211. For this purpose, 

(Y1.6Sm0.4)-211 powders were prepared in citrate route, pressed and POIG 

processed to form YSm-20-C under similar conditions used for YSm-20 sample 

of equivalent composition.  
 

4.5.1. Microstructural properties of the YSm-20  and YSm-20-C-211 

preform  powders: 

Figs. 4.10 (a) and (b) show the microstructures of the preform powders of YSm-

20-C-211 and YSm-20 -211 at a magnification of 200 kX. In both the samples the 

size of the 211 particles are of sub micron range. It is evident from fig. 4.10 (a) 

that, in YSm-20-C-211 particles got sintered together; whereas in the YSm-20, 

presence of 50 - 80 nm sized Sm2O3 particles are seen embedded individually 

surrounding the Y-211 particles. The nano sm2O3 particles in the YSm-211 

preform powder are marked with arrows. 

 

Figure. 4.10. FESEM image in (a) is from the chemically prepared 211 powder YSm-20-
C-211; there are no Sm2O3 particles sticking to the 211 particle surface. This is unlike in 
(b) which shows an example (YSm-10) where Sm2O3 was added separately as nano 
particles to Y-211. 
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4.5.2. Structural properties of POIG processed YSm-20 and YSm-20-C 

samples: 

The X-ray diffractograms of POIG processed YSm-20-C and YSm-20 samples 

are shown in fig. 4.11. The profile matching, using FULLPROF program shows 

that the XRD patterns of both the samples are crystallized with Pmmm space 

group. The prominent peak reflections can be indexed to an orthorhombic crystal 

structure for both the samples.  

The lattice parameters (a, b and c in Å) for YSm-20-C are a= 3.89, b = 4.13 and c 

= 11.03 and the unit cell volume (v) is 178.20 Å3 and for YSm-20 lattice 

parameters were a= 3.81, b= 3.89 and c=11. 65 and the unit cell volume (v) is 

177.62 Å3. The difference in lattice parameters of YSm-20-C compared to Y-123 

[42] indicates that Sm has substituted for Y and led to the formation of YSm-123 

matrix with extra YSm -211 compound. However extra peaks present suggest RE-

rich solid solution formation. 

 

Fig. 4.11. (a) XRD plots of YBCO-Ar, YSm-20 and YSm-20-C samples. 
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4.5.3. Microstructural properties of YSm-20-C and YSm-20: 

FESEM images of processed samples of YSm-20-C and YSm-20 are compared in 

fig. 4.12. (a) and (b), fig. 4.12. (c) and (d) respectively. YSm-211 particles are 

finer (1-4 m) in the YSm-20-C than in YSm-20 with 2-6 m size particles. The 

smaller sized YSm-211 particles are homogeneously distributed in the YSm-20-C 

sample compared to those in YSm-20 sample. FESEM images at lower 

magnification indicate that YSm-20-C sample shows less porosity compared to 

YSm-20 sample. In contrast to YSm-20 samples, annuli cores are not observed 

within the RE-211 inclusions in YSm-20-C, instead the compositional variations 

are smeared out throughout these particles. 

 

Fig. 4.12. (a) and (b) show FESEM images at lower and higher magnifications 
respectively, for YSm-20-C, the POIG processed sample prepared from powder obtained 
using citrate synthesis. In (c) and (d), in the lower panel, similar micrographs are shown 
for POIG processed YSm-20, which was prepared from powders where nano particles of 
Sm2O3 were separately added to Y-211. 
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4.5.4. Magnetic properties of YSm-20-C and YSm-20: 

 

Critical superconducting transition temperature Tc of both the samples YSm-20-C 

and YSm-20 are shown in fig. 4.13 that exhibits temperature dependence of ac 

susceptibility. Onset Tc of both the samples is around 91 K, while the transition 

widths are 2.5 K and 7.5 K for YSm-20 and YSm-20-C respectively. Thus a broad 

diamagnetic transition is observed in YSm-20-C compared to YSm-20 sample, 

which indicates the presence of secondary phases of lower Tc as also observed in 

XRD.  

 
Fig. 4.13. Temperature dependence of real part of ac susceptibility (χ') for the samples 
YSm-20-C and YSm-20. 

Critical current density of YSm-20-C is determined at different temperatures (25 

K, 50 K, 65 K and 77 K) by recording M-H loops up to 9 T and are compared 

with those of YSm-20 and displayed in fig. 4.14.  
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Fig. 4.14. Field dependence of critical current density (Jc) of (a) YSm-20-C and (b) YSm-
20 at different temperatures. 

At all temperatures Jc(H) performance of YSm-20 sample is superior to that of 

YSm-20-C. Zero field Jc at 77 K for YSm-20-C is 100 A/cm2 where as for YSm-

20 it is 4.2 kA/cm2. Jc(H) curves of YSm-20 sample at all temperatures are 

maintained high (flat ) up to high fields where as for YSm-20-C sample Jc(H) 

curves show a rapid fall to zero at high temperatures (65 K and 77 K).  

4.6. Effect of Nb2O5 addition on the performance of YSm-20 

superconductor: 

Investigations have been made to study the effect of introducing Nb into YBCO 

and varied results are reported [43-49]. In a study by Suresha et al. [50], 

temperature dependence of resistivity of YBa2Cu3-xNbxO7-y samples with x = 0.3, 

0.45 and 0.6 indicated that Tc varied in the range 85 - 90.3 K with composition. 

They reported a possible change in crystal structure with composition. Kuwabara 

and Kusaka [49] concluded that Cu and Nb did not co-exist in the same 

compound containing Y and Ba. Another study by Abdullah and Tan [43] 

mentioned that the added Nb formed the YBa2NbO6 perovskite instead of getting 

doped into the compound containing Cu. On the other hand, in a study by Eguchi 

et al. [51] it was shown that Nb substitutes for Cu in the sample with nominal 
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composition x = 0.01. Some groups [43, 51] reported the co-existence of two 

phases in Y-Ba-Cu- Nb-O compound. One is the cubic Nb perovskite YBa2NbO6, 

and the other YBa2Cu3Oy phase.  

Other reports indicated that at small additions of Nb content, transition 

temperature (Tc) of the Y-Ba-Cu-Nb-O compound was nearly constant [44, 49, 

52] or a little higher than YBCO [45, 53]. On the other hand, a slowly increasing 

Tc from 92 K to 95 K with an increase of Nb content is reported by others [54]. 

This result is [44-45] explained as an increase of oxygen index caused by small 

amount of Nb because of its higher affinity for oxygen than for Y, Ba and Cu. The 

lattice constant b remains almost unchanged while a and c increase with the 

increase of Nb content for x ≤ 0.10. However, they decrease with an increase of 

Nb content for x ≥ 0.10.  

From the results on a series of samples of Melt processed mixed REBCO with 

varying amounts of Nb doping, it is  reported by Murakami group that 

(Nd0.33Eu0.33Gd0.33)Ba2Cu3O7-δ (NEG-123) superconductor with 35 mol.% of 

nano-Gd-211 and addition of 0.1 mol. % of NbO3 is effective leading to the 

highest Jc of 600 kA/cm2 at 77 K in zero field [10]. 

Hence, we have chosen to study the effect of Nb addition on the optimum 

composition YSm-20 in the (Y, Sm)BCO series, through addition of 0.1 wt.% 

Nb2O5  along with 20 wt.% nano Sm2O3 to Y-211 powders in preform. The 

resultant product YSm-20-Nb was studied from structural, microstructural and 

magnetic properties point of view. 

4.6.1.  Temperature depenence of ac susceptibility: 

The oxygen content varies considerably with synthesis conditions [55-56]. The 

diamagnetic transition of narrow width in the ac susceptibility measurement of the 
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sample is generally considered to be indicative of high-quality crystals with very 

good homogeneity and proper oxygenation. Tc can change dramatically with the 

oxygen content. 

 

Fig. 4.15. Temperature dependence of real part of ac susceptibility (χ') for the samples 
YSm-20-Nb and YSm-20. The onset superconducting transition temperature remains the 
same for both the samples, but the transition width is more for the Nb- containing sample. 

Superconducting transition temperatures of the samples were measured through 

temperature dependance of ac susceptibility which is shown in fig. 4.15. Onset Tc 

of the YSm-20 and YSm-20-Nb samples were 90.71 K and 90.30 K respectively. 

A broad transition width of 5.5 K is observed for YSm-20-Nb sample where as 

the width of the transition for YSm-20 sample is 2.5 K. 

4.6.2. Structural analysis: 

The X‐ray diffractograms of the YSm-20 and YSm-20-Nb samples recorded using 

Cu Kα radiation (in 2θ (o) ranging from 20 to 80) are shown in fig. 4.16.  In the 

present study it is found that Nb does not affect the orthorhombic crystal structure 

of YSm-20. Lattice parameters a, b and c (in Å) for YSm-20-Nb are 3.801, 3.882, 

11.680 and those for YSm-20 are 3.811, 3.888 and 11.650 while the cell volumes 

are 172.34 Å3 and 172.60 Å3 respectively. A few additional peaks are seen with 

Nb doping, at 2θ (o) of 29.79, 42.75, 53.09 and 62.09 apart from those indexed to 
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orthorhombic unit cell of (Y, Sm)BCO in the diffraction pattern. The extra peak 

positions match (indicated with    symbol) with those of YBa2NbO6 compound 

(JCPDS file 24-1042). 

 

Fig. 4.16. X‐ray diffractograms obtained from YSm-20 and YSm-20-Nb samples. The 
Nb- substituted sample shows the presence of an extra intermetallic phase YBa2NbO6. 
The diffraction lines from the phase are marked (   ). 

4.6.3. Microstructural properties of YSm-20-Nb in comparison with those of 

YSm-20: 

FESEM images of YSm-20-Nb and YSm-20 samples which are recorded at 2 kX 

using In-lens mode detector are shown in figs. 4.17 (a) and (b) respectively. A 

relatively homogenous distribution of second phase inclusions is evident and the 

RE-211 particles exhibit two regions, bright and dark, in both the processed 

samples. The size of the 211 particles in both the samples are more are less 

similar, but YSm-20 sample contains less macro porosity compared to YSm-20-

Nb. Porosity in the samples is calculated considering 60000 m2 sampling area of 

the FESEM image with the help of Axiovision software. The calculated porosity 

for the YSm-20-Nb sample is 11.3% where as for YSm-20 it is 6.0%, although 

there is no change in heat treatment schedule or the atmosphere on Nb doping. 
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Fig. 4.17. FESEM images of POIG processed (a) YSm-20-Nb and (b) YSm-20. 
Addition of Nb to YSm-20 as given rise to more porosity in the microstructure with a 
minor refinement of the 211 particles.  

4.6.4. Field dependence of critical current densities: 

The magnetic Jc values determined from M-H loops recorded at 25 K, 50 K, 65 K 

and 77 K are presented in figs. 4.18 (a), (b), (c) and (d) for both the YSm-20 and 

YSm-20-Nb samples. At all temperatures the value of the zero field current 

density (Jc(0)) of YSm-20-Nb is higher than for YSm-20 sample, but at higher 

temperatures Jc falls off rapidly at high fields compared to that for YSm-20 

sample. Addition of Nb enhanced the current density of YSm-20-Nb sample at 

zero field but does not sustain it to high fields at 65 K and 77 K.  
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Fig. 4.18. Critical current densities of YSm-20-Nb and YSm-20 samples are compared as 
function of external field at different temperatures. Jc(0) is larger for the Nb-containing 
samples at all temperatures. However, at higher temperatures the performance the Nb- 
containing samples deteriorates probably due to higher level of porosity. 

4.6.5. Flux pinning force: 

The field dependent pinning force, at different temperatures of YSm-20-Nb (in 

fig.19 (a)) and YSm-20 (in fig. 19 (b)) samples are shown. Flux pinning at low 

field may be associated with the size of RE-211 inclusions present in the RE-123 

matrix and the associated interface defects. It is evident that, both the samples 

(shown in fig.  4.17) contain similar distribution of 211 phase particles in the 

sample. As a result, it is not surprising that both doped and undoped samples 

show comparable values of Jc at zero field. It can be seen that the peak (i.e., 

maximum pinning force (Fp max)) shifts to lower fields for Nb doped sample and 
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occurs at 1.2 T for YSm-20-Nb, whereas Fp max for YSm-20 sample is at 2.1 T at 

77 K. At 65 K, Fp max is 3.2 T for YSm-20-Nb and 5.1 T for YSm-20 sample.   

 

Fig. 4.19. The magnetic field dependence of the pinning force for the samples YSm-20-
Nb and YSm-20 are shown in figs. (a) and (b) respectively. Fp is normalized with respect 
to its maximum value at each temperature. 

Table 4.4: Temperature dependence of Jc(0) and normalized flux pinning force 

for YSm-20-Nb and YSm-20 samples. 

 

This demonstrates that the Nb doping has a good influence on flux pinning at low 

fields in these samples. Fig. 4.18 shows that though Jc(0) values are comparable, 

the high field Jc is much reduced on Nb doping at higher temperatures,  the reason 
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for which can be attributed to the larger porosity present in YSm-20-Nb sample. 

The maximum Jc(H) values at zero field obtained for the YSm-20-Nb and YSm-

20 samples at different temperatures are tabulated in Table 4.4. 

4.7. Discussion: 

 

4.7.1. Structural properties and diamagnetic transitions: 

In the end products of  (Y, Sm)BCO, no unreacted liquid phases are present as 

evident from XRD ( fig. 4.3), which shows that the peritectic reaction was 

complete for all the samples. On increasing the concentration of Sm into Y-211 

preform, a relative shift in the Bragg peak positions towards smaller angles has 

been observed indicating a change in the lattice parameters. This could be because 

Y ions of smaller size get replaced by larger Sm ions in the unit cells of (Y, 

Sm)BCO samples.  

Apart from the diffraction peaks indexed to orthorhombic unit cell, un-indexed 

extra peaks are found in YSm-10 and YSm-30 samples indicating some amount of 

solid solutions to be present, which got suppressed in YSm-20 sample. As per 

reports in the literature [34], formation of solid solutions of (Y, Sm)1+xBa2−xCu3Oy 

type occurs predominantly in REBCO systems, if processed in air; which is 

reported to get suppressed if processed under argon atmosphere. Our results show 

that suppression of solid solution formation under argon was most effective only 

in YSm-20 sample in the present series. This conclusion is supported by the sharp 

diamagnetic transition observed in YSm-20 compared to the ones in YSm-10 and 

YSm-30 that exhibit a broad tail region (fig. 4.4). 

In the YSm-20-C sample wherein Sm is chemically substituted for Y, a drastic 

reduction in lattice parameter c is observed. Reports in literature suggest [35] that 
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the complete exchange of Y3+ by Sm3+ in (Y, Sm)BCO samples leads to the 

increase of the lattice parameters. Substitution of Ba2+ (size of 0.142 nm) with 

Sm3+ (size of 0.108 nm) can cause shrinkage in c lattice parameter. The large c 

parameter shrinkage found in YSm-20-C sample indicates that considerable 

amount of Ba2+ is substituted by Sm3+, and that would form solid solutions of (Y, 

Sm)1+xBa2−xCu3Oy type. This argument gets support from the extra Bragg peaks 

seen in the XRD pattern of YSm-20-C, compared to YSm-20 shown in fig. 4.11, 

and from the broader diamagnetic transition with a tail region of lower Tc phases 

as seen in fig. 4.13. 

In the YSm-20-Nb sample with Nb doping, there is no substantial variation in the 

lattice parameters, but weak Bragg peaks are seen in XRD indicating a small 

amount of non-superconducting YBa2NbO6 compound to be present as second 

phase. There is no reduction in the onset of superconducting transition 

temperature due to Nb doping, as reported [44, 49, 52] in ac susceptibility 

measurements.  The broad tail seen below the transition suggests the presence of 

lower Tc phases which may be oxygen deficient phases (formed because of the 

higher affinity of Nb for oxygen than for Y, Ba and Cu [56]), rather than solid 

solutions of REBCO, since there are no indications of solid solution formation 

from XRD.   

4.7.2. On evolution of microstructures: 

A close examination of the microstructural features in the various (Y, Sm)BCO 

samples led to the following observations: 

(i) Spherical pores are observed throughout all the samples.  

(ii) RE-211 particles are distributed in the RE-123 matrix. In YSm-10, 

YSm-20 and YSm-30 samples, brighter regions (annular core formation) 
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surrounded by darker region are seen within the RE-211 particles 

indicating compositional segregation.  

(iii) However, in YSm-20-C sample with chemical substitution of Sm for Y, 

the cores are smeared out within the 211 particles.  

(iv) Additionally, considerable amount of non-spherical porosity (macro-

defects) are also observed in all the samples. 

(v) Size of RE-211 particles  range in 2-6 microns on an average  

It is interesting to recall and compare the microstructural features of the two 

POIG processed YBCO samples without any Sm, one processed under argon 

(YBCO-Ar) and the other processed in air (YBCO-Air), which was discussed 

earlier in section 3.3.2 of chapter III. There are no annuli cores present in YBCO 

without Sm doping in both the samples. Size of the majority of Y-211 particles in 

YBCO-Air sample was of the order of 0.5 - 1.5 m with negligible porosity. But 

in the present samples of YBCO and (Y, Sm)BCO processed under Ar 

atmosphere, considerable amount of  both spherical and non-spherical porosity is 

observed.  
 

4.7.2.1. Origin of spherical porosity: 

Spherical porosity is an indication of gas bubble evolution through liquid medium 

during its solidification. Following the reports in literature, it is essential to 

synthesize the REBCO samples in inert gas atmosphere. Hence all samples are 

processed in commercial grade Ar atmosphere to suppress the formation of solid 

solutions. Gas evolution either oxygen or argon was proposed in melt grown 

REBCO by Murakami group [58-59]. In the present samples presence of spherical 

porosity may be due to argon gas, entrapped at high temperatures, evolved as 

bubbles during solidification process while cooling through Tp for ensuring the 

formation of (Y, Sm)BCO crystal. 
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4.7.2.2. Formation of bright and dark regions in the precipitates and 

compositional fluctuations in the matrix: 

 

Fig. 4.20. Compositional analyses of POIG processed YSm-20 sample. Upper panel (a) 
shows the composition obtained by an area scan of the 123 matrix. The area from where 
the data was acquired is marked in the micrograph. The measured composition shows that 
the matrix consists of YSm-123. (b) the middle panel shows compositional analyses, 
through a point scan, of the bright region  in the middle of a 211 grain. The region is 
found to be free of Sm and corresponds to the composition of Y2BaCuO5.  (c) the lower 
panel is a point scan analyses of the darker outer region of a 211 grain. The composition 
corresponds to (Y, Sm)2BaCuO5.  
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In order to identify various phases observed in the matrix and in the bright and 

dark regions of the precipitates, compositional analysis of the synthesized samples 

was carried out in detail using EDS through a) area scans and b) point scan. Given 

below are the results of area and point scan recorded in the samples of YSm-20 

chosen as an example. Mapping and line scan results are given in the Appendix. 

Quantitative analyses of the elements present in the YSm-20 sample was carried 

out using EDS study through area scan and point scans and are shown in fig. 4.20. 

These measurements were done on the matrix, on the darker and brighter regions 

of the precipitates and are shown in fig. 4.20 (a), (b) and (c) respectively. The 

elemental ratios suggest the matrix phase to be YSm-123 and the darker region in 

the precipitates to be YSm-211. The cored bright regions are rich in Y and have 

no Sm and the composition is close to Y-211. This was further confirmed by line 

scan analysis given in appendix. The area and point scans recorded in YSm-20-C 

sample are given below in fig.4.21. 

 

Fig. 4.21. Elemental analysis in YSm-20-C. The upper panel, we note that the matrix 
composition is YSm-123. A compositional analysis of the 211 grains reveals that they 
have Y and Sm distributed uniformly within their volumes and there is no evidence of the 
formation of a core of composition Y-211.  
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Here, the core formation is not observed but it appears to be smeared out 

throughout the precipitates in the matrix. 

The compositional analysis on the above two samples confirmed that the three 

different shades within the samples correspond, within error limits, to three 

phases of composition YSm-123, YSm-211 and Y-211. From quantitative 

analysis, it is found that the dark regions in the precipitates are mainly composed 

of YSm-211 phase and the brighter regions looking like annuli cores are of Y-211 

phase with no Sm. In the YSm-20-C sample the bright and dark regions are 

smeared out and contain Y and Sm throughout the YSm-211 particles, whereas in 

YSm-20 these dark and bright regions are distinct with no Sm in the bright cores 

while both Y and Sm exist in the darker regions. The matrix in both the samples 

contains YSm -123 phase. The matrix phase forms by peritectic reaction between 

the outer dark regions of YSm-211 particles with the liquid phase and hence Sm 

enters the matrix phase. The high solubility of the Sm and higher peritectic 

temperature (Tp) of SmBCO, compared to YBCO would cause compositional 

fluctuations of (RE, RE‘)BCO type in the matrix. 

Haribabu et. al., [32] reported similar compositional segregation within the 

precipitates in the matrix phase of (Y, Nd)-BCO system and they proposed that 

the second phase particles could be solid solutions (Yx, Nd1-x)BaCuO5 ((Y, Nd)-

211 phase) with the value of x varying from 0.7 to 0.3. 

We discuss below the possible reasons for the occurrence of compositional 

segregation within the precipitates in the form of bright and dark regions in (Y, 

Sm)BCO samples. The following model also explains the occurrence of finite 

porosity in the final composites. 

We compare the microstructures of preform powders, sintered preforms and the 
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final composites after POIG process to arrive at a mechanism to explain the 

microstructural features.  

 

Fig. 4.22. FESEM images from sintered preforms used for the fabrication of POIGP 
YSm-20-C at lower and higher magnifications are shown in (a) and (b) respectively. 
Similar images from YSm-20 are shown in (c) and (d). The preforms were fabricated in a 
die at a pressure of 460 MPa and sintered at 950 oC for 4h. The comparison between figs. 
(b) and (d) shows that in the latter sample, the 211 particles are sintered into large grains 
due to the higher reactivity of the Sm2O3 nano particles added to it. The observed 
sintering of the 211 particles are relevant from the point of view of ease of infiltration of 
liquid phases and the 211 grain growth in the final microstructure.  

It can be seen from the FESEM images recorded in the powders of preform (fig. 

4.2) and in the preforms sintered at 950 oC for 4 hours (fig. 4.22), that the nano 

Sm2O3 particles of 50-80 nm size distributed homogenously on the surface of the 

Y-211 particles got agglomerated after sintering and their size increased to 100-

200 nm. Some of the nano Sm2O3 particles slip around the Y-211 particles 
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(around Y-211 grain boundaries) and fill the gaps (i.e. open porosity) between the 

Y-211 particles in the preform. This process alters the extent of open porosity in 

YSm-211 preform and control the amount of liquid phases that enter into the 

preform. 

Interaction of Sm in nano Sm2O3 with Y-211 forms YSm-211 phase particles to 

some extent, sometimes leaving unreacted Y-211 cores within the YSm-211 

particles. The interaction at the surface of these particles fuses the particles 

wherever they make a contact leaving some gaps between them. During 

infiltration the liquid phases flow to the bottom through the gaps in the YSm-211 

preforms, and react with it to form YSm-123 matrix. The Y-211 cores left back 

within the YSm-211 particles form bright cores of random shapes and are due to 

non-availability of liquid phases for further reaction. 

It is interesting to compare the FESEM images of the sintered preforms of YSm-

20-C-211 and YSm-20-211shown in figs. 4.22 (b) and (d) above. Larger amount 

of open porosity can be seen in the former preform with chemically substituted 

Sm (fig. 22 (b)) than in the latter preform with nano Sm2O3 addition (fig. 22 (d)). 

This leads to larger amount of liquid phases to enter into the former preform and 

thus result in reduced porosity in its final product Y-Sm-20-C with finer RE-211 

particles in it (fig. 4.12(a)). 
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Fig. 4.23. Schematic figures to illustrate the mechanism of core formation within 211 
precipitates in (Y, Sm)BCO samples.  

Fig. 4.23 illustrates the mechanism of fusing of the YSm-211 particles in YSm-

20-C preform; embedding of nano particles of Sm2O3 onto Y-211 particles and 

their subsequent reaction in the YSm-20 preform (during pressing and sintering at 

950 oC); and the smearing out or occurrence of compositional  segregation within 

YSm-211 particles in the final microstructure. In YSm-20-C sample the 

distribution of Sm element in preform is homogenous; hence the microstructure of 

processed (Y, Sm)BCO sample contains YSm-211 particles with Y rich phase 

smeared out.  

On the other hand, in YSm-20 as shown in fig. 4.22 the resultant preform has less 

porosity (gaps between Y-211 particles) that causes insufficient liquid infiltration 

into the preform and result in incomplete crystallization in some parts of the 

preform thus forming pores in the sample. Fusing of particles is not present in the 
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case of YSm-20-C, so the microstructure contains a number of smaller sized 

YSm-211 particles compared to YSm-20 as shown in FESEM images of 

processed samples (fig. 4.12). 

The non-spherical macro-defects in the samples and the final size of 211 particles 

in the product thus appear to depend strongly on the quantity of liquid phases that 

enter the preform during infiltration process. The reasons for non-spherical 

porosity may thus be understood as follows. Due to limited infiltration of liquid 

phases into the Y-211 preform, there exists unavailability of liquid phases in some 

regions in the preform which limits the formation of 123 matrix leading to finite 

porosity. Lack of sufficient liquid phase amount also limits the refinement of 211 

particles. 

4.7.3. Compositional analysis of YSm-20-Nb sample from EDS: 

The microstructure of Nb doped YSm-20-Nb sample shows several precipitates to 

be distributed in the matrix phase and also the presence of annuli core formation 

in the precipitates. Elemental analyses on different phases (on matrix and non -

superconducting precipitates) have been carried out using EDS and are displayed 

in figs. 4.24. 
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Fig. 4.24.  Compositional analysis of YSm-20-Nb sample using EDS. The upper panel 
shows that the composition of the matrix corresponds to (Y, Sm)Ba2Cu3O7-δ, with a small 
amount of dissolved Nb. The middle panel shows that the composition of the darker part 
of the 211 precipitates correspnds to  (Y, Sm)2BaCuO5. The lowest panel shows that the 
core region of the precipitates contains no Sm or Nb and is pure Y2BaCuO5. 

Results indicate YSm-123 along with Nb to be present in the matrix, while the 

dark and bright regions are YSm-211 and Y-211 respectively similar to the 

observations in YSm-20 sample. Doped Nb does not appear to have reacted with 

211 particles, and hence is not detected in the precipitates. Presence of Nb only in 

the matrix agrees with the traces of secondary phase of YBa2NbO6 in the matrix 

detected through XRD study.   
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4.7.4. Magnetic properties: 

From a close examination of the doping studies reported in literature on mixed 

REBCO systems, we gather the following generalizations. 

The variation of Tc close to the tail region of the curve can be attributed to the 

oxygen deficient phases. In the RE-doped samples, Sm substituted for Y forms 

solid solutions of RE/RE1 –ss type and gives rise to compositional fluctuations 

(governed by (Y1-x, Smx)BCO) with minor variation in Tc in the matrix phase and 

aids flux pinning (ΔTc pinning) at high fields. In addition to Y ion site 

substitution, partial substitution of Sm into Ba2+ sites is anticipated because of the 

similar ionic sizes of RE3+ and Ba2+ [32]. Hence one expects a distribution in Tc in 

the (Y, Sm)BCO samples unlike in the YBCO-Ar sample with no RE element. 

Distribution of Tc often owes its origin to the compositional fluctuations in the 

matrix of RE/Ba -ss phase in all the (Y, Sm)BCO samples. Small amounts of 

substitution of RE at Y site or Ba site cause minor variations in Tc and are 

believed to behave like point defects and enhance the flux pinning. On the other 

hand, larger levels of substitution of RE at Ba site can result in considerable 

reduction in Tc. It is not clearly understood as in literature to the extent of effect of 

this on flux pinning and Jc.  

The variations in Tc across the transition have been observed to be anywhere from 

90 K to 70 K in different samples of (Y, Sm)BCO system, as measured from ac 

susceptibility measurements. Such a variation can be attributed to RE/Ba 

substitution which results in solid solution formation of RE1+xBa2-xBCO in the 

synthesized samples. While low Tc phases if present in very small amounts can 

aid pinning, larger amounts of low Tc phases can be detrimental to the 

superconductor performance. We discuss below the temperature dependence of 

Jc(H) of various samples in correlation to the solid solution formation indicated 
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by XRD and distribution in Tc observed. Jc also is sensitively dependent on size 

and amount of 211 particles and the porosity in the end products. 

Jc variations shown in fig 4.8 clearly show that even though YBCO-Ar sample 

shows high Jc(0), it rapidly falls to zero at 5 T. Among (Y, Sm)BCO samples 

YSm-20 showed the best performance to fields beyond 9 T at 77 K (fig. 4.8), 

which can be attributed to the compositional fluctuations of Y, Sm in the unit 

cells of the matrix. It should be recalled here that XRD of YSm-20 shows that 

solid solutions of RE/Ba -ss type with lower Tc are largely suppressed in this 

sample. The inferior performance of Jc(H) of YSm-10 and YSm-30 samples, 

compared to YSm-20  can be attributed to the formation of large amounts of 

RE/Ba –ss low Tc phases as also seen from XRD and χac(T) studies. However Jc at 

higher fields in them is far better than YBCO-Ar sample due to pinning from 

compositional fluctuations within the matrix which is obviously absent in YBCO-

Ar. 

It is interesting to note that in earlier reports [60-61] on (Y, Dy)BCO system, 20  

and 80% doping of RE in RE1 (where RE and RE1 are different rare earth 

elements) has caused enhancement of superconducting properties. This is 

attributed to be due to the stress field associated with lattice mismatch effects to 

be optimal at these compositions. These are due to the differences in the sizes of 

neighbouring unit cells containing RE and RE1. Thus the stress field can be 

another source of pinning in addition to ΔTc pinning. 

The enhancement in Jc up to high fields in YSm-20 is attributed to improved flux 

pinning by dispersed nano sized low Tc clusters  as well as stress field in the 

matrix, while 211/123 interface defects play a role at low fields. This is evident 

from the observation that in YBCO-Ar sample Fp(H) peak tends to shift  rapidly 

towards lower H at elevated temperatures, which confirms that dominant pinning 
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in this sample is from interfacial defects. This argument gets support from the fact 

that there is no solid solution formation in this sample. 

Drastic reduction in Jc(H) is observed for YSm-20-C sample, when compared to 

YSm-20. Zero-field Jc at 77 K has decreased to 110 A/cm2 in this sample in 

contrast to 4.1 kA/cm2 for YSm-20.We attribute the origin of this reduction to the 

large fraction of solid solutions of RE/Ba –ss type formed in YSm-20-C as 

indicated by XRD and ac susceptibility measurements.  

In Nb doped YSm-20 sample, enhanced current density is observed at low fields 

compared to YSm-20, especially at low temperatures. This can be due to the flux 

pinning caused by enhanced interfacial defect density which is evident from the 

finer 211 particles observed in this sample. Pinning due to secondary phases of 

YBa2NbO6, seen from XRD, may also contribute to low field pinning as 

suggested by Kuwabara et al. [49] in Nb doped YBCO system. However, at 

higher temperatures Jc falls rapidly at high fields compared to YSm-20 sample, 

though compositional fluctuations of RE/RE' do exist in Nb doped YSm-20-Nb 

sample as well. Moreover Nb also promotes oxygen deficient phases of lower Tc 

observed as tail in χac(T), which can also enhance Jc through ΔTc pinning. This 

can be attributed mainly to the larger porosity present in the sample. In this 

context, rapid fall in Jc at 77 K suggests that the effect of porosity seems to 

dominate and shadows the additional flux pinning from various sources at higher 

temperatures. 
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Chapter V 

Structural, microstructural and magnetic investigations of POIG 

processed (Y, NSG)BCO superconductors 

Investigations on many secondary and ternary rare earth REBa2Cu3O7-δ (REBCO) 

high-Tc compounds, especially containing light rare earth (LRE) elements like 

Gd, Sm, Nd are reported in literature [1-11]. These include studies on systems like 

(Y, Nd)BCO, (Y, Sm)BCO, (Nd, Eu, Gd)BCO, (Y, Sm, Nd)BCO, (Sm, Eu, 

Gd)BCO etc. Most of these reports are on compounds processed through melt 

growth technique. In fourth chapter we reported results on the preparation and 

study of (Y, Sm)BCO superconductors synthesized by POIG process in 

commercial grade Ar atmosphere. In this chapter we aim at a study of the effect of 

introducing mixed ternary RE elements (Nd, Sm and Gd) into YBCO 

superconductor at Y site and assess the performance from a study of 

microstructural and magnetic properties. Based on the results on (Y, Sm)BCO 

system we note that addition of 20 wt.% Sm2O3 introduced into Y-211 preform 

gave the best Jc-H performance. Keeping this in mind, we have chosen to add 20 

wt.% of (Nd, Sm, Gd)2BaCuO5 (hereafter called NSG-211) into Y-211 and then 

subject the pressed preform to POIG process to arrive at (Y, (Nd, Sm, 

Gd))Ba2Cu3O7-δ (YNSG-123 or (Y, NSG)BCO) superconductor, hereafter 

referred to as YNSG sample. This has been done by addition of 20 wt.% second 

phase particles of NSG-211 into 80 wt.% Y-211 in the preform prior to POIG 

process. This is aimed at introducing lattice mismatch effects through mixed RE 

doping so as to enhancing the flux pinning and thus critical current densities in the 

resultant YNSG superconductor sample. The results are compared with those of 

YBCO sample without any doping, processed under same conditions. 
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5.1. Introduction: 

Bulk high temperature superconductors (HTSC) promise great scope for 

applications such as quasi-permanent magnets by trapping magnetic fields of 

magnitude higher than the best conventional magnetic material. Even with the 

moderate electromagnetic performance of YBa2Cu3O7- (Y-123 or YBCO) it was 

possible to trap magnetic field as high as 17 Tesla in a 12 mm thick pellet of only 

26.5 mm in diameter [12-13]. REBa2Cu3O7-δ (RE-123 or REBCO, where 

RE=light rare earth, Nd, Sm, Eu, Gd) compounds are reported to carry 

significantly higher engineering currents than Y-123 [1-3]. Even though the 

YBCO which is commonly used for magnetic levitation at 77 K, has a critical 

temperature of nearly 92 K [14], the pinning performance of Y-123 rapidly drops 

at high temperatures and is therefore not suitable for levitation at 90 K. In this 

aspect, the situation is even worse with BiSrCaCuO, TlBaCuO and other 

compounds with Tc above 100 K because of flux creep [15-16]. These compounds 

cannot be used for levitation even at 77 K with liquid nitrogen cooling, due to a 

low-lying irreversibility line. Only the RE-123 composites exhibit a sufficiently 

good performance up to 90 K due to flux pinning, by controlling the 

microstructures through incorporation of nanoparticles and nanostripes in these 

materials [17-18]. 

It is found that the materials in which ternary RE elements are introduced into 

REBCO compounds exhibit the highest critical current densities among all 123-

type superconductors [4-11]. The increase of the critical current density (Jc) is due 

to the additional degree of freedom by providing increased disorder on the Y-site. 

These components also exhibit the substitution of the RE
3+

-ion on the Y
3+

 and on 

Ba
2+

 site [19]. In the regions where the RE atoms substitute for Ba within the unit 

cells, lower Tc RE-rich solid solutions (RE/Ba -ss) of type (RE)1+xBa2-xCu3Oy 
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form within the matrix. While low concentrations of RE/Ba –ss aid flux pinning, 

formation of large fraction of it degrades superconducting properties [20]. To 

suppress the formation of large fraction of solid solutions in the composites, RE-

123 materials needed to be processed in oxygen controlled (under Ar) 

atmospheres [21]. 

On the other hand, if a second RE element (RE') substitutes partly for RE in 

REBCO then solid solutions (RE/RE' -ss) of type (RE1+y, RE1-y)Ba2Cu3Oy form in 

the matrix with Tc values ranging from 92 to 95 K and provide additional flux 

pinning [22]. Such a spatial variation of superconducting properties within the 

sample on the size of several unit cells implies formation of nanoclusters of the 

size of coherence length (ξ) in REBCO superconductors, of the order of 3–5 nm 

in their (a, b)-plane, and can lead to increased critical current density especially at 

high applied magnetic fields. 

Binary and ternary RE-123 compounds offer one more degree of freedom for 

tailor making the pinning structure, in terms of the variation of the RE ions ratio. 

Such materials have been studied mostly on melt-textured (MT) samples. From 

the magnetic studies on binary system (Y, Sm)BCO, we had seen (in Chapter 4) 

considerable flux pinning sustained to 9 T field to occur in YSm-20 sample which 

was attributed mostly to RE/RE' -ss type solid solutions with Sm at Y site. It is 

then interesting to study the effect of lattice mismatch defects due to mixing more 

RE elements at Y site on the superconducting properties of YBCO. 

Murakami’s group have reported highest Jc in Melt processed (Nd0.33, Eu0.33, 

Gd0.33)Ba2Cu3O7-δ (NEG-123) superconductor with 35 mol.% of nanometre-sized 

(70 nm) Gd-211 and 0.1 mol.% of nanometre-sized NbO3 [23]. 
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In this chapter, we report the effect of partially substituting Y by three RE 

elements in YBCO on the superconducting properties of POIG processed (Y, 

RE)Ba2Cu3Oy, in which RE elements are selected from the group of Nd, Sm and 

Gd.  

5.2. Experimental Details: 

In order to substitute 20 wt.% of Y by mixed RE elements in the preform the 

following procedure is followed. Precursor powders of Y-123, Y-211 and (Nd0.33, 

Sm0.33, Gd0.34)2BaCuO5 (referred to as NSG-211) were prepared by chemical route 

using citrate synthesis. 20 wt.% of NSG-211 was added to 80 wt.% of Y-211 

powder, tumbled into intimate mixture and is pressed into preform pellet under a 

uniaxial pressure of 460 MPa.  

 

Fig. 5.1. Heat treatment schedule followed to synthesize the YBCO-Ar and YNSG 

samples. 

The heat treatment profiles for POIG processing were determined according to the 

peritectic decomposition temperatures reported from the thermal analysis 

measurements on REBCO samples with different RE elements. The YNSG 
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preform was POIG processed using heat treatment schedule shown in fig. 5.1, in 

flowing commercial grade Ar atmosphere, and is same as for (Y, Sm)BCO 

samples discussed in chapter IV. The product obtained is referred to as YNSG.  

The superconductor thus obtained is characterized and the performance is 

compared with YBCO-Ar sample synthesized under same conditions without any 

doping.  

5.3. Results: 

5.3.1. Temperature dependence of ac susceptibility: 

After processing YBCO-Ar and YNSG samples, oxygenation was done for 110 h 

at 460 
o
C for allowing the samples to enable structural phase transition from non-

superconducting tetragonal to superconducting orthorhombic phase. 

Superconducting transition temperature (Tc)  was measured by recording ac 

susceptibility in the temperature range 40 K≤ T ≤100 K at driving ac fields of rms 

amplitude 10 Oe and a frequency of 33 Hz, employing a PPMS-ACMS (Quantum 

Design, model MPMS-7).  

 

Fig. 5.2. Variation of normalized real part of ac susceptibility (χ') with temperature for 

YBCO-Ar and YNSG samples. Sharp superconducting transitions are observed.  
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Variation of in-phase component of ac susceptibility (χac΄) with temperature is 

depicted in fig. 5.2. The onset of the critical temperature for YBCO-Ar and 

YNSG are 91.0 and 91.6 K respectively and the transition widths of YBCO-Ar 

and YNSG samples are ~ 2.5 K. It is interesting to note that there is no broad tail 

region in χac(T) as observed in YSm-10 and YSm-30 samples (chaper IV section 

4.4.3) and hence formation of large amounts of low Tc phases has been suppressed 

in YNSG sample.  

5.3.2. Structural analysis of the (Y, NSG)BCO sample: 

 

Fig. 5.3. X-ray diffraction patterns with Rietveld refinement for YBCO-Ar and YNSG 

samples were shown in (a) and (b) respectively. These samples are oxygenated and in the 

superconducting state. 
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The detailed structure and phase identification of the YBCO-Ar and YNSG 

compositions were done by analyzing the X-ray diffraction patterns measured by 

using Cu Kα radiation on BRUKER X-ray diffractometer. The diffraction data 

were collected over the diffraction angle range of 2θ = 10 – 90 ̊ by step scanning 

with a step width of 0.02. The structural parameters of YBCO were used as a 

starting model for the refinement. The FULLPROF program was used to find out 

the space group as well as for refinement of the lattice parameters from the X-ray 

diffractograms and the patterns shown in fig. 5.3 (a) and (b) for YBCO-Ar and 

YNSG respectively. The profile matching using FULLPROF program shows 

that the XRD patterns can be indexed to Pmmm space group. The prominent 

reflections are labeled by assuming an orthorhombic structure. No traces of extra 

low Tc phases are observed. 

Table 5.1: Lattice parameters and the unit cell volumes of the samples. 

 

The lattice parameters and cell volumes for YBCO-Ar and YBCO are listed in 

Table 5.1.  

The XRD patterns of YBCO-Ar and all the (Y, Sm)BCO samples discussed in 

chapter 4 (section 4.4.2) show that they are textured in [00Ɩ] direction. The 

indexed XRD pattern of YNSG is shown in fig. 5.4, along with that of YBCO-Ar. 
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Fig. 5.4. X-ray diffractograms of YBCO-Ar and YNSG. * indicates the position of Bragg 

peaks of minor 211-phase. 

5.3.3. Microstructural analysis: 

 

Fig. 5.5. FESEM micrographs from YBCO-Ar (upper panel) and YNSG (lower panel), 

with the magnification in the figs. increasing to the right. In both the samples spherical 

porosity can be seen. In the YNSG sample, one can observe that the 211 particles occur 

with a core of Y-211. 



Chapter V 157 

 

FESEM micrographs recorded for YBCO-Ar and YNSG samples using in-lens 

mode detectors are presented in figs. 5.5 (a)-(c) for YBCO-Ar and (d)-(f) for 

YNSG samples. It can be seen from the figure that i) nearly spherical precipitates 

of size submicron to 4 m are distributed uniformly throughout the matrix phase 

((a) and (d)) and ii) Spherical porosity is seen, just as in (Y, Sm)BCO samples, in 

both the samples ((b) and (e)). On the other hand, precipitates in the YNSG matrix 

contain bright core regions indicating compositional segregation as observed in 

the (Y, Sm)BCO samples, unlike in YBCO-Ar (discussed in chapter IV section 

4.4.4). 

5.3.4. Compositional analysis through EDS: 

Chemical compositions of different phases like the superconducting matrix and 

the bright and dark regions of the precipitates were established by EDS analysis. 

Fig. 5.6 shows the EDS results on YNSG sample.  

The average composition of the matrix deduced from energy dispersive 

spectroscopy (EDS) analysis is found to be 123 phase with Y and RE in nearly 

1:4 ratio (fig. (a) as expected. The mixing among the three RE elements is nearly 

equal within experimental error limits. This result indicates that compositional 

fluctuations exist in the matrix of the YNSG sample. The bright core regions of 

the precipitates are of Y-211 composition and are free from any RE element (fig. 

(c). On the other hand, the darker regions surrounding the cores within the 

precipitates do contain some amount of mixed RE elements along with Y  in the 

ratio of 2:1:1 for (Y,RE): Ba: Cu and thus represent YNSG-211 phase.  
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Fig. 5.6. Elemental analysis of YNSG sample (a) in the superconducting 123 matrix, (b) 

in the darker outer periphery of the 211 precipitates and (c) in the core bright region of 

the 211 precipitates. In the matrix as well as in the periphery of the 211 particles, there is 

dissolved Nd, Sm and Gd. In the core region the material is pure Y-211. 

There are some reports in literature [24-27] on the observation of precipitates in 

differing shades in the matrix of melt grown ternary REBCO systems, which were 

proposed to be arising from fluctuations induced by RE/Ba substitution. However 

detailed analysis is not available. The size of the RE-rich clusters is observed to 

range from 3 to 10 nm; which often joined together and form even larger clusters 

of around 60 nm size [23, 28]. This may cause the high pinning at high magnetic 

field. Finely dispersed RE-211 particles can also contribute to the pinning 

enhancement in low and intermediate field region.  
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5.3.5. Critical current densities and flux pinning properties: 

Flux pinning in RE system is studied by many researchers through addition of 

different RE elements into MG processed REBCO. Murakami et al. has proposed 

that nano-sized RE/Ba-solid solution clusters of lower Tc act as field-induced 

pinning centers [29], and thus result in peak effect in the REBCO materials. 

Recent studies of mixing three different RE elements (NEG-123) showed that the 

position and height of the maximum (peak effect) in Jc(H) curve  observed at high 

fields is correlated to the chemical ratio of RE elements in the matrix phase [30-

31]. Compositional fluctuations or clusters in mixed REBCO [47] arising from 

distinct range of the rare earth chemical ratio have strongly affected the pinning 

properties at high fields (ΔTc pinning). 

 

Fig. 5.7. Temperature dependences of Jc and the field dependence of the normalized flux 

pinning force Fp / Fp max for YBCO-Ar are shown in figs. (a) and (b) respectively.  Similar 

plots are shown for YNSG in figs (c) and (d) respectively. 
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To estimate the critical current densities, magnetic hysteresis loops were recorded 

for which the magnetic field (H) was applied normal to the pressed surface of the 

sample and was varied up to 9 T. Jc was estimated as a function of field, at 

different temperatures (50 K, 65 K and 77 K) for YBCO-Ar sample and for 

YNSG sample (25 K, 50 K, 65 K, 77 K and 82 K). The self field Jc of YNSG 

sample at 77 K found to be 21.5 kA/cm
2
 and Jc curve is flat up to high fields; even 

at 82 K also Jc curve is flat up to high fields. Jc(0) of YBCO-Ar sample at 77 K is 

found to be 17.8 kA/cm
2
, but falls rapidly to zero. Field dependence of the critical 

current density in YBCO-Ar (fig. 5.7 (a)) and YNSG (fig. 5.7 (c)) samples at 

different temperatures are presented. In figs. 5.7 (b) and (d), we present the 

variation of pinning force Fp, normalized by its maximum value, Fp max, as a 

function of applied field. From figs. 5.7 (b) and (d) it can be observed that the 

peak field position in Fp-H curve occurs at higher fields for YNSG sample 

compared to that of YBCO-Ar. 

The irreversibility magnetic field (Hirr), is the field above which flux pinning 

becomes ineffective [32]. Shinichi Kobayashi et al. [33] defined Hirr as the field at 

which the Jc decreases to 100 A/cm
2
, which for YBCO is in the range of 3-5 T at 

77 K [24, 34-35]. In the present case Jc reaches 100 A/cm
2
 at 3.3 T for YBCO-Ar 

sample at 77 K whereas for YNSG Jc >300 A/cm
2
 was maintained up to 9 T field, 

which clearly indicates Hirr to be much higher than 9 T.  

5.4. Discussion: 

From the ac susceptibility measurements on the YBCO-Ar and YNSG samples, 

sharp transition is observed at the critical temperature of both the samples. 

Absence of a broad tail region in χac(T)  and lack of extra phases in XRD suggest 

that the observed transition width of 2.5 K indicate oxygen deficient phases to be 

present in both the samples in small amounts. Structural study confirms the 
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majority phase to be orthorhombic RE-123 with RE-211 as minor phase and that 

the grains are largely oriented in [00Ɩ] direction in both YBCO-Ar and YNSG 

samples.  

From the micro-structural analysis of the YBCO-Ar and YNSG samples it is 

evident that nearly spherical particles are distributed in the matrix phases. In the 

YBCO-Ar sample no different shades are seen in the 211 particles, whereas in 

YNSG sample annuli cores are observed as bright regions within the precipitates. 

The RE elements are present both in the matrix and in the outer dark regions of 

the precipitates except in the cores.  

Introduction of RE in the present work is done through direct addition of 1 micron 

sized NSG-211 particles to Y-211 powder. This procedure differs from that of 

YSm-211 preforms in which nano-Sm2O3 particles get embedded onto Y-211 

particles; and interaction of Sm and Y-211 in presence of liquid phases would 

explain the mechanism of annuli core formation in (Y, Sm)BCO samples. 

 

Fig. 5.8. FESEM images of YNSG-211 powder precursor pellet sintered at 950 
o
C for 4 

h, shown at magnifications of (a) 10 kX and (b) 25 kX. One observes that substantial 

grain growth takes place during the preform preparation stage. 
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 In the present system of YNSG, the preform consists of a mixture of Y-211 and 

NSG 211 powders in 4:1 ratio. The reason for annuli core formation may be as 

follows. Fig. 5.8 shows the FESEM image recorded in the preform of YNSG 

sintered at 950 
o
C for 4 hours, prior to infiltration of liquid phase. It can be seen 

that the particles have got sintered into larger grains. It is likely that Nd, Sm and 

Gd with faster diffusion rates [36] would promote sintering of the NSG particles 

with some of the Y-211 particles and in that process may enclose some Y-211 

particles in the larger grains of YNSG-211. Then after liquid phase infiltration, 

the smaller NSG-211 and Y-211 particles may be completely consumed for the 

growth of RE-123. On the other hand, only the outer regions of larger YNSG-211 

undergo peritectic reaction with liquid phase forming YNSG matrix phase and 

leaving back unreacted YNSG-211 particles containing Y-211 cores.  

From the Jc(H) curves in YNSG sample shown in fig. 5.7, we note that this 

sample exhibits the best performance at low as well as high fields at all 

temperatures, when compared to YBCO-Ar, and even YSm-20 samples which 

was the best of (Y, Sm)BCO series. This supports the argument that ternary 

REBCO has higher density of pinning centers compared to binary systems or pure 

YBCO. Sustenance of Jc >1 kA/cm
2
 up to 5 T and Jc > 300 A/cm

2
 at 77 K even at 

9 T field can be attributed to the enhanced flux pinning due to the presence of 

mixed RE elements at Y site. The fact that solid solutions of RE/Ba- ss type are 

suppressed, as argued from XRD and χac(T) results, suggests that the enhanced 

flux pinning in the YNSG sample at high  fields might originate from RE-RE’-ss 

type solid solutions and the associated lattice mismatch effects. Oxygen deficient 

phases with a small distribution in Tc would also contribute to flux pinning. The 

enhanced pinning at high fields is also evident from the normalized Fp curves 

which show that the maximum peak field at 77 K is 1 T for YBCO-Ar and 2.25 T 

for YNSG sample. The higher position of the peak at 77 K in the YNSG 
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superconductors represents reduction in the flux creep at elevated temperatures, 

which is also an important aspect for applications.  

It should be pointed out here that considerable Jc(H) at of > 300 A/cm
2
 is 

observed up to 9 T in spite of 6%  porosity present in the YNSG sample. It is 

observed that all the samples processed under argon exhibit wide spread spherical 

porosity, suppression of which project a scope to improve the performance of 

these materials. 

 

Fig. 5.9. Histograms of 211 sizes in (a) YBCO-Ar, (b) YSm-20 and (c) YNSG samples. 

The current density values at zero field Jc(0) is 21.5 kA/cm
2
 in YNSG and is 17.8 

kA/cm
2 

in YBCO-Ar and are better than better than Jc(0) of 4.2 kA/cm
2
 in YSm-

20 sample. This depends on the pinning of flux from RE-123/RE-211 interfacial 

defect density which in turn is controlled by the size of precipitates in the 

superconducting matrix.  Thus larger number of finer precipitates would enhance 

Jc(0).  Fig. 5.9 shows the distribution of size of precipitates in the above samples.  

5.5. Origin of field dependence of Jc and Flux pinning: 

The  Jc(0) calculated for  the  samples  is  also  found  to  vary  systematically  

with  the size of the RE‐211 in the final composites. These results show that the 

flux pinning at low fields depends on the RE-211 size and associated defects at 
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the RE-211/RE-123 interfaces. In YSm-20 the size of the (Y, Sm)-211 are of the 

order of 2-4 m, where as for YNSG and YBCO-Ar, RE-211 phase particles were 

distributed over a size range from submicron to 4 m. Therefore Jc(0) of YNSG 

and YBCO-Ar samples are superior to that of YSm-20 sample. 

 

The rapid fall in the magnetic field dependence of Jc for melt textured YBCO 

with large Jc values is reported to exhibit an exponential variation with magnetic 

field [37-39].  Since the present Jc(H) curves  show faster reduction at low fields, 

but slow decrease at high fields, we assume that there are two different 

mechanisms operative in describing the Jc(H) behavior across the field range up 

to 9 T. As a result we consider two terms to fit the measured data to equation 5.1 

given below.  

 ��(�)��(૙)
=  �૚ ���(−�૙��૚ ) + �૛ ���(−�૙��૛ ) + �૙           …… . . (�.૚) 

 

Where A1, t1, A2, t2 and y0 are the fit parameters. 

 

In order to investigate the nature of flux pinning that occurs to high fields at 77 K 

we have normalized the Jc(H) with respect to zero field Jc , i.e. (Jc(H)/Jc(0)), 

which is plotted as a function of applied field in fig. 5.10 (a).  

In fig. 5.10 (b) the detailed fitting of measured field dependence of normalized Jc 

to equation 5.1 is shown, as an example, for YNSG sample.  This figure shows 

three curves, namely fit of measured Jc(H) data (i) only at lower fields to Term II, 

(ii) only at higher fields to Term I and (iii) in complete field range to the total 

equation. (5.1).  
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Fig. 5.10. (a) The normalized current density Jc(H)/Jc(0) at 77 K for the samples YBCO-

Ar, YNSG and YSm-20. YNSG and YSm-20 samples show similar behavior of retaining 

high Jc up to high fields. (b) For the YNSG sample at 77 K, the normalized Jc is fitted to 

a function in H with two exponential terms in equation 5.1. 

 

The details of the fit parameters obtained from Jc(H) curves at 77 K for the 

YBCO-Ar, YNSG and YSm-20 superconductors are listed in Table 5.2. 

Jc(H) at low fields fits well to the second term. The term II, containing the 

parameters A2 and t2, has been found to be applicable at low fields. The Jc(0) 

calculated for the samples is also found to vary systematically with the size of the 

RE-211 in the final composites. These results show that the flux pinning at low 

fields depends on the RE-211 size and associated defects at the RE-211/RE-123 

interfaces.  In YSm-20 the size of the (Y, Sm)-211 are of the order of 2-4 m, 

where as for YNSG and YBCO-Ar RE-211 phase particles were distributed over a 

range from submicron to 4 m. Therefore Jc(0) of YNSG and YBCO-Ar samples 

are superior than the YSm-20 sample. 

The experimental Jc(H) at high fields fits well to Term I, containing parameters 

A1 and t1. The parameter t1 has correlation to the peak field (Hp) where 

normalized flux pinning force reaches a maximum as shown in fig. 5.10. Hp was 1 

T in YBCO-Ar while it was ~2.2 T in the other two samples. In YBCO samples 
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A1was correlated to the defect density arising from twinning [39] that resulted in 

an enhancement in Jc up to high fields. Interestingly we did not find the presence 

of twins in any of the three (Y, RE)BCO samples shown in Table 5.2.  

 

Table. 5.2. Fitting parameters for YBCO-Ar, YNSG and YSm-20 samples   

 

 
 

From literature [40] it is well known that the size of the defects in the 

superconductors plays a role in influencing Jc at different fields. The presence of 

such defects can give rise to strong flux pinning or hike in Jc at a particular field, 

defined as peak field. This peak field is related to the vortex lattice spacing as 

shown in equation 5.2. 

 

)2.5..(..........
)(3 2
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

  

 

Where ϕo is the flux quantum, af is the vortex lattice spacing [40]. Eq. 5.2 suggests 

that the flux pinning at fields less than 1 T can be caused by defects of size more 

than 50 nm. The interfacial defects due to RE-211/RE-123 boundaries would give 

rise to flux pinning at such low fields. In literature correlations were made on the 

flux pinning at low fields due to RE-211 content and the defects originating at the 

RE-211/RE-123 interfaces [40-43]. Fig. 5.11. represents the possible dependence 

of peak field on defect spacing at different fields as given by Eqn. 5.2. From this 
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figure it is clear that, smaller the defect size, larger the peak field will be. 

Therefore it is crucial to create fine sized defects or control the size of RE-211 

particles in the RE-123 matrix to make the interface defect density large in the 

RE-123 matrix.  
 

 
Fig. 5.11. Schematic diagram of the relation of peak field with the size of the defect 

spacing. 

To account for high Jc observed up to large (1-10 Tesla) fields the defect spacing 

should vary from 15 – 50 nm. In present work the three (Y, RE)BCO samples 

being discussed showed the enhancement of Jc up to high fields.  Due to the 

addition of different RE’s deviations in compositions occur. Compositional 

fluctuations at nanoscale occur during the peritectic transformation, which causes 

Tc variation on a nanoscale and result in the formation of ΔTc pinning at high 

magnetic fields. The extent of compositional fluctuations (ΔTc pinning centers) is 

altered by the different peritectic temperatures of RE elements, their solubility in 

the liquid phase and their ionic radii. 

The strong flux pinning observed to fields as high as 9 T is hence attributed to the 

presence of compositional fluctuations due to RE element (single or multiple) 

doping into the superconducting matrix of the samples.  
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Chapter VI 

Study of key factors that control microstructures and flux pinning 

in (Y, LRE)-BCO superconductors 

6.1. Introduction: 

In the previous chapters (IV and V) we have studied the effect of single rare earth 

(Sm) and multiple rare earth (Nd, Sm and Gd) doping at Y site in YBCO. The 

doping was done by different methods which involved mixing of Y-211 powders 

with chosen amounts of 

(i) Nano Sm2O3 particles in the form of sol, in 10, 20 and 30 wt.%. 

(ii) Sm through Chemical substitution at the atomic level by 20 wt.%, and 

(iii) Fine NSG-211 particles (~ 1 m) by 20 wt.%. 

A discussion on the results obtained on the above samples was presented at the 

end of Chapters IV and V.  We summarize below the achievements and the 

problems that remain unsolved after the work done so far. 

Achievements:  

1. (Y, LRE)BCO superconductors are synthesized successfully by POIG 

process under commercial argon. 

2. YSm-20 sample shows the highest Jc(H) at 77 K, compared to YSm-10 

and YSm-30 samples in (Y, Sm)BCO series. 

3.  Jc(H) performance of YNSG samples is the best of all the samples 

studied, with Hirr being > 9 T at 77 K. Jc(0) is 21.5 kA/cm2 at 77 K and is 

highest of all. 
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4. The introduction of mixed RE elements at Y site leading to compositional 

fluctuations in the superconducting matrix and the associated lattice 

mismatch effects have provided flux pinning at high fields up to 9 T. 

5. All the samples studied here showed [00Ɩ] texture, unlike the YBCO 

sample processed in Air under the same conditions (chapter III). 

Problems unsolved: 

1. Spherical porosity is observed in all the samples processed under argon. 

Its origin and ways to eliminate are not well established. 

2. Considerable non-spherical porosity is also present in the samples that 

limit sustenance of high Jc value at high fields. 

3. RE-211 precipitates in the matrix phase need be further refined and more 

uniformly distributed in order to achieve higher zero field Jc, simultaneous 

with flat Jc(H).  

4. Clearer understanding is required on the process conditions leading to 

large fraction of unwanted formation of solid solutions of low Tc. 

One can observe that both the samples YSm-20 and YNSG with better Jc(H) 

curves exhibit narrow transition  and efficient suppression of solid solutions of 

RE/Ba-ss type as seen from ac susceptibility and XRD data. It should also be 

pointed out here that considerable Jc(H) of >300 A/cm2 is observed up to 9 T in 

YNSG sample in spite of 6% porosity present in the sample. The fact that all the 

samples processed under argon exhibit wide spread porosity suggests that 

attempts to suppress the porosity through process modifications project a scope to 

improve the performance of these materials. 

In this chapter we study the effect of different processing conditions aimed at 

identifying the origin of porosity, ways to suppress the porosity and refine the RE-
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211 size. For this purpose we have chosen the YNSG composition as an example, 

since it has shown the best results after POIG process. 

Six samples were synthesized using YNSG preforms and processing them under 

different heat treatment schedules, atmospheric conditions and pressure as 

described below. 

6.2. Experimental Details: 

 

1. The first sample is the YNSG sample discussed in Chapter V which was 

processed under argon. 

2. Since all the samples processed under argon have shown wide spread 

spherical porosity, it is necessary to identify if argon evolution as gas 

bubbles is responsible for this. To confirm this hypothesis, processing in 

air under the same conditions was envisaged and the resultant sample is 

called YNSG-Air, discussed in section 6.5. 

3. In order to assess during which stage of heat treatment the argon gas 

evolution takes place, infiltration of liquid phases into preform was 

rendered in air, and argon gas flow was arranged at a later stage during 

cooling through peritectic temperature during the synthesis. The sample 

thus prepared is referred to as YNSG-L. These experiments confirmed the 

origin of spherical porosity to be due to argon atmosphere during POIGP, 

as will be discussed later in section 6.6. 

4. We recall here that press-sintering of once processed samples of of Bi-Sr-

Ca-Cu-O superconductors led to minimization of macro-defects and their 

densification [1-2]. On similar lines we attempted a study of the effect of 

press-sintering on the POIG processed product. This was done by pressing 

the product again under 540 MPa pressure and reprocessing, while 

allowing once again the liquid infiltration from a Y-123 pellet placed 
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above. The resultant sample after press-sintered process is referred to as 

YNSG-P. 

5. It is known that refinement of RE-211 particles causes an increase in the 

defect density at the interface of RE-211/RE-123 and leads to enhanced 

zero-field Jc. We note that the size distribution of RE-211 in YSm-20 and 

YNSG ranges from submicron to 4 micron. An experiment is envisaged to 

study the effect of reducing the duration of processing on the size range of 

RE-211. The details of the new heat treatment schedule are discussed in 

section 6.8 and the resultant sample is YNSG-N. 

6. There are reports in literature suggesting that excess amount of Ba if 

present along with the liquid phases during melt processing of REBCO, 

would suppress the substitution of RE at Ba site, even when processed in 

air [3-5]. We have experimented mimicking the excess Ba condition 

during POIG process carried out in air medium. The resultant sample is 

YNSG-Ba and the results are discussed in section 6.10. 
 

 

Fig. 6.1. Heat treatment schedules followed to synthesize the YBCO-Ar, YNSG, YNSG-
Air, YNSG-L, YNSG-Ba, YNSG-P and YNSG-N samples. 
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The heat treatment schedules followed for synthesizing the above samples of (Y, 

NSG)BCO system are shown in fig. 6.1. 

6.3. Temperature dependence of ac susceptibility: 

`  

Fig. 6.2. Variation of normalized real part of ac susceptibility (χ') with temperature for 
the samples discussed in this chapter. Sharp superconducting transitions are observed for 
YBCO-Ar and YNSG samples, and the absence of secondary peaks, confirming the 
homogeneity of oxygen content compared to other three samples. 

After processing the various (Y, NSG)BCO samples, oxygenation was done for 

110 h at 460 oC for the structural phase transition from non-superconducting 

tetragonal to superconducting orthorhombic phase to take place. Superconducting 

transition temperature (Tc)  have been determined by recording ac susceptibility 

(ac(T)) in the temperature range 40 K≤ T ≤100 K at driving ac field of rms 

amplitude 10 Oe with a frequency  of  33 Hz employing a PPMS-ACMS 

(Quantum Design, model MPMS-7). In-phase component of ac susceptibility (χ΄) 

with temperature for all samples is depicted in fig. 6.2. The onset of the transition 

for YBCO-Ar, YNSG, YNSG-P, YNSG-N and YNSG-Air occurs at 91.0, 91.6, 

91.6, 90.2 and 90.0 K respectively. The transitions in YBCO-Ar and YNSG 
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samples are sharp with their widths Tc ~2.5 K. On the other hand, YNSG-P, 

YNSG-N and YNSG-Air samples exhibit much broader transitions spread out to a 

Tc ~ 50 K, 30 K and 25 K respectively; the large tail regions in these three 

samples represent presence of large amounts of solid solutions of lower Tc values. 

6.4. Structural analysis of the (Y, NSG)BCO samples: 

 

Fig. 6.3. X-ray diffractograms of YBCO-Ar, YNSG, YNSG-P, YNSG-N, YNSG-Air and 

YNSG-L. 

The crystal structure of the YBCO-Ar, YNSG, YNSG-P, YNSG-N, YNSG-Air 

and YNSG-L composites were analyzed from the X-ray diffraction patterns 

(shown in fig. 6.3) recorded using Cu-Kα radiation on BRUKER X-ray 

diffractometer. The diffraction data were collected over the diffraction angles in 

the range 2θ: 10 to 90 Å by step scanning with a step width of 0.02. The 

structural parameters of YBCO were used as a starting model for the refinement 
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using The FULLPROF program. The prominent reflections show that all the XRD 

patterns can be indexed to an orthorhombic unit cell, from which lattice 

parameters are determined. The less prominent lines in YBCO-Ar and YNSG are 

found to represent RE-211 as minor phase. Considerable number of extra Bragg 

peaks observed in the other samples YNSG-P, YNSG-N, YNSG-Air and YNSG-

L include not only the minor RE-211 phase but also other phases like solid 

solutions of RE/Ba -ss type, etc.   

6.5. Results and discussion on YNSG-Air sample: 

To examine if the origin of spherical porosity observed so far in (Y, Sm)BCO, 

YNSG and YBCO-Ar samples, all processed under argon, lies in the choice of 

atmosphere, YNSG-Air sample processed in air using the same heat treatment 

schedule as for YNSG sample, is studied.  

 

Fig. 6.4. FESEM images of YNSG-Air recorded at magnifications of (a) 1 kX and (b) 5 

kX. 

FESEM images of YNSG-Air sample are shown in fig. 6.4. Spherical porosity is 

evidently absent in this air processed sample. Similar to YNSG sample, dark and 

bright regions are observed within the precipitates which are identified to be 

YNSG-211 and Y-211 phases respectively from elemental analysis (given in 
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Appendix, section 3). The size range of the 211 particles in the YNSG-Air sample 

varies from submicron to 3 m.  

Field dependence of Jc is calculated for YNSG-Air sample at different 

temperatures and displayed in fig. 6.5. Self field Jc at 77 K is 7 kA/cm2 and falls 

to zero at a field of 5.5 T. Absence of sufficient flux pinning at high fields at 77 K 

can be attributed to the formation of RE/Ba -ss phases in considerable amounts as 

seen from the tail region in ac(T). 

 

Fig. 6.5. Magnetic field dependence of Jc of YNSG-Air sample at different temperatures.  

In other words, due to processing the YNSG-Air sample in air, formation of solid 
solutions was not suppressed, which reflected in Jc curve at 77 K.   

6.6. Results and Discussion on YNSG-L sample: 

Comparison of the nature of porosity in YNSG processed in argon and YNSG-Air 

processed in air confirms that the argon gas evolution takes place during 

solidification of the POIG process. However, processing under argon is essential 

to suppress the formation of solid solutions that deteriorate the superconducting 

properties drastically. It is likely that the argon gas gets entrapped in the liquid 
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phases during infiltration, which later lead to evolution of argon. In melt 

processed REBCO, possible evolution of oxygen and argon and the associated 

porosity were discussed by Murakami’s group [6]. In order to see if entrapping of 

argon can be eliminated by carrying out infiltration in air medium and allowing 

argon entry at a later stage  during crystallization (while cooling from 1040 oC) to 

suppress solid solution formation, YNSG-L sample has been synthesized keeping 

same heat treatment schedule. 

 

Fig. 6.6. FESEM images recorded at magnifications 1 kX and 5 kX from YNSG-L ((a) 
and (b)). (c) and (d) are FESEM images for YNSG at magnifications 1 kX and 5 kX. 

FESEM micrographs recorded in YNSG-L and YNSG are compared in fig. 6.6. 

From these images it is clear that the spherical porosity indicating evolution of 

gas bubbles present in YNSG is successfully eliminated in YNSG-L sample. 

These results confirm the argon gas entrapment in the liquid phases infiltrated into 

the preform and their evolution during solidification. Infiltration in air medium 
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into the preform of YNSG-L sample has eliminated Ar gas entrapment and its 

subsequent evolution.  

However there is a drastic increase in macro-defects (non-spherical porosity) in 

this sample. XRD also shows a number of extra peaks suggesting a large fraction 

of solid solutions to have formed. In summary, the spherical porosity is eliminated 

but microstructure of YNSG-L sample is not yet favorable for high performance. 

6.7. Results and discussion on YNSG-P sample: 

Presence of considerable (11.3%) macro-defects (non-spherical porosity) has led 

to deterioration of the Jc(H) performance in YSm-20-Nb sample (section. 4.6.4), 

in spite of having enhanced density of flux pinning centres. In order to address the 

problem of macro-porosity, an experiment is attempted in analogy to densification 

reported by press-sintering process in Bi-Sr-Ca-Cu-O materials [1-2]. With an 

aim to eliminate the macro-porosity in the YNSG sample, after processing with 

same heat treatment we pressed the sample at 540 MPa and once again processed 

the pressed YNSG sample by heat treatment shown in fig. 6.1 for the sample 

YNSG-P. Sample assembly (processed YNSG sample + Y-123 pellet) was 

allowed to a temperature just above peritectic temperature (1010 oC) for 

infiltrating the liquid phases (BaO + CuO) into the pressed YNSG sample and 

from there slowly cooled (1 oC/h) through the peritectic temperature to a 

temperature of 930 oC. Then it was maintained there for 24 hours to complete the 

grain growth, and was furnace cooled to room temperature.  

Micrographs recorded employing FESEM at magnifications of 1 kX, 5 kX and 25 

kX were shown in fig. 6.7. (a)-(c) respectively. Different shades are found in RE-

211 phase particles as observed in YNSG sample which are YNSG-211 phase 

particles (dark region) and Y-211 phase particles (bright region) in the matrix, as 
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determined from elemental analysis shown in Appendix (section 2). The 

distribution of the RE-211 particles in the matrix is homogenous and the size of 

the RE-211 phase particles was of the order of 1-4 m. From the FESEM image 

at low magnification (in fig. 6.7. (a)) the platelet widths are observed clearly to be 

small compared to YNSG sample and the unreacted liquid phases can be observed 

to be left back in the platelet gaps  and macro-pores.  

 

Fig. 6.7. Micrographs at different magnifications from YNSG-P material. It shows 
different phases present in the material and the solidified liquid in platelet gaps.  

Current density (Jc) of the YNSG-P superconducting sample at different 

temperatures (25, 50, 65 and 77 K) up to 9 T field was calculated from M-H loops 

and displayed in fig. 6.8. The Jc value is 0.7 kA/cm2 at zero field and decreases to 

100 A/cm2 at 0.8 T at 77 K, while at temperatures 65 K, 50 K and 25 K Jc(0) is  

found to be 1.5 kA/cm2, 3.8 kA/cm2 and 13.5 kA/cm2 respectively.  

The Jc(H) variation in YNSG-P sample is inferior to all other samples studied.  

This can be explained by the presence of large amount of non-superconducting 

liquid phases (Ba-Cu-O) seen in microstructures, and the very large amount of 

solid solutions observed from the wide tail in χac(T) measurements.  
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Fig. 6.8. Jc vs applied magnetic field for YNSG-P sample at various temperatures. 

6.8. Results and discussion on YNSG-N sample: 

Allowing high temperatures for longer time during the preform sintering and at 

grain growth stage can cause abrupt growth of RE-211 inclusions in the REBCO 

samples.  The microstructures of (Y, Sm)BCO, YBCO-Ar, and the samples 

derived from YNSG discussed above show larger sized RE-211 particles in the 

range : submicron to 6 m to be present in the matrix phase.  

To verify if shorter duration of heat treatments would lead to finer RE-211 

particles, the following studies are carried out. We hypothesize that the RE-211 

grains are likely to grow during (i) the sintering stage (4 hours at 950 oC) of 

preform prior to infiltration and (ii) the prolonged infiltration stage (1 hour at 

1100 oC) and (iii) slow cooling through peritectic temperature ( 100 hours from 

1040 oC to 930 oC) for textured grain growth. 
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Fig. 6.9. FESEM images of YNSG-211 preforms sintered at 15, 30, 60 and 240 minutes, 
with the duration of sintering increasing in the figures from top to bottom. The panels on 
the left are at a magnification of 10 kX and those at the right are at a magnification of 25 
kX.   

The present sample is synthesized by a new schedule by reducing the sintering 

time, decreasing the dwell time at 1100 oC and increasing the rate of cooling.  

a) Initially small pellets of YNSG preform were subjected to different 

sintering durations of 15, 30, 60 and 240 minutes at 950 oC, and the 

resultant microstructures were observed, which are shown in fig. 6.9. An 

examination of the images shows that sintering for longer durations of 240 
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minutes (fig. 6.9 (g and h)) results in large particles of RE-211 and less 

open porosity (gaps between the RE-211 particles) compared to all other 

preforms, while too less a sintering duration of 15 minutes (fig. 6.9 (a and 

b)) results in a preform containing enough porosity, but not having enough 

strength to support liquid phase infiltration. The preform sintered for 30 

minutes (fig. 6.9 (c and d)) has optimum RE-211 size, sufficient open 

porosity and enough strength.  

b) Dwell (at 1100 oC) time was decreased to 30 minutes, and  

c) Cooling was done with a faster ramp rate of 1 oC/h all the way to 930 oC, 

unlike YNSG sample. 

 The heat treatment schedule used for YNSG-N sample is shown in fig. 6.1. 

FESEM images of YNSG-N sample, recorded using in-lens detector at a 

magnification of 1 kX, 5 kX and 10 kX are shown in figs. 6.10 (a), (b) and (c) 

respectively. As observed in YNSG sample, different shades of non-

superconducting inclusions of YNSG-211 (dark color) and Y-211 (bright color) 

were found in the matrix of YNSG-N sample.  

Large numbers of RE-211 (YNSG-211 and Y-211) phase particles are found, as 

expected, in sub micron range which may be because of shorter heat treatment at 

fast cooling rate, relative to YNSG and YBCO-Ar samples. The content of RE-

211 phase particles in the YNSG matrix is found to be 46%. 
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Fig. 6.10. FESEM images of YNSG-N sample recorded at magnifications of 1kX, 5 kX 
and 10 kX ((a), (b) and (c) respectively).   

Critical current density at different temperatures was calculated by sweeping 

magnetic field up to 9 T and the representative plots are shown in fig. 6.11.  

 

Fig. 6.11.  Jc is plotted against applied magnetic field for the YNSG-N sample at 
temperatures. 

The calculated Jc(0) at 77 K is 1.5 kA/cm2 while it is 2.1 kA/cm2, 3.9 kA/cm2 and 

16 kA/cm2 at 65 K, 50 K and 25 K respectively. Jc reduces to 100 A/cm2 at 0.8 T 
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and its performance is only marginally better than YNSG-P sample, and in spite 

of finer RE-211 particles being present. However, considerable extent of solid 

solution formation is seen from χac(T). It can be seen from micrographs that the 

distribution of RE-211 is quite inhomogeneous and spherical porosity due to 

argon still exists. The reductions in infiltration time and faster cooling rates have 

thus not improved the performance. 

6.9. Discussion on structure and ac susceptibility of the various YNSG 

samples: 

From ac susceptibility results (i) a sharp transition in the χ vs T curve that 

indicates the absence of low Tc phases is observed in the case of YBCO-Ar and 

YNSG samples (ii) a tail in the curve is reflecting the oxygen deficient phases 

present in the YBCO-Ar and YNSG sample (iii) the distribution of Tc over a 

broad range in ac susceptibility measurement for YNSG-P, YNSG-N and YNSG-

Air samples represents the presence of large fractions of solid solutions due to the 

substitution of RE3+ ions with Ba2+ and the other non superconducting phases.  

Table 6.1. Lattice parameters and unit cell volumes of the YBCO-Ar, YNSG, 

YNSG-P and YNSG-N samples. 
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It is also observed that the intensities of (00Ɩ) diffraction peaks are enhanced in 

YBCO-Ar YNSG, YNSG-Air and YNSG-L, indicating the presence of c-texture 

or [00Ɩ] texture in the samples where as in the other two samples (YNSG-P and 

YNSG-N) [103] texture is observed. The lattice parameters and the cell volume 

are listed in Table 6.2.  

As discussed in chapter 4 (section 4.4) all the (Y, Sm)BCO samples also showed 

texture in [00Ɩ] direction, as YBCO-Ar and YNSG. We recall from chapter III that 

YBCO sample processed in air showed [103] texture. An examination of the data 

shows that the atmosphere (argon or air) has no role to play in texturing of the 

samples. 

Instead we find a correlation that all the samples processed using prolonged heat 

treatment of 100 hours while cooling through peritectic, choosing two types of 

cooling rates (1 and 0.5 oC/h) showed [00Ɩ] texture. YNSG-P and YNSG-N for 

which shorter heat treatments are given with cooling rate of 1 oC/h showed 

textured in [103] direction. From these results it is evident that the texturing in 

[00Ɩ] direction depends on the heat treatment schedules.  

6.10. Results and discussion on YNSG-Ba sample: 

We summarize below the results on the different (Y, NSG)BCO based samples 

discussed above in sections 6.1 to 6.8 synthesized with process modifications. 

Table 6.2 provides a comparison of main differences in process details and the 

outcome of the efforts made. 
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Table 6.2. Comparison of various (Y, NSG)BCO samples dealt with in this 

chapter. 

 

The main points can be summarized as below: 

1. The compositional segregation within the RE-211 precipitates was 

observed in the matrix phase of all the above samples. The bright core 

regions are of Y-211 surrounded by darker region of YNSG-211. 

2. The YNSG sample, POIG processed under argon, shows the best Jc(H) 

curve. However, this sample exhibits 6% porosity and also spherical 

porosity due to argon evolution. 

3. The origin of spherical porosity is identified to be due to argon entrapment 

during infiltration and re-evolution during solidification through Tp, from 

the results on YNSG-Air and YNSG-L samples. 

4. However faster cooling rates in YNSG-N yielded finer RE-211 particles in 

the RE-123 matrix, but they are inhogeneously distributed.  

5. Press-sintering in YNSG-P, processing in air in YNSG-Air and shorter 

preform sintering followed by faster cooling rates in YNSG-N are found 

to result in a large fraction of solid solutions of RE/Ba-ss type and 

deteriorate the superconducting properties. 
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Based on these observations, we have chosen to synthesize YNSG-Ba sample 

which was processed in air after providing additional amount of Ba in the 

preforms. The motivation for this was from the reports in literature [3-5] that solid 

solution formation during processing REBCO in air can be suppressed, if the ratio 

between Ba and Cu in the liquid phase (Ba3Cu5O8) is maintained to be 4:5 rather 

than 3:5. Hence we added an extra amount of BaO to the YNSG-211 preform, to 

maintain the ratio of Ba to Cu at 4:5. The heat treatment schedule is maintained 

same as for YNSG sample, except that the processing was done in air for YNSG-

Ba sample, while it was in argon for YNSG sample. 

 

Fig. 6.12. FESEM images of YNSG-Ba sample recorded at different magnifications (a) 2 
kX, (b) 5 kX and (c) 10 kX. 

The FESEM images recorded using in-lens detector for YNSG-Ba sample are 

shown (fig. 6.12) below at different magnifications. The sizes of the RE-211 

particles in the YNSG-Ba are of the order of 2-5 m. The numbers of submicron 

– 1 m size particles are minimal. The sizes of RE-211 particles thus are 

somewhat bigger than in YNSG sample. This suggests a reduction in the 

interfacial defect density in YNSG-Ba sample. Spherical porosity is eliminated in 

the present sample as in the air processed YNSG-Air sample. Even the other types 

of defects / macroporosity are remarkably reduced to ~ 1%.  
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The RE-211 particles distributed homogeneously in the matrix phase and they 

also exhibit bright and dark regions, as observed in all the YNSG –based samples 

as well as (Y, Sm)BCO samples.  

Interesting result in the present sample is the presence of twinning which has not 

been observed in any of the other RE-doped samples studied in this thesis. The 

size range of twin widths present in the sample is of the order of 25-200 nm. The 

wide spread twinning observed in YNSG-Ba sample is shown in fig. 6.13.   

 

Fig. 6.13. FESEM image of YNSG-Ba recorded at a magnification of 15 kX.  Presence of 
widespread twinning can be seen. 

It is worth mentioning here that in POIG processed YBCO with no doping, 

prominent twinning was observed [7]. From detailed EBSD studies, it was shown 

that defects of varied sizes in a broad range are created associate with twinning, 

and that they provide flux pinning in a wide range of magnetic fields. The result 

of this was observation of flat Jc(H) to high fields in undoped YBCO. Twinning 
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occurs in YBCO superconductors during oxygenation process from tetragonal to 

orthorhombic phase [8]. 

Field dependence of Jc at different temperatures determined from M-H loops for 

YNSG-Ba sample are shown in fig. 6.14 (a). The Jc(H) curves can be seen to be 

flat up to 9 T field at all temperatures above 77 K. This gives evidence that 

efficient flux pinning is present in this sample at all fields up to 9 T.   

 

Fig. 6.14. (a) Field dependence of Jc for YNSG-Ba sample at different temperatures. In 
(b), the Jc vs H curves for YNSG-Ba and YNSG are compared at 77 K. 

The Jc(H) curves at 77 k determined for YNSG-Ba  and YNSG samples are 

compared in fig. 6.14 (b). It can be seen that Jc(0) of YNSG-Ba sample is 11 

kA/cm2 and is less than  21.5 kA/cm2 of YNSG. The flux pinning at low fields is 

known to depend on the RE-211/RE-123 interfacial defect density, which in turn 

is decided by the size of precipitates. The larger RE-211 particles, compared to 

those in YNSG, account for the reduction in Jc(0). 

It is interesting to note that even though the Jc(0) is lower by a factor of two, the 

Jc values at fields higher than  5 T are equal to or better than those for YNSG 

sample. We attribute the enhanced flux pinning observed in YNSG-Ba sample at 
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high fields to the presence of wide range of defects associated with twinning, in 

addition to the compositional fluctuations and the associated lattice mismatch 

effects which are also present in YNSG sample.  
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Chapter VII 

Summary and Conclusions 

The present thesis work is focussed on introducing multiple rare earths (RE) at Y 

site to form (Y,RE)Ba2Cu3O7-δ composite superconductors through Preform 

Optimized Infiltration Growth (POIG) process. The structure, microstructure and 

superconducting properties have been measured on different composites 

synthesized and various observations are correlated. 

Infiltration Growth process allows fabrication of bulk REBa2Cu3O7-δ (REBCO) 

composites in near net shape with improved microstructural properties in 

comparison with the melt growth process [1-8]. Even though the IG process is 

superior to the melt growth process, there are reports on the spatial inhomgeneity 

in the distribution of RE2BaCuO5 (RE-211) in the final composites which resulted 

in a large variation in the superconducting properties at different locations in the 

sample [10]. Paying attention to problems associated with IG process, Devendra 

et al. [9] developed Preform Optimized Infiltration Growth process (POIGP) 

which yielded a homogeneous and dense distribution of fine Y2BaCuO5 (Y-211) 

particles in REBa2Cu3O7-δ (YBCO or Y-123) superconductor. This process has 

suppressed the rapid fall in the Jc values, often reported in MG processed 

samples, at higher fields. In the case of conventional melt grown superconductors 

[11], further hike in Jc values were reported by introducing nano-sized inclusions 

and mixed rare earth elements into the superconducting matrix phase.  

The defects generated at the interface of non-superconducting RE-211 particles 

with RE-123 matrix, and those associated with nano-particle inclusions, 

dislocations, twins, and stacking faults have been proven to act as efficient flux 
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pinning centres. Much efforts have been made to increase the amounts of the 

small-sized (submicron -1 micron) non-superconducting phase and thereby the 

interfacial defect density in the superconductors, through addition of Pt, CeO2, 

BaCeO3 that refine the size of RE-211 [12-15]. Such refinement led to 

enhanced Jc mainly in low-field regions. The coherence length of the REBCO 

superconductors is on nanoscale; and hence defects of nano-size associated with 

compositional fluctuations due to mixed RE elements in the matrix should be 

beneficial for pinning up to high fields. However, reports in literature on Jc in 

mixed REBCO show enhanced pinning in intermediate field range of 4-5 T, 

reported as peak effect in melt grown samples. Extensive range of nano-

twinning with larger number of crossing twins, and the associated high defect 

densities in a broad size range are identified to be the source of flux pinning 

responsible for the enhancement in Jc at fields as high as 9 T [13-15].  Superior 

Jc(H) performance can possibly be achieved by combining the advantages of 

additional flux pinning due to nano-sized defects associated with  mixed rare 

earth elements in the superconducting matrix phase with the sustenance of 

considerable Jc to high fields from POIG process. With this as major objective, 

this thesis presents the results of detailed investigations carried out on POIG 

processed superconductors with Sm doped for Y and mixed RE elements 

namely Nd, Sm and Gd doped for Y in YBCO and discuss the factors that 

influence the microstructures and thereby the superconducting properties of 

these materials. 

In chapter III, we examined the possibility of lowering the infiltration 

temperature (Ti) from 1100 oC used in POIGP to 1040 oC, so that texturing the 

samples using seeding can be attempted. For this, the effect of infiltration 

temperature (1100 oC and 1040 oC) on the microstructural and superconducting 

properties was studied taking YBCO as an example. It is found that infiltration 
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at higher temperature yielded highly dense composites with minimal macro-

defects. Microstructural properties on gross scale show almost similar 

distribution of Y-211 phase particles in Y-123 matrix. Sample Y-1 processed at 

infiltration temperature of 1100 oC showed enhanced hardness along with high 

Jc up to high fields, compared to Y-2 processed at 1040 oC, though Jc(0) value 

is same for both. Enhancement in both hardness and Jc in sample Y-1 is 

attributed to the presence of high density of nanometric defects associated with 

twinning in the matrix, starting at the twin boundaries as seen from TEM 

images [16].  The sample Y-2 exhibits rapid fall in high field Jc and lower 

hardness and there were no traces of twinning.  From these observations Ti of 

1100 oC was maintained for all the samples studied in this work, since high Jc 

up to high fields along with enhanced hardness is crucial for practical 

applications.  

Reports from literature show that it is essential to process the REBCO 

compounds, with exception of Y-123, in reduced oxygen atmospheres to 

prevent the formation of RE1-xBa2+x Cu3Oy solid solutions (RE/Ba–ss type) with 

lower Tc [17-18]. In REBCO systems, where RE represents the light rare-earth 

elements (LRE) like La, Nd, Sm, Eu, etc., it is observed that the LRE3+ ions can 

occupy the Ba2+ sites because their ionic radii are close to each other. 

Increasing replacement of Ba2+ sites is found to result in a deterioration of 

superconducting properties, and substantial reduction of critical temperature 

especially at high substitution levels [19-24]. Synthesis in commercial argon 

(with 1% oxygen) or usage of excess Ba during processing is reported to 

effectively suppress the substitution of RE at Ba site. It not only suppresses the 

formation of solid solutions of the LRE 1+xBa2-xCu3Oy type but permits local 

compositional fluctuations of (RE1-x, RE'
x)BCO type (i.e. RE/RE' –ss) in the 

processed samples which leads to enhanced flux pinning [25].  
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In chapter IV, the results on the effect of doping single RE element Sm at Y site 

in YBCO are presented. The addition of Sm was done in two different ways. In 

first part different amounts of (10, 20 and 30 wt.%) nano Sm2O3 (50-80 nm) 

particles prepared in sol form were added to the Y-211 preform using a novel 

process called Nano dispersive sol casting method [26]. Using this method, nano 

particles of Sm2O3 could be distributed individually, and without agglomeration, 

on the surface of the Y-211 particles. The preforms thus prepared were subjected 

to POIG process to form YSm-10, YSm-20 and YSm-30 samples. FESEM images 

of the final products had precipitates with compositional segregation (Y-211 as 

bright cores with YSm-211 in the darker outer regions), distributed in the matrix. 

YSm-20 showed better performance than YSm-10 and YSm-30 samples with 

finite Jc even at 9T field, suggesting 20 wt.% doping to be optimum. Similar 

observation of optimum doping concentrations were reported to show best Jc in 

thin films of (Y, Dy)BCO system due to match between defect density and vortex 

density [27]. 

In second part of chapter IV, Sm was dispersed chemically by synthesizing the 

(Y1.6, Sm0.4)BaCuO5 preform powders in citrate route, which was POIG processed 

to form YSm-20-C sample. Interestingly, the microstructures of this sample 

showed smearing of brighter and darker regions within the YSm-211 particles in 

the 123 matrix, unlike in YSm-20 sample of equivalent composition where Sm 

doping was from nano Sm2O3. The two different types of microstructural features 

(cored and smeared bright regions in the 211 phase particles) in (Y, Sm)BCO 

samples is explained through a possible mechanism. The superconducting 

property of the YSm-20-C sample was inferior to YSm-20 sample, processed 

through external addition of nano Sm2O3. We attribute the origin of this reduction 

in Jc to the large fraction of solid solutions of RE/Ba –ss type formed in YSm-20-

C as indicated by XRD and ac susceptibility measurements.  
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On similar lines to the report on melt processed (Nd, Eu, Gd)-123 with 35 mol.% 

of Gd-211, that states 0.1 mol.% of nanometer-sized NbO3 has shown enhanced 

flux pinning [11], in the present work 0.1% of Nb2O5 was added as nano sized sol 

to YSm-211 preform and its effect on Jc was studied. It is found that Jc(0) is 

enhanced at all temperatures, possibly due to additional pinning from fine 

distribution of Nb in the YSm-123 matrix. However an increase in porosity to 

16% overshadowed the positive effect of additional pinning due to lattice 

mismatch effects associated with the presence of Nb, Sm and Y in the matrix 

causing Jc to fall rapidly by 6 T at 77 K. Increase in porosity could be due to 

reduced liquid phase infiltration through gaps in the preform, which is possibly 

due to Nb promoting greater sintering of YSm-211 grains in the preform. 

However, there were other difficulties observed during IG processing using the 

YSm-211 preforms. Deposition of nano Sm2O3 particles on the surface caused 

sintering of the YSm-211 particles and reduced the open porosity in the preform. 

This limited the entry of liquid phases during IG process leading to considerable 

porosity and larger 211 particles in the end product. 

Studies in literature on ternary mixed rare earth superconductors [28-31], report 

strong flux pinning due to stress fields arising from the presence of different RE 

elements present in the matrix. Possible reasons for enhanced pinning may be 

related to the following factors: firstly, RE sites are substituted by Nd, Eu and Gd 

elements, due to which the lattice mismatch arises among the neighbouring unit 

cells containing Nd, Eu, and Gd. 

The present results on the effect of ternary RE elements (Nd, Sm, Gd – called 

NSG) doped by 20 wt.% at Y site in YBCO are presented in Chapter V. For this 

purpose, 20 wt.% of NSG-211 powder of ~1m size was mixed with 80% of Y-

211 powder ~ 1 m size to form YNSG-211 preform powders. The preforms were 
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POIG processed to form YNSG superconductor. FESEM images show annuli 

cores within YNSG-211 precipitates in the matrix. The Jc(0) was 22 kA/cm2 and 

remained better than 300 A/cm2 even at 9 T field. This sample showed the highest 

Jc among all the samples studied in this thesis. Similar Jc(H) curve was observed 

for the YBCO sample [16] that showed wide spread twinning, after being POIG 

processed in air. The YNSG sample on the other hand shows no twinning, but 

gives high Jc sustained to high fields and we attribute the strong flux pinning at 

high fields to lattice mismatch defects due to the presence of ternary RE elements.   

From the structural, microstructural and magnetic properties of the 

superconductors of (Y, Sm)BCO and (Y,NSG )BCO systems discussed in 

chapters III to V, we consolidate the following observations. YBCO with no RE 

doping was also made under same conditions for comparison. 

(i) All the above samples were synthesized using POIG process under 

commercial argon atmosphere, which contains 1% oxygen 

(ii) Spherical pores were observed throughout all the samples  

(iii) RE-211 particles are distributed in the RE-123 matrix. In YSm-10, 

YSm-20, YSm-30 as well as YNSG samples, brighter regions (annular 

core formation) surrounded by darker region are seen within the RE-211 

particles indicating compositional segregation.  

(iv) However, in YSm-20-C sample with chemical substitution of Sm for Y, 

the cores are smeared out within the 211 particles.  

(v) Additionally, considerable amount of non-spherical porosity (macro-

defects) are also observed in all the samples. 

(vi) Size of RE-211 particles range in 2-6 microns on an average, and is 

larger than POIG processed YBCO in air. 
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Problems yet unsolved: 

1. Spherical porosity is observed in all the samples processed under argon. 

Its origin and ways to eliminate are not well established. 

2. Considerable non-spherical porosity is also present in the samples that 

limits sustenance of high Jc value at high fields as in YSm-20-Nb. 

3. RE-211 precipitates in the matrix phase need be further refined and more 

uniformly distributed in order to achieve higher zero field Jc, simultaneous 

with flat Jc(H).  

4. Clearer understanding is required on the process conditions leading to 

large fraction of unwanted formation of solid solutions of low Tc. 

The fact that all the samples processed under argon exhibit wide spread porosity 

suggests that attempts to suppress the porosity through process modifications 

project a scope to improve the performance of these materials. 

In sixth chapter the effect of different processing conditions was studied aimed at 

identifying the origin of porosity, ways to suppress the porosity and refine the RE-

211 size. For this purpose YNSG composition was chosen as an example, since it 

has shown the best Jc(H) after POIG process. Six samples were synthesized using 

YNSG preforms and processing them under different heat treatment schedules, 

atmospheric conditions and pressure.  

Various (Y, NSG)BCO samples, thus prepared were  YNSG processed in argon, 

YNSG-Air (processed in air), YNSG-L ( argon entry at later stage during 

solidification), YNSG-P (press-sintered), and YNSG-N( new schedule of shorter 

durations for sintering and solidification through Tp) and YNSG-Ba (with excess 

Ba in preform to suppress solid solutions even when processed in air. 

The results on the above (Y, NSG)BCO can be summarized as  
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1. The transitions in YBCO-Ar and YNSG samples are sharp with their 

widths Tc ~2.5 K. On the other hand, YNSG-P, YNSG-N and YNSG-Air 

samples exhibit much broader transitions spread out to a Tc ~ 50 K, 30 K 

and 25 K respectively; the large tail regions in these three samples 

represent presence of large amounts of solid solutions (RE/Ba -ss type) 

and deteriorate the superconducting properties. 

2. The compositional segregation within the RE-211 precipitates was 

observed in the matrix phase of all the above samples. Elemental analysis 

from EDS shows that the bright core regions are of Y-211 surrounded by 

darker region of YNSG-211. 

3. The YNSG sample, POIG processed under argon, shows the best Jc(H) 

curve. However, this sample exhibits 6% porosity and also spherical 

porosity due to argon evolution. 

4. The origin of spherical porosity is identified to be due to argon entrapment 

during infiltration and re-evolution during solidification through Tp, from 

the results on YNSG-Air and YNSG-L samples. 

5. However faster cooling rates in YNSG-N yielded finer RE-211 particles in 

the RE-123 matrix, but they are inhogeneously distributed in the sample. It 

also shows spherical porosity and considerable macro-defects and exhibits 

inferior Jc(H).  

Results on YNSG-Ba sample:  

Based on these observations, we have chosen to synthesize the sixth sample 

YNSG-Ba which was processed in air after providing additional amount of Ba in 

the preforms. The motivation for this was from the reports in literature [19-24] 

that solid solution formation during processing REBCO in air can be suppressed, 

if the ratio between Ba and Cu in the liquid phase (Ba3Cu5O8) is maintained to be 
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4:5 rather than 3:5. The heat treatment schedule was maintained same as that for 

YNSG sample, except that the processing was done in air for YNSG-Ba sample, 

while it was in argon for YNSG sample. 

The FESEM images in YNSG and YNSG-Ba are compared in fig. 7.1. The figure 

shows that sizes of the RE-211 particles in the YNSG-Ba are of the order of 2-5 

m and thus are somewhat bigger than in YNSG sample. This suggests a 

reduction in the interfacial defect density in YNSG-Ba sample. The RE-211 

particles are distributed homogeneously in the matrix phase and they also exhibit 

bright and dark regions, as observed in all the YNSG –based samples as well as 

(Y, Sm)BCO samples.  

 

Fig. 7.1. FESEM images for (a) YNSG and (b) YNSG-Ba samples. Absence of spherical 
porosity and widespread twinning can be seen in YNSG-Ba sample.  

Spherical porosity is eliminated in the present sample, as in the air processed 

YNSG-Air sample. Even the macro defects / non-spherical porosity is remarkably 

reduced to ~ 1%.  

Interestingly twinning was observed with twin widths of 25-200 nm. The wide 

spread twinning observed in YNSG-Ba sample is shown in fig. 7.1 (b).  

Observation of flat Jc(H) to high fields in undoped YBCO [16] was shown to be 
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due to the presence of defects of varied sizes, associated with twinning, and that 

they provide flux pinning in a wide range of magnetic fields.  

Field dependence of Jc at different temperatures determined from M-H loops for 

YNSG-Ba sample (fig. 6. 14) can be seen to be flat up to 9 T field at all 

temperatures above 77 K. This gives evidence that efficient flux pinning is 

present in this sample at all fields up to 9 T.   

 

Fig. 7.2. Field dependence of Jc at 77 K are compared for (a) POIG processed YBCO 
sample in air  (YBCO) with YBCO-Ar, (b) YBCO-Ar, YSm-20 and YNSG samples and 
(c) YNSG sample Jc with YNSG-Ba.  

Fig. 7.2 (a) compares the Jc(H) curves obtained at 77 K for undoped YBCO 

superconductors POIG processed in air (YBCO) and in argon (YBCO-Ar). It can 

be seen that both samples have comparable values of Jc(0), but high field 

performance is quite different, though RE doping and the associated pinning are 

absent in both.  The fall in Jc at high fields in argon processed sample is due to 

~6% porosity and RE/Ba-ss formation, unlike Air processed YBCO which 

additionally has enhanced pinning from twinning-associated defects. 

 Fig. 7.2 (b) shows the Jc(H) variation at 77 K for YBCO-Ar, YSm-20, YNSG 

samples. The fact that Jc(H) of YNSG sample and YNSG –Ba are superior to that 

for YSm-20 confirms that  the flux pinning from lattice mismatch effects is 
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enhanced at high fields by doping multiple RE (NSG) elements instead of a single 

RE (Sm).  

Fig. 7.3 (c) compares the Jc(H) curves for YNSG and YNSG-Ba at 77 K. Jc(0) of 

YNSG-Ba sample is 11 kA/cm2 and is less than 22 kA/cm2 of YNSG and is due to 

the flux pinning caused at low fields by the RE-211/RE-123 interfacial defect 

density. This in turn is decided by the size of precipitates; thus the larger RE-211 

particles, compared to those in YNSG, account for the reduction in Jc(0).   

It is interesting to note that even though the Jc(0) is lower by a factor of two, the 

Jc values at fields higher than 5 T are equal to or better than those for YNSG 

sample. We attribute the enhanced flux pinning observed in YNSG-Ba sample at 

high fields to the presence of wide range of defects associated with twinning, in 

addition to the compositional fluctuations and the associated lattice mismatch 

effects which are also present in YNSG sample. 

Major outcome of this work: 

1. (Y, LRE)BCO superconductors are synthesized successfully by POIG 

process under commercial argon. 

2. However spherical porosity was observed, the origin of which is identified 

to be due to argon entrapment during infiltration and re-evolution during 

solidification through Tp, from the results on YNSG-Air and YNSG-L 

samples 

3. Texture was observed [00Ɩ] or [103] was observed from XRD, though no 

seed was used. An examination of texture in various samples shows that 

the atmosphere (argon or air) has no role to play in texturing of the 

samples, instead we find a correlation that all the samples processed using 

prolonged heat treatment of 100 hours while cooling through peritectic, 
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showed [00Ɩ] texture while those (YNSG-P and YNSG-N) shorter heat 

treatments are textured in [103] direction.  

4. Study of the mechanical properties of the processed YBCO show 

correlation of hardness and the field dependence of current density to be 

affected similarly by the network of nanometric defects present in the 

YBCO composites. 

5. FESEM images demonstrate the successful introduction of individual 

Sm2O3 nanoparticles on the Y-211 particle surfaces, without 

agglomeration even at the high concentrations involved during the 

fabrication of YSm-211 preforms. 

6. One can observe that both the good samples YSm-20 and YNSG with 

better Jc(H) curves exhibit narrow transition and efficient suppression of 

solid solutions of RE/Ba-ss type as seen from ac susceptibility and XRD 

data.  

7. The introduction of mixed RE elements at Y site leading to compositional 

fluctuations in the superconducting matrix and the associated lattice 

mismatch effects have provided flux pinning at high fields up to 9 T, in all 

POIG processed samples, in which porosity and solid solution formation 

are controlled. 

8. YSm-20 sample shows the highest Jc(H) at 77 K, compared to YSm-10 

and YSm-30 samples in (Y, Sm)BCO series. 

9.  Jc(H) performance of YNSG is the best of all the samples studied, with 

Hirr being > 9 T at 77 K. Jc(0) is 21.5 kA/cm2 at 77 K and is highest of all. 

10. Considerable Jc(H) of >300 A/cm2 is observed up to 9 T in YNSG sample 

in spite of 6% porosity present in the sample. 

11. Excess Ba in preform enabled successful formation of YNSG in air, which 

not only eliminated the spherical porosity but also minimized the 

macroporosity to 1%. Jc(H) performance of YNSG-Ba is marginally better 
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than YNSG processed in argon at high fields and this is attributed to the 

pinning from defects associated with twinning. 

Future direction of work would be to refine the size of RE-211 and introduce 

nano-inclusions in mixed RE doped YBCO to enhance the Jc(0) further and 

maintain it high at high fields through POIG process. 
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Figure captions 
 

Fig. 1.1.   Typical H vs T phase diagrams for type-I and type-II superconductors. There 

is only one critical field (Hc) in a Type-I superconductor and there are two 

critical fields (Hc1 and Hc2) for a type-II superconductor.  

 

Fig. 1. 2  Typical phase diagram of a superconductor. 

 

Fig. 1.3.  Increase in critical temperatures of superconductors over the years. 

 

Fig. 1.4.  The crystal structure of an ABO3 perovskite type with the origin centered at 

(a) the B-site ion and (b) the A-site ion. 

Fig. 1.5.  Evolution of the crystal structure of YBa2Cu3O7-x from the triple-perovskite 

unit Y3Cu3O9.  

 

Fig. 1.6.  SEM image of sintered YBCO.  

 

Fig. 1.7.  Pseudo-binary phase diagram of the Y-Ba-Cu-O system, where the 

YBa2Cu3O7-δ (solid lines) phase exists. The phase diagram with NdBa2Cu3O7-

δ is shown in dashed lines; 123 = REBa2Cu3O7-δ; 211 = RE2BaCuO5; 200 = 

RE2O3; 010 = BaO; L= Liquid phases.  

 

Fig. 1.8.  SEM image of YBCO processed by melt growth process. Nearly spherical Y-

211 particles can be seen in Y-123 matrix. 

 

Fig. 1.9.  A comparison between Melt Growth and Infiltration Growth processes for 

REBCO materials. 

 

Fig. 1.10.  TEM images of MG processed NSGBCO samples with the addition of (a) 10 

mol.% Gd-211 and (b) 30 mol.% of Gd-211, from Murakami et al.  

 

Fig. 1.11.  TEM dark-field images from NSEBCO superconductors with 10 and 30 

mol.% of Gd-211 additions. The white and black contrast in the micrographs 

has been attribute to compositional fluctuations occurring due to RE/Ba 

substitution. 

 

Fig. 2.1.  A schematic diagram of the furnace used. 
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Fig. 2.2.  The heat profiles showing the temperature distribution obtained along the 

length of the muffle in tubular furnaces used for (a) sintering powders / IGP 

and (b) oxygenation. 

 

Fig. 2.3.  FESEM images obtained from sintered Y‐211 and Y-123 powders used in 

the present experiments are shown. The micrograph shows that the Y‐211 

particles are of size in the range 400 nm – 1m. 

 

Fig. 2.4.  Assembly for POIG processing of the samples. 

 

Fig. 2.5.  Heat treatment schedules of YBCO (in air) and for (Y, LRE)BCO (in Ar). 

 

Fig. 2.6.  Schematic description of Bragg’s Diffraction Law. 
 

Fig. 2.7.  A schematic picture showing emission of electron beam and presence of 

various detectors in an FESEM. 

 

Fig. 2.8.  Block diagram of ac susceptibility measurement system. 

Fig. 2.9.  Magnetization process of thin slab of thickness 2a in a field parallel to the 

surface. 

Fig. 2.10.  A typical magnetic hysteresis (M-H) loop obtained from an IG processed 

YBCO superconductor at 5 K. 

Fig. 2.11.   (a) Photograph of Nanoindentation instrument and (b) a schematic image of 

the nano-indenter system.  

Fig. 3.1.  (a) Vertical furnace with alumina muffle, used for quench experiments. (b) 

The heat treatment schedules for quenching the samples. 

 

Fig. 3.2.  The sample assembly used in POIGP. Y-123, which is the liquid phase 

source, is kept on top of a Y-211 pellet pressed under an optimum pressure 

of 460 MPa. They are supported on top of a thin Yttria pellet and dense 

plates of Yttria stabilized Zirconia and alumina as shown. 

 

.Fig 3.3.  (a) FESEM image for Y-211 powder sintered at 950 
o
C obtained at a 

magnification of 25 kX, (b) The histogram for Y-211 particle size, the 

average size of the Y-211 particles is ~ 1 m. The Y-211 particles after 

sintering are rounded and fused among themselves to some extent. 
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Fig.  3.4.  Optical micrographs of the differently quenched S45, S10 and S05 

samples are shown in figs (a), (b) and (c) respectively. 

 

Fig 3.5.  FESEM images from S45, which was quenched from 1045 
o
C. Some 

amount of liquid phase infiltration can be observed. It can be observed that 

Y-123 matrix is not formed. 

 

Fig. 3.6.  FESEM micrographs of S10, are shown at increasing magnifications in 

figs. (a) to (c). It can be observed from fig. (c) that the sharp edges of Y-

211 particles are rounded; the particles are still of the same size as in fig. 

3.5. 

 

Fig. 3.7.  FESEM of S05. The formation of Y-123 and uniform distribution of fine 

Y-211 particles in the Y-123 matrix can be seen. The Y-211 particles are 

spherical in shape and are smaller (< 1 m) after the peritectic reaction 

with liquid phases. 

 

Fig. 3.8.  FESEM micrographs of Y-211 powder after pressing into a pellet, before 

further heat treatments. Sharp edges have been for these particles due to 

cracking in the pressing process. 

 

Fig 3.9.  EDS line analysis of S05, S10 and S45. In S05 the matrix region between 

Y-211 particles Y-123 as deduced from the composition graph shows the 

ratio of elements Y: Ba: Cu to be nearly 1:2:3. In S10 and S45, we observe 

that liquid phases with high Ba and Cu content are present in the matrix 

region.   

 

Fig. 3.10.  XRD patterns of S05 and S10 with the Bragg peaks corresponding to Y-

211, BaCuO2, CuO and Y-123 phases marked.  

 

Fig. 3.11.  The heat treatment schedules followed to synthesize the samples Y-1 and 

Y-2. The only difference between the two heat treatments is the infiltration 

temperature. For sample Y-1, Ti was 1100 
o
C, and for sample Y-2, it was 

1040 
o
C. 

 

Fig. 3.12.  (a) IG processed sample Y-2 prepared starting with a preform infiltrated at 

1040 
o
C and (b) IG processed sample Y-1 prepared starting with a preform 
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infiltrated at 1100 
o
C.  The arrows point to the final POIG processed 

samples. 

 

Fig. 3.13.  XRD patterns from sample Y-1 and Y-2 showing [103] texture.  

Fig. 3.14.  Y-211 particles are distributed uniformly in the Y-123 matrix of the 

samples (a) in Y-1 and (b) in Y-2. The histograms for Y-211 particle size 

distribution in Y-1 and Y-2 are shown in (b) and (e) respectively. It can be 

observed that a substantial number of Y-211 particles are of size below 1 

m in both the samples; in the sample Y-2 for which the infiltration 

temperature was lower, the Y-211 particles are finer in size. Twinning is 

observed in the Y-123 matrix of sample Y-1 (fig. c), and not observed in 

sample Y-2 (fig. f). 

 

Fig. 3.15.  The temperature dependence of in phase component of the ac 

susceptibility (χ’
) in samples Y-1 and Y-2. 

 

Fig. 3.16.  (a) and (b) shows magnetic field dependence of Jc at different temperatures 

for samples Y-1 and Y-2 respectively. It can be observed that the Jc of 

sample Y-2 (Ti = 1040 
o
C) is not sustained to very high magnetic fields as 

for the sample Y-1. This is in spite of a finer Y-211 distribution in the 

former case. 

 

Fig. 3.17.  FESEM images recorded after nano-indentation in Y-1 using (a) SE and 

(b) in-lens detectors. The SE image in (a) clearly shows the position of the 

indent and in (b) the microstructure of the same region can be clearly seen. 

In (a) serial numbers are provided for each indent, and in (b) position of 

the indents are pointed out with arrow marks. 

 

Fig. 3.18.  FESEM image of Sample Y-2 recorded after indentation using SE and in-

lens detectors are shown in (a) and (b) respectively. 

 

Fig. 4.1.  Heat treatment schedule followed to synthesize the (Y, Sm)BCO samples. 

 

Fig. 4.2.  FESEM images of (a) and (d) YSm-10, (b) and (e) YSm-20 and (c) and (f) 

YSm-30 powders sintered at 950 
o
C. The figures in the lower panel are at 

lower magnifications. The figures in the upper panel are at higher 

magnifications. Sm2O3 nano particles added to Y-211 can be seen to be 
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distributed individually and without agglomeration on the Y-211 surface in 

(a). In (b) and (c) such particles are too numerous to individually resolved.  

 

Fig. 4.3.  XRD patterns obtained from YBCO-Ar, YSm-10, YSm-20 and YSm-30 

samples are shown. The patterns were obtained using Cu Kα radiation. The 

Bragg peak positions corresponding to the 211 minority phases are indicated 

by (*). 

Fig. 4.4.  Temperature dependence of the real part of ac susceptibility (χ') for YBCO-

Ar, YSm-10, YSm-20 and YSm-30 samples. 

 

Fig. 4.5.  FESEM image from YBCO-Ar, and the corresponding Y-211 particle size 

histogram, are shown in (a) and (b) respectively.  

 

Fig. 4.6.  FESEM images obtained from the samples YSm-10 YSm-20 and YSm-30 

using In-lens detector are shown in (a), (b) and (c) respectively. In all the 

images, the presence of YSm-211 particles can be seen in the YSm-123 

matrix. The corresponding 211 particle size histograms are shown in figs. 

(d), (e) and (f) respectively. 

 

Fig. 4.7.  FESEM images obtained from the samples YSm-10 YSm-20 and YSm-30 (at 

5 kX) are shown in (a), (b) and (c) respectively. In all images YSm-211 

particles can be seen in YSm-123 matrix. The micrographs obtained at higher 

magnifications than those in fig. 4.6 are intended to clearly show the Y-211 

core region (bright) in the YSm-211 particles.  

 

Fig. 4.8.  The field dependence of Jc at temperatures 25 K, 50 K, 65 K and 77 K (for 

YBCO-Ar, YSm-10, YSm-20 and YSm-30 POIG processed samples) are 

shown in figs. (a), (b), (c) and (d) respectively. YBCO-Ar shows maximum 

Jc at zero field (Jc(0)) in comparison with other samples at all temperatures. 

Among all (Y, Sm)BCO samples, YSm-20 showed the best performance and 

it supported significantly larger Jc up to high magnetic fields at all 

temperatures. 

 

Fig. 4.9.  The field dependence of the normalized flux pinning force Fp / Fp max for the 

samples YBCO-Ar, YSm-10, YSm-20 and YSm-30 at temperatures 25 K, 50 

K, 65 K and 77 K are shown in figs. (a), (b), (c) and d). The curve for sample 

YSm‐20 peaks at the maximum field of 2.1 T at 77 K. 

 

Fig. 4.11.  (a) XRD plots of YBCO-Ar, YSm-20 and YSm-20-C samples. 
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Fig. 4.12.  (a) and (b) show FESEM images at lower and higher magnifications 

respectively, for YSm-20-C, the POIG processed sample prepared from 

powder obtained using citrate synthesis. In (c) and (d), in the lower panel, 

similar micrographs are shown for POIG processed YSm-20, which was 

prepared from powders where nano particles of Sm2O3 were separately added 

to Y-211. 

 

Fig. 4.13.  Temperature dependence of real part of ac susceptibility (χ') for the samples 

YSm-20-C and YSm-20  

Fig. 4. 14.  Field dependence of critical current density (Jc) of (a) YSm-20-C and (b) 

YSm-20 at different temperatures. 

 

Fig. 4.15.  Temperature dependence of real part of ac susceptibility (χ') for the samples 

YSm-20-Nb and YSm-20. The onset superconducting transition temperature 

remains the same for both the samples, but the transition width is more for 

the Nb- containing sample. 

 

Fig. 4.16.  X‐ray diffractograms obtained from YSm-20 and YSm-20-Nb samples. The 

Nb- substituted sample shows the presence of an extra intermetallic phase 

YBa2NbO6. The diffraction lines from the phase are marked (   ). 

 

Fig. 4.17.  FESEM images of POIG processed (a) YSm-20-Nb and (b) YSm-20. 

Addition of Nb to YSm-20 as given rise to more porosity in the 

microstructure with a minor refinement of the 211 particles.  

 

Fig. 4.18.  Critical current densities of YSm-20-Nb and YSm-20 samples are compared 

as function of external field at different temperatures. Jc(0) is larger for the 

Nb-containing samples at all temperatures. However, at higher temperatures 

the performance the Nb- containing samples deteriorates probably due to 

higher level of porosity. 

 

Fig. 4.19.  The magnetic field dependence of the pinning force for the samples YSm-20-

Nb and YSm-20 are shown in figs. (a) and (b) respectively. Fp is normalized 

with respect to its maximum value at each temperature. 

 

Fig. 4.20.  Compositional analyses of POIG processed YSm-20 sample. Upper panel (a) 

shows the composition obtained by an area scan of the 123 matrix. The area 

from where the data was acquired is marked in the micrograph. The 
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measured composition shows that the matrix consists of YSm-123. (b) the 

middle panel shows compositional analyses, through a point scan, of the 

bright region  in the middle of a 211 grain. The region is found to be free of 

Sm and corresponds to the composition of Y2BaCuO5.  (c) the lower panel is 

a point scan analyses of the darker outer region of a 211 grain. The 

composition corresponds to (Y, Sm)2BaCuO5.  

 

Fig. 4.21.  Elemental analysis in YSm-20-C. The upper panel, we note that the matrix 

composition is YSm-123. A compositional analysis of the 211 grains reveals 

that they have Y and Sm distributed uniformly within their volumes and 

there is no evidence of the formation of a core of composition Y-211.  

 

Fig. 4.22.  FESEM images from sintered preforms used for the fabrication of POIGP 

YSm-20-C at lower and higher magnifications are shown in (a) and (b) 

respectively. Similar images from YSm-20 are shown in (c) and (d). The 

preforms were fabricated in a die at a pressure of 460 MPa and sintered at 

950 
o
C for 4h. The comparison between figs. (b) and (d) shows that in the 

latter sample, the 211 particles are sintered into large grains. 

 

Fig. 4.23. Schematic figures to illustrate the mechanism of core formation within 211 

precipitates in (Y, Sm)BCO samples.  

 

Fig. 4.24.  Compositional analysis of YSm-20-Nb sample using EDS. The upper panel 

shows that the composition of the matrix corresponds to (Y, Sm)Ba2Cu3O7-δ, 

with a small amount of dissolved Nb. The middle panel shows that the 

composition of the darker part of the 211 precipitates correspnds to  (Y, 

Sm)2BaCuO5. The lowest panel shows that the core region of the precipitates 

contains no Sm or Nb and is pure Y2BaCuO5. 

 

Fig. 5.1.  Heat treatment schedule followed to synthesize theYBCO-Ar and YNSG 

samples. 

 

Fig. 5.2.  Variation of normalized real part of ac susceptibility (χ') with temperature for 

YBCO-Ar and YNSG samples. Sharp superconducting transitions are 

observed.  

 

Fig. 5.3.  X-ray diffraction patterns with Rietveld refinement for YBCO-Ar and YNSG 

samples were shown in (a) and (b) respectively. These samples are 

oxygenated and in the superconducting state. 
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Fig. 5.4.  X-ray diffractograms of YBCO-Ar and YNSG. * indicates the position of 

Bragg peaks of minor 211-phase. 

 

Fig. 5.5.  FESEM micrographs from YBCO-Ar (upper panel) and YNSG (lower 

panel), with the magnification in the figs. increasing to the right. In both the 

samples spherical porosity can be seen. In the YNSG sample, one can 

observe that the 211 particles occur with a core of Y-211. 

 

Fig. 5.6.  Elemental analysis of YNSG sample (a) in the superconducting 123 matrix, 

(b) in the darker outer periphery of the 211 precipitates and (c) in the core 

bright region of the 211 precipitates. In the matrix as well as in the periphery 

of the 211 particles, there is dissolved Nd, Sm and Gd. In the core region the 

material is pure Y-211.  

Fig. 5.7.  Temperature dependences of Jc and the field dependence of the normalized 

flux pinning force Fp / Fp max for YBCO-Ar are shown in figs. (a) and (b) 

respectively.  Similar plots are shown for YNSG in figs (c) and (d) 

respectively. 

 

Fig. 5.8.  FESEM images of YNSG-211 powder precursor pellet sintered at 950 
o
C for 

4 h, shown at magnifications of (a) 10 kX and (b) 25 kX. One observes that 

substantial grain growth takes place during the preform preparation stage. 

 

Fig. 5.9.  Histograms of 211 sizes in (a) YBCO-Ar, (b) YSm-20 and (c) YNSG 

samples. 

 

Fig. 5.10.  (a) The normalized current density Jc(H)/Jc(0) at 77 K for the samples 

YBCO-Ar, YNSG and YSm-20. YNSG and YSm-20 samples show similar 

behavior of retaining high Jc up to high fields. (b) For the YNSG sample at 

77 K, the normalized Jc is fitted to a function in H with two exponential 

terms in equation 5.1. 

 

Fig. 5.11.  Schematic diagram of the relation of peak field with the size of the defect 

spacing. 

 

Fig. 6.1.  Heat treatment schedules followed to synthesize the YBCO-Ar, YNSG, 

YNSG-Air, YNSG-L, YNSG-Ba, YNSG-P and YNSG-N samples. 
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Fig. 6.2.  Variation of normalized real part of ac susceptibility (χ') with temperature for 

the samples discussed in this chapter. Sharp superconducting transitions are 

observed for YBCO-Ar and YNSG samples, and the absence of secondary 

peaks, confirming the homogeneity of oxygen content compared to other 

three samples. 

 

Fig. 6.3.  X-ray diffractograms of YBCO-Ar, YNSG, YNSG-P, YNSG-N, YNSG-Air 

and YNSG-L. 

 

Fig. 6.4.  FESEM images of YNSG-Air recorded at magnifications of (a) 1 kX and (b) 

5 kX. 

 

Fig. 6.5.  Magnetic field dependence of Jc of YNSG-Air sample at different 

temperatures.  

 

Fig. 6.6.  FESEM images recorded at magnifications 1 kX and 5 kX from YNSG-L 

((a) and (b)). (c) and (d) are FESEM images for YNSG at magnifications 1 

kX and 5 kX. 

 

Fig. 6.7. Micrographs at different magnifications from YNSG-P material.  It shows 

different phases present in the material and the solidified liquid in platelet 

gaps.  

 

Fig. 6.8.  Jc vs applied magnetic field for YNSG-P sample at various temperatures. 

 

Fig. 6.9.  FESEM images of YNSG-211 preforms sintered at 15, 30, 60 and 240 

minutes, with the duration of sintering increasing in the figures from top to 

bottom. The panels on the left are at a magnification of 10 kX and those at 

the right are at a magnification of 25 kX.   

 

Fig. 6.10.  FESEM images of YNSG-N sample recorded at magnifications of 1kX, 5 kX 

and 10 kX ((a), (b) and (c) respectively).  

  

Fig. 6.11.   Jc is plotted against applied magnetic field for the YNSG-N sample at 

temperatures. 

Fig. 6.12.  FESEM images of YNSG-Ba sample recorded at different magnifications (a) 

2 kX, (b) 5 kX and (c)10 kX. 
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Fig. 6.13.  FESEM image of YNSG-Ba recorded at a magnification of 15 kX.  Presence 

of widespread twinning can be seen. 

 

Fig. 6.14.  (a) Field dependence of Jc for YNSG-Ba sample at different temperatures. In 

(b), the Jc vs H curves for YNSG-Ba and YNSG are compared at 77 K. 

Fig. 7.1.  FESEM images for (a) YNSG and (b) YNSG-Ba samples. Absence of 

spherical porosity and widespread twinning can be seen in YNSG-Ba sample.  

Fig. 7.2.  Field dependence of Jc at 77 K are compared for (a) POIG processed YBCO 

sample in air  (YBCO) with YBCO-Ar, (b) YBCO-Ar, YSm-20 and YNSG 

samples and (c) YNSG sample Jc with YNSG-Ba.  
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Tables Captions 
 

 

 Table 1.1:  Superconducting transition temperature ranges of different types of 

superconductors, where m=1 and 2 and n=1, 2, 3… 

 

Table. 3.1.  Microstructural and magnetic properties of the samples Y-1 and Y-2. 

 

Table. 3.2.  Mechanical properties of Y-1 and Y-2 measured on the Y-123 and Y-

211 phases in both the samples. 

Table 3.3.  Comparison of mechanical properties with those reported in the 

literature. 

 

Table 4.1.  Lattice parameters and cell volumes of YBCO-Ar, YSm-10, YSm-20 and 

YSm-30 samples.  

 

Table 4.2:  Tc onset and transition widths (ΔTc) obtained from ac susceptibility 

measurements for YBCO-Ar, YSm-10, YSm-20 and YSm-30 samples. 

YSm-211 phase content (Vol. %), YSm-211 particle size-range, and 

porosity in the matrix estimated from microstructural studies, are also 

shown. 

Table 4.3:  Current density at zero field (Jc(0)) for the YBCO-Ar, YSm-10, YSm-20 

and YSm-30 samples at 25 K, 50 K, 65 K and 77 K. 

 

Table 4.4:  Temperature dependence of Jc(0) and normalized flux pinning force for 

YSm-20-Nb and YSm-20 samples. 

 

Table 5.1:  Lattice parameters and the unit cell volumes of the samples. 

 

Table. 5.2.  Fitting parameters for YBCO-Ar, YNSG and YSm-20 samples   

 

Table 6.1:  Lattice parameters and unit cell volumes of the YBCO-Ar, YNSG, YNSG-

P and YNSG-N samples. 

 

Table 6.2.  Comparison of various (Y, NSG)BCO samples dealt with in this chapter. 
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APPENDIX 

 

1. Elemental analysis of YSm-20: 

In order to identify various phases observed in the matrix and in the bright and 

dark regions of the precipitates, compositional analysis of the synthesized samples 

was carried out in detail using EDX through a) mapping, b) area scans and c) 

point scan. Given below are the results on one of the samples YSm-20, chosen as 

an example. 

(i) Mapping: 

 

Fig. A.1. Mapping data for sample YSm-20. In (Y, Sm)-211 particles RE elements (Y 

and Sm) present more than in matrix. In RE-211 phase in centre regions of the particles 

more Y concentration can be found. 
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Mapping investigations identify the local distribution of individual elements by 

measuring the corresponding characteristic X- radiation (K1, L1 , etc.) of the 

elements, one at a time. Such data on YSm-20 is shown in fig. 4.10 (b-f) for 

elemental scan of Y, Sm, Ba, Cu and O. Fig. 4.10 (a) is a superposition of all the 

scans. An examination of the mapping indicates that Y and Sm elements are 

present all over the mapping frame that contains the matrix phase and the 

precipitates.  

It can also be observed that the amounts of RE (Y and Sm) elements are more in 

the precipitates than in the matrix, while Ba and Cu elements are in lesser 

amounts in the precipitates as in RE-211, compared to RE-123 matrix. Y is found 

to be rich in the cores of precipitates. 

For more precise estimate of the amounts of the elements present in different 

regions, area scans are recorded as discussed below. 

(ii) Line Scan : The elemental scans done along a line chosen across the 

precipitate within the matrix are shown below. 

Line scan images of YSm-10, YSm-20 and YSm-30 samples are shown in 

fig. 4.12 (a), (b) and (c) respectively. Line was drawn in the matrix phase via dark 

and bright regions of the 211 particles. In all samples it is observed that the dark 

shade of the 211 particle consists of both the Y and Sm elements, whereas the 

core part of the 211 phase contains only Y. These results confirm that the 

compositions of the dark regions of the 211 particles are (Y, Sm)-211 and the 

brighter regions of the 211 particles are Y-211.  
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Fig. A.2. Line scan images of YSm-10, YSm-20 and YSm-30 are shown in (a), (b) and 

(c) respectively. Red line for Y, Yellow line for Sm, Blue line for Cu, Green color for Ba 

and Orange color line for Oxygen. 

2. Compositional analysis of YNSG-P through EDS: 

Elemental analysis of the YNSG-P sample was carried out by employing EDS and 

pictured in fig. 6.5.  In this sample also three different shades were found as same 

as observed in YNSG sample (fig. 5.5.) which are 123 matrix and YNSG-211 and 

Y-211 phases. Measurements were done on matrix, YNSG-211 and Y-211 phase 

particles and shown in figs. A.3. (a)-(c) respectively.  
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Fig. A.3. Composition analysis of the YNSG-P sample (a) on matrix, (b) on YNSG-211 

and (c) on Y-211 phase.  

To confirm this excess Ba and Cu in the sample, composition analysis was carried 

out on the black region which is believed to be pore filled with liquid phases. 

From the measurements as shown in the fig. A.4., it is found that the presence of 

Ba and Cu is higher which is confirming the solidification of liquid phases in 

pore.  
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Fig. A.4. Compositional analysis on pore filled with liquid phase. 

 

3. EDS results of YNSG-Air: 

 

 
 

Fig. A.4. EDS measurement on (a) 123 matrix, (b) dark region of the precipitate 

and (c) bright region of the precipitate.  
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