
CHARACTERISATION OF HIGH TEMPERATURE 
SUPERCONDUCTING COMPOUND BY X-RAY 

AND OTHER TECHNIQUES 

T HEStS 
SUBMITTED TO 

THE UNIVERSITY OF KERALA 
IN PARTIAL FULFILMENT 
OF THE REQUIREMENTS 

FOH THE DEGREE OF 

DOCTOR OF PHILOSOPHY tN PHYSICS 

BY 

SIMON AUGUSTINE 

REGIONAL RESEARCH LABORATORY (CSIR) 
f HI R Uvl LlsFbfRY I lf4FORMAnm 95 019 

GI605 

NOVEMBER 1992 





I. SIMON AUGWINE, hereby declare that this thesis entitled 

mCharactaFisatSm of FiW Temperature Supermanducthg Compmnd by 

X-ray and other Techniqussm is a bonafide record of research work 

done by me and that no part of this thesis has been presented earlier 

for any degree or diploma of any ather Universities. 



CERTIFICATE 

7CLib i~ .to cen;tidy I M  Xhe Z h u A  -d " C h c ; t ~ c c t i o n  04  

High Tempvuubhe Supertcortductirtg Compound by X - m y  and o X h m  Techniques" 

i~ an &he&ic ~ecomf on tke a u m c k  u to~b  d e d  ou;t by &. Simon 

A u g u h e ,  M.Sc. d m  my a u p a v & h n  in ptmXcc& ~tu?&&ent 06 t h e  

m.qu.&emert;t doh Zlte Pegkee 06. V o c ; t o ~ ~  od Pkieohophy o i  the Urtivehaay ob 

K m d a  and & a t k t a  t h d  no 05 ZkLb haa been p/~eaertted bedone 

don any o$hen degtee. 

DR. P.S. MuMmjee 
S C & t ,  W R  V i u d i o n  
Regionai! Rum& LaboMol ty  (CSJR) 
T h v M -  695  019 {India) 



C O N T E N T S  

ACKNOW LElXJ3MENTS 

PREFACE 

LIST OF PUBLICATIONS 

LlST OF FIGURES 

LTST OF TAB= 

CHAPTER 1 

1 GENERAL INTRODUCTION 

1.1 Superconduct ivlty , The phenomenon 

1.2 High temperature superconductors 

1.2.1 Superconductivity in Y-Bs-Cu-0 system 

1.2.2 Superconducting bismuth cuprates 

1.2.3 Thallium cuprate superconductors 

1.2.4 0 ther high temperature super conduc t ing 
phases 

1.3 Structure of YBa2Cu307-d 

1.4 Anisotropy in YBCO 

1.5 Phase transformation in YBCO 

1.6 Oxygen st oichiometry , oxygen ordering and 
superconducting properties 

1.7 Phase diagram of Y 0 -BaO-CuO system 2 3 

1.8 Preparative methods 

1.8.1 Ceramic route 

1.8.2 Chemical route 

pase 

i 

iii 

v 

viii  

xiii 



CHAPTER 

1.9 Fabrication of Y3CO for practf cal applications 

1.9.1 Powder process 

1.9.2 Melt process 

1.9.3 Thin f i l m s  and thick f i l m s  

1.10 Single crystal growth 

1.11 Some basic properties of YBa2Cu3 07-6 

1 . 1 2  Difficulties for practical applications 
and solutions 

1.12.1 Low critical current density 

1.12 . Z  ~ i a c t i o n  w i t h  water 

1.12.3 Brittleness 

1.12.4 Possible solutions 

1.13 Structure of bismuth cuprates 

1.14 Aim,  scope and objective of the present work 

References 

2 EXPERIMENTAL Y m O D 5  AND INSTRUMENTAL 
TECHNIQUES 

2.1 Introduction 

2.2 TransitSon temperature (T 1 measurement 
C 

2.3 Critical current density measurements 

2 . 4  XRD analysis 

2.5 Microscopic techniques 

2.6 Thermal methods of anallysis 

2.7 Determination of oxygen stoichiometry 
by iodometric titration 

References 



PART A 

3 STUDIES ON TEXTURED GRAIN GROWTH IN YBCO 
UNDER DIFFERENT OXYGEN PARTIAL PRKSSURES 
AND TEMPERATURES 

3 .  I Introduction 

3.2 Experimental 

3.2 .I Measurement of textured grain growth 

3 . 3  Results and discussion 

3.3.1 Effect of oxygen partial pressure 
3 . 3 . 2  Effect of temperature 
3 . 3 . 3  Effcct of oxygen partial pressure and 

tempera tvre 
3 . 3 . 4  Effect of soaking period 

3.4 Conclusion 

References 
P 

4 mUDIES ON TEXTURED GRAIN GROWTH IN 

-zcu3O7-6 BY ALKALI METALS SUBSTITUTION 

4.1 Introduction 

4 . 2  Experimental 

4.3 Result and discussion 

4 .4  Conclusion 

References 

5 MECHANISM FOR ENHANCED TEXTURED GRAIN GROWTH 
UNDER DIFFERENT OXYGEN PARTIAL PRESSURES, 
TEMPERATURES AND SUBSTITUTIONS 

5.1 Introduction 

5.2. Description of the model 

5.2.1 Effect of Pa2 on textured grain growth 

5.2.2  Effect of alkali metals substitutions 
on textured grain growth 



PART B 

7 SYWTABsIs OF PHASE PURE YIBa2Cu30,-d BY 

DYNAMIC VACUUM CALCINATION AND ITS 
CHARACTERISATION 

7.1 Introduction 

7.2 Experimental 

7.2.1 Experimental set up 

7.2.2 Processing of YBCO by dynamic 
vacuum calcination 

7.3 Results and discussion 

7.4 Conclusion 

R e f  erencas 

PART C 

8 VARIATION OF STRUCTURAL AND SUPERCONDUCTING 
PROP ERTf ES UlTH INITIAL STOICHXUMBTRY 
:VARIATION IN (Bi.  Pb]-Sr-Ca-Cu4 BULK 
SUPERCONDUCTOR 

8.1 Znt roduc t ion 

8.2 Experimental 

8 . 3  Results and discuspion 

8.3.1 Effect of Pb-doping 

8.3.2 Effect of Sr, Ca and Cu variations 

8 .3 .3  Effect of impurity phases on J 
C 

8 . 3 . 4  Best initial stoichiometry 

8.3.5 Effect of soaking period HTI 

8.3.6 Effect of soaking period on T 
001 

8.4 c onclusf on 

References 



Page 

9 mUDLES ON TmTURKD GRAIN GROWTH 1N BPSCCO 
AND PRWARATION ANIT CHARACTERISATION 
OF TKXTURED SINTKRED BULK BPSCCO BY 
SUSPENSION Y r n O D  

9 .I Studies on textured grain growth in BPSCCO 

9.1 .I Introduction 

9 :I. 2 Experimental 

9.1.3 Results and discussions 

9.2 Preparation and characterisation of 
textured sintered BPSCCO bulk by 
suspension method 

9.2.1 Introduction 
9.2.2 Experimental 

9.2 .3  Results and discussion 

9 . 3  Conclusions 

References 

10 SUPERCONDUCTING AND MECHANICAL PROPERTIES 
OF (Bi,Pb)-Sr-ca-CMJAg COMPOSrrE 

10.2 Experimental 

10.3 Results and discussion 

10.3.1 ~u~erconhucting properties of 
BPSCCQ/Ag composite 

10.3.2 Mechanical properties of BPSCCO/Ag 
composite 

10.4 Conclusion 

References 

SUMMARY 



ACKNOWLEDGEMENTS 

I wish to express my deep sense of gratitude and indebtedness 

to Dr.  P.S. Mukherjee, Scientist, Regional Research Laboratory, Thiru-  

vananthapuram (RRL-T 1 for his constant encouragement, valuable guidance 

and continual support given to m e  throughout the course of this  work. 

I am extremely grateful to Dr.  A.D.  Darnodaran, Director, RRL-T, 

for his keen interest. suggestions and encouragement during the period 

of this research. I am also thankful to him for extending al l  the facili- 

ties to carry out the work. 

I am indebted to Mr. M. Sankara Sarrna, RRL-T for his timely 

help and friendship and my sincere thanks are due to Mr. P. Gurus\~amy, 

RRL-T for his help throughout the work. 

I take this opportunity to thank Dr. C .  Pavithran, Prof. J. 

Koshy and Dr. K. Ravfndran Nair of RRL-T, Dr. U. Balachandran, 

Argonne National Laboratory, USA, Dr .  T . R . N .  Kutty, IISc, Bangalore, 

Dr. B.V. Mohan, BHW, Bangalore, and Dr. P .  Murugaraj, CEPclET , 

Trichur , for their useful discussions and suggesti~ns during this vor k . 

I thank Dr. K.G.'Satyanarayana and Dr. [Mrs.] M. Lalithambika 

of RRL-T for a l l  the help rendered to me when I was in their 

respective Divisions. 

My sincere thanks are due to M r .  Peter Koshy, Dr. K.G . K .  

Warrier, Mr. K. Sukumaran, Mr. 'v .s .  Prasad, Mrs. Prasanna Kumari, 

Mr. S . G , K .  Pi l la i ,  Mr. K.K. Ravikurnar. Mr. Krishna P i l l a i ,  



Mrs. Rugmini Sukvmar of RRL-T and Prof. K . C .  Pati l  of IISc, Bangalore, 

and Dr. A. Sequeira of BARC, Bombay, for their help in different instru- 

mental methods used in this study. 

I acknowledge w i t h  thanks Dr. C.S. Narayanan and M r .  K.P. 

Sadasivan of RRL-T and Prof. V.K. Vaidyan. Dept of Physics, Univer- 

sity of Kerala. Thiruvananthapuram, for their help during this work. 

I have great pleasure to acknowledge the friendship ahd support 

of Mr. George John during the entire research period. 

1 acknowledge the affectionate friendship of Mr. K.P. Kumar, 

Mr. H.K. varma, Mrs. P. Umadevf, Mr. K.V.  Paulose. Mr. Anil Kumar, 

Mr. C .  Mohan Kumar and Dr. George Thomas in the coursz of this work. 

I make use of this opportunity to  express my heartful thanks 

to Mr. M. Brahmakumar for making my stay at Thiruvananthapuram a 

pleasant one. 

Help rendered by Messers P. Vijayakumar, R .  Babu and N. 

Gopinathan in the preparation of this thesis is duly acknowledged. 

I 
I acknowledge with thanks staff of RRL-T for their kind coope- 

ration and support at various stages of my dissertation work. 

I acknowledge the Council of Scientific and Industrial Research 

(CSIR) , N e w  Delhi, for the financial support during the caurse of this 

work. 

There still remains many other n a m e s  to be remembered. I 

extend my heartful thanks to one and al l  of them. 

SIMO F AUGUSTINE 



PREFACE 

The discavery of high temperature superconduct or s has 

generated great interest a l l  over the world because of i t s  immense 

practical importance. Fram the initial stages of development itself, 

i t  has become clear that these new brand of ceramic materials exhibit 

a number of difficulties for practical applications. The main hurdles 

were the low transport critical current density [ Jc ) in bulk and 

brittleness. Efforts to overcome these hurdles have been initiated 

6 7 
based on the observation of high Jc of the order of 10 - 10 A/cm 

2 

in single crystals and epitaxially grown thin films. Also, from the 

single crystal studies i t  was found that Jc along ab-planes is at least 

one order of magnitude higher than that along c-axis. T h i s  anisotropy 

of Jc and the weaR nature of grain connectivity have be& identified 

as the major reasons for 'the large difference between the inter-grain 

and intra -grain Jc . The weak nature of grain connectivity arises 

mainly because of the impurity layers .at the grain boundary. Thus 

i t  is clear that the application of high temperature superconductors 

in their bulk form requires: 

1 . alignment or texture of grains so that their ab-planes lie in 

the direction of current, 

i i .  absence of impurities at the grain boundary, and 

iii . better mechanical properties, perhaps by the incorporation 

of ductile metals in the superconductor matrix. 



It is also known that J, is enhanced if fine particles of "flux 

pinning ma terialsfl, can be distributed uniformly throughout the bulk 

of the superconductors. 

There are several different ways of introducing texture in the 

bulk poly cry stalline ceramics. One of the important techniques is 

aligning grains by mechanically or magnetically and slntering i t  without 

disturbing the alignment achieved. The key to  this technique is the 

grains w i t h  anisotropic morphology. Thus i t  is imperative to study 

textured grain growth in high temperature superconductors. 

In the present work, the textured grain growth in Y1Ba2Cu3 07-& 

( YBGO) under different oxysen partial pressures, temperatures and 

substitution during the calchation stage h8s been investigated for the 

first t i m e .  Also a mechanism has been sugsested for explaining the 

enhanced textured grain growth arising under the experimental condi- 

tions mentioned above. Moreover, the effect of cold pressing and 

heat treatment on the alignment of platy YBCO grains and the alignment 

of platy grains of BPSCCO [ (B i .  Pb) Sr2 Ca2 Cu3 OI0 1 by suspension 

through a dense liquid have been studied. The correlation betii*een 

the Jc and the texture has been investigated. 

Conventional method of preparation of YBCO induces far matian 

of nonsuperconducting phases due to the higher processing temperature 

and the presence of CO in the processing environment. During the 
2 

present. study an experimental set up has been fabricated and the 

processing parameters have been standardized to yield phase pure 

YBCO. 



Synthesis of the pure 2223 phase (with T = 110 K) in the 
C 

(Bi,Pb)-Sr-Ca-Cu-0 system is .very difficult and a lot of controversy 

is still there regarding the initial stoichiometry to be taken so as 

to result in a sintered bulk material with higher J . Thus work has 
C 

been carried out to study the effect of initial stoichiometry variation 

and processing conditions on the structural and superconducting proper- 

ties of this system. 

In the case of YBCO it is well established that ductility can 

be imparted by fabricating YBCO/Ag composites. Also its processing 

can be done in air without affecting the superconducting properties. 

But in the case of Bi-based superconductor, silver addition has a 

poisoning effect when processed in air. In the present work 

BPSCCO/Ag composite was synthesized by adding AgN03 and processing 

in air. Studies on the various superconducting and mechanical proper- 

ties of these composites have also been done. 
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GENERAL INTRODUCTION 



CHAPTER 1 

GENERAL rnRODUCTION 

1.1 SUPERCONDUCTIVITY. THE PHENOMENON 

The electrical resistance of many materials drops suddenly 

to zero when it is cooled to a sufficiently low temperature. This  

phenomenon is known as superconductivity. The temperature at which 

this change occurs. is the transit ion [critical) temperature [T ) . In 

1911 Dutch Physist H. Kammerlingh Omes observed this phenomenon 

for the first time [I]. He found that the electrical resistance of Hg 

below 4 K remained effectively zero. Thereafter over a thousand mate- 

rials were found to exhibit superconductivity. T i l l  1986, the maximum 

value of Tc was 23.3 K for Nba Ge alloy 12. 31 . 

1.2 HfGH TEMPERATURE SUPERCONDUCTORS 

The breakthrough In this field was made by George Bednorz 

and Alex MiIljler in 1986 141. They observed superconductivity in 

Bax La5-x Cu05 (3-y) ( x  = 1 and 0.75. y > 0) system. at an unprece- 

dented high temperature of -30 K .  Later the superconducting phase 

was iderntified as LaZwx BaxCu04 (x = 0.0  - 0.2) .  The breakthrough 

by Bednorz and M'illler was really two fold.  One the demonstration 

of a new previous1 y unrecognized class of ceramic superconducting mate- 

rials. The other, a big advance in the superconducting transition 

temperature to a value believed, by many theorists to be the limiting 



temperature for the operation of the electron phonom interact ion which 

is the basis of BCS theory 151. 

1.2.1 Sup-duetivity in Y-&-cu~ system 

The next dramatic breakthmgh came with the report in  

January 1987 that superconductivity had been observed in Y -Ba-Cu-0 

compound at a temperature above that of liquid nitrogen 177 K 3 . Chus ' s  

group at the Unlversf ty of Houston had observed transition onset tempe- 

rature in Y-Ba-Cu-0 compound as high as 92 K [6J. Soon after i t  

became evident that a number of groups around the world independently 

observed the same transition in similar material [T-91.  The super- 

conducting phase was later identified as YBa2 Cu3 07-& (YBCUl [ l o ] .  

Further investigations showed that in YBCO, yttrium can be replaced 

by rare-earths except Pr, Tb and C e  without affecting the transition 

temperature. These inventions have generated great interest both 

scientifically and technologically al l  over the world because of its 

immense practical Importance. In the past liquid helium (temp. 4 K] 

was used far the refrigeration of superconductors, which needed bulky 

cooling equipments making the process too expensive, But for the new 

materials liquid nitrogen can be used as the coolant. The refrigeration 

system thus required for this is much cheaper and simple compared 

to liquid helium system. 

In early 1988 Michel et a1 [Ill showed that an oxide super- 

conductor with Tc in  the range 7-22 K is present in Bi-Sr-Cu-O system. 



Later Maeda et a1 [12] found that the introduction of additional element 

calcium in Bi-Sr-Cu-0 lmds to superconductfvity above liquid nitrogen 

temperature. Later several compositions of the Bi-Sr-Ca-Cu-0 have 

f m d  to exhiblt superconductivity (13-17 3 , Among these two important 

superconducting phases are BIZ Sr2 CaCu2 08+A (2212) with a transition 

temperature 85 K 118-201 and Bi2Sr2Ca2Cu3OI0 (2223) with a transition 

temperature 110 K [21, 221. The synthesis of phase pure 2223 phase 

is more difficult than the synthesis of 2212 phase. 1t has been esta- 

blished that the partial substitution of Bi by Pb favours the formation 

of 2223 phase 1231. 

Studying the substitution of yttrium by the trivalent cation 

thallium in YBCO, Sheng et a1 [241 at the end of 1988, found super- 

conductivity at  85 K .  The structure determination studies . [ 25, 264 lead 

to the composition TLZ BaZ CuDs for this compound. Shortly the same 

authors 127. 281 discovered TL2Ba2Ca2Cu3OI0 (2223) which has a Tc of 

125 K and TLZBaZCaCuZOs (2212) which has a Tc of 108 K. Later 

many compositions of TL-Ba-Ca-Cu-O system was found t o  be supercon- 

ducting 129-31 3 .  

1.2.4 Other high temperature superconducting phases 

Y Ba Cu 0 I1241 is an important compound with T C w  80 K 132). 
1 2  4 8  

The importance of this compound is that i t s  oxygen content is constant . 
Ba K BiO is a copper free superconductor T - 30 K 1331 . 

1-x x 3 C 

A list of major high temperature superconductors are given 

in Table 1.3 E341, 



Table 1.1: List of major high tempmature gupwwnductors 

Compound Tc (K) 

BiZCaSICuO 
6+& 

B i  Sr C ~ C U ~ O ~ + ~  2 2 

Bi2Sr2Ca2Cu3OI0 

( B i  . Pb ) 2Sr2Ca2Cu3010 
TL Ba CaCu 0 

2 2 2 6 

TL2Ba2Ca2Cu3OI0 

TLBa2CBZCuOg 

TLBaZCeCu20, 

TL2Ba2Ca3Cu4OI2 

YBa2Cu408 

Ba, K BiOB 
-X X 



Among the various high temperature superconductors listed in 

Table 1 .I the present work undertaken is on YBa 2Cu3 07_& (YBCO) 

and (Bi . Pb) Sr2 Cs2 Cu3 OI0 ' (BPSCCO) compounds. Hence i t  w i l l  be 

appropriate t o  give more details about YBCO and BPSCCO compounds. 

1.3 STRUCTURE OF YBa2Cu3077d 

The structve of YBCO was first deduced f r o m  x-ray powder 

diffraction experiments [ 35-37 1 and subsequent refinement was done 

by neutron diffraction studies 138-451. From the studies i t  was found 

that Y BCO has a layered oxygen deficient perovskite structure w i t h  

orthorhombic symmetry (a = 3.816 2, b = 3.8883 R , and c = 11.698 R 1 .  

Figure 1.1 shows a typical structure of YBCO. The lattice spacings 

with corresponding indices of YBa2Cu307 are given in Table 1.2. 

Later more detailed studies on structure have been reported 

[46-49) using single crystals. The details of the structure are summa- 

rised in Table 1.3a6t1 142 ] . 

Of the two sets of Cu atoms Cu(2) is surrounded by four 

oxygen atoms, two at 1.929 X and two at 1.96 5[ giving rise t o  a 

square pyramidal coordination for Cu forming CuOZ layers. In the 

other set, the Cu(1) atoms are surrounded by four oxygen atoms t w o  

at 1.942 and two at 1.845 R .  Here the oxygen atoms form near 

rectangles connected by vertices, and resulting in the Cu-O chains along 

the b-axis . 

1.4 MISOTROPY I N  YBCO 

YBCO superconductor has a perovskite based layered structure 



Fig .  1.1: Typical atmctum of YBa Cu 0 
2 3 7  



Table 1.2: X-ray powdm data for YBaZCu307 

20 I/I, 
Obs calc obs cal c hkl 



Table 1.3(a) : Final crystallographic data for YBa2Cu306-85 

at room temperern [After 42) 

Atom W yckof f x/a Y /b z/c B(R~) site 
symbol 



Table 2.31b): Selected lnmd distance, angle and strangth data 

'Or - ~ ~ % ~ 6 . 8 5  

Bond Distance Number Bond Distance Number 

(21 cR1 

Bond AWle (deg) 

Bond strength data: 

Assuming 

Summed strengths 

Summed strengths 

Cu 3+ 

2~0.38 

2~0.26 

2 .5  = calculated 

valence 

2 ~ 0 . 2 5  

2x0.25 

0.16 

2.16 = calculated CU( 2 1 
valence 



which causes a large anisotropy of the superconducting properties. 

Single crystal studies of YBCO showed marked anisotropic 

behaviour in resistivity [ 501 magnetic susceptibility [ 511 critical 

magnetic field 151,521 and critical current density [ 53,541 . 

1.5 PHASE TRANSrnRMATION IN YBCO 

Phase transition in YBCO is a direct result of the variation 

in oxygen stoichiometry which results in disorders as well as 

structural distortion, There are many reports which deal w i t h  

structural transformation 155-59 J .  The oxygen content of YBCO can 

be varied from 6 to 7 by appropriate heat treatment in  

controlled oxy8en atmosphere. Ortherhombic YBCO loses oxygen at 

a high temperature of above 7 0 0 ~ ~ .  The oxygen at O1 sites are lost 

gradually and the compound becomes tetragonal and nonsupsrconducting 

when the oxygen content is 5; 6 . 5 .  

This decomposition is reversible and while annealing in oxygen 

atmosphere at loser temperature of 400-500' C .  the tetragonal YBCO 

absorbs oxygen and the stoichiometry become YBa2 Cu3 D7-* [ d close 

to  zero). During this absorption O1 s i tes  are fi l led and the compound 

becomes orthorhombic and superconducting again. When the oxygen 

content is in the range 6-6.5,  the compound is tetragonal and above 

6 . 5  the compound is orthorhombic upto 7 1.441 . The unit cell volume 
3 3 increases w i t h  & from 173.7 X ( = 0.0) to  176.2 8. ( = 1) L601. 

Typical structure and XRD patterns of orthorhombic and tetra- 

gonal phases are given in Fig. 1.2a6b, 1.3 a6b respectively - 



Fig. 1.2: Typical structure of orthorhombic and 
tetragonal phase 



Fig. 1.3: Typical XRD patterns of a) arthorhombic, and 
(b) tetragcmdl YBCO 



Quenching YBCO from higher temperature (above 900' C) results 

in oxygen defficiency and the compound is tetragonal. If the compound 

is slowly cooled in oxygen atmosphere, from a higher temperature of 

above 900' C more oxygen is absorbed and the associated tetragonal 

D 
to orthorhombic transition occurs in the 600-750 C range depending 

on the oxygen partial pressure [ 61 1 . 

1.6 OXYGEN S T O I C H I O m R Y ,  OXYGEN ORDERING AND SUPERCONDUCTING 

PROPERTIES 

Many researchers have looked into such structural transfor- 

mation accompanying change in  oxygen content and its dependence on 

superconducting properties of YBCO [62-661. Chen et a1 I671 reported 

the existence of orthorhombic I and orthorhombic II forms. The 

oxygen content is different for orthorhombic I and 11. For orthorhom- 

bic I ,  i t  is 6.7-7 arid. for orthorhombic IX i t  is 6.5-6.7. The three 

forms, tetragonal, orthorhombic I and orthorhombic I1 differs in their 

cell parameters. For tetragonal symmetry a = b < cJ3, for orthorhom- 

bic I ,  a < b = c/3 and for orthorhombic 11, a 4 b 4 c /3  1681. Galla- 

gher et al [551 attributed the orthorhombic 11 reg ime  to the coexis- 

tence of orthorhombic I and tetragonal forms. T h e  orthorhombic E 

0 
form exists in the temperature range 400-500 C and orthorhombic II 

form in  the range 500-600'~.  

The effect of varying oxygen content on T of YBCO has been 
C 

studied by many groups [ 56,57,69-711. A typical curve for the varia- 

tion of Tc with oxygen content is shown in F i g .  1 .4 .  

For x = 7-6.8, Tc remains almost 90 K, leading to  a plateau 



Oxygen stoic hiomet r y (x)  

Fig.  1.4: Typical plot of Tc vs oxygen stoichiometry 



in the curve, but falls suddenly to 60 K, for x = 6 -75-6.5. At 60 K 

i t  exhibits a second plateau h the curve and then falls rapidly to 

4 K for higher oxygen deficiency. The T, change to  4 K is followed 

by a phase transition 1.0. orthorhembic to  tsgragonal. Many groups 

have suggested an orderfng of oxygen in YBCO [72-741. For 4 = 0, 

all the O1 sites are occupied. When d = 0.5 alternate unit cell have 

O1 positions occupied. When d = I ,  all the Dl positions are empty. 

The melting point of YBCO is dependent on the atmosphere 

because of the pronounced changes in the oxygen cantent at the melting 

temperature. The melting point varies from about 975' C in nitrogen 

to  1035'~ in oxygen (751. 

Many researchers have carried out the phase diagram studies 

of YZ' o3 -Baa-CuO system [76-79 1. These preliminary studies 

established phase stabilf ty fields below solidus temperature (around 

950' C )  . Campstibility regions in tpe pseudoternary Y2 O3 -BaO-CuO 

system, as determined at 9 5 0 ' ~  is shown in Fig. 1.5. The known 

copper compounds in this system are BaCuOZ , Y2 Cu2 O5 , YZ BaCu05 , 

YBa3Cu2O7 and YBaZCugO,-d 176). In addition there are four p ~ s s l b l e  

barium yttrium oxides, Y28a2O5. Y4Ba309. Y2Baq0 ,  and YBaq07 [76] .  

Karpanski et . a1 I801 carried out investigations on the high pressure 

phase diagram 11-3000 bar oxygen) in Y-Ba-Gu-0 system. They found 

the existence of a multiphase region consisting of Y3a Cu 0 11241 ,  
2 4 8  

Y2Ba4Cu,01p[24?] and YBa2Cu307-6 11231 in the pressure range 50-200 bar 



Fig. 1.5: Compatibility -ions h the pseudoternary 
Y203-8aDCuO system as determined at 950 C 



f 

oxygen. Among these phases only YBa2 Cu3 07_6 I1231 and Y3aZCuq08 

(1241 are found to be supercmducting. 

1.8 PREPARATIVE YETHOIS 

Pure and homogeneous materials with uniform oxygen stoichio- 

metry and good superconducting properties can be obtained by several 

methods. The more important among them are discussed below. 

1.8.5 Ceramic mute 

This is the most commonly used method of preparation. Pure 

YBa2cu 0 
3 7 6  

has been synthesised [ 81-66] by high temperature solid 

state reaction between constituent oxides/carbonates/nitrates. In this 

process, the powders of different components in the appropriate ratio 

are mixed w e l l  and heated for 12-48 hrs at 850-950'~ in air with inter- 

mittent grinding. YBa2Cu307j obtained by this process is 'axygen defi- 

cient and nonsupesconducting. This compound is annealed in an oxygen 
0 

atmosphere at 400-500 C. Then it absorbs more oxygen and acquires 

superconducting property. Platinum or alumina crucibles are widely 

used for the preparation. YBCO prepared by this way shows super- 

conducting transition temperature of 92 K. 

1.8.2 Chemica l  mte 

Many groups have reported the successful preparation of 

YBa2Cu34-d from precursor powders made by co-precipitation of hydro- 

xides, carbonates or acetates [87-901. The sol- gel method also has 

been used 191-931. The advantage of the above methods are that they 

yield fine powders having particle sizes less than 1 Prn and a better 



homogeneity of phase. A major drawback of these processes are side 

reaction of the constituent metal ions. The co-precipitated precursor 

powders are generally calcined .at  850'C in air and the product thus 

obtained is later annealed In oxygen at 400-500'~ to get the supercon- 

duct ing properties. 

Experiments starting from metallic precursor are a1 so reported 

[94,95] where Y, Ba and Cu metals are first alloyed and then 

oxidised . 

1.9 FABRICATIOW OF YBCO FOR PRACTICAL APPLICATIONS 

The major techniques invalved in fabrication process are, 

(1) powder process, ( 2 )  melt process, (3 )  thin and thick f i l m  prepa- 

ration. 

1.9.1 Powder proems 

The bulk synthesised powder with suitable additives or 

binders are  extruded 2n the farm of wires or tapes. Ceramic metal 

composites - as well as ceramic polymer composites have been fabricated 

f o r  application purposes E96-981. 

Silver is commonly used for fabrication of ceramic metal compo- 

sites. S everal techniques have been used for the fabrication of dif fe-  

rent shapes f r o m  powder. Expansion compaction or shock compaction 

1991 hat isostatic pressing [I001 aluminium clading by thermal compre- 

ssion bonding I1011 and uniaxial pressura application are some of the 

methods used for this purpose. 



Novel methods such as electron discharge compaction or high 

energy high rate process 21021 and sinter forge techniques I1031 have 

also been reported. 

In several laboratories YBCO has been processed from a melt 

of the same material. The techniques used are melt drawing, melt 

spinning or wire melt ing.  In melt drawing a bar shaped pressed YBCO 

compact 1s heated at 1200-1300~ C and the melted portion is drawn in 

the farm of a wire by pulling apart the unmelted ends (943. The 

product obtained by this way is usually nonsupsrconducting but has 

higher density and texturing. Annealing these wises in oxygen restores 

the superconducting property. The critical current density (J, ) of 

the material is relatively higher 11041. Melt spinning [I041 involves 

the ejection of the molten YBCO on a ring of rotating metal wheel. 

In the w i r e  melting method the experiment is conducted using a 

ceramic/metal-core composite, superconducting wire as a preform. The 

metal core is melt  processed (1041 by rapidly moving the torch flame 

and meltirig the outer portion of the YBCO shell. 

Coating a metal ribbon or w i r e  with YBCO has also been tried 

[ 961 with encouraging results. 

1.9-3 ~ h i n  f i l m s  and thick f i l m s  

Thick and thin f i l m s  of YBCO have technological applications. 

Thick f i l m s  can be used for magnetic shielding devices, electrical inter- 

connects etc. and thin films for computer applications, SQUIDS, etc. 



Thick f i l m s  can be prepared by screen printlng 1105,1061 

plasma spraying [1071, laser ablation technique , dipping metal or 

substrates in a m e l t  of YBCO. - Sfli03 and MgO are used as substrates 

for these purposes. 

Various methods ere used in thin f i l m  deposition. The common 

methods are evaporation techniques like elsctron beam evaporation (1081 , 

molecular beam epitaxy (1081 as well as the sputtering techniques like 

DC, AC and RF magnetron [108j. 

1.10 SIMGLE CRYSI'AL GROWTH 

To study the Lntrinsh properties of YBCO one should use single 

crystals. Many groups have tried to grow single crystals of YBCO 

1109-1111. YBCO molts incongruently above 9 7 0 ~ ~ .  So single crystal 

cannot be obtained by a solidification of the melt. Only the flux 

method can be used to  grow single crystals. The fluxes used are 

BaCu02 /CuO mixtures. Phase diagram studies [76,78.112] gave an idea 

about the temperature at which YBCO is formed. 40 mole % BaO and 

60 mole B CuO mixtures at 935' C I1131. 28 mole 8 BaO. 72 mole % 

CUO a t  8 7 0 ' ~  are found to be useful as fluxes for the growth of single 

crystals of YBCO. Usually flaky crystals of a f e w  mm size are obtained 

by the flux method. 

1 a1 SOME BASIC PROPERTlgS OF YBa2Cu30,-d 

Some of the important properties of YBCO have been surnmarised 

by Malozemoff et al [I141 and are as follows: 



I t  is e type I1 superconductor 

Hall carrier density: 4 x 10 cm3 (for a material of resis- 

tivity = 400 m-cm* fubt above T ) 
C 

dHCZ/dT = 2 T / K  

BCS coherence lmgth ( 5 ,  = 1.4  nm 

London penetration depth = 200 nm 

Main free path = 1.2 nm 

6. Critical current density: 

In bulk sample at 77 K 

Thin f i lms  on SfliOg = 10 7 A/cm 2 at 77 K 

Depairlng current dmsity = l o 7  - 10 8 ~/crn' - 

1.12 DIFFICULT1 FOR PRACTICAL APPLICATl OHS AND SOLUTIONS 

1.12.1 Low critical currrnt density (Jc) 

The potential of a superconducting material for practical appli- 

cations depends mainly on their critical current characteristics. A 

5 2 
high critical current density of the order l o 4  -10 A/cm in 2-5 T 

fields is required for the major electrical applications. But bulk 

samples of YBCO have shown poor values of transport critical current 

2 3 
density or inteerain critical current density of the order of 10 -10 A/cm 2 

at 77 K in zero applied field (115-1181. Even this modest current 

density is substantially reduced in magnetic fields of only 1 mT . 



But the interest in this material is related to the properties 

within the grains. It was found that the critical current density of 

the single grain or single crystal ( intra-grain critical current density) 

7 8 2 
is very large of the order of 10 -10 A/cm at 77 K in zero f ield 

1119-1211. Even a t  liquid nitrogen temperature they can carry a 

commercially usable current. Critical current density in poly cry sta- 

l lhe  YBCO is thus a complex quantity whose values depend on many 

factors. 

1.12.1.1 Causes for l o w  Jc values in bulk YBCO 

All  the aspects for low Jc values in bulk have not yet been 

clearly understood. Some of the factors for low transport critical 

current density in bulk YBCO are [i) anisotropy, ( i i l  weak nature af 

grain connectivity, [kfi] oxygen bstabilties. 

i .  Anisot ropy 

As we have already seen, the YBCO superconductor has a 

perovskite based layered structure which causes a large anisotropy 

of the superconducting properties. Measurements on single crystals 

of YBCO have shown that J e  along a-b plane is one order of magnitude 

higher than along c-axis [1221. Therefom the misorientation of grains 

in the bulk causes reduction of Jc. 

ii . Weak nature ef grain connectivity 

A number of possibilities exist for  the source of weak nature 

of grain connectivity. The major one is the presence of impurity 

l ayers  such as carbonates, or  other non-superconducting phases at the  



grain boundary. It was found that traces of silicon impurities can 

dramaticallly decrease Jc [123]. When the thickness or length of the 

interlayers between the grains is. greater than coherence length ( f of 

YBCO, i t  can catastrophically l i m i t  the critical current density. It 

was found that the intergrain boundary layers have thickness ranging 

fmm 10-50 %. But coherence length of YBCO is only 7 to 34 x.  At 

the same t i m e ,  i t  is well established that the distribution of minor 

amounts of certain impurities in the superconducting matrix can enhance 

the Jc value significantly by acting as flux pinning centres. 

The presence of micro-cracks or stress concent rations resulting 

from the severely anisotropic thermal expansion in different crystallo- 

graphic directions can l i m i t  Jc. 

iii . Oxygen instabilities 

The YBCO material is highly characterized with oxygen insta- 

bi l i t ies .  As we have already seen in YBa2 Cu3 07-* if 6 1  0 . 5 ,  the 

material is non-superconducting. It has also been found that J c  decrea- 

ses almost linearly with decrease in oxygen content from 7 onwards 

1.12.2 Rmcticm with water 

YBCO material is highly reactive with water and moisture. 

The superconducting properties get destroyed i f  i t  is kept in contact 

w i t h  water/rnoisture. 



1 . 3  B r l t t l e s m ~ ~  

The high Tc superconductors are highly brlttlee. I t  is very 

sensitive to hammering or shocks etc. 

1.12.4 Possible mlutions 

The possible salutions for the above problems are: 

The control of the formation and thickness of the i m p u r i t y  

layers between the grains. It should be less than 10 R .  By 

tha preparation of phase pure material, this can be achieved. 

Relative orientation of the grains can be improved by following 

appropriate texturing technique. 

iii . By identifying and incorpomting suitable flux pinners Jc and 

Jc (B) characteristics can be improved. 

iv . The critical current density is found to be maximum when the 

oxygen content of the sample is between 6.82-6.95 [124]. 

This can be achieved by proper oxygen treatment. 

The material which is having density around 90% of the theore- 

tical value shows maximum current density [124]. By following 

proper processing technique, this can be achieved. 

v i .  Following a very slow cooling rate the formation of cracks 

can be avoided. 

vii . The contact with w a t e r / m o i s t u r e  can be avoided by giving 

polymer l ike  coating to the material. 



vi i i .  Ductility can be imparted by adding silver in the supercon- 

duct ing material. 

1.3 STRUCTURE OF BISdUTH CUPRATES 

The superconducting bismuth cuprates are orthorhombic and 

have structures similar to those of YHCO. The structure of the 

Bi 2 sr 2 C ~ C U ~ O ~ + ~  (84 K phase) has been analyzed by many groups 

c125- 1283. A typical structure of Biz  SrZ CaCu 0 2 8+& is shown in 

Fig.  1.6. The unit cell of the single crystal of composition 

Bi 5r C C 0 2 2 %.8 3 8+d 
was determined [I283 and it  was found to be 

orthorhombic with lattice parameters a = 5.414 A' . b = 5.418 A? 

and c = 30.89 A' and pseudo symmetry Fmmm. This result is 

substantial agrwment with Hazm et a1 [I23 who worked on polycry- 

stalline samples. In this structure the infinite number of CuOZ planes 

separated by Ca in the same way that the planes of YBa2 Cu3 OTm6 

are separated by Y . The copper oxygen coordination polyhedron is 

a square pyramid of similar geometry to  that found in YBa2 Cu3 07-A. 

but aith an important .difference in the bond length of the Cu t o  the 

apical oxygen. The inplane Cu-0 distances in Bi Sr CaCu2 08+& are 

1.875 A' . and the apical oxygen is at 2.05 5: , considerably shorter 

than for the Cu-apical oxygen distance in YBa2 Cu3 0,- ( 2 . 3  8. 1 .  

The bismuth coordination is basically octahedral. T h e  difference 

between the structures of the different superconducting phases in the 

Bi-Sr-ca-Cu-0 system is only in the number of CuOZ layers between 

Bi-0 layers. The 2212 compound has two CuOZ layers and 2223 



LAYERS 

LAYERS 

Fig. 1.6: Typical structure of Bi Sr CaCu 0 
2 2 2 8+d 



compound has three CuO layers. With the variation fn number of 
2 

CuOZ layers, the ortherhornbic c-parameter also varies. The ortho- 

rhombic c-parameters corresponding to the number of CuOZ layers in 

0 
1,2,3 memb~rS are 25, 31 and 37 A respectively. 

Almost al l  the problems faced by YBCO are encountered with 

bismuth based superconductors also except for oxygen content and 

weatherability which are not sensitive as observed in the case of 

YECO . 

1-14 AIM, SCOPE AND OBJRCTIVE OF THE PRBSENT WORK 

Bet ween the new breed of high temperature superconducting 

materials and its vast potential for practical applications lies a f e w  

hurdles which are neither easy nor seems impossible to overcome. 

One of the main hurdles as discussed earlier is its ' low critical 

current density in bulk. The problem identified for the present 

investigation, about five years back, was an this line t o  find ways 

and means to achieve higher critical current density for practical 

applications. The fact that ab-plane can carry one order of magnitude 

higher current compared to ac- or  bc- planes prompted to study 

textured grain growth in YBCO material. 

Since in ceramic materials, texturing can be imparted by 

suitable processing techniques, the main aim of the present work was 

I. TO STUDY THE EFFECT OF PROCESSING CONDITIONS AND SUBSTI- 

TUENTS ON TEXTURED GRAIN GROWTH OF YBCO. 

With this in m i n d ,  experiments were carried out 



IT. TO FIND W R  THE FIRST TIME THE EFFECT OF Po2 AND TEMPE- 

RATURE DURING CALCINATION ON TEXTURED GRAIN GROWTH OF 

YBCO . 

Having investigated the above effect, i t  was thought that i f  

vacancy is the driving force for such textured grain growth, selective 

substitution should alsa lead to similar effect and thus the next aim 

was 

111. TO FIND THE EFFECT OF ALKALI METALS SUBSTITUTION ON 

TEXTURED GRAIN GROWTH. 

Alkali metals w i t h  1+1' valency , viz, Na, K and Li was used 

to replace Y/Ba/Cu which are all either double or triple valent. 

Hence these substitutions should in principle, be able to generate 

oxygen vacancies w h i c h  w i l l  aid textured grain growth. 

It is new imperative to find a suitable explanation and a 

model to explain the observed textured grain growth by changing 

either the processing conditions or by'substitutions. Hence next aim 

was 

IV. TO SUGGEST A POSSIBLE MECHANISM FOR THE FIRST TIME FOR 

ENHANCED TEXTURED GRAIN GROWTH ON THE BASIS OF OXYGEN 

VACANCY CREATlON IN YBCO. 

An interesting observation made in the above work was that 

decreasing Po2 reduced the processing temperature. This led to 

develop a process of 



V. DYNAMIC VACUUM CALCINATION TO PREPARE PHASE PURE YBCO 

IN A SHORT TIME AND AT A LOW TEMPERATURE. 

The application of vacuum ( - 2-10 mm of Hg) reduces the 

t i m e  and temperature of processing whereas dynamic process takes 

care of gases evolved during the reaction and thereby restricting any 

back reaction to be operative which results in impurities. 

Inherent properties of BPSCCO has put itself ahead of YBCO 

due to high Tc . better weatherability and better texture. But litera- 

ture showed considerable ambiguity in the hftial stoichiometry to be 

chosen for the synthesis of phase pure BPSCCO material having higher 

Jc . Thus our next aim was 

VX. TO STUDY THE EFFECT OF INITIAL STOICHIOMETRY VARIATIONS 

ON THE FORMATION OF HIGH T O ,  LOW Tc , IMPURITY PHASES, 

TEXTURING AND POSSIBLE PINNING CENTRES. 

After achieving certain experimental procedures and better 

understanding in synthesizing platy grains . of YBCO and BPSCCO the 

next aim was 

VLI. TO FIND OUT SUITABLE ALIGNMENT TECHNIQUE AND SXNTERING 

SCHEDULE TO MAKE SINTERED BULK WITH HIGHER J c .  

It is w e l l  mown that addition of Ag has no poisoning effect 

in  YBCO whereas i t  improves mechanical properties. But a f e w  

initial reports showed addition of Ag has a poisoning effect un BPSCCO 

when processed in air. Thus a study was undertaken 



VIKI. TO FIND SUITABLE METHOD Of Ag-BFSCCO PROCESSING TO 

INCREASE Jc AND ITS MECHANICAL PROPERTIES. 

The present study is described in three sections. Part A, 

consists of study of textured grain growth in YBCO under different 

Po2 , temperature and by substitution. Mechanism for enhanced 

textured grain growth and preparation and characterization of textured 

sintered bulk YBCO by cold pressing and heat treatment a also 

included in this part. 

Part B gives details of the preparation of phase pure YBCO 

by dynamic vacuum calcination and its characterization. 

In Part C, studies on the effect of initial compositional varia- 

tion on the structural and superconducting properties of 

(Bi,Pbl-SrCa-Cu-0 system, textured grain growth of BPSCCD, prepa- 

ration and characterization of sintered textured bulk BPSCCO by suspen- 

sion method, superconductivity in Ag added BPSCCO system and the 

mechanical properties of BFSCCO/Ag camposi te are included. 
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EXPERIMENTAL M m H O I E  AND INWRUMENTAL TECHNIQUES 

In this  chapter a brief description of the major experimental 

techniques and methods used for the characterization of high tempera- 

ture superconductors are given. A description of the instruments used 

for the characterization a of the materials are also included here. 

Further experimental details are given in the appropriate chapters. 

2 2 TRANSITION TEMPERATURE (Tc) MBASURKMENT 

Tc of the samples was measured by standard four probe 

method (1) using an A P D  cryostat. Bar shaped specimens of dimen- 

sions 20 m m  x 4 mm x 2 mm were prepared and point contacts were 

given at the points M , N , O , P  as shown in Fig. 2.1 using silver paste 309 

0 (Demetron) and curing was done at 100 C .  Copper wire was soldered 

at  these points. 

To measure the resistance, a constant d .  c. current (in the  

range 1-10 mA from Keithley constant current saurce model 220) vias 

sent through the sample between contacts M 6 P .  The voltage drop 

was measured between the contacts N and 0 w i t h  a Keithley 181 nane- 

voltmeter. The sample was initially cooled to around 20 K and then 

slowly heated at the rate of 1 K/min while the measurements were 
reading 

done. At the superconducthg transition temperature, the vel tmeter~ 

suddenly raised from zero while a current is passing through the 

sample. 



SPECIMEN 

M,? - Current leads 

N I  0 - Voltage leads 

Fig. 2 -1 : Four-probe contacts 



2 -3 CRITICAL CURRENT DENSlTY (.Ic) MEASUREMENTS 

Sample holder as shown in the figure 2 .2  for the measure- 

ments of Jc  was fabricated. Bar shaped specimens were used for 

the measurements. For making the current leads end af the sample 

was first coated with silver paste and then pressure contact was 

given by using the sample holder. For the voltage leads copper wire 

was soldered on the coating of silver paste at an interval of 1 cm. A 

powerful battery was used as the current source. Critical current 

at 77 K was determined by the resistive transition with 1 pV/cm 

criterion. 

2A XRD ANALYSES 

In the present study, X-ray powder diffraction was used as 

the main tool for the identification of phases, for the determination 

of lattice parameters and for the identification of crystallographic 

plans of grain growth and its quantification in both YBCO and BPSCCO. 

The basic principle of X-ray powder diffraction is Bragg ' s 

law. Since the atoms or molecules in a crystal are arranged with 

a definite spatial symmetry, Bragg assumed that a set of equidistant 

parallal planes can be drawn through any crystal. A very large 

number of such families of planes may ba drawn. The planes of each 

family are separated from each other by a characterf $tic distance. 

These planes are known as BmggVs planes and their sepasations as 

BraggVs spacing 'd'.  



3 Voltage leads 

4 Sample 
5 Tef lon holder 
6 Spring loaded  

copper screw 

Fig.  2.2: Sample holder for the mwsumment of J 
C 



Let  us consider several parallel planes in the crystal. Let 

X-ray wave front enter from the left making an angle 8 with the 

crystal plane,. Ipp' . It can be reflected only i f  after scattering, 

i t  proceeds in a direction making again an angle with the plane 

considered. I t  is represented by Fig. 2.3 . From the F ig .  2.3, it  

can be easily seen that the rays reflected from the second plane ' p  p ' 
1 1  

travel a greater distance than those from the plane 'pp'  . In order 

that reflection from the second and successive planes shduld reinforce 

we must have these additional distancs as some integral multiples of 

the X-ray wave length. 

where n- is the order of reflection. 

T h e  above equation is known as the Brag& equation. 

The X-ray powder diffractometer is an out growth af the Brags 

ionization spectrometer [2 ]  which was applied as early as 1913 to 

the measuremment of reflections from single crystals. Unlike the ioni- 

zation spectrometer which disperse a spectrum of X-ray rr.avelengths, 

by means of a crystal gratings of some fixed spacing dhkl , the 

diffractometer is designed to disperse X-rays of a single wave length 

by diffracting them from planes of different spacing. Furthermore, 

an X-ray powder diffractorneter is characterized by the use of a local 

intensity receiver ( quantum counter) rather than a photographic f i l m  

and a parafocussing arrangement is usually employed t o  increase the 

intensity and the, resolution. 



Incident 

Reflected 
beam 

Fig. 2.3: X-ray diffraction in crystals 

8raggRs 
p l  ones 



For the present studies, the X-ray diffractograms were 

recorded with Philips PW 1710 powder diffractorneter . The X-ray 

generator is operated at 35 kV and 20 mA. Cu K& radiation is used 

with a N i  filter. The scanning range employed is 4-100' . The normal 

scanning speed is 2'/mLn w i t h  chart speed being 1 crn/rnin. When 

precise lattice parameter measurements are to be made the reflection 

peaks are recorded w i t h  slow scanning speed [ 0 . 3 ~ / m i n  w i t h  chart 

speed 1 . 5  cm/rnln). When comparative studies are to be made on 

various test samples, the instrumental parameters a m  kept constant. 

Silicon is used as the internal standard for precise measurements. 

The lattice parameters were determined using the least square method 

i31- 

2 - 5  MICROSCOPIC TECHNIQlFgS 

Microscopic techniques are very good tools for the accurate 

observation of marphology, size of grains and surface properties of 

materials. For the micrographs, desirable magnification is required 

in order to  get the details one is looking for. Optical microscopy 

is usually adequate for characterisation of particles greater than 0 . 5  

to 1 rn in s i ze .  Electron microscopss (both transmission and scanning) r 
can measure particles a ims as less as 0.001 . r =' 

In scanning electron microscopy a focussed electron beam is 

impinged on the sample. The reflected beam is analysed by suitable 

devices to get w e l l  defined pictures of sample surface.. In the course 

of present investigation, scanning electron microscope ( SEM) , JEOL- 



JSM35C was used, The electron gun was operated at an electron energy 

of 15-25 KeV with a beam diameter of 20-25 nm. The unit is operated 

at  1 KV and 10 mA currrent. Polished as well as fracture surfaces 

have been examined by the SEM. Before loadhg the sample in the 

chamber, conductive gold coating was given using a sputtering unit 

( JEOL,  Fine Coat, JFC 1100. Japan). The thickness of coating was 

2100 X. T h i s  helps to  remove the charging effect which is produced 

on the sample surface due to high energetic beam. For taking the 

photographs of these gold coated samples, i t  was mounted in the 

-6 
chamber and the system as evacuated to 10 torr pressure. The 

electron beam was directed on the selected areas according to  the 

requirement. In the present study, most of the photographs were 

taken at a magnification of 1000-2000. 

Optical photographs of the polished surface of the supercon- 

ductor/Ag compos$tes were taken using a Leitz Metalloplan optical 

microscope w i t h  different magnification under bright field illunrinat ion. 

2-  6 THERMAL MEI'HODS OF ANALYSIS 

Thermal analysis is a general term which covers a group 

af related tgchnfques in which the temperature dependence of the para- 

meters of any physical property of a substance is measured [ 4 . 5 ] .  

The physical property is determined as a Rrnctian of temperature. 

The more important thermal analysis are thermogmvimetry (TG) , D i f f e -  

rential thermal analysis ( DTA) and Differential scanning calorimetry 

( DSC 1 . In the present study, TG and DTA are used for the characterf- 

zation of high temperature superconductors. 



Thermogravimetry is defined as the technique whereby the 

mass of a substance in an environment heated or cooled a t  a controlled 

rate is recorded as a function of time or temperature. 

Differential thermal analysis is a thermal technique in which 

a record is made of the temperature difference between the sample 

and an inert reference material against time or temperature while the 

twa specimens are subjected to identical temperature regimes in an 

environment heated or cooled at a controlled rate. The graphical 

records of DTA curves shows sharp idcrease or decrease in the tempe- 

rature difference dependhg on whether a change in the sample causes 

liberation or absorption of heat. The reference substance should not 

uncEergo decomposition or phase transition in the temperature range 

af interest. -Alumina is often used as the reference material which 

behaves satisfactorily upto 1950'~. 

The basic components of a TGA apparatus is thermobalance. The 

main part of a thermobalance are [a] recording balance, (bJ furnace, 

( c )  furnace temperature programmer and controller, and Id)  recorder. 

The basic components of a DTA equipment are [a) furnace. 

[b )  sample holder, ( c )  temperature sensor, ( d l  property ( T or 

dA/dt ) sensor, [ e) recorder, and ( f )  furnace temperature programmer. 

Du Pant 2000 thermal analysis system in conjunction with 951 

TGA and 1200 DTA were used for the present study. 



2-7 D m m I N A T I O N  OF OXYGEN STOICHIOMETRY BY IOWMETRIC 
TIT RATION 

An iodometric titration was developed by Harris et a1 [6] 

for the determination of oxygen content in YBCO superconductor [6-81. 

This  method is widely employed for the determination of oxygen 

content in YBCO superconductar [7,8]. 

2+ 3+ 
The Cu end excess oxygen content (Cu ) of YBaZCug07-b 

was measured by two iodometric titrations. In experiment A, appro- 

ximately 25 mg of YBCO powder was dissolved under A r  in 7 m l  of  

3+ 
1 M K I  + 0.7 M H C l  solution. Cu or excess oxygen behaves as a two 

24- 
electron oxidant and Cu as a one electron oxidant. 

0 + 21- 0-- + I 
laq)  2 (as  1 

3+ 
or  Cu + 31- + CuI + I2 

Cu 
2+ + 21- + CuI + 1/2 I 

l a q )  (aq l I sl ZIasl 

The solution was diluted with 8 ml water and the liberated 

iodine was titrated w i t h  sodium thiasulphate. One mole af thiosul- 

phate corresponds to one equivalent of oxidant [I or  0) in the original 

sample. 

In experiment B approximately 25 mg of powder was dissolved 



in 5 ml of 1 M HC1 in air and boiled gently for 10 mhutes. As 

stated earlier Cu 
3+ or excess oxygen in YBCO reeacts with the 

2* 
hydrochloric acid to liberate oxyggn and is reduced to Cu or 02-. 

Then 10 ml of 0.7 M KI was added under argon and the liberated 

iodine ( I 2 ]  was titrated with thiosulphate. In this case a l l  the 

2+ 
copper is in the form of Cu . It follows that the fraction of Cu 

in the trivalent state is (A-B) JB where A and B represent the moles 

of titrant required per gram of samples in experiments A and B respec- 

tively. Then the oxygen content of the material is 

6.5 + 
A-B 3 

- 5 -  E - 2 

lodometric titrations were carried out under Ar to prevent 

air-oxidation of iodide ion. Sodium thiosulphate titrant was standar- 

dised against standard K2 Cr2 O7 solution. Starch indicator was added 

just before the a d  point in the titrations. 
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CHAPTER 3 

STUDIm ON TEXTURED GRAIN GROWTH IN YBCO UNDER DIFFKRENT 

OXYGEN PARTIAL PRESSURES AND TEMPERATURKS * 

3.1 INTRODUCTION 

As mentioned in the general introduction part, the major hurdle 

in the practical applications of YBCO is its poor value of transport 

critical current density (J, 1. For major high current electrical appli- 
5 2 

cations i t  should be at least of the order of 10 A/cm whereas i t  is 

3 frequently reported to be of the order of 10~-10 ~/crn' in bulk at 77K 

in zero applied field 11-41. In spite  of low Jc observed in bulk. 

the interest in this material is related to the fact that J of single 
C 

8 2 crystal or single grain is as high as l0~-10 A/cm [5-71. One of the 

major reasons for the large diffrence between inter-grain and- intra-grain 

J is the anisotropic nature of Jc 17.81.  From the single crystal  
C 

studies i t  was found that J c  is about an order of magnitude higher 

along ab-plane than along c-axis 191. Therefore for  ge t t ing  higher 

critical current density in  bulk, the individual gra ins  should be a l i ~ n f d  

o r  textured so that their ab-planes Ile in the direction of current .  

Single crystals of YBCO are difficult to grow in large sizes.  

- Conventional methods of fabrication of bulk material, though easy,  result 

in  random orientation of the particles and shows average isotropic 

properties only [ID]. Therefore fabrication processes which yie ld  

textured microstructure are needed. 

"This work has been partly published in: 
a .  Solid State Commun., 72, 93 (19891 
b . Superconductor ~ c i e t i c ~ ~  technolugy , - 5, 54 (1992 ) 



G rain-oriented fabrication in ceramics requires the presence 

of some form of anisoropy in the particles of the starting material or 

a driving force which is utilized during processing to encourage ani- 

sotropy in grain growth [ID]. The grain-oriented fabrication methad 

thus be tailored for the material depending on whether the anisotropy 

in the particle morphology is utilized or the anisotropy in some 

specific property of the particle is utilized. Both methods can be 

used separately or in conjunction with each other wherever possible 

to obtain enhanced orientation. The ordering force that can be used 

for orienting the grains are mechanical (including gravity ) , electrical, 

magnetic elc. 

There are several different ways af introducing texture in  

bulk pol y cry s talline YBCO superconductors. The most important work 

in this direction has been the fairly recent achievement of Jc 
of the 

order of l o 4  #-lb5 ~/cm' in malt textured YBCO [11.12] in which both 

peritectic reaction and directional solidification is induced by partial  

melting and temperature gradient. 

An equally important technique is t o  grow preferentially the  

ab-planes in  grains and aligning the resulting platelet shaped grains 

by mechanically or magnetically and finally sintering i t  so that  the 

alignmmennt is retained. The flaw chart af this technique is as 

follov<s. 



Raw materials are usually nitrates, carbonates or  oxides  of 

Y, Ba and Cu. In process-1, raw materials are w e l l  mixed and 

subjected to appropriate heat treatment so that i t  should give phase 

pure platelet grains having grain growth along ab-plane. In the process-2 

these grains are aligned or textured, mechanically or  magnetically so 

Raw materials 

Process-1 

Ic/ 

that their ab-plane lie in the same direction. 

Powders having platelet morphoic:~ y 

Mechanical alignment methods include (a) plastic extrusion, ( b ) tape 

casting, (c ]  hot pressing, Id)  vibrational alignment, (el cold pressing, 

and ( f )  suspension through a dense liquid. 

i. 

In the magnetic alignment method slurry of the platelets 

prepared in an epoxy resin or other volatile solvent like heptane is 

dried In the presence of magnetic field of the order of 9-20T 113,141. 

Process-2 

\l. 

Aligned/Textured grains 

Process-3 

v 1 

Final sintered product 



The grains get aligned because af its anisotropic paramagnetic suscep t i -  

bil ity . 

The aligned grains are then subjected to process-3 in which 

by proper heat treatment a sintered and oxygenated final product is 

obtained. 

Many researchers have followed mechanical as well as magnetic 

alignment methods and they have obtained Jc  about 5 to  10 times of 

magnitude higher than that of conventionally fabricated samples [IS-231. 

Among these, the report of X.G. Zheng et a1 El51 is a remarkable one 
2 

which gives a Jc of 4200A/cm at 77K in YBCO by vibrational alignment 

method. 

The key to the mechanical/magnetic alignment and sintering 

process is the powder with anisotropic morphology. Thus it  is impera- 

tive to study the conditions under which such platy grain formation 

occurs in YHCO and to  optimize the experimental conditions so as  to 

yield the grain size within the range required for the successive proce- 

ssing steps as described above. 

It is well known that in an oxidic ceramic system having a 

layered crystalline structure if the duration, temperature and oxygen 

partial pressure of calcination are optimized, the inherent growth aniso- 

tropy of the materials allow to develop platy particles. 

In the present study the growth of platelet shaped YBCO grains 

under different oxygen partial pressures and temperatures during the 

calcination stage has been investigated. 



3.2 EXPERIMENTAL 

Powders weighing about 5-6 grn of Y2 O3 . BaCO and CuO 

(Aldrich,  99.9% pure] were w e l l  mixed in the molar ratio of 0.5:2:3 

in an agate mortar in acetone medium. The mixed powder was loosely 

pressed in to  pellets (weighing about 3 gm] and put inside the furnace. 

The experimental set up is shown in F i g .  3.1, 

0 
Soaking was done at temperatures in the range 850 C - 105CI0C 

for 12 hrs in different oxygen partial pressures (Po ranging from 
2 

4-608 in ambient pressure. The Po2 inside the furnace was controlled 

by passing oxygen or nitrogen or a mixture of both and was measured 

by a stabilized zirconia type sensor [Raskin) . 

3 - 2  -1 M e a m m e a t  of t-d grain gmrth 

The textured grain growth in the calcined pellet was' studied 

mainly by X-ray powder diffraction as well as scanning electron micro- 

scopy. Shape and size of the grains were determined from the SEM 

fractographs of the pellets. For example the SEM fractograph of 

samples S1 and 52 with grain slza 5 pm and 15 prn given in Fig.3.Za4b 

respectively show that grains are oi platelet shape in 15 Prn sample 

whereas the grains are mare or less spherical in the 5 pin sample. 

But from the SEM photograph i t  is impossible to identify the crysta- 

llographic direction of grain growth. X-ray diffraction can be success- 

fully employed for this purpose. 

For this the pellet was gently crushed and the grains were 

separated. A comparison of SEM photograph of the fracture (Fig.3.2b) 



2 Power supply cable 

3 Thorrnocoupte lead 

4 Material 
5 Insvlctor 
6 Healing element  
7 Ceramic tube 
0 Oxygen analyzer probe 
9 Oxygen analyzer display 

10 Gas inlet 
11 Platinum boot 

Fig. 3.1: Experimental set up for the processing 
of, YBCO under d i f f e m t  oxygen partial 
pressures and temperatures 



Fig. 3.2: Typical SEM fractograph of samples having 
grain sizes 5 pm and 15 prn 



w i t h  that of separated grains ( F i g .  3.31 of sample 52 shows that the 

grains are still retaining the platyness to a large extent even after 

crushing. 

The separated grains weighing about 4 gms were filled in a 

rectangular die having dimensions 20 mm x 15 mm x 5 mm and pressed 

under a pressure of about 75 MPa for 5 minutes which was found to 

give significant alignment even in samples with aspect ratio of grains 

just above unity. 

X-ray diffraction was performed on the pressed surface of the 

sample which is perpendicular to  the axis of compression. In the case 

of samples having -grain size more than 5 p, the intensities of Cool] 

reflections were found to be enhanced significantly compared t o  other 

reflections. Typical XRD patterns of samples S1 and S2 are shown in 

Fig.  3.4aGb. 

The increase in the intensities of (001) reflections in the XRD 

pattern of sample SZ indicate that the crystallites near the surface 

of the sample tend to be oriented so that  tne i r  ab-plane lie in the 

same direction. This  can happen only when the grain grawth is along 

ab-plane . 

The ratio of the intensities of (0051 and (113) reflections which 

0 0 
appear at 2 = 38.57 and 40.46 respectively was taken as the orien- 

tat ion index 0 I. not only for identifying the crystallographic direc- 

tion of grain growth but also for measuring the extent of grain growth 

in different samples. These reflections sere chosen because the intensity 



Fig. 3 .3 :  SEM photograph of the sepamted grains 
of sample S2 



Fig. 3.4: XRD patterns of (a)  sample S1 and 
1 b] sample 52 



of (113) reflection is found to be almost same even as the intensities 

o f  [001) s e e m  to  increase by tens of orders and that of (hkO) increases 

to a lesser extent as the textured grain growth increases. 

Since the same pressing parameters are used during the prepa- 

ration of samples for XRD, the alignment of grains w i l l  increase as 

the size of platy grains increase. Thus by defining 0.1. as explained 

above we get a simple tool for the measure of grain growth along 

the ab-plane in addition to SEM photographs. Lotgering index 1241 

which is used by many researchers as a measure of texture is not 

employed in our analysis since there is substantial averlap among 

various reflecttions in YBCO. which makes its calculation tedious and 

erroneous when dealing w i t h  a large number of samples. In addition 

t o  the simplicity of the procedure, the 0.1. as defined above has the 

following advantages. 

a .  (005) and (113) are comparatively pure reflections 

b. Both reflections come nearby so that the instrumental  

errors w i l l  affect both intensities t o  the same extent 

From the calculatien of 0.1. and the comparison with the; SEM rnicro- 

structure of the samples we find that the lower l i m i t  of 0.1. is unity 

and i t  represents nearly spherical particle morphology. 

3.3 RESULTS AND DISCUSSTON 

3.3.1 Effect of oxygen partial pmrmre 

Experiment was done by keeping the temperature constant and 

varying the Po2. within a suitable range which gives single phase YBCO 

and the  corresponding textured grain growth was studied.  Table 3.1 



gives the oxygen partial pressure, orientation index and grain size of 
0 

the samples processed at a temperature 960 C .  

Table 3.1: Oxygm partiai pressure, orientaticm index and 
grain size of the. s a m p l e s  processed at a 
temperature 960'~  

Samples P O ~  

( % I  
Grain size 

I pm3 

The XRD patterns of powdered samples and SEM photograph of both 

the fractures and the powders of $1, SZ and S3 are shown in Figs .3.5 

and 3.6 respectively. 

From4 the Table 3 . 1  and Figs.3.5 6 3.6[a ,b ,c )  i t  is clear that at 

0 
a processing temperature 960 C and the Po2 in the range 17-35% the 

textured grain growth is more at 18 + 1% PoZ Below 17% Po2 at 9 6 8 ~  - 

the sample was found t o  undergo incongruent melting resulting in multi- 

phase. 

Similar experiment was done by fixing the temperatures to 

and choosing the range of oxygen partial pressure which gave single 

phase material. F i g .  3 .7  shows the plot of grain size vs Po2 af the 

samples processed at different temperatures. 



Fig. 3.5: XRD patterns of samples 51, SZ 6 S3 



Fracture 

Fig. 3.6: [ a )  SJ3d phatogmph af fracture and powder 
of sample 51 



Fracture  

Fig. 3 .6 :  (b] SEU photograph of fracture and powder  
of sample S2 



Frac tu re  

Fig. 3.6: [ c3 SEM photograph of fmcture and powder 
of sample S3 



Oxygen partial pressure (7.) 

Fig .  3.7: Plots H irair! size vs  Pu of thr  sn!np!r~ 2 
2ruck~sed at different te'-;x,tures 



In a l l  these cases the grain growth w a s  found to be along 

ab-plane as observed from the strong reflections of (OOll from the XRD 

patterns. 

From the studies it  can be seen that at a fixed processing tempe- 

rature and a range of Po2 which #ives single phase material. textured 

grain growth is mare at Lower Po compared to that at higher PoZ , 2 

Also i t  was found that the maximum grain s ize  observed was around 

33 prn in al l  cases and this maximum size occurred just belarv the begi- 

nning of incongruent melting as determined by the processing Po 2 .  

Another observation is that at lower processing temperatures the change 

in textured grain growth is more sensitive to  the PaZthan that at the 
0 

higher processing temperaturns. For example at 1020 A 2 C, an increase 

in Po2 from 34 + 1% to 50 + 1% does not change the grain size much. 

3.3.2 Effect of temperature 

Experiment was done by keeping the Po2 constant and varying 

the temperatures within a suitable range which gives single phase YBCO 

and the corresponding textured grain growth w a s  studied. 

Table 3.2 gives the temperature, orientation index and grain 

size of the samples processed at a Po2 of 34 2 1%. 

SEM photograph of the fracture and the powders of samples 

54, SS, S6 and S7 are shown in Fig.  3 .8 .  



Table 3-2: Temperature, orientation index and grain size 
of the samples pmosssed at P o p  34 + - 

Samples Temperature 0 . I .  Grain size 

[OCI ( pal 

From the Table 3.2 and Fig. 3 .8  i t  is clear that at a proce- 

0 
ssing PoZ of 34 - + 1% and the temperature in the range 960-1020 C the 

0 
textured grain growth is maximum at 1020 C. Above 1020'~ a t  a Po2 

of 34 - + 1% the sample was found to  undergo incongruent melting resulting 

in multiphase. 

Similar experiment was done at fixed Po s, 4 + 1%. 10 + 1%. 

18 + 1%. 23 4 1%. 30 + I$, 34 + 1% and choosing a range of temperature 

which gave single phase YBCO. 

Fig.  3.9 shows the plot of grain size vs processing tempera- 

ture  of samples processed under different oxygen partial pressures. 

In al l  these cases also the grain growth was found to be along 

ab-plane as observed from the XRD patterns of the samples. 

From the studies i t  can be seen that at a fixed processing 

P02 and a range of temperature which gives single phase material. 

textured grah  growth is mom at higher temperature compamd to that 



Fracture 

Powder 

- d . -  

Fig. 3 .8 :  [ a )  SEM photograph of fracture and pawder 
of s a m p l e  51 



Fracture 

Fig. 3.8: I b)  SEM photogmph of fracture and powder 
of sample S5 



Fracture 

Powde r  

Fig. 3.8: (c3 SEM photograph of fmctum and powder 
af sample S5 



L Fracture 

Powder 

Fig. 3.8: ( d l  SEM photograph of fracture and powder 
of sample S7 
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Fig .  3 9  : Plotsof grain size vs pmcess in~  temperaturr. of s a m p l e s  
prar~ssed under different oxygen partial pressures 



at lower temperature. Also i t  was found that the maximum grain size 

observed was around 33 in all cases and this maximum size occurred r 
just below the beginning of incongruent melting as determined by the 

processing temperature. 

3.3.3 Effect of oxygen partial pressure and tempemture 

From the above studies we have seen two things: 

a. At any temperature the textured grain growth is a maximum 

at  the lowest Po2 provided both the temperature and PoZare 

within their admissible range of values guaranteeing single 

phase YBCO. 

b. At any fixed Po2 the higher the processing temperature 

the higher is the textured grain growth. 

Fig .  3.10 shows the plot of Po2 vs temperature for fixed grain 

sizes 5, 15 and 33 prn. Similar curves can be drawn for any average 

grain size lying between 5 and 33 rrn under the present experimental 

conditions. 

From the Fig.  3.10 i t  is clear that textured grain growth in 

YBCO is mainly dependent on the oxygen partial pressure and tempera- 

tu re  and the grain growth can be controlled by adjusting them suitably. 

From the figure i t  is also evident that the temperature for 

the formation of a fixed grain size reduces significantly as the proce- 

ssing Po2 decreases. The plot corresponding to  5 )Im has an added 

significance because the steady decrease in processing temperature 



8 6 0  880 900 920 940 960 980 1000 1020.1040 
Temperature ('c) 

Fig. 3.10: Plots of Po vs pmcessing temperature for 2 
grain sizes 5. 15 ,d 33 pa 



in i t  by the lowering of Po is a clear indication for  the decrease 
2 

i n  the temperature of YBCO phase formation itself. These results led 

to the development of vacuum calcination process which has been dealt 

in part  B of this thesis. 

3 -3.4 Effect of soaking period 

By keeping P% and temperature constant, textured grain ~ r o i v t h  

of the samples in various soaking periods was studied.  Fig .  3.11 

shows the SEM photographs of the sample processed in a i r  at  950' C 

with a soakir.~ period of 12 hrs and 60 hrs  respectively. 

F i g .  3.12 gives the plot of grain size vs soaking period of 

0 .  0 
samples prepared at temperatures 960 2 2 C.  1020 - + 2 C and P o Z .  

18 - + I%, 33 + 1% respectively. Similar curves can be drawn for  other - 
temperatures and oxygen partial pressures also. From the figure i t  

is clear that textured grain growth increases with the increase in 

soaking period. Also, by increasing the soaking period and choosing 

the appropriate oxygen partial pressure and temperature YBCO having 

grain size greater than 60 pm can be synthesized. 

3.4 CONC LUSXON 

Studies were conducted on the growth of platelet shaped grains 

of YBCO under different processing parameters l ike Po temperature 
2 ". 

and soaking period during the calcination stage. The results clearly 

show that 

a. T h e  grain growth along ab-plane is accelerated by the 

decrease of Po 2 '  i f  the processing temperature is kept 

constant. 



0 P- 
k * 

.P 

C, bU hrs 

1 2  hss  

Fig. 3.11: SEM photographs of the sample processed in 
air at 9 5 0 ' ~  w i t h  soaking periods 12 and 60 hrs 



TIME (Hrs) 

Fig. 3.12: Plot of gmin size vs soaking period of 
samples processed under different 
temperaturn and Po 2 



b. If the Po2 is kept constant, the grain growth along 

ab-plane is accelerated as the processing temperature 

increases. 

c ;  If P o 2 ,  processing temperature and soaking period are 

suitably selected, platelet grains of desired size [ within 

a range of 5-100 pm) can be synthesized. 

Apart from establishing the dependence of growth of platy 

grains of YBCO on the processing parameters, this study has also 

indicated that Y1 3a2 Cu3 07-* phase formation in the conventional ceramf c 

mute commences at  lower temperatures if the oxygen partial pressure 

is reduced. 
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CHAPTER 4 

STUDIBS ON TWTURKD GRAIN GROWTH IN YBa2C~307-d 

BY ALKALI MmALS SUBSTmUTXON' 

4.1 INTRODUCTION 

There have been numerous studies on substitution of Y, Ba 

and Cu by elements like alkali and alkaline earth metals, rare earths, 

transition metals (Ag ,  Au, Ni, F e ,  Co) and A l ,  Pb,  Ge, Zr, Bi ,  T1, etc. 

in YBCO [I]. The vast literature does not allow to refer explicit ly 

ta each relevant paper. But almost al l  of them investigate the effect 

of substitution on transition temperature. Eventhough the substitution 

is likely to affect the grain s ize ,  grain morphology etc., not much 

attention has been paid to  these aspects in most of the reports. 

Murugaraj et a1 [ 2 ]  has found that addition of K2 C03 in a Ba deficient 

composition enhances textured grain growth in YBCO. At the same t i m e  

addition af K in a stoichiometric composition did not result in such 

+ 
a pronounced texture effect [ 2 1 . There ace also reports in which K is 

2+ 
suggested to substitute for Ba in the YBCO lattice (3 .41.  These 

results led to think about the possibility of textured grain growth 

associated with the other alkali metals substitutions as well. 

T h e  reports on alkali metals substitution in YBCO compound 

2+ + suggest that ~i' occupies Cu site (51 ,  whereas Na favours partia- 

lly both y3+ site and Ba '* site [6-81. As mentioned earlier. K* is 

suitable for Ba 
2+ site. These preferences of substitution of various 

This  work has been partly published in: 
Solid State Commun. , 81, 253 (1992) - 



ions can also be seen from an inspection of the ionic radii and co-ordi- 

nation numbers of various cations given in Table 4.1. C91. 

Table 4.1: Co-ordinatim rumbar and ionic radii of 
different alkali m e t a l s  

Co-ordination Ionic radius (181 
number 

From the above discussion it is clear that alkali metals, Li, 

Na and K can be substituted for various cations in YBCO and K substi- 

tution enhances the grain growth along ab-plane. Therefore it is of 

interest to study the effect of alkali metal substitution on the 

textured grain growth of YBCO. 

In the previous chapter it has been found that the processing 

temperature and Po2 have a significant role in oontrolling the textured 

grain growth in YBCO at the calcination stage. In this chapter a 

similar study on the textured grain growth in mC0 by alkali metal 

substitution is desribed . 



4.2 EXPERIMENTAL 

Considering the substitutional site preferences of Li, Na and 

K in YBCO, samples having compositions Y Ba Cu Li O I. 2 3-x x 7-6 ' 

Cu 0 '1-aBa2-bNax=a+b 3 7-6 (where a is 35% and b is 65% of x) and 

K Cu O 'lBa2-x x 3 7-6 (where x = 0-0.2) were prepared as follows. Stoi- 

chiornetric amounts of Y203, 3aC03, CuO and the carbonates or nitrates 

of alkali metals were w e l l  mixed in an agate mortar in acetone medium. 

The mixed powder was loosely pressed into pellets and heated in a 

closed platinum crucible so that the loss of volatile alkali metals is 

a m i n i m u m .  The soaking was done at 920 + 5 D ~  for 12 hrs and after - 

that the samples were furnace cooled. Textured grain growth of these 

samples were studied .by x-ray and SEM. Tc of the sintered samples 

were measured by standard four probe method using an APD cryostat. 

4.3 RESULTS AND DISCUSSION 

Fig .  4.1 shows the typical XRD patterns of the pure and 

substituted samples. Fig .  4.2 shaws SEM photographs of the different 

samples. Fig .  4.3 shows the plot of grain size vs substituent concen- 

tration. Table 4 .2  gives the orientatfan index and T 
cI0l 

af the 

samples. 

From the figures and table 4.2 it is clear that the grain 

growth along a-b plane enhanced singificantly by the substitution of  

ti, Na and K. Textured grain growth is maximum for Li substitution 

followed by Na and K for the same substituent cancentration. In all 

cases, with the increase in substituent concentration, textured grain 



Fig. 4.1: Typiml XRD patterns of pure and alkali metals 
substituted samples 
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Table 4.2: Orientation index and T of the alkali substituted 
cI01 

and pum YBCO samples prncsssed at 920 + 5'~ - 

Staichiometry of 
the substituent 

Orientation index 

'1005'1113) 

2 

K0.2 

LiO. 1 

-1 

KO. 2. 

L i ~ .  05 

Na 0.05 

KO. 05 

Pure YBCO processed 

at 915 + 5 ' ~  - 



growth is also found to  be increased within the range of substituent 

concentration studied. When substituent concentration was raised 

beyond xt0.2, it  was difficult to  get single phase material. 

Li - substitution severely affects T c ( ~ )  whereas the effect 

of Na and K are less pronounced. Except in Li-substituted samples, 

there is no change in T 
~ ( 0 1  

when the dopant concentration varies from 

0.05 t o  0.2. 

Eventhough Rb and Cs were also tried as substftuents for Ba, 

no significant textured grain growth was observed under the experi- 

mental conditions described above. 

4-42 CONCLUSION 

Textured grain growth of Li, Na and K substituted YBCO 

0 
samples processed at 920 5 5 C in air has been studied. Textured 

grain growth is maximum for Li substitution followed by Na and K 

for the same substituent concentration. In all the cases, w i t h  t h ~  

increase in substituent concentration, textured grain growth is also 

found to be increased. Li substitution severely affects T 
c[OI whereas 

the effect of Na and K are less pronounced. 
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CHAPTER 5 

MECHANISM FOR ENHANCED TEXTUREII GRAIN GROWTH 

UNDER DIFFERENT OXYGEN PARTIAL PRPSSURJS, 

TEMPERATURES AND SUBSTITUTIONS " 

5.1 INTRODUCTION 

T h i s  chapter describes the model that has been forwarded to 

explain the enhanced platy growth of YECO which occurs at low oxygen 

partial pressure. higher precessing temperature and by substitution. 

As has already been described in chapter 3 and 4, the textured 

grain growth in YBCO depends on the temperature of processing, proce- 

ssing period, Po and the nature and level of substituents incorporated . 2 

I t  is w e l l  known 113 that solid state reactions which proceed 

through diffusion of ionic species along the reaction product layer is 

influenced to a great extent by parameters which affect diffusional chara- 

cteristics of ions. Some of the parameters which influence diffusion 

of atoms in crystalline oxides are: 

a. Whether the diffusion process is controlled by cationic/ 

anionic vacancy mechanism or  intecsti tialcy mechanism at  

the chosen processing parameters. 

b. Whether it  is the thermal or impurity effects that dictate 

the vacancy Jinterst itf a1 defect concent ration in the material. 

+ T h i s  work has been partly published in: 
Solid State Commun., - 81, 253 (1992). 



The diffusing species which control the reaction rate are the mast 

rapidly moving ions, or ions plus electrons, capable of arriving at  

a phase-boundary interface. 

The general trends observed in platy grain growth of YBCO 

as described already in the earlier chapters are 

a .  The grains grow larger as the Po2 is decreased 

b .  The alkali metal (Li, Na and Kl substitution for  various 

cations increases the grain size to various extents. 

A simple model has been proposed in explaining these obser- 

va tions which is described below. 

YBCO is a non-stoichiometric oxide with oxygen stoichiometry 

varying from 6 to 7. The ideal orthorhombic structure of YBCO is 

shown in F ig .  5.1. Neutron diffraction experiments on YBCO having 

different oxygen contents, have shown that the chain site oxygen [O(1) 1 
0 

becomes mobile above around 450 C and if the temperature is raised, 

these sit;s bacarne more and more vacant 121. Eventually, at tempera- 

tures above 7 0 0 ~ ~ ;  structural transition f r o m  orthorhombic to tetragonal 

phase occurs. Creation of a f e w  number of vacancies associated w i t h  

heating was also observed at the apical oxygen site O(4) [2]. The 

1 2  0 ,  0) sites 015) are usually vacant, even though very small 

number of occupancies are observed especially w h e n  substitutions are 

effected. The O ( 2 )  and O(3) sites in the CuOZ planes are found to 

0 
be fully occupied in general and only above 900 C they become mobile[2] . 



Fig. 5.1: Typical stmchlre of YBa2Cu3O7 



5.2 DESCRIPTION OF THE MODEL 

5.2.1 Effect of Po2 m textured (Iraln ~mwth 

As YBCO is a nonstoichiornetric oxide,  the parameters contro- 

l l ing  the oxygen stoichiometry of the system will affect the ionic 

transport which depend on the oxygen vacancy concentration in the YBCO 

lattice. Since the grain growth depends on the ionic mobility, changes 

in oxygen vacancy concentration can affect the grain growth also. When 

the processing of YBCO is done at a low PoZ. the ab-plane w i l l  have 

a large number of vacant oxygen sites which facilitates sasy mass trans- 

port and hence an increased textured grain growth. 

5-2.2 Effect of alkali metal  substftutlons m textured grain growth 

The enhanced textured grain growth resulting from the substi- 

tution of comparatively low amounts of alkali metals for various cations 

in YBCO can also be accounted by the accelerated mass transport ensuing 

the generation of vacant oxygen sites in the lattice. When monovalent 

3* and Ba 
2+ 

Li replaces divalent Cu,  ~ a '  replaces both Y and K+ 

2* replaces Ba , oxygen vacancies are generated in the lattice t o  

maintain the charge neutrality intact. 

The corresponding defect relationships can be expressed using 

the Krijger-Vink notations [3,4]  as follows: 



where ~ ~ ( 1 )  - oxygen vacancies at O(33 or O ( 2 )  sites of the 

CuDz planes 

Vo(2] - oxygen vacancies at  Q(l), 014)  or O ( 5 )  sites 

The observed difference in degree of textured grain g rowth  

of the diffferent alkali metals substituted samples under the same heat 

treatment schedule and substituent concentration nay be due to  the 

difference in overall vacancy formation. The importance of 

the site preferential vacancy creation given in equations 1, 

2 and 3 can be understood, i f  one remembers that 0[1), 0 ( 4 j  

and 0 ( 5 ]  sites are easily vulnerable to thermal effects compared to 

O(2) or O(31 sites of Cu021ayers. Thus in the case of K substituted 

samples, existence of thermally generated vacancies a t  O [ l ) ,  0 1 4 )  or 

Q(51 sites restricts the creation of additional vacancies at these sites 

by substitution. But in the case of Li and Na substituted samples 

chemically induced vacancies add to the thermally generated ones. 



2+ Since ~ a '  can replace both Y 3* sites and Ba sites, the chemically 

induced vacancies along the CuO planes [Vo (1) 1 is less in number in 2 

Na substituted samples compared to that of ti substituted samples under 

the identical heat treatment schedule and substituent concentration. 

Thus under identical experimental sond i tirlns , the oxygen vacancy concen- 

tration w i l l  be maximum in ii substitutidn followed by Na and K. Therefore 

degree of textured grain growth alse w i l l  be in the s a m e  order. 

5.3 EXPERIMENTAL 

As has already been emphasized, the enhanced textured grain 

growth - whether due to a decrease in Po2 or  by substitution effects - 
is assumed as resulting from the increased oxygen vacancy concentration 

in YBCO* Thus i t  becomes a necessity to study the oxygen stoichiometry 

of the samples at the processing temperature in deciding the extent 

of validity of assumptions involved in the explanation for grain growth 

as detailed ,above. 

5.3.1 Powder preparatim 

Carbonates. nitrates or oxides of Y, Ba, Cu and alkali metals 

were mixed in the appropriate molar ratio so as to get stoichiometries 

( where x = 0-0.2) . The mixed precursors were heated at 920 2 5' c 

for 12  hrs in air .  The samples were then quenched from this 

temperature to liquid nitrogen temperature. 



5.3.2 TGA 

10-I2 2 g  of the quenched powders Here used for TGA in 

a 
oxygen f low at a heating rate of 10 CJmin.  

5.3.3 Isothermal experhnmts 

About 1 gm of the powders prepared by quenching were weighed 

accurately using an electronic balance (Mettler AE 240) . These powders 

0 
were then put fn the furnace and heated to 430 C and kept at this 

temperature for 12 hrs. This temperature was chosen because the TGA 

experiments showed that oxygen absorption is fairly w e l l  and the 

oxygen desarption is fairly low at this temperature in all the cases 

(see section 5 . 4 . 1 ) .  The Po2 inside the furnace was kept at 4096 in 

al l  the cases to facilitate easier oxygen intake. After the oxygenation, 

the samples were weighed again and the wt% increase were calculated. 

About 25 mg of powder after the isothermal oxygenation descri- 

bed above was taken far the determination of 'oxygen stoichiometry by 

iodometric analysis as described in chapter 2 .  The oxygen content 

of the material has been calculated as the average value obtained from 

6 tr ia l s .  The standard deviation has also been calculated in all the 

cases. From these values and the values of wt% changes obtained from 

the isothermal experiments, the oxygen content in the quenched 

materials were determined. 



5.4 RESULTS ARID DISCUSSION 

5.4.1 TGA 

The use of TG-curves in the present investigation was two fold. 

First of all ,  these curves were useful In suggesting the qualitative 

variation in the oxygen absorption trends of different samples. Thus 

a rwgh estimate of the temperature, at which the rate of absorption 

is maximum, could be determined for all th.- samples used in the experi- 

ment. (The TG-curves given in Fig. 5.2 clearly shows the differences 

in the oxygn absorption t e n d d i e s  of two such samples). These 

est irnates were helpful fn deciding the temperatures for the isothermal 

experiments so that the samples are oxygenated to  the maximum. T h e  

0 temperature range 420-430 C has been found to be suitable for oxygena- 

tion of all the samples since the desosption of oxygen due t o  thermal 

effects were very small in this range. 

The other purpose of using the TG-curves was in estimating 

the activation energy for oxygen absorption of different samples. A 

first order kinetic equation has been formulated for the reaction 

' 6  + Ci e 0, and Arrhenius type rate constants have been 

assumed. Thus the rate equation, fn terms of moles of the reacting 

species, reads as 

where, y[t]  = moles of YBCO which is not yet oxygenated at time t , 





No 
= moles of YBCO present initially,  

E2 = activation energies corresponding ta oxygen absorption 

and desorptfon respectively. 

The first term contains parameters related to the oxygen absorption 

while the second, of the desorption. 

This equation was converted so that w* changes and tempera- 

tures [rather than moles of substances and times) were incorporated 

and en integration, the relation connecting w%% change and temperature 

was obtained just as in a TG-curve. This equation was then f i t ted 

with the experimental TG-curves by keeping and El as free para- 

meters. 

To fix the values of E2 and , published reports on 

oxygen desarption studies in YBCO were looked into. There have been 

many reports [ 5 , 6 ]  and the work reported by H.S. Strauven et a1 /5] 

0 describes the oxygen evolution trends in YBCO upto 1000 C .  Of 

the 5 desorption maxima observed in the entire range of temperatures, 

0 
the one at the l e~s t  temperature occurs at around 650 C w i t h  activation 

energy = lev. Thus the desorption parameters in the present calcu- 

lation were fixed as E2 
5 = lev and rZ = 10 /s. 

A typical TG-curve and the corresponding calculated curve are 

given in Fig. 5.3. The calculated activation energy parameters for 

oxygen absorption of Li, Na and K m  substituted samples with substituent 
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stoichiometry 0.1 along with that af undoped YBCO are given in Table 5.1. 

Table 5.1: Activation mergies of oxygen absorptim 

Sample Activation Energy (eV) 

Pure YBCO 

Lio.l 
- YBCO 

Nao.l 
- YBCO 

* 1 
- YBCO 

5.4.2 Isothermal experiments 

The results of isothermal experiments carried out at 430°C  are 

given in Table 5 . 2 .  

From the table i t  is evident that in  general, the oxygen stoi- 

chiometry in the alkali metal substituted YBCO at the processing tempe- 

rature is less than that in the undoped YBCO. Fig. 5 . 4  shows the 

0 
plot of oxygen content of samples c?t 920 C as the substituent stoichio- 

metry varies f r o m  0.05 to  0.2. A dashed line corresponding t o  the 

observed oxygen amtent of the undoped YBCO at 920°C also is shown 

as a guide to the eyes. A systematic decrease in oxygen stoichiometry 

0 
at 920 C w i t h  the increase of substituent concentration is evident in 

the case of Li and K substituted samples, whereas an initial increase 



Table 5.2: R e s u l t s  of isothermal experiments d m  at 4 3 0 ~ ~  

Staichiometry Final oxygen w t% Oxygen con- Oxygen in- 
content increase tent at 920 c take per 

unit cell 

Pure YBCO 

Lie. 05 
YBCO 

%.l 
YBCO 

Li 
0.2 

YBCO 

NaO. 05 YBCO 

Na 
0.1 

YBCO 

NaO. 2 
YBCO 

%. 05 YBCO 

K ~ . l  YBGO 

KO. 2 
YBCO 

I values in the brackets are the standard deviation) 

is observed In the case of Na substitution. By taking the oxygen content 

of the samples at the aubstituent stoichiometry of 0.05. the subsequent 

depletion of oxygen has been calculated in all the cases using the 

defect equations 1 (2 )  and ( 3 ) .  These calculated values along w i t h  

the correspondin; observed values of all the three substitutions are 

plotted in Fig. 5.5. In the case of Li and K, the observed decrease 

in oxygen stoichiometry matches very w e l l  w i t h  the prediction of the 

model, i . e .  release of one oxygen atom for every two a lka l i  atoms 
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substituted. But in the case of Na substitution, an initial deviation 

from the calculated trends occurs. At the same time, i f  the values 

of initial oxygen content for the Na stoichiometry of 0.05 is exempted, 

the rest of the observations fits remarkably with the curve calculated 

on the assumption of Na substituting the Y site [Note the identical 

slopes in  the range 0.1-0.2 in Fig. 55b). 

Again from the table 5 . 2  I t  can be seen that the initial oxygen 

content is less than even 6 in all the samples with Na or K substitu- 

tion except in the case of Na stoichiometry O f  in contrast te the 

values obtained in the case of samples with  Li substitution. T h i s  may 

be because the Na or K substitution may be destabilising the  YBCO struc- 

ture t o  a greater extent so that at the processing temperature, the 

thermally created oxysen vacancies are much more compared to that 

in the Li substituted sample. If this is true, then i t  is evident that 

even if oxygen vacancy concentration in the material is high so that 

ionic diffusion processes are promoted, significant grain growth may 

not result due to the decrease in the coherence among the unit cells. 

In this connection, i t  should also be noted that in spite of law oxygen 

stoichiometries observed in Na and K substituted samples, the platy 

grain growth is maximum for Li substitution. 

Thus the determination of the oxygen contents of the materials 

has proved beyond doubt that the alkali metal substituion increases 

the oxygen vacancy concentration in YBCO thus partially agreeing with 

the model proposed. At the same t i m e ,  i t  has become clear that platy 



grain growth is controlled not only by the oxygen vacancies but also 

by properties like the structural stability etc. of the substituted 

sample. 

Another important result that has been obtained is the evidence 

for the increased oxygen absorption rate in alkali metal substituted 

samples in comparison with that of undoped YBCO. From table 5 . 2  

it can be seen that in spite of the identical times and other parameters 

used in the oxygenation process, the amount of oxygen intaks is more 

in alkali metal doped YBCO than the undoped YBCO. Fig. 5.6 in which 

the number of oxygen atoms absorbed per unit cell is plotted against 

the substituent concentration shows this clearly. This fact is also 

perhaps reflected by the calculated activation energies of oxygen absorp- 

tion, given in Table 5.1. The activation energies for oxygen absorption 

is less for alkali metal substituted samples compared to that of undaped 

YBCO.. 

5.5 CONCLUSION 

In this chapter a model for the textured grain g rowth  in YBCO 

has been proposed which is based on the oxygen vacancy creation under 

different experimental conditions. When the processing of YBCO is done 

at a low PoZ. the ab-plane w i l l  have a large number of vacant oxygen 

sites which facilitates easy mass transport and hence an increased 

textured grain growth. Similarly the enhanced textured grain growth 

resulting f r o m  the substitution of comparatively low amounts of alkali 

metals for various cations in YBCO can also be accounted by the 



+ L i  --*-No --+-K ... .... pure Y B C O  

F ig .  5.6:  Plots  of number of oxygen absorbed/unit cell vs substituent 
stoichiometry o f  different samples 



accelerated mass transport resulting from the generation of vacant oxygen 

sites . 

In order to check the extent of validity of the proposed 

mechanism for textured grain growth in YBCO, axygen stoichiometries 

of different samples at processing temperature were determined w i t h  

the help of different thermal analyses and iodometry . The calculation 

of the same, using the praposed model shows that in the case of 

Li and K substituted samples, the observed values match very well 

with the prediction of the model, i . e .  release of ane oxygen atom for 

every t w o  alkali atoms substituted. In the case of Na substitution the 

fit was very well except for the deviation for the Na stoichiometry 

0.05. 

Moreover it was observed that in the case of L i  substituted 

samples, axygen vacancy concentration is the main factor influencing 

the platy grain growth whereas in Na and K substituted samples, proper- 

ties l ike structural stability etc. also may have t o  be considered. 

Another important result that was obtained from this study is 

the evidence for increased oxygen absorption rate in alkali metal substi- 

tuted samples in comparison with that of undoped YBCO. 
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CHAPTER 6 

PREPARATION AND CHARACTEREATTLDN OF SINTERED TEXTURED 

BULK YBCO BY COLD PRESSING AND HEAT TREATMENT * 

As mentioned in chapter 3 i t  is widely recognised that the 

critical current density achieved in routinely processed polycrysta- 

l l ine  YBCO are several orders of magnitude lower than what can be 

achieved In single crystals or thin f i l m s  of the material 11-41, The 

anisotropy of J in single crystals of  YBCO and the achievement of 
C 

higher J in oriented thin f i l m s  [5-91 indicate that crystallographic 
C 

alignment of grains, also called texture may be necessary to  raise 

c 
to cammercfally useful levels in bulk poly crystalline materials. 

As described in chapter 3 ,  several means have been reported for  intra- 

ducing grain alignment in bulk a t  the various stages of processing [lo-181 . 

In chapters 3 and 4 we have seen the growth characteristics 

of platelet grains of YBCO having growth along ab-plane under diffe-  

rent PoZ temperature and alkali metal substitution at  the calcination 

stage. In this chapter, the effect of uniaxial cold pressing and sinte- 

ring of these platelet grains on the intergranular orientation and corres- 

ponding J c  is described. The factors influencing the degree of orien- 

tation have been investigated and J of the samples was correlated 
C 

with the microstructure. 

*This work has been partly published in: 
Solid State Cornmun.,  - 71, 287 I1989) 



Platelet grains of YBCO having average sizes 4 15 Prn, 4 30 pn 

and >30 pm were synthesized by controlling the Pa 2 '  temperature 

and soaking period. Then the powders were sieved so that 3 batches 

of powders S1, S2 and S3 were prepared w i t h  average grain sizes, 

less than 15 prn, between 15 pm and 30 prn and greater than 30 Prn 
respectively. Far the purpose of comparison, a batch of powder 54 

of nearly spherical (size 5 pm) is also included in the study. 

In order to  complete the oxygenation of these powders, they were 

0 
annealed at 450 C in the flow of oxygen for a period required by 

each sample for attaining an oxygen content more than 6.9 a s  ev idencedb~  

iodometric analysis described in chapter 2 .  A typical SEM photograph 

of the platy grains is shown h F i g .  6.1. 

About 0.7 gms of these powders were filled in a rectangular 

die having dimensions of 20 mm x 4 mrn x 5 mrn and uniaxially pressed 

by applying pressures in the range 50-500 MPa for 5 minutes. X-ray 

diffraction was performed on the pressed surface of the sample tvhich 

is perpendicular to the axis of compression. These samples c-ere 

sintered at 950' c in oxygen flow for 6-36 hrs. The sintered samples 

were oxygenated at 450'~ for sufficient t i m e .  The ratio of the inten- 

sitiies of (005) and (113) reflections determined from XHD patterns 

was taken as the index for the measure of orientation introduced by 

pressure and heat treatment on the platy grains. 
Jc of these samples 

at 77 K were measured by D . C .  ,transpart method using 1 )vV /cm cri- 

terion. Microstructure of the samples was analysed by SEM. 



Fig. 6.1: Typical SEM photogmph of the platy grains 



6.3 RSULTS AND DISCUSSION 

6.3 .I Effect of w l d  pre9sjng 

A typical SEM photograph ( F i g .  6 . 2 )  of the pressed surface 

of the samples shows that the simple cold pressing introduces consi- 

derable orientation of platy grains. The degree of orientation was 

found to  depend on the applied pressure as w e l l  as the grain size.  

Fig .  6.3 shows the plot of orientation index of pressed surface 

vs applied pressure of samples of different grain sizes. 

From the Fig. it is char  that in the case of S1, S2 and S3 

batches as the pressure increases the orientation index also increases. 

But after a certain pressure, the grain orientation was found to be 

saturated. For a constant pressure, the orientation of grains is more 

for sample w i t h  larger grains. In the case of powder from SZ batch, 

there is a '  steep increase in the orientation for pressure in the range 

150-200 MPa. For S4 batch sample, there is no orientation by cold 

pressing. I t s  orientation index was found to be unity. 

The variation of orientation index at different depths from 

the pressed surface of powder from S2 batch is shown in F i g .  6 . 4 .  

It is clearly seen that below 100 pm depth,  there is no significant 

orientation induced by the application of pressure. Similar results 

obtained for powder from other batches as  well indicate that in the 

uniaxial pressing set-up used in the present experiment, grain orien- 

tation can be introduced only over a thin layer  of around 100 

of the sample surface. 
P" 



Fig. 6.2: Typical SEM photograph of the pressed 
surface of the sample 
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Fig. 6.4: Plot of orientation index v s  different depth 



6-3.2 Effect of heat treatment  

Fig. 6.5 shows the typical XRD patterns of the pressed 

surface of as-pressed, 6 hrs aintered and 36 hss sintered sample. 

Table 6.1 gives orientation index of the sintered sample made from 

the batch SZ powder using a pressure of 200 MPa. 

Table 6.1: Orisntatian index of the cold pressed and 
shtered samples made fmm the 
batch SZ of powder 

Sample Orientation Index 

as-pressed 220 

6 hrs sintered 16 

36 hrs sintered 78 

From the XRD patterns and Table i t  is clear that sinter ing 

for  a period of 6 hrs reduces the grain alignment. But as the 

sintering time increased to  36 hrs, the grain alignment is found t o  

be increased. In the case of other samples also, the decrease of 

grain alignment has been observed for the initial periods of sintering 

and with the increase of period of sintering, the grain alignment w a s  

found to be increasing. 



36 hrs sintered 

6 h rs  sintered 

Fig. 6.5: Typical XRD patterns of the pressed surfam of a s  pressed, 
6 hrs sintemd and 36 hrs sintered sample 



In contrast to the drastic decrease of grain alignment with 

depth in the case of as-pressed samples ( F i g .  6.21, in the case of 

sintered samples, a deeper penetration of alignment into the interior 

of the sample was observed (Fig .  6 . 6 ) .  which increased w i t h  

increasing sintering t i m e .  

6.3.3 C r i t i m l  m t  density and microstructure 

0 
Table 6.2 gives 3 of samples sintered for 36 hrs at 950 C 

C 

in oxygen flow. The samples were prepared from all the 4 batches 

SI, S2, 53 and 54 of powder, pressing at a pressure of 200 MPa. 

Table 6.2: J, of the sintered samples made fmm 

diffemt batches of powder 

Batch 
2 

Jc  (A/cm 1 

From the table i t  is clear that the sample made from the 

batch 52 shows higher J C  compared to  others. 

SEM fractographs taken. near the edge of the pressed surface 



DEPTH &m) 

F i g .  6.6: Plots of orientation index vs different depths of 
sintered sample 



of the sintered samples made from the batches SZ and 54 are shown 

in F i g .  6.7. About five fold increase in Jc in sample made from 

batch S2 compared to S4 can be explained only by taking account of 

the grain alignment as observed from the SEM fractograph. 

It should be remarked that compared to the Jc  of 4200 A/cm 
2 

reported by X.G.  Zheng st a1 [lo], thf! Jc obtained in the present 

work is much less. The reason far this discrepancy may be the diffe- 

rence in the alignment techniques adopted, In the present work, the 

uniaxial compaction is found to induce alignment over a thin layer 

of the bulk only while the vibrational alignment and subsequent cold 

pressing method used in the work by X.G. Zheng succeeded in 

imparting grain alignment throughout the volume of the sample pressed. 

6.3.4 Effect of cold pressing and heat treatment on the Jc of alkali 
m e t a l s  substituted YBCO 

In chapter 4 ,  i t  was seen that the alkali metal substitution 

can induce platy growth of YBCO grains along a-b plane. Thus cold 

pressing can be applied in these grains also to see the effect of align- 

ment and the heat treatment on the Jc . With this objective in mind, 

the grain size in  the range 15-30 Prn was synthesized as described 

in chapter 4 because in the case of undoped YBCO, as described 

above, the pressure induced alignment and subsequent heat treatment 

had more significant effect on J in this range of grain size. These 
C 

grains were also subjected to  a study similar to  that has already been 

described in the case of undoped YBCO. The only difference was that 

in the case of alkali metal substituted samples, the heat treatment 



Fig.  6 . 7 :  SEM photographs taken near the edge of the 
pressed surface of the sintered samples 
prepared f r o m  the batches SZ and S4 



0 was done at a temperature of 930 C. 

In this case also. the simple cold pressing was found to  

align the grains on a thin layer below the pressed surface and the 

depth profiles of alignment were similar t o  what was observed for 

undoped YBCO powders . 

Table 6.3 gives the Jc values of alkali metal substituted 

YBCO samples pressed at 2QO MPa and sintered for 36 hrs. 

Table 6.3: Jc values of elkall metal  substituted YBCO samples 

Sample 
2 

J c  (A/cm I 

From the Table i t  is clear that J values of the alkali metal 
C 

substituted samples are not improved eventhough there is alignment 

of grains along ab-planes by cold pressing and heat treatment. In 

the case of Li and Na substituted samples J G  is much less than that 

of the undoped YBCO having no alignment (Batch S4 of Table 6 -21  . 

But in the case of K-substituted sample i t  is comparable. 



6.4 CONCLUSION 

Effect of cold pressing and heat treatment on the alignment 

of platy grains of YBCQ of different grain sizes synthesized by cantro- 

l l ing Po2,  temperature and alkali metal substitution have been studied. 

Cold pressing was found to align the grains on a thin layer below 

the pressed surface. The degree of grain alignment was found to  

depend on both the pressure applied as w e l l  as the grain size. 

Alignment of grains in the pressed sample was found to be 

decreased by short periods of sintering while for longer periods i t  

increased. Longer periods of sintering was also found t o  impart 

deeper penetration of grain alignment into the interior of the samples. 

The Jc of samples prepared by pressing platy grains of undaped 

YBCO was found to be higher than that of those prepared from grains 

of nearly spherical shape. Also the 3, of the sample prepared f r o m  

grains af siz'e between 15 ~ r n  and 30 pin was found t o  be higher 

than the other samples included in this study. 

The effect of cold pressing and heat treatment on the gra in  

alignment in alkali metal substituted samples was similar t o  that of 

the undoped YBCO. Despite this, the Jc of substituted samples was 

found t o  be very low compared t o  that of undoped YBCO. 
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SYNTHBSIS OF PHASE PURE YIBa2C~307-6 BY DYNAMIC VACLlllM 

CALCINATION AND IT5 CHARACTERISATTON 

High temperature ceramic superconductors are normally 

prepared by solid state reaction of oxid~s, carbonates, nitrates etc . 
[I-31. For the synthesis of Y1Ba2Cu307-6 , the mixed precursors 

Q 
are calcined at a temperature 900-950 C for 20-50 hrs. Intermittent 

grinding 'is also necessary to obtain relatively phase pure and homoge- 

neous YBCO powders. The high temperatures used in the conventional 

methods can Induce formation of liquids and nonsupercanducting phases 

such as YZ BaCu05 and BaCuOZ 1 .  The presence of these nonsuper- 

conducting phases especially at the grain boundaries lowers the critical 

current density. In addition to the production of undesirable phases, 

the conventional processes are time consuming and result in coarse 

particles. 

If BaCD3 is used during calcination of YBCO precursors, simul- 

taneous decomposition of BaCO to BaO and reaction among the three 3 

constituents (Y2 O3 , BaO and CuO) forms the desired perovskite phase. 

The reaction can be written as  follows: 



However the presence of C 0 2  in  the processing environment 

can induce the undesirable back reaction with YBCO to  form BaC03 , 

Y2 O3 . CuO and Y2 Cu205 depending on temperature i4.5 1 . 

The reaction at 815' C, in the presence of C 0 2  , can be 

written as follows [ 6 ] .  

Therefore synthesis of phase pure material which gives higher 

J by the conventional method of preparation is very difficult. 

In chapter 3 ,  describing the study of textured grain growth 

at different Po2 and temperatures, we have seen that by the lowering 

of PoZ , the processing temperature of YBCO phase formation can be 

reduced to a large extent. Similarly if the GO2 level in  the proce- 

ssing environment can be decreased, by pumping out the C 0 2  evolved, 

the decomposition of YBCO through the back reaction mentioned above 

can also be avoided. 

The synthesis route reported by U. Balachandran et a1 [ 7 ]  

ingeniously incorporates the above two considerations, in  which phase 

pure YBCO powders have been synthesized by calcining the precursors 
0 

at 800 C in flowing O2 at reduced pressure. 

In the course of present investigation, an experimental set- 

up has been designed and fabricated for the synthesis of phase pure 

YBCO powder along the lines des'cribed in the the above work [ 7 ] .  The 



characterisation of YBCO powders synthesizsd by using the set-up 

mentioned above was done. 

7.2 -1 Experimental set-up 

The experimental set-up fabricated for the present work is 

shown in F i g .  7 -1. It consists of mainly a tubular furnace having 

provisions for applying vacuum and to pass oxygen. The pressure 

inside the furnace can be controlled by operating needle valves and 

i t  can be monitored through a vacuum gauge. The flow af  oxygen can 

be controlled with the help of a f low meter, compound gauge and 

needle valve. 

7.2.2 Processing of YBCO by dynamic vacuum calcination 

Mixed precursors, weighing about 6 gms, were put inside the 

furnace i n  a platinum boat. The pressure inside the furnace was 

reduced to 5-10 m m  of Hg by working the vacuum pump and a f l o ~  

of oxygen at the rate of 0 .1  litresirninute was given and t h i s  was 

maintairied during the entire soaking period. A l o w  rate of heating 

( 1 5 O ~ / h r )  was given in the range 6 8 0 ~ ~ - 8 0 0 ~ C .  A soaking period of 

0 
5 hrs and a temperature of 800 C was used during the processing. 

While cooling, the vacuum was discontinued and ambient-pressure O2 was 

passed. Td promote the oxygenation of the resulting powder, a 4 hr 

hold at 4 5 0 ' ~  was incorporated Into the cooling schedule. 

The flow rate o f  oxygen and heatbg rate are to  be adjusted 



Y 

1 Ceramic tube 
2 Haot~ng element 

3 Insulat~ng m o t e r ~ o l  

4 Furnoco c o v e r  

5 Thermo couple 
6 P l o t ~ n u r n  boat 
7 Somple 
8 W a t e r  coolins system 

9 N e ~ d l c  va lve  
10 C a m p o u n d  gouge 
1 1  Flow mete r  
1 2  7 hermocoup lc  laad 
1 3  Power supply cabre 
1 4  Vacuum guage  
1 5 Tcmpetature controller 

1 6  T r a p  

Fig. 7.1: Experimental set up for vacuum calcination 



depending on the amount of samples being synthesized. Experimental 

parameters for the synthesis of upto 100 grn of phase pure YBCO in 

a single step dynamic vacuum calcination have been standardised . 

The phase purity of the samples were studied by XRD, DTA 

and TGA. 

7.3 RESULTS AND DISCUSSION 

F i g .  7 . 2  shows the XRD patterns taken at extended scale of 

YBCO powders synthesized by vacuum calcination and conventional 

method. 

The values of 2 8  corresponding to two major peaks of common 

impurity phases, in YBCO C Dmpound are given in Table 7.1. 

Table 7.1: 2Q values corresponding to two major peaks of 
common impurity phases in YBCO compound 

Compound 2 0  



. f rnpurity peaks 

Vacuum calcined 

Convent iona' 

Fig. 7.2:  XRD patterns of YBCO powders aynthesissd by vacuum 
calcination and conventional method 



From the XRD patterns and the table I t  is clear that the 

vacuum calcined powder is more pure than the conventional one. 

The DT-curves shown in F i g .  7.3 were taken in air at a 

heating rate of 15' C / m i n .  The curve of conventionally processed 

powder indicates endothermic peaks at higher temperatures which may 

be due to the melting or reactions involving impurity phases present. 

On the other hand, the curve corresponding ta  the vacuum calcined 

powder is comparatively featureless in the same temperature range. 

TGA was carried out on the powders at a heating rate of 

10' C / m i n ,  in air.  The TG-curves (F ig .  7 .41 of vacuum calcined and 

conventionally synthesized powder are almost identical at all tempe- 

0 rature ranges. But around 800 C onwards, the weight loss is more 

rapid in conventionally synthesized powder. This may be indicative 

of C 0 2  loss f rom the BaC03 still present in the sample at  low levels  

even though X-ray patterns do not indicate i t .  A l l  the vacuum 

calcined poivders showed T 
~ ( 0 1  

mare than 90 K. After sintering, 

they shored Jc 1050 ~ / c r n ~  in  self f i e ld  and i t  was stable upto 20 

2 
oersted whereas the conventional one showed J N 1 2 0  A/cm only and 

C 

i t  drops drastically within 5 oersted field ( F i g .  7.5). 

The particle size of the vacuum calcined powder was found 

to be less than 5 prn ( F i g .  7.61 while that of conventionally proce- 

ssed samples was more than 5 ym. 



t 1 Conventional 

w Vamum calcined 

1 

Fig.  7.3:DT -curves of vacuum calcined and conventior~illy 
synthesized powders 



Fig. 7.4: TG-curves of vacuum calcined and conventionally 
synthesised powders 



V~CUUFR calcined 

APPL1ED FIELD ( O e r s t e d )  

Fig. 7.5: J (8) characteristics of samples prepared f r o m  
C 

vacuum calcined and convent ionall y synt hesized 
powders 



Fig .  7.6: SEM photograph of the vacuum calcined powder 



The XRD patterns of vacuum calcined and conventionally proce- 

ssed powders kept in air for two years are shown in F i g .  7.7 .  

From the XRD patterns it is clear that vacuum calcined 

powders are more stable to the atmospheric conditions. 

7.4 CONCLUSION 

Experimental set-up for the synthesis of phase pure YBCO 

by dynamic vacuum calcination has been fabricated. Processing para- 

meters for synthesis of phase pure YBCO powders upto 100 gns have 

been standardised. The merits of vacuum calcination are, 

a. Powder w i t h  higher purity 

b. Less processing temperature and soaking period 

c .  Powder having less grain size 

d. Sintered samples having higher Jc and better stability 

against magnetic f ie ld  

e .  Powder is more stable to the atmospheric conditions 



I I o Imnuritv n ~ n k c  

Vacuum calcincd 

Conventtonal 

Fig. 7.7: XRD pattern of vacuum calcined and 
conventirmally processed powders 
kept in air for two years 
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W J T H  INITIAL STOICHIOMETRY VARIATION IN 

(Bi, Pb)-Sr-Ca-Cu-Q BULK SUPERCONDUCTOR 



VARIATION OF STRUCTURAL AND SUPERCONDUCTING PROPERTIES 

WITH M l T W  STOICHIOMEH3Y VARIATION IN 

[Hi ,  Pb)-SrcCa-Cu4 BULK SUPERCONDUCTOR 

8.1 INTRODUCTION 

As menionted in the general introduction part, the two 

important superconducting phases in Bi-Sr-Ca-Cu-0 system are 

~ i ~ S r ~ C a ~ C u ~ 0 ~ +  (2212) with Tc- 85 K and Bi2Sr2Ca2Cu3ol0 (2223) with 

a Tc - 110 K. It has been found from phase equilibria studies in 

the quaternary system B i z  O3 -SrO-CaO-CuO (11 that 2212 phase is 

thermodynamically stable over a wide temperature range and in the 

presence of most of the compounds existing in this system. En 

contrast, the 2223 phase is stable only over a narrow temperature 

range and exhibits phase equilibria w i t h  fewer compounds existing 

in the system. Therefore the synthesis of pure 2223 phase is more 

difficult than the synthesis of 2212 phase. At the same t i m e .  i t  has 

been established that the partial substittution of B i  by Pb favours 

the formation of 2223 phase ( 2 ) .  T h e  structural and superconducting 

properties of Pb doped Ei-based superconductar has been found ta 

depend both an initial stoichiometry and processing conditions 13-61 . 
Thus the study of the effect of initial stoichiometric variation and 

processing conditions on the structural and superconducting properties 

of this system is of much significance, A 



In the present investigation (Bi ,Pb)  Sr Ca Cu 0 samples 
2 2 2 3 1 0  

having different initial stoichiometries (variation in B i ,  Pb,  Sr, Ca 

and Cu) were synthesized by conventional ceramic route in air and 

changes in various structural and superconducting parameters such as  

high Tc (2223 phase] fraction (HTf). l o w  Tc (2212 phase) fraction 

[ LTf) . impurity fraction ( I f ) ,  texturing of (001) planes (Tool 1 .  Tc(0)  . 
Tc , Jc , Jc IB) etc. of the samples with respect to the different 

initial stoichiometries and soaking periods have been studied. Also 

an attempt has been made to differentiate the major impurity phases 

depending on whether they enhance the J c  or not. 

Samples having initial stoichiometries B i  Pb Sr Ca Cu Q 2-x x 2 2 3 y '  

Pb Sr Ca Cu O Pb SrCa C u O  Bi Pb S r C a C u  0 
%.6 0.4 2+x - 2 3 y '  Bi1.6 0.4 2 2+x - 3 y *  1.6 0.4 2 2 3 + x y  - 

(where x = 0-0 .6 )  were prepared as follows. ~toichiometric amounts 

of Bi O 
2 3 '  PbO. SK03 , CaC03 and CuO (Aldrich, 99.9% pure) were 

w e l l  mixed in an agate mortar and calcined at 800' C in air for 

I2 hrs. These pellets were ground and bar shaped spe~imen having 

dimensions 20 mm x 4 mm x 2 m m  were prepared. These rods were 

sintered in air at 8 5 5 ' ~  for 80 hrs. X-ray diffraction was performed 

on Philips PW 1710 powder diffractometer using Cub radiation under 

identical conditions. Critical temperature of the samples was measured 

by standard four probe DC technique using an APD cryostat. Direct 

transport method was used to determine the critical current density 

of the sample. - Jc [B)  characteristics was measured at the liquid 



nitrogen temparature by placing the sample axially at the centre of 

an electromagnetic coil .  

The HTf, LTf, If as w e l l  as Tool [hereafter these parameters 

are referred as P.S. (phase and structural) parameters] were 

determined from the XRD patterns of the samples. Each phase viz. 

high Tc , low Tc and major impurities [ semiconducting ( 2  B = 21.97 and 

Ca2 Pb04 ( 2 9  = 17.8' ) campounds] have their own characteristic 

x-ray reflections at  different angles. Further from the XRD patterns 

of the samples, it  was found that two types of planes viz. (001) and 

(1111 grow preferentially during the processing period. Texturing 

of (001) planes is desirable because of its increased capacity of 

critical current density 17 1 . 

From the XRD Patterns some of the reflections were chosen 

carefully such that they are not overlapped and have higher intensities 

for the quantitative estimation of P .  S. parameters. The P.S.  

parameters have been defined as follows, where HTf + LTf + If  = 1. 

LTf = 
0 0 * 0 * IOo2 ( 4 - 7 )+10010 ( 23 -9  )+Ioo2 ( 5 . 8  )+IOo8(23.2O)+~ (17.8')+1 (21.9') 

- imp imp 



* 
(where I and I refers to the intensity of the peaks corresponding to 

2223 and 2212 phase rosp and I the intensity of impurity peak) . The imp 
above reflections are marked in the typical XRD pattern given in 

Fig. 8.1. 

8.3 RESULTS AND DISCU'SSION 

8.3.1 Effect of Pb dopins, 

Samples having df fferent [Bi ,  P b)  stoichiometric ratio have 

been prepared and its various structural and superconduct ing proper- 

ties were studied t o  select its better combination. The different P . S .  

parameters, Tc ' A Tc and Jc  of the samples after 120 + 80 hrs 

of heat t r e a t m e n t  are shown in Table 8.1. 



8 Typical XRD pattern of BPSCCO 



Table 8.1: Diffemnt P.S. parameters. Tc . pT, 6 Jc of the samples 

having diffemmt {Bi, Pb] stoichiometric ratio, after 

120 + 80 hrs of heat treatment  

Bi: Pb HTf LTf If AT J 
T c ( ~ l  C C 

IKI I K I  ( A / c ~ ~ )  

From the table, (B i ,  Pb) stoichiometric ratio 1.6~0.4 is found 

to give better P .  S. parameters and superconducting properties. There- 

fore in al l  of our next batch of experiments of varying Sr, Ca and 

Cu stoichiometr&s the ( B i ,  Pb) molar ratio was kept as 1.6 :0.4. 

8.3 -2 Effect of Sr. Ca and Cu rariatimne; 

Figures 8.2  and 8 . 3  show the variation of HTf. I f .  Tool , 

T , AT= and Jc of the 120 + 80 hrs heat treated samples wi th  
C 

x.  From the figures it can be seen that, samples having following 



Fig. 8.2:  Plots of HTf, T 
c(0l ' 

A T  vs x 
C 



-Ca-Adion - -A= -Sfovariation -- + -G-var iat  ion 

0.82 

Fig. 8.3: Plots of J . I f .  TW1 vs x. 
C 



initial stoichiometries are showing better properties, i . e. highest 
= c i  

lower - p Tc and higher Jc . 

1. Pb Sr Ca Cu 0 
"1.6 0.4 1.8 2 3 y 

2 .  Pb Sr Ca Cu 0 '11.6 0.4 2 2.2 3 y 

Pb Sr Ca Cu 0 '' B?.6 0.4 2 2 3 y 

(sample 1) 

(sample 2)  

[sample 31 

In order to study the combined effect of stoichiometries of 

samples 1. 2 and 3 ,  sample of stoichiometry Bilm6Pbo~gSrl~8Ca2~2C~30y 

uas prepared and its P.S. parameters, Tc. 
b T c  

and Jc were deter- 

mined. Table 8.2  shows the P . S .  parameters, Tc, and J of 
C 

this sample. 

Table 8.2: P.S. parameters. T p T c  6 Jc of the sample having 
C *  

inl.W stoichiometry B i  l,6Pbo~4Srl~8Ca2~ZC~30y 

Stoichiometry HT f LTf If T J c ( 0 ) h T c  c 
I K )  (Kl ( ~ / c m ~ )  

None of the values given in Table 8.2  is better than that of samples 1, 

2 or 3 .  



8.3.3 Effect of impurity phases on Jc 

Among the samples 1, 2 and 3,  in the case of sample 2,  there 

is a sharp increase in J c ( F i g .  8.3aJ . But there is no significant 

increase in the texturing of c001) planes (F ig .  8 . 3 ~ 1  or  HTf (Fig.8.2a) 

in sample 2 compared to samples 1 and 3 .  

The impurity phases which has been used in our definition 

of If a r e  the Ca2Pb04 and the semiconducting phase [ a ] .  The depen- 

dence of Jc on this factor can be seen by comparing the J c  values 

(Fig .  8 . 3 a )  with the If [Fig.  8 . 3 b ) .  The general trend is a decrea- 

sing J c  and an increasing I f ,  as we go away from the 2223 steichio- 

metric initial composition. But the abrupt increase and fall of Jc as 

we go along the excess Ca regime is worthy of mention. A 'closer look 

a t  the XRD patterns taken("ig.8 -4 ] at a higher scale factor for  excess 

Ca stoichiometries revealed the presence of CaZ CuO ( 2  0 = 36.7' ) 3 

as an additioqal phase far all these compasitions. Also the  amount 

of this phase is found to increase as Ca content increases. The SEM 

photograph (Fig. 8 . 5 )  of this sample taken at a magnification of 6000 

shows distribution of fine precipitates ( which otherwise is absent 

in other compositions) in  the superconducting matrix. These preci- 

pitates may be Ca2 Cu03  . There is report that CaZ CuOj can act as 

flux pinning centres [ 9 ] .  Also. Jc(Blchara~terist ics  of the samples 1. 

2 and 3 (F ig .  8.6) shows that sample 2 has an improved magnetic 

performance as w e l l .  Therefore the increase in Jc in CaZaZ stoi chia- 

metric samples may be due to the flw pinning action of finely distri- 

buted CaZCuOa present. 



Fig. 8.4: XRD patterns of different Ca 
stoichiametric samples 



Fig. 8.5: SEM fmctogmph of the sample having 
Ca-stoichiornet ly 2.2  





initial stoichiometries are showing better properties, i. a. highest 
Tc . 

lower ' A Tc and higher Jc . a 

1. Pb Sr C a C u O  %.6 0.4 1.8 2 3 y 
(sample 1) 

2 .  Pb Sr Ca Cu 0 Bi1.6 0.4 2 2 .2  3 y (sample 2 )  

Pb Sr Ca Cu 0 3' Bi1.6 0.4 2 2 3 y [sample 31 

In order to study the combined effect of stoichiometries of 

samples 1. 2 and 3.  sample of stoichiometry Bilm6Pb0m4Srl,BCaZ,2C~30y 

was prepared and its P.S .  parameters, Tc. ATc 
and Jc were d e t e r  

mined. Table 8.2 shows the P .S .  parameters, Tc, ATc and Jc of 

this sample. 

Table 8.2: P.S. parameters. T p T c  6 Jc of the sample having 
c m  

initial stoichiometry Bi 6Pb,, 4Srl - 8CaZ - ,fYOy 

Stoichiometry HTf LTf If J *00l Tc(o) AT= c 
(K) (K) ( ~ / c m ~ l  

None of the values given in Table 8.2 is better than that of samples 1, 

2 or 3 .  



8.3.3 Effect  of impurity phases on Jc 

Among the samples 1, 2 and 3,  in the case of sample 2, there 

i s  a sharp increase in J c [ F l g .  8 . 3 ~ 1 )  . But there is no significant 

increase in tho texturing of cool) planes (Fig .  8 . 3 ~ 1  or HTf ( Fig. 8.2a] 

in sample 2 compared to samples 1 and 3 .  

The impurity phases which has been used in our definition 

of If are the Ca2Pb04 and the semiconducting phase 181. The depen- 

dence of J c  an this factor can be seen by comparing the J c  values 

[ Fig .  8.3a) with  the If [Fig .  8.3b 1 . The general trend is a decrea- 

sing Jc and an increasing I f ,  as we go away from the 2223 stoichio- 

metric initial composition. But the abrupt increase and fall  of Jc as 

we go along the excess Ca reg ime is worthy of mention. A 'closer look 

at  the XRD patterns taken(Fig.8.43 at a higher scale factor for excess 

a 
Ca stoichiametries revealed the presence of CaZ CuOa ( 2  0 = 36.7 1 

as an additioqal phase for al l  these compositions. Also the amount 

of this  phase is found to increase as Ca content increases. The SEM 

photograph (Fig. 8 . 5 )  af this sample taken at a magnification of 6000 

shows distribution of fine precipitates [which otherwise is absent 

in other compositions) in the superconducting matrix. These preci- 

pitates may be CaZ Cu03 . There is report that CaZ CuOJ can act as 

flux pinning centres 191. Also, ~ ~ ( B ) c h a r a c t e r i ~ t i c s  of the samples 1. 

2 and 3 [ F i g .  8.6) shows that sample 2 has an improved magnetic 

performance as w e l l .  Therefore the Increase in J in Ca2. 
c 

s toichio- 

metric samples may be due to the flux pinning action of finely distri- 

buted CaZCuOa present. 



Fig. 8.4: XRD patterns of different Ca 
stoichiometrSc s a m p l s  



Fig. 8.5: SEM fractograph of the sample having 
Ca-stoichiemetry 2.2 



+ Sample 1 A Sample 2 

Magnetic Fie ld (Oersteds) 

Fig.  8 .6:  J [B)  characteristics of samples 1, 2 and 3 
C 



But the increase in the amount of Ca CuO in samples with 
2 3 

Ca stoichiometries more than 2.2 does not seem to increase J . This c 

may be due to the following reasons: 

a. The amount of Ca C W 3  present in these samples may be higher 2 

than that is required far the flux pinning action and hence 

it acting as an impurity phase Just l ike other impurity phases. 

b .  From the F i g .  8 .3b we see that the impurity level is signifi- 

cantly higher in samples with Ca stoichiometry higher than 

2 . 2 .  

8.3.4 Best initial stoichiometry 

From the studies, i t  is found that B i  Pb Sr Ca Cu 0 is 1.6 0.4 2 2.2 3 y 

the best initial stoichiometry which gives higher Tc, Jc and 

better J c( B 1 characteristics . 

8.3.5 Effect of suakhg period on IiTf 

Fig. 8.7 shows the variation of HTf w i t h  x after 120 hrs 

and 120 + 80 hrs of heat treatment. In al l  cases HTf increases w i t h  

the increase in period of heat treatment. But In the case of Cu rich 

stoichiometry , ICU3. 4 and above) 80 to 90% HTf is attained within 

120 hrs of heat treatment itself. However after 120 hrs, there is 

no further significant increase in HTf in these samples. 



+ 120 Hrs -4- 200 Hrs 

I x (Cu - Variation) 

1-00 

0.40 
- 0 . 8 0 - 0 - 6 0 - 0 - 4 0  -0.20 0-00 0.20 0.40 0.60 0.80 

x (Sr-Variation) 

x (Ca- Variation) 

Fig. 8.7 :  Plots of HTf vs x af different stoiochiometric 
samples after 120 hrs and 120 + 80 hrs of 
heat treatment 



Fig.  8.8 shows the variation In texturing of 001 planes with 

x after 120 hrs and 120 + 80 hrs heat treatment. Texturing of 0C1 

planes also increases w i t h  the increase in period of heat treatment 

for a l l  stoichiometries. Another factor improving the texturing is 

Cu rich stoichiometry (Fig.  8 . 3 ~ ) .  But increase In T 001 by Cu rich 

stoichiometry does not improve the Jc value of the sample (F ig .  8 .3a )  . 
T h i s  may be because of the higher amount of impurity phases present 

in the sample (Fig.  8.3b). 

Table 8.3 gives the HTf and Tool corresponding t o  120 hrs 

and 120 + 80 hrs heat treated Cu rich stoichiometric samples. 

Table 8.3: HTf end Tml companding to 120 hrs and 120 + 80 hrs 

heat treated C u l r i c h  stoichiometric s a m p l e s  

From the Table 8 . 3  It is clear that in the case of Cu rich 



120 Hrs -*- 200 H r s  

x (Cu- Variation) 

x ( S r  - Variation) 

0.3 0 
-0.80 -0.60 -0-40 -0.20 0-00 0.20 0.40 0.60 0.80 

x [Ca- Variat ion) 

Fig. 8.8:  Plots of Tool vs x of different stoiochiometric 
wmples after 120 hrs and 120 + 80 hrs of 
h-t treatmeslt 



stoichiometric samples even though HTf(220) is comparable with 

HTf (120 + 80). Tool (120) is much less compared to TW1 (120 + 80). 

The formation of 2223 phase can thus be accelerated by a Cu rich 

liquid phase reaction but for higher texturing, sufficient soaking 

period is needed. 

Effect of initial stoichiometry variation [variation in B i  , P b , 

Sr, Ca and Cu) on various structural and superconducting properties 

of the Pb doped Bi-based superconductor has 'been studied. From 

the studies the following . conclusions can be -drawn: 

a. The ample having initial stoichiometry Bi Ca Cu 0 
1 . 6 ~ ~ 0 . 4 ~ ~ 2  2.2 3 y 

gives the best structural and superconducting properties . It 

has been found that the most important factors affecting Jc 

In this sample are the type of impurity phases present, its 

amount and its distribution in the superconducting matrix. 

Cu- rich stoichiometry enhances the formation of 110 K phase 

by Cu rich liquid phase reaction but the large amount of impu- 

rities present in the sample decrmses J . 
C 

The formation of I10 K phase and texturing of 001 planes in 

a ( B i ,  Pb)-Sr-Ca-Cu-0 sample depend on the period of heat 

treatment and stoichiometry. 
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STUDIES ON TgXTURED GRAIN GROWTH IN BPSCCO AND PREPARATION 

AND CHARACTERISATTON OF TEXTURED SINTERED 

BULK BPSCCO BY SUSPENSION METHOD' 

9.1 mUD1ES ON TEXT- GRAIN GROWTH IN BPSCCO 

We have already seen that the synthesis of 2223 phase in 

Bi-Sr-Ca-Cu-0 system is more difficult than the 2212 phase [I]. Also 

i t  is well known that substitution of Pb for 3 in small amounts 

enhances the formation of 2223 phase and it  grows f r o m  the initially 

formed 2212 phase and several impurity compounds such as Ca2 Pb04 

and CUD [ 2 ,31 .  This process requires a long annealing t ime  (100-300 hrs) 

because of slow kinetics of formation of 2223 phase [ 4 , 5 ] .  

In the course of present investigation mixed precursors of 

oxides or  carbonates of Bi, Pb, Sr, Ca, Cu corresponding to the 2223 

stoichfometry were prepared and the preferential growth of various 

crystallographic planes in this material during the different annealing 

periods has been studied. 

Precursor powders corresponding to 2223 stoichiometry were 

prepared by mixing appropriate amounts of B i203  . PbO. SrC03 . CaC03 

and CuO in an agate mortar in acetone medium. These powders were 

q h i s  work has been partly published in: 
Solid State Cenmun., - 76, 477 (1990) . 



heated at 800' C for 12 hrs and then furnace cooled. mesC samples 

were then ground and pressed into pellets of 1 3  mrn diameter and 

0 
5 mrn thickness. These pellets were then heated at 850 2 5 C for 24 hrs 

(sample 51) , 48 hrs (sample S2) , 72 hrs [sample 531 and 120 hrs 

[sample S4) in a clossed muffle furnace. X-ray diffraction patterns 

of these samples were taken under identical conditions using CU& - 
radiation. 

9,1.3 Results and discuss- 

Fig. 9.1 shows the XRD patterns of the different samples. 

From the XRD patterns, reflections from (001) and [Ill) are 

found to  be more prominent, which indicates preferential growth of [001] 

and (111) planes. 

Table 9 . 1  shows the ratio of the intensities of [ O O Z )  and (119) 

0 
reflections ( 2 8  = 2 8 . 8  and 32' respectively) from the XRD patterns 

and high Tc fraction (HTf) determined using the definition given in 

chapter 8 .  

Table 9.1: Ratio of the intensities of ( 0 M l )  and (119) and 
HTf of d i f f e m ~ t  s a m p l e s  

Samples Annealing t i m e  



Fig. 9.1: Typical XRD patterns of samples having 
different m e a l k g  period 



A comparison of the intensity ratio, gfven in the table, at 

different annealing periods shows that this increases with annealing 

t i m e .  This indicates that (001) planes grow faster compared to (111) 

planes with processing time. High Tc fraction also increases cerrespon- 

dingly . 

SEM fractographs of the samples 51, 52, S3 and 54 are shown 

in Fig.  9.2 (a,  b,  c ,  d ) .  

From the SEM photographs, the platy growth of grains in 2223- 

rich samples is clear. T h i s  Increases w i t h  the increase in HTf. This 

indicates that in a 2223-rich sample, the grains are of platelet in 

nature having growth along ab-plane . 

9.2 PRKPARATION AND CnARACTERISATION OF TEXTURED SINTERED 
BPSCCO BULK BY SUSPENSION WEIXOD 

From the above studies i t  is clear that 2223 grains are platy 

nature having, growth along ab-plane. From single crystal studies, 

i t  has been established that ab-plane can carry orders of magnitude 

higher Jc than along c-axis 161. .  Therefore if the platelet grains 

of 2223 grains can be aligned or textured so that their ab-planes lie 

in the same direction, their Jc can be improved a lot. 

In the present work,' platelet grains of 2223 have been synthe- 

sized and their alignment by the suspension through a dense liquid 

has been studied. J of the samples was correlated with 
C 

microstructure. 



Fig. 9.2: (a)  SEM fractograph of the s m p l e  S1 



Fig. 9.2: (b) SEM fmctogsaph of the sample S2 



Fig. 9.2: ( c )  SEM fractograph of the sample 53 



Fig. 9.2: ( d )  SEM fx-actograph of the sample 54 



Powders containing about 90% of 2223 phase were synthesized 

by the method described above where the annealing t i m e  was  about 

200 hrs. These powders were sieved so that particles of size less 

than 20 pm could be isolated for the purpose of the present experiment. 

Brornoform has been used as the suspension medium because 

i t  was found to be sufficiently dense and nonreactive with the super- 

conducting powder . 

The experimental set-up [Fig .  9 . 3 )  consists of a glass column 

attached to the female part af the mould of dimensions 20 mrn x 4 mrn x 

5 mm. Brornoform was filled in i t  to about 15 cm height. Superconduc- 

ting powder was gently introduced into the bremoform by small amounts 

[about 0.05 g m s  each t i m e )  and the top portion of the column was 

stirred w e l l .  Sufficient time was given so that the powder settled 

in  the mould. T h i s  process was repeated t i l l  the mould contained about 

I gm of powder. After this the bromoform was taken out gently, using 

a synringe and the glass column was removed. The powder w i t h  the 

mould was then slowly heated upto 120'C and kept at this temperature 

for 12 hrs so that evaporation of brornoform was complete. After this, 

the powder was uniaxially pressed under a pressure of 200 MPa without 

disturbing the settled platelet grains. These samples were then sintered 

0 
at 855 2 5 C for 80 hrs in air. Jc of the samples were measured at 

77 K by DC transport method using 1 pV/cm criterion. 



1 Powde 

2 Mould 

3 B r o m o  

r 

Form 

4 Glass c o l u m n  

Fig. 9.3:  Experimental set up for suspension 



9 -2.3 R e s u l t s  and discussion 

Table 9.2 gives the T 
cI0l and Jc of the samples prepared 

conventionally and by suspension methods. 

Table 9.2: =cro1 and Jc of aamples prepared 

cmventlmdly and by aspensinn method 

Method of 
preparation 

Conventional 

Suspension 

From the table i t  is clear that there is no change in Tc(Ol 

of the conventionally prepared and suspended samples whereas a signi- 

ficant improvement in Jc has been obtained by the suspension method. 

F i g .  9 .4 shows the SEM fractographs of the conventionally 

prepared and suspended samples. 

About three fold increase in Jc in the sample prepared by 

suspension method compared to the conventional one can be explained 

only by taking account of the 'grain alignment as observed by the SEM 

photographs. 



Suspension method 

Conventional method 

Fig. 9 . 4 :  SEM fractograph of the samples prepared conventionally 
and by suspension method 



9.3 CONCLUSIONS 

Preferential growth of planes and formation of 2223 phase in 

a 2223 stoichiornetsf c precursor during the different annealing periods 

have been studied. 1001) and (111) planes' are found to  grow preferen- 

tially. The growth of (001) planes was found to be much faster 

compared to (1'11) as  the - period of annealing increases. Moreover the 

increased growth of (001) planes was associated with the corresponding 

increase in the high Tc fraction. Thus i t  can be concluded that in 

a 2223-rich sample, the grains are platy in nature with grain growth 

along ab-plane . 

Platy grains of BPSCCO were aligned so that their ab-planes 

lie in the same dire~fion, by the suspension method by the use  of 

bromoform. A three fold increase in Jcwas found in the sample prepared 

by suspension method compared to that of the conventionally prepared 

one. Microstructure of these samples revealed the enhanced grain orien- 

tation in the sample prepared by the suspension method. 



1. P. Mafewsku, B. Hettich, H. Jaeger and K. Schulze, Adv.  Mater., 

2 .  P .  Bordet, C .  Chaillout, J. Chenavas, J . L .  Hodean, M. Marezio, 

J. Karpinski and E. Kaldis, Nature, - 334, 596 (1988). 

3 .  K. Aota, H. Hattori, T. Iiatano, K. Nakamura and K. Ogawa, Jpn. 

J . Appl. Phys. . 28[12). L 2196 (1989) . 
4.  H. Nobumaaa, K. Shirnizu, Y .  Kitana and T. Kawai, Spa;-. J .  

Appl. Phys., - 27, L 846 (1988). 

5. S. Kobayashi, Y. Safto and S. Wada, Jpn. J .  Appl. Phys., - 28, 

L 772 (19891. 

6. 5. Jin, Science, 238, 1655 (1987). 



SUPERCONDUCTING AND MECHANICAL P R O P E R T E  OF 

(Bi, Pb)-Sr-Ca-Cu-O/Ag CMPOSmE 



CHAPTER 10 

SUPERCONDUCTING AMD MECHANICAL PROPERTTKS OF 

[Bi, Pb]-Sr-Ca-CwO/Ag COMPOSITE' 

10.1 TNTRODUCTION 

High temperature superconductors are generally very brittle 

w i t h  unacceptably low strength (1.21. The use of these materials 

in bulk application thus requires f mprovement of their mechanical 

properties. High yield strength is required to withstand the forces 

of magnetic fields and considerable ductility is necessary to fabricate 

wires and cables from the superconducting material. In order to  resist 

crack initiation and propagation, the fracture toughness of these 

materials has also to be increased. These desired mechanical 

properties may be achieved by the addition of a ductile metal to the 

brittle superconductor to form a metal matrix composite. Apart from 

improving the load bearing characteristics, the presence of a metal 

can improve the deformability characteristics and avoid brittle 

fracture. 

In the case of YBCO i t  has been established that Ag upto 50 wt4 

can be added without adversely affecting the TG , while there is a 

considerable improvement in their mechanical properties [3-51. The 

nonpoisoning effect of Ag addition in Bi-Sr-Ca-Cu-O system has also 

been reported by S. Jln et a1 161 . But it  has been reported by 

S . X .  Dou et al  171 that Ag addition has a poisoning effect on 

' T h i s  work has been partly published in: 
a .  Solid State Cornmun. ,  76, 659 (1990) 
b. J. Mat. Sci .  L e t t . ,  11,1437 (1992) - 



Bi-system doped with P t+[BPSCCO) when processed in air. According 

to them T 
cI03 

has been found to be depressed t o  as low as 60 K 

for 30 wt-% Ag when sintered in air. 

In the course of present study, Ag composites of BPSCCQ 

having Ag content upto 40 wtg have been synthesized by adding AgN03 

and processing in air. Their superconducting and mechanical proper- 

ties such as T 
cI0l 

, J c ,  flexural strength, % deflection at breakage, 

hardness etc . have been studied. 

Ag composites of BPSCCO were prepared by mixing Bi 
2'3 ' 

PbO. SrC03, CaC03.  CuO ( stoichiometric ratio = 0. 8/0.2/1/1/1.5) , 

AgN03 (which was added to  include the required wt-% of Ag in the 

compound) and calcining at 800' C for 12 hrs and 840' C for 120 hrs 

in air w i t h  intermittent grinding. The resulting powder was pressed 

into rods having dimensions 40 m m  x 3 mm x 2 mm and sintered at 

8 4 0 ' ~  for 80 hrs in air. X-ray diffraction was performed using C u K d  

radiation. Flexural strength and % deflection a t  breakage were meas- 

ured in an Instron testing machine employing a span of 35 m m  and 

depth of 2 mm. Sample hardness was measured using a Leitz micro 

hardness tester employing a lead of 16.625 kg. 

10-3 RESULTS AND DISCUSSION 

10.3.1 Supercoaducting properties of BPSCCOJAg composite 

Table 10.1 gives the variation of room temperature resistivity , 



contact resistance, T 
cl0l 

and 3 with w t %  Ag in the composite. 
C 

Table 10.1: Room temp-- resistivity, cantact resistance, 
T 

~ ( 0 )  
and J of the composftftes 

C 

Room temp. Contact T 
Jc 

wt% Ag resistivity resistance c(01 

(rnn .cm) ( m f i  3 I K J  ( ~ / c m ~  1 

From the table i t  is clear that Ag addition upto 40 wt% does 

not have any poisoning effect on the superconducting properties of 

BPSCCO system when processed under the present experimental condi- 

tions in air. The resistivity has been found to decrease w i t h  the 

addition of a small amount ( 4  wt+) of Ag itself. Addition of Ag has 

also been found to reduce contact resistance by an order af magnitude. 

Also, 3, is maximum far sample having 20 wt% of Ag as reported else- 

where I81 .  ' 

The XRD patterns of various samples are shown in Fig .  10.1. 



Fig. 10.1: XRD patterns of samples having different wt# Ag 



Fig .  10.2 shows the optical micrograph of the polished surface 

of the sample containing different wt % Ag ( X  400). 

From the XRD patterns of the samples, the formation of 

(Bi. Pb)2Sr2Ca2Cu3010 phase and the presence of Ag is clear. Also. 

there is a relative increase in the intensities of Ag peaks in the XRD 

patterns ( 2  0 = 38.2' and 44.4' ) with wt% Ag . No significant change 

in the cell parameters were observed with Ag addition. The optical 

micrograph, (F ig .  10.2), shows the distribution of Ag in the supercon- 

ducting matrix (where the white shining particles are Ag, the gray 

and black portions are superconducting phase in which the colour diffe- 

rence may be resulting from the difference in alignment of the platy 

grains). I t  shows that Ag particles ere distributed uniformly in the 

continuous matrix of superconductar as observed in the case of super- 

conducting Ag composites prepared by adding metallic Ag [ 9 ] .  XRD 

patterns of the samples taken at different depths also showed that 

there is no change in the intensities of Ag peaks and thereby confir- 

ming the uniformity of the Ap distribution in the bulk. These observa- 

tions show that the role of Ag is likely to be that of a second phase 

material in the superconductor which gives better connectivity between 

grains and reduces resistivity and contact resistance. 

From the intensities of various X-ray reflections (Fig .  10 .1) .  

high T, (2223 phase) fraction ( H T f ) ,  impurity fraction (If)  and textu- 

ring of (0011 planes (T 
001 

) sere determined using the definitions 

already given h chapter 8. Table 10.2 gives the variation of these 

three parameters with wt# Ag added. 



Fig. 10. ZZa) : Optical micrograph of the polished surface of the 
sample containing 5 r t  % Ag (X  400) 



Fig.  10.Z( b]  : Optical micrograph of the polished surface of the 
sample containing 10 r t a  % Ag [ X  400) 



Fig. 10.2(c) : Opticdl micmgsaph of the polished surface of the 
sample containing 20 wt .  $ Ag ( X  400) 



Fi t! .  10-2( : Optiml micrograph of the polished surface of the 
sample containing 40 w t  $ Ag (X 400) 



Table 10.2: HTf, If and T 
001 

of the composites 

High Tc 

fraction 

Impurity 
index 

Texture 
index 

From the table, i t  is clear that texturing of [001) planes 

decreases by the Ag addition in BPSCCO system. But in the case of 

YBCO it has been reported that it is increasing [lo]. Ag addition 

decreases high Tc fraction and increases impurity fraction in general. 

However with higher cantent of Ag, there is an increase in high T 
C 

fraction as compared to the lower content with a simultaneous decrease 

in impurity fraction. 

10.3 -2 Mechanical properties of BPSCCO/Ag composite 

Fig.  10.3 shows the variation of flexural strength and % deflec- 

tion at  breakage with wt% Ag in the composite. 

From the figure i t  is clear that there is a considerable 



Fig. 10.3: Plots of flexural stsength and % deflection at 
breakage vs wt.  # Ag 





Fig. 10.4: Plots of hardness and porosity vs wt. % Ag 



by the Ag addition in BPSCCO system. 

There is considerable improvement in flexural strength and 

% deflection at breakage by the addition of A# between 20-40 w t % .  

The hardness do not show any appreciable change between 20-40 wt%. 

Porosity is found to be decreased significantly by the addition of 

Ag in the superconductor. 
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SUMMARY 

The main objective of the work reported in  this thesis is 

to study the ways and means of imparting desirable properties to high 

temperature superconductors so that they can be considered for 

practical applications in bulk farm. With thfs objective, studies were 

conducted and the results obtahed are summarized below. 

The effect of varying the processing parameters like Po2 , 

temperature and soaking period during the calcination stage of YBCO 

show that ( f j  grain growth along ab-plane is accelerated by the 

decrease of PoZ, i f  the processing temperature is kept constant. [ i i )  i f  

the Po2 is kept constant. the grain growth along abglane is accele- 

rated as the processing temperature increases. (iii) i f  PoZ . proce- 

ssing temperature and soaking period are suitably selected, platelet 

grains of , desired size (within a range of 5-100 pm) can be 

synthesized. 

. Apart from establishing the dependence of growth of platy 

grains of YBGO on the processing parameters, this study has also 

indicated that YBCO phase forrnatlnn in the conventional ceramic route 

commences at lower temperatures if the oxygen partial pressure is 

reduced. 

Studies on comparatively low amounts (upto 20 a t .  wtg} of 

L i ,  Na and K substituted YBCO have shown that textured grain growth 

is maximum for Li substitution 'followed by Na and K for the same 





that of pure YBCO. 

Cold pressing was found to  align the grains on a thin layer 

below the pressed surface. The degree of grain alignment was found 

to  depend on both the pressure applied as  w e l l  as the grain size. 

Longer periods of sintering was found to impart deeper penetration af 

grain alignment into the interior of the samples. The Jc of samples 

prepared by pressing platy grains of undoped YBCO was found to be 

higher than that of those prepared from grains of nearly spherical 

shape. Also the J, of sample prepared from grains of size between 

15 pm and 30 pm was  found to  be higher than the other samples 

included in this study. 

The effect of cold pressing and heat treatment on the grain 

alignment in alkali metal substituted samples was similar to  that of 

the undoped YBCO. Despite this, the Jc  of substituted sample was 

found to  be very l o w  compared to  that of undoped YBCO. 

Experimental set-up far the synthesis of phase pure YBCO by 

dynamic vacuum calcination has been fabricated . Processing parameters 

for synthesis of phase pure YBCO powders upto 100 gms have been 

standardized. The merits of vacuum calcination are, ( i ]  powder w i t h  

higher purity, Less grain size, ( i i l  less processing temperature and 

soaking period. (iii) shtered samples having higher Jc  and better 

stability against magnetic field and ( i v )  powder I s  mare stable to the 

atmospheric conditions. 

From the studies of , initial stoichiometry variation in 



( Bi , Pb ] -Sr-Ca-Cu-0 system, i t  was observed that the sample having 

Cu O gives the best structu- initial stoichiometry Bi1,6Pb0,4Sr2 CaZa2 

ral and superconducting properties. 

X-ray diffraction studies revealed that in  a 2223-rich sample, 

the grains are platy in nature with grain growth along ab-plane. 

These platy grains of BPSCCO were aligned by the suspension method 

using bromoform. A three fold increase in Jc  was found in the sample 

prepared by suspension method compared to that of the conventionally 

prepared one. Microstructure of these samples revealed the enhanced 

grain orientation in the sample prepared by the suspension method. 

Superconducting Ag composite of Bi-Pb-Sr-Ca-Cu-O system having 

Ag content upto 40 w t #  w a s  synthesized by adding AgN03 and proce- 

ssing in sir, without any considerable decrease in Tc . Jc was found 

to be maximum for samples having 20 rvt% Ag. Also, the role of Ag 

was found to be that of a second phase material distributed uniformly 

in the superconducting matrix. There is considerable improvement 

in flexural strength and # deflection at breakage by the addition of 

Ag between 20-40 w t % .  The hardness do not show any appreciable 

change between 20-40 w t g .  Porosity is found to be decreased signifi- 

cantly by the addition of Ag in the superconductor. 
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