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Abstract 

Bismuth-based high Te supercondudors were prepared trom amorphous precursors 

made by meU-extraction. As-made amorphous fibers ranged from 0.7 pm to 100 p.m 

in diameter and 0.2 cm to 5 cm in length. Fibers as thin as 1 p.m in diameter were 

cryatallized to {orm continuous filaments composed o{ single-grain chains. 

Superconduding transitions at 105 K and 82 K were measured by SQuID magne

tometry performed 0.,1 annealed fibers of initial composition Bh .• PbcuSr2CaaCUcO •. 

X-ray diftiactometry performed on annealed fiber. revealed Bi-2212 (Te=85 K) as the 

majority superconduding phase and Bi-2223 (Te=llOK) as the secondary phase. The 

volume fractions of luperconduc:ting phases were eatimated to have lower bounds of 

30% {or 2212 and 5% for 2223. Dift'erential scening calorimetry measu~ements made 

on as-made amorphous fibers indicate a glus transition at T,~685 K, {ollowed by 

a series of exothermic peaks as80ciated with the formation of precursor crystalline 

phases identified as the low Te 2201 phase and a BCC Bi-Sr-Ca-Cu-O solid-solution 

with laUice parameter 4.25 Â.. Further work is required to determine the suitability 

of these new materials for applications such as multifilamentary condudors. 
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Résumé 

Des supraconducteurs à haute température à base de bismuth sont obtenus à partir de 

précurseurs amorphes préparés par trempe rapide sur disque rotatif. Ainsi préparées, 

les fibres amorphes ont des diamètres de 0,7 à 100,0 pm et des longueurs de 0,2 à 

5,0 cm. Ces fibres, d'un diamètre aussi petit que 1 pm, sont ensuite cristallisées par 

recuit afin de former des chaines de monocristaux. 

Des transitions supraconductrices sont observées à 105K et 82K par magnétométrie 

SQuID sur des fibres recuites de composition initiale BÎt.8PbcuSrzCaSCu40 •. Par 

d.if&actométrie à rayons X, on a pu identifier la phase supraconductrice majoritaire 

comme étant Bi-2212 (Te==85 K) et Bi-2223 (Te=1l0 K) comme la phase secondaire. 

Les limites inférieures des fraction. volumiques des phase supraconductrices ont été 

évaluées à 30% et 5% pour les phases 2212 et 2223 respectivement. Des mesures de 

calorimétrie différentielle à balayage effectuées sur les fibres amorphes détectent la 

présence d'une transition vitreuse à T,~685 K, suivie par une série de pics exother

miques associée à la formation de phases précursives cristallines identifiées comme 

étant une phase à basse Te 2201 et un réseau CC de maille de 4,25 A formé de la 

solution Bi-Sr-Ca-Cu-O . Une recherche plus poussée reste nécessaire afin d'évaluer 

les applications possibles de ces nouveaux matériaux comme conducteurs à multifila

ments. 
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Chapter 1 

Introduction 

Superconductivity was first discovered ;.n mercury by Kamerlingh Onnes (1911), 

shortly aIter he liquified helium. The temperature at which mercury becomes su

perconducting (the critical temperature, Te) is 4.1 K, very near the hoiling point of 

helium. Subsequently, other materials were discovered to he superconducting with 

the highest T/s generally in the intermetallic compounds of niobium. A slow but 

steady rise in Tc took place over the years resulting in a Tc of 23 K for Nb3Ge in 1975. 

In 1986, the discovery of superconductivity in oxides based on copper and rare and 

alkaline earths by K. Alex Müller and J. Georg Bednorz infused great excitement into 

a field that had long been stagnant (Bednorz and Müller, 1986). Their La.-Ba-Cu-Q 

compound superconducts at 35 K, the highest known Tc at the time. Since then, 

many new superconducting copper oxides have been discovered, with ever increasing 

chemical and structural complexity. The most notable are the Y-Ba.-Cu-Q compound, 

the first to superconduct above the boiling point of liquid nitrogen (77 K) (Wu et al., 

1987), the Bi-Sr-Ca-Cu-Q compounds (Tc=85K and Te=110K) which contain no rare 

earths (Mvda et al., 1988), and the TI-Ba-Ca-Cu-O compound which is the current 

record holder at Te =120 K (Sheng and Hermann, 1988). 

The eady push to attain higher critical temperatures has been superceded by 

the need to solve the appliclLtions problem: How does one get these ce ramies into a 

form ~u,table for use IR devicelf Most work has centered on the Y-Ba-Cu-O com-

1 



CHAPTER1. INTRODUCTION 2 

pound because it was the firat 77 K superconductor. Progress with TI-Ba-Ca-Cu-O 

is hindered by the toxicity and volatility of thalium. However, the Bi-Sr-Ca-Cu-O 

compounds are promising sinee they can he produced via the glass-preeursor route 

by first forming them in an amorphous state by rapid solidification. Tapes and wires 

cau be formed using rapid solidification techniques and suhsequently converted to 

the superconducting crystalline phases. The high density and homogeneity of the 

amorpholls precursors aid the formation of the superconducting compounds. 

This thesis describes the use of one such rapid solidification technique, namely melt 

eztraction, to produce amorphous thin fiber precursors of Bi-Sr-Ca-Cu-O which are 

annealed into the superconducting crystalline phases. The amorphous precursors and 

crystalline final products were charaderized and an attempt wu made ~o understand 

the process by which the final products are formed. The purpose of this work is to 

demonstrate that superconducting Bi-Sr-Ca-Cu-O fibers can he produced using the 

melt eztraction technique to form the amorphous precursors. It is hoped that this 

material may prove suit able for use in fabrication of multifilamentary condudors or 

similar applications. 
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CHAPTER 1. INTRODUCTION 3 

1.1 The High Tc Superconducting Oxides 

Aithough a vut number of difFerent high temperature superconduding compounds 

have been discovered, all have common structural, chemical and electronic properties, 

the most important of which is that they are all based on copper-oxide planes. Su

perconductivity iiJ believed to occur in two-dimen.ional copper-oxygen arrays bued 

on the joining of CuO" squares at their oxygen corners to form CU02 planes (Cava, 

1990a). The superconducting CU02 planes are separated by charge reservoir layers 

which &Ct to control the charge on the superconducting planes through the transfer of 

holes or electrons (via chemical doping). The critical temperature is highly dependent 

on the charge carrier concentration. The crystal structures of these compounds are 

very complex, but ail the known superconductors can be derived by stacking difl'erent 

amounts and sequences of rock salt and perovskite-like layersl with cation content 

consisting of rare eartha or metals and oxygen completing the crystal structure (Cava, 

1990a). 

1.1.1 The La-Ba-Cu-O compounds 

The simplest high temperature superconductor is the original La-Ba-Cu-O com

pound dilcovered by Bednorz and Müller with chemical formula La2_.Ba.,CuO" where 

x=O.15 for the highest critical temperature, Te=40 K (Yvon and François, 1989).2 

Figure 1.1 shows a schematic drawing of the La-Ba-Cu-O crystal structure. The lan

thanum and barium atoms can occupy the same sites within the crystallattice forming 

a solid solution. This chemical di80rder is necessary in order for superconductivity to 

be present in the material. The efFect of the substitution of barium for lanthanum is 

1 A pelo •• kite bloek eaD be modeUecl u a cube witla a large metaDic cation a' the body ceDtel 

(e.,. La in La-Ba-Ca-O) and amallel me&aUie eatiou at the corDen (Ca). OZJgea atoma oeeup1 

the midpointa 01 the cabe'. edges. It cu aIao be .ïe"ec1 u a collectioa 01 polyhedla where the Ca 

.toma are loeatecl at the ceater 01 eïpt cOIDer-linked octahedra with «mYleD atoma at the .ertieea 

(HueD, 1i88). 

:lBariam cau be replaeecl bflboDtium 01 calcium u the dopant. 
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Copper 

Lanthanum (Barium) 

Figure 1.1: Crystal structure oflanthanum barium copper oxide (Lo2-.Ba.CU04)' 

to alter the valence of the copper atom. 10 u to optimize the concentration of charge 

cuner. in the copper-oxide planes. 

1.1.2 The Y-Ba .. Cu-O compounds 

The yttrium barium copper onde superconducting compound is the mOlt thoroughly 

studied, mainly because it wu the firlt to superconduct ab ove 77 K with a Te of 93 K. 

It il known as the l!S-phue for its chemical composition: Y IBa2CuSOT. In con

but to the lolid solutions that malte La-Ba-Cu-O superconducting, the Y-Ba-Cu-O 

compound hu a fully ordered crystallattice consisting of planes of yttrium, barium, 

and copper ionl as Ihown in Figure 1.2. The seven oxygen atoms in Y-Ba-Cu-O 

are crucial for luperconductivity sinee the insulator Y1Ba2CuSO. is formed when the 

carrier concentration il ch&Jlged by reduang the oxygen content to lix. When the 



CBAPTER 1. INTRODUCTION 5 

c 

••• 
y 3+ Ba 2+ Cu 2+.3+ 

b 

Fipre 1.2: Cry.tal.tructure of yttrium barium copper oxide (Y1BaICUsOr) (taten &om 
Tiet. et al. (1989». 

oxygen content reacbes a level where on average 6.5 oxygen atoms are available for 

every three copper atoms, 8upercondudivity is reat.ored with Tc=60 K. AI the oxygen 

content i. furtber increased, Tc increues to Aboye 90 K (Cava, 1990b). 

1.1.3 The Bi-Sr-Ca-Cu-O compounds 

Michel et al. (1987) mat discovered superconductivity between 7 K and 22 K in the 

Bi-Sr-Cu-O 'yltem. Because of the 10w Tc tbeir report did not aUract wide8pread 

intereat. However, attention quickly focu8aed on the bismuth-containing lupercon

dudor. when Maeda et al. (1988) independently di8covered superconductivity in the 

Bi-Sr-Ca-Cu-O 8y8tem Aboye liquid nitrogen temperature. Three 8uperconducting 

oxides were subsequently identified: BiISrICuO. (Tc=7 K to 22 K), Bi2Sr2CaCu20. 
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(Tc~85 K), and Bi,Sr,Ca2CUaOlo (Tc~1l0 K). For brevity, these phases will be re

ferred to aB 2201, 2212, and 2223, respedively. The labels correspond to the relative 

compositions of the cations: bismuth, strontium, calcium, and copper. The strudures 

consist of perovakite-like units containing one, two, or three CuO, planes sandwiched 

between BiO, bilayers. The ideal tetragonalsymmetry of these crystal structures is 

complicated by staggered registry, a small degree of orthorhombicity in the a-b plane, 

and a modulation in the superstructure incommensurate with the primary 8ubcells. 

As a resuIt, the crystal structure of the Bi-Sr-Ca-Cu-O superconducting compounds 

is the most complicated of ail the high Tc: compounds. A detailed description of these 

structures will be given in Section 2.3. 
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1.2 Physical Properties 

The main difticulty with high Tc: superconduding oxides is that these materials are 

ceramics. They are brittle and cannot be readily formed into shapes that lend them

selves to eledrical or eledronic applications. Single crystals are difficult to grow 

and polycrYltalline lamples exhibit weak links between grainl and thul have poor 

performance. However, some successful applications have been achieved with thin 

film technology in the fabrication of luperconduding quantum interference aeflces 

(SQuID's) that operate at 77 K. 

Due to the highly pIanu nature of the crystal strudures of these high Tc: com

poun~s, their transport properties are markedly anisotropie. The key to high critical 

currents (Jc:'s) in polycrystalline samples is achieving good texturing in the final prod

uct. Byaligning crystal grains in bulk lamples 80 that their a-b planes are parallel, 

critical currents approaching those found in single crystals can be achieved. 

1.3 Sample Preparation Techniques 

The following section outlines the development of sample preparation techniques. 

The original 80lid state approach il briefly described, followed by the rapid solidifica

tion method used to prepare 100% dense amorphous preCUlsors of the Bi-Sr-Ca-Cu-O 

superconducting compound. Next, a review of various methods repoded for prepa

ration of wire-like 8amples from Bi-Sr-Ca-Cu-O is given. Finally, the melt-extraction 

technique used in this work to fabricate amorphous Bi-Sr-Ca-Cu-O fibers is described 

in detail. 

1.3.1 Solid State Method 

The traditional method of preparing high temperature supercondudor samples is by 

IOlid Itate reaction. Aft'ectionately mown &1 "shake 'n bake", the procedure involves 

repeated cycles of mixing onde powders, pressing into pellets, and heat treating at 
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appropriate temperatures and atmospheres. This was the technique used by Bednorz 

and Müller, Wu et al. , Maeda et al. , and Hermann et al. to prepare their respective Tc 

recora I,reaking materials. The major drawbacks of this method are that the samples 

are not very dense, sufFer from chemical inhomogeneity, and do not have desireable 

shapes for applications. 

1.3.2 Rapid Solidification 

?artly to address these problems, rapid solidification techniques were developed. 

Amorphous materials have no long-range crystallographic order. The ability to make 

100% dense amorphous precursors for Bi-Sr-Ca-Cu-O superconductors was the turn

ing point in the development of high quality samples of this material. Bi-Sr-Ca-Cu-O 

samples prepared by powder processing sufFer from low density (about 40%) and poor 

sintering. The high density and increased homogeneity of the amorphous precursors 

alleviate the problem of long-range diffusion during synthesis of crystalline su.percon

ducting samples. It was hoped that the rapid solidification route would lead to pure 

materials with enhanced bulk properties, such as higher critical currents (Hinks et al., 

1988). 

A variety of rapid solidification techniques have been used to fabricate amorphous 

Bi-Sr-Ca-Cu-O precursors. Splat quenching of molten mixtures OlitO large heat sinks 

such as copper or stainless steel blocks is the simplest technique and has proven 

effective in producing high quality samples. Thin plates with dia.meters of several 

centimeters and thickness less than 0.3 mm can be produced in this fashion (Hinks 

et al., 1988). The twin roller method was also employed successfully to produce 

samples 20-25 pm thick, 5-15 mm wide, and 20-50 mm long (Komatsu et al., 1988b). 

These rapidly quenched precursors have definite glass-like properties. X-ray diffrac

tion patterns show broad amorphous peaks and difFerential thermal analysis (DTA) 

resuIts indicate a glass transition around 680 K. This suggested the possibility of fab

ricating glass fibers or tapes from the Bi-Sr-Ca-Cu-O material and thus providing a 

solution to the applications problems inherent to high Tc oxides. 
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1.3.3 Fibers, Tapes, and Wires 

A variety o{ methods have been uaed to prepare wire-like samples from Bi-Sr-Ca-Cu-O 

eompounds, with varying suceess. The ultimate goal is the production of meehanically 

durable samples with critieal eurrent density Je':::!. 107 A·cm-2 at T=77K and B=10T. 

The best results achieved to date have been with tapes produeed by cold rolling 

Bi-Sr-Ca-Cu-O powder eneaaed in a silver tube with subsequent heat treatment.' 

Critieal eurrents of 104 A·cm-2 at 77K in zero field and 106 A·cm-2 at 4.2K in fields 

above 25T have been reported (Kumakura et al., 1991). 

Other methods reported in the literature {or {abrieation of wire-like samples from 

the Bi-Sr-Ca-Cu-O compound are 141er hecded pede6tal growth (Qiao et al., 1989), the 

601 gel method (Zhuang, Kozub and Sakb, 1989), melt 6pinning (Gao et al., 1989) 

!rom mebJlic alloys, drowing of fi6erl !rom glass preforms (Komatsu et al., 1990), 

and gu-jet fi6erization (Miller et al., 1990). The latter three methods involve use of 

rapid solidification. Of these, g4l-jet fi6erization is most similar to the melt-eztraction 

technique used in tbis work. 

1.3.4 Melt Extraction Technique 

Originally devised by Maringer and Mobley (1975), the melt-eztroction technique 

has been developed by Rudkowski, Rudkowsb, and Strom-Olsen to allow continuous 

casting of fine metallic fibers down to less than 5 #lm in diameter. The details of tbis 

technique ean be found elsewhere (Rudkowski, Rudkowsb and Strom-Olsen, 1991). 

In tbis work we adapted tbis procedure to produce amorphous fiber preCUl80rs for 

subsequent crystallization of the Bi-Sr-Ca-Cu-O high temperature superconductors. 

A full description is given in section 3.2. 

'The rolliDg enhuees teduriug in the _pie. 
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Chapter 2 

Background: High Tc 

Superconductivity 

The phenomenon of superconductivity has been widely studied and is weIl understood 

{or convention al metallic supercondudors. Detailed discussions on conventional su

percondudivity theory cu be lound in numerous texts, of which Introdudion to 

Superconductivity by Tinkham (1975) is &Il excellent example. The {ollowing chapter 

is Dot intended to reproduce luch volumes. Rather, a qualitative discussion of the 

phenomenology of superconductors is presented and a briel sketch of the theoretic&l 

background required to interpret the resuIts obtained in this work is given. In addi

tion, recent progress in high Te theory will be discussed and the detailed description 

of Bi-Sr-Ca-Cu-Q crystal structure promised earlier will be given. A discussion on 

stuting compositions and heating treatments for the preparation of Bi-Sr-Ca-Cu-O 

samples completes the chapter . 

10 
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2.1 Phenomenology and Theory 

What Kamerlingh Onnes observed in 1911 wu the complete disappearance of electri

cal re.i.tivity in variou. metals .uch &1 mercury, lead and tin. Thi. occurred in a Imall 

temperature range at a critical temperature Te characteri.tic of the material. Thus, 

perfect coraductivi'y was the firat characteristic of .uperconductor. to be discovered. 

The next was per/ed diamagradum, discovered by Meissner and Ochsenfeld (1933). 

Not only did they find that a magnetic field is excluded from a superconductor, but 

alao that a field is expelled from an originally normal sample as it is cooled through 

Te. Thi. could not be explained by perfect conductivity, which would trap flux in. 

The existence of a reversible Meu,ner eJfed implies that superconductivity will be 

de.troyed by a critical field He which i. related thermodynamically to the free energy 

difl'erence between normal and .uperconducting states. 
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Figure 2.1: Meissner eft"ed in a lupercondllding sphere cooled in a constant applled mag
netic field; on passÎng below the traruition temperature the mapetic field B i. expelled 
from the sphere. 

2.1.1 Meissner Effect 

Below Tct a luperconductor behavea as üinside the specimen B=O (aee Figure 2.1). A 

simplified but useful result can be obtained if we Iimit ourselves to long thin specimens 

with long axis parallel to the applied field B.. For ideal, 100% dense specimens in 

this special case (KiUel, 1986), 

M 1 
-=--, 
B. 411' 

B = B. + 41rM = 0 ; or (2.1) 

where B is the measured magnetic field and M is the magnetization of the sample 

(note that CGS unib have been uaed). By measuring the magnetization of a su

pereonducting sample in a magnetic field, one can determine the volume fraction of 

superconducting material within the sample, sinee 100% volume fradion would yield 

the resuIt of Equation 2.1. 

2.1.2 London Theory 

At a temperature belo'" Tc in zero field, a sample will be completely superconducting. 

As a mapetic field is applied, Bu begins to penetrate the surface of the s&mple. 
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Surface eddy currents ftow up to a characteristic penetration depth .\. This is known 

aB the .ntemaediate .date. When the applied field reaches the critical value He, the 

magnetic flux penetrates the sample completely and superconductivity is destroyed. 

This is the behaviour of what are clusified u type 1 superconductors and is described 

by the London equations (London and London, 1935): 

(2.2) 

(2.3) 

where J is the current density and A is the vector potential. For thick samples, the 

amount of sample into which the magnetic field bu penetrated is negJ:gible compared 

to the excluded portion and the flux can be thought of as having be~n completely 

expelled. When the sample thicknesl is of the same order as .\, the flux penetration 

becomes significant and a more carefu! analysis is required to determine the maximum 

flux exclusion possible. 

2.1.3 DeS Theory 

A microscopic theory of superconductivity wu successfully formulated by Bardeen, 

Cooper, and Schrieffer (1957) and gave us our first detailed understanding of su

perconductivity. The key to BOS theory is the idea that even a weak attractive 

interaction, such aB that caused in second order by the electron-phonon interaction, 

can result in tbe formation of bound pairs of electrons, known as Cooper pairs. These 

pairs comprise the superconducting charge carriers. Whether or not the electron

phonon interaction is responsible for superconductivity in the high Te oxides is a 

topic of much debate. 

2.1.4 Gin. burg-Landau Theory 

Seven years prior to BOS, Ginzburg and Landau (1950), introduced a formalism 

that embodied the macr08copic quantum-mechanical nature of the superconducting 



CHAPTER 2. BACKGROUND: HIGH Tc SUPERCONDUCTIVITY 14 

state and led to a better understanding of its unique electrodynamic properties. The 

Ginzburg-Landau theory introduces an important parameter " which i. the ratio of 

the penetration depth À (Bee London Theory) to the coherence lengtb e (characteristic 

of the distance over which electrons can interact to form bound pairs). For type 1 

superconductors " <: 1. This is associated with a positive surface energy for a domain 

wall between normal and superconducting materials in the intermediate state. 

2.1.5 Type Il Superconductors 

When "islarge instead of small, i.e., if e < À, then we have a negahve surface energy 

between normal and superconducting regions. This resuIts in a subdivision of normal 

and superconducting domains within the body of the sample of size limited by the 

microscopic length e. Abrikosov showed (1957) that this occurs for" > 1/../'2 and 

called them type II superconductors to distinguish them from the earlier type 1 variety. 

F,;r these materials, instead of a discontinuous breùdown of supercondudivity in a 

fir,t-91"der phase transition at He, there is a continuous increase in Hux penetration 

starting at a first cntical field Hel (the s~called mized or tlortez .!tate) and reaching 

total flux penetration ai a second critical field Bd (see figures 2.2 and 2.3). Because 

of the partial flux penetration, the diamagnetic energy of holding out the field is less, 

so He2 can be much greater than the thermodynamic critical field Hc • 

The new high Tc modes are type II superconductors and thus hold much hope for 

applications in high-field superconducting solenoids ahove liquid nitrogen tempera

tures. However, in addition to difficulties in fabricating the requisite structures for 

such uses, limitations in critical currents resulting from poor sample quality pose a 

significant barrier to practical applications. 
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Type 1 

He 
Apphed magnetlc field Bu-

Figure 2.2: Magnetisation ver.ua applied magnetic field for a bulk type 1 superconductor 
exhibitin8 a complete Meilsner efl'ect. The lample il superconducing below Be and normal 
above Be. (Taken trom Kittel (1986).) 

Type Il 
/" / 1 

/ 1 

" 1 
1 
1 

i 
1 

Hel He 

~::---",*,,!- ~ ormal-
st3tc 

Apphed mJgnetll' field Ba-

Figure 2.3: Superconduding magnetization curve for a bulk type II superconductor. Flux 
.tarti to penetrate at Hel and the sample il in a mized or vorte:r .tote untll the applied 
field rear.he. Bd' (Taken from Kittel (1986).) 
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2.2 Current High Tc Theories 

The tradition al theories of superconductivity (e.g. BCS, Ginzburg-Landau) bene

fitted greatly from a thorough understanding of normal metals. Accordingly, the 

normal state of high Te oxides should give insight into the superconducting state. 

Aside from their remarkably high transition temperatures, what sets high Tc super

conductors apart from convention al superconductors are their anomalous normal state 

properties. Some noteworthy properties are the temperature dependence of the Hall 

coefficient (Ong, 1990), the linearity of the resistivity as a function of temperature 

(Gurvitch and Fiory, 1987), the nearly constant thermal conductivity (Steglich, 1988), 

and the unusual optical conductivity (Timusk and Tanner, 1990). These anomalous 

characteristics are the dues that point to the microscopie mechanism( s) responsible 

for superconductivity in high Tc oxides. It is generally accepted that the convention al 

BOS mechanism, namely electron-phonon coupling, must contribute. The small ..,0-
tope effect in La-Ba-Cu-O (Batlogg et al., 1987b) and Y-Ba-Cu-O (Batlogg et al., 

1987a) in addition to their anomalous normal state behaviour spurred theorists to 

come up with other mechanisms for superconductivity in these systt'ms. 

Proposed high Tc: theories are becoming as numerous as the varÏeties of super

conducting compounds discovered to date. After an initial period of confusion, the 

situation has calmed down considerably, and a serious and concerted effort is now he

ing mounted to develop theories that ma.ke substantial contact with commonly agreed 

upon experimental facts. The precise nature of currently popular high Tc theories is 

beyond the scope of this volume (and its author). They can, in general, he divided 

into those that describe the superconducting and thos~ that describe the normal state. 

Here are dome of the more noteworthy ones: 

Modified weak-coupling BOS theory and other BCS-like mechanisms have been 

pursued by many in an attempt to remain on familiar ground. Workers in this field 

believe that the high Tc: oxides superconduct via the same intrinsic mechanism as 

conventional superconductors and that the theory requires only minor modifications 
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to fully describe their properties. Less conventional proposaIs for theories of super

condudivityare the apin 6o.g model put forth by Schriefl'er et al. (1988; 1989) (which 

also makes 80me normalstate predictions) and [nterlaller JoaepMon Pair n.nneling 

proposed by Wheatly, Dsu and Anderson (1988). 

Theories attempting to deBcribe the normal state of high Tc Buperconductors are 

the reaonance valence "ntl (RVB) mode! proposed by Anderson (1988), the Hu66artl 

model and re!ated t-J model (which have received much interest), and the Marginal 

Fenni-liquid model. The basic idea is that normal state properties cannot be arrived 

at from a Landau Fermi-liquid picture. 

The difliculty now il that new proposed mechanisml do not predict enough difl'er

ences in the luperconduding properties of high Tc materiÙl to diltingUÎsh one model 

from another. Any new mechanilm must also micr08copically explain all the Itrange 

normal .tate properties. It will he imposlible to prove or dilprove any new theoriel 

until they can describe both Buperconduding and normal state propertiel in suflicient 

detail. 
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2.3 The Bi-Sr-Ca-Cu-O Crystal Structure 

Before understanding high Te ondes it is necessary to characterize their crystal struc

tures. Their highly two-dimensional nature and other structural qualities are key to 

the mechanism that makes supercondudivity possible. Intimately related to these 

factors il the chemistry of high Te systems. Comprehensive knowledge of the crystal 

strudures permit.s a more accurate analysis of the charge distribution and determi

nat.ion of valences of atoms within the unit. ceU. U nderstanding the physical char

acteristici of high Te onde systems will give us insight into the mechanisms behind 

their electronic properties. 

2.3.1 The Structural Series 

The Bi-Sr-Ca-Cu-O family of superconduct.ofs has three members. The chemical 

formula of the structural series can be denoted as follows: 

where ta can equal 1, 2 or 3 and corresponds to the number of OU02 planes in the 

unit lubcell. Table 2.1 summarizes the members of the family. The 2201 phase 

n 1 compound label 

1 Bi2Sr2CuO. 7-22K 2201 

2 Bi2Sr2C.Cu2O, 85K 2212 

3 Bi2Sr2Ca2CUaOlo 1l0K 2223 

Table 2.1: The Bi-Sr-Ca-Cu-O family of lupercondudors. 

consista of altemating double Bi02 and CuO layera separated by strontium layers. 

The 2212 phase can he generated trom the 2201 phase by adding a calcium and 
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CuO layer. Another addition results in the 2223 phase. Figure 2.4 shows schematic 

diagams of the Bi-Sr-Ca-Cu-O crystal structures. These compounds have the most 

complex structures of all the known high Te compounds. The symmetry was at fust 

thought to have been tdnagontJl but is now accepted as orthorlaom6ic (with a~b). 

Figure 2.4 actually shows only hall of each unit ceIl. There is crystallographic shear 

perpendicular to the c-axis resulting in a ,tGggered J'eptry. In addition, electron 

difFraction studies reveal the existence of superstructures in the a-b plane that are 

incommenBurate with the a-b lattice parameters. This long-range Încommemurote 

modulGtion is due to a small displacement of bismuth atoms from their equillbrium 

positions. The existence of n=4 structures has been reported but it is not known if 

the corresponding compounds are .uperconduding. 

The lattice parameters of the Bi-Sr-Ca-Cu-O compounds are tabulated in Table 

2.2. An excellent review of the Bi-Sr-Ca-Cu-O crystal structure has been published 

1 compound 1 space group 1 a (A) b (A) c (A) 

Bi2Sr2CuO. Amaa 5.362 5.374 24.62 

Bi2Sr2CaCu2O. Fmmm 5.414 5.418 30.89 

Bi2Sr2Ca2CuaOl0 14/maa 3.814 3.814 37.00 

Table 2.2: Lattice parameters of the Bi-Sr-Ca-Cu-O family. 

by Matheis and Snyder (1990) and was used as a reference for mucb of the charac

terisation performed in ihis work.1 The JCPDS Powder DifFraction Files "ere also 

used to index the oxides and collbonates used in sample preparation and to identify 

cry.talline phases in as-made and heat beated samples. 

1 Allo, YTon ad FllUlçoia (1989) haYe c:ompiled a eomprehellliTe reYiew of the ef,ltal Itrudurea 

of aU the bown Jûsh Tc oxides with a emphuia on the historical precedence of fÏJlCliDp. 
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Bi-Sr-Ca-Cu-O 
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Figure 2.4: Crystalltructures orthe Bi-Sr-Ca-Cu-O oxides (taken from Xu et al. (1990». 
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2.3.2 Chemical DisorderiDg and Delecta 

Another factor eomplieating the Bi-Sr-Ca-Cu-O strudures is chemical di80rdering of 

the cations within the unit eell. The Itoichiometries and crystal structures given 

in Table 2.1 and Figure 2.4 are idealized. The adual superconducting compounds 

exhibit substitution of the ealcium site by either strontium (Grader et al., 1988) or 

bismuth (Sunshine et al., 1988). The strontium site can also be occupied by calcium 

(Kajitani et al., 1988). Delects such as stacking faulb and twinning make it difticult 

to grow high quality single erystals of the Bi-Sr-Ca-Cu-Q compounds. The higher 

Te 2223 phase is parlicularly difticult to isolate and single-phase samples have not 

been produced to date. The precise chemical and structural properties of individual 

samples are highly dependent upon initial comrJOlition and sample preparation tech

nique. AlI these anomalies contribute to ma.ting accurate characterization of these 

compounds very challenging. 
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2.4 Initial Compositions and Heat Treatment 

Due to the complexity of Bi-Sr-Ca-Cu-Q compounds, one cannot sim ply mix up the 

constituent oxide powders in the desired nnal stoichiometry and hope to get a single

phase sample. It is often found that all three Bi-Sr-Ca-Cu-O phases (2201, 2212, and 

2223) and additional impurity phases are found in prepared samples. Some progress 

has been made in understanding the transformations due to heat treatment and in 

optimizing the initial compositions to aUain the desired end produds, mostly by 

heuristie methods. In tms section we briefly describe some of the succesful techniques 

used to obtain high quality samples and leave detailed discussion to subsequent ehap

ters. 

The 2201 phase is of little practical interest due to its low Te. It is, however, 

important for understanding the formation of the higher Te phases since it is the first 

superconduding phase to form when a mixture of constituent oxides is heated. The 

low formation temperature of 2201 « 1000 K) is convenient for solid state synthesis 

sinee it ties up the bismuth atoms, preventing BizOa &om melting before the higher 

Te phues can form.' The 2212 phase begins to form around 1070K but optimal lem

peratures for maximum phase purity are doser to 1125 K. The 2223 phase {orms &om 

the 2212 phase alter prolonged annealing at temperatures approac:hing the melting 

point of the material, which depend on the particular initial composition used (gen

eraUy &am 1125 K to 1145 K). The optimal furnace atmosphere for Bi-Sr-Ca-Cu-Q 

materials has been determined to be air or a mixture of oxygen and an inert gas 

(Bhan, Khan and Rothaemel, 1989). A pure oxygen environment is not necessary 

because maximum oxygenation is not as crucial to the superconduding properties of 

Bi-Sr-Ca-Cu-O compounds as it is for other compounds such as Y-Ba-Cu-Q. 

By starling with a mixture of the appropriate metallic oxides' such that the cation 

ratios are 2:2:1:2 for Bi, Sr, Ca and Cu, the resuIt aCter proper heat treatment will 

ZThe meltmg point of BizO. ia 1090 K. 

'i.e. BizO., SrO, CaO, and CuO (or SrCO, and CaCO.). 
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he a multiphaae lample. Single-phase 2212 materiala can be obtained with a nominal 

initial composition 4:3:3:4, where excess Bi20 a and CuO &ct as a flux to &id in the 

formation of 2212 {rom 2201 (Tarascon et al., 1988). 

The 2223 (Te=110K) phase has proven to be very difficult to isolate. Most work on 

producing high quality 2223 samples has involved use of rapid solidification techniques 

to form amorphous precurlOrs. The higher density and better homogeneity possible 

with luch methods (compared to IOlid Itate .ynthesi. techniques) .hould allow better 

difFulion of cationl through the matrix, and therefore, facilitate increased growth of 

the 2223 phase (as well as improving tran.port propertie.). Starting composition. rich 

in calcium and copper were reported to enhance growth ofthe 2223 phase (Shi et CIl., 

1989c; Shi et al., 1989b). However, the single m08t effective technique for stabilizing 

the 2223 phase has been partiallubstitution of lead for bismuth (10-20%).4 The 

precise role of lead in the cry.tallization proce&ses is unc1ear but it is suspected that 

lead enhances the difFusion of calcium and copper and thu. affect. the growth of the 

2223 phue (Shi et al., 1989a). It hu &Iso been proposed that the lead lubstitutes 

Bi3+ ions by Pb2+ ions re.ulting in a charge transler between Bi20 a and CU02 layers 

that create. additional holes and improves luperconducting behaviour (Banlal et al., 

1991). 

tFint repoded br Suname et al. (1988). 
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Chapter 3 

Experimental Method 

In thil chapter, we deacribe the details of sample preparation, fiber production, heat 

beatment to transform the amorphoui precurlOrs into the superconducting com

pound., and charaderization techniques used to analyze .amples during euh phase 

of the experimental work. 

3.1 Precursor Production 

The oxide and carbonate powders used were obtained mm Johnson Matthey Aesar 

Group (Toronto, Ontario). The compounds and their purities are listed in Table 

3.1. The ooly strontium onde powder available wu of a technical grade and was 

determine-l (by X-ray dü&action) to have reacted to form a hydroxide. Thua, it was 

not .uitable for preparing samples with accurate molar ratios and the more stable 

carbonate was used in its place. AlI atarling powders were stored and weighed under 

argon atmOlphere. Their phase purity was determined by X-ray diffraction and (apart 

from SrO) all powders were found to have neg1igible impurity levels. It hu been 

reported that the use of starting powder. with purity greater than three nines did 

not improve lample quality (Knauf et al., 1991). 

24 
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1 compound purity 

BizOa 99.9% 

SrCOa 99% 

CaO 99.95% 

CuO 99.9% 

PbO 99.99% 

Table 3.1: Powders UlM ta prepare precurlOrs pellets. 

The IOlid state method was used to prepare precurlOr pellets for use in the melt

edraction procedure. The steps performed to produce the pellets are Iisted as (ol1ows: 

1. The constituent oxide (and/or carbonate) powders are weighed to give the de

sired cation ratios. 

2. The powden are mixed by ball milling in a Spex Industries me. Model 8000 

Mixer (EdilOn, N.J.) (or 10 to 15 minutes inaide a hardened-ateel vial with balls 

of varyins sise to form a UDÜorm BleY mixture. IlOpropyl alcohol is used as a 

weUÏDg agent (it is otherwise expected to he inerl). 

3. The mixed powder is dried and then cold pressed at ~20,OOO psi to form pellets 

(1 cm diameter, ~0.5 cm thick). 

4. The pellets are pre-readed by heating at 1020K overnight in air. This is to tie

up bismuth atoms by (orming intermediate compounds (e.g. the 2201 phase), 

thus preventing BizOa &am melting when the samples are heated to higher 

temperatures (aee Section 2.4). The colour of the sample is now greyish-black. 

5. Steps 2 and 3 are repeated to enaUle a homogeneou. sample. 
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6. The pellets are sintered at 1125 K overnight in air to form the higher Tc: corn

pounds. Alter heating, 2212 il the majority phase, the remainder being made 

up of 2201, 2223, and MOUS impurity phases. The colour of the sample il now 

a deep black. 

7. Steps 2 and 3 are repeated once again and the pressed pellets are the final 

produds used for fiber fabrication. 

Precur80r pellets were prepared with the followmg cation ratios. The order of the 

cations il Bi:Sr:Ca:Cu (no lead) and (Bi:Pb):Sr:Ca:Cu (with lead):l 

• 2:2:1:2, 2:2:2:3, 2:2:3:4, 2:2:4:5 (no lead). 

• (1.8:0.2):2:2:3, (1.8:0.2):2:3:4, (1.6:0.4):2:2:3 (with lead). 

Fibers were made from the difFerent initial compositions and heat treated to investi

gate the efl'ed of composition on final crystalline produds. 

3.2 Fiber Production 

The melt-eztraction technique used to fabricate Bi-Sr-Ca-Cu-O amorphous fiber pre

curBOrs il disculsed in detail in tbis section. Figure 3.1 givel a Bchematic diagram of 

the apparatus used. The steps performed to produce the libers are as follows: 

• The precursor pellet is placed on a boron nitride crucible and heated with a 

propane torch until uniformly melted (determined by visu a! inspection). 

• The crucible is raised until it minimally contacts the edge of a rapidly rotating 

molybdenum wheel (wheelspeed ~lo--20 m/s). 

• Beat from the propane torch is continually applied to keep the sample in a 

molten state and the height of the crucible is constantly adjusted to maintain 

proper contact with the wheel. 

lNo&e that compGÜûoDl wriUea with coloDi {:} refer to iDiûal c:ompœiUou ad thGle witbout 

(c.g. 2212 ad 2223) reCer to the lupercoadue&ia, compouda. 
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( 

;lmOlYhdenum wheel 

propane torch 

l 

Figure 3.1: Schematic diagram of the me1t·mractioD liber castiDg .y.tem. 

( 
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• The process is continued untll the sample is observed to have undergone a com

positional change (3-5 minutes). This is determined to have occurred when the 

meb no longer exhibits a convex shape and loses its ftuimty. Fiber production 

is stopped at this point by lowering the crucible away from the wheel. 

The procedure is carried out in air. The wheel speed is limited by turbulence 

created by the apinning wheel inhibiting contact of the melt with the wheel edge. The 

cooling rate varies as the wheel speed making higher wheel speeds desirable for the 

production of high quality amorphous samples. The main constraint on turbulence is 

the low viSc08ity ofthe Bi-Sr-Ca-Cu-O melt (" ~1 poise2 )(Zheng, Bu and Mackenzie, 

1991). Boron nitride is used for the crucible material because of its high melting point 

(> 30OO°C), low reactivity, and machinabillty. 

Otber methods of heating the sample that proved to be ineffective were: 

• Use of a R.F. induction furnace to heat the precursor pellet. The samples had 

high enougb conductivity at room temperature to be heated until they glowed 

a dull red but would not melt. 

• Use of a graphite crucible heated with a R.F. induction furnace to indirectly 

heat the precursor pellet. Poor thermal contact between the graphite crucible 

and the pellet prevented quick and uniform melting of the sample. 

Initial attempts at melting samples using these method& were done in an evacuated 

chamher partially backfi.lled with argon gas. A rapid 10&& of sam pIe constituents due 

to evaporation was obaerved, resulting in a high rate of change in composition. 

The reason for using the R.F. induction furnace is historical. It is the method 

used to heat s&mples for melt-extraction of metallic glass fibers, the process from 

which tbis technique was adapted. The propane torch proved an ad hoc solution to 

the heating problem. It provides relatively good control over the melting process and 

does not seem to introduce significant impurities into the fibers. 

2e.l. "" •• " ~100 poÎle al 20 oC, 1 atm. (CRC, 1990). 
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The as-made fibers were characterized using differential scanning caIorimetry 

(DSC), x-ray difl'ractometry (XRD), scanning eledron microscopy (SEM), and trans

mission electron micrOlcopy (TEM). 

3.3 Heat Treatment 

Alter fabrication, the amorphous Bi-Sr-Ca-Cu-O fibers were subjed to heat heat

ment at temperatures ranging from 1125 K to 1145 K. The as-made samples were 

placed in alumina boatB supported by an alumina crucible. The crucible was then 

loaded directly into a preheated furnace and the fibers annealed in ambient air atmo

sphere for periodl ranging from 0.5 hours to 3 days. The horizontal single-zone tube 

fumace il resistively heated and has a maximum temperature of 1250 K. Temperature 

settings were maintained using a type-K thermocouple temperature conholler rellable 

to within ±5 K. 

At the end of the heating period, the samples were immediately removed from 

the fumace to air quench the samples. This W&8 in an attempt to preserve any 

phues that are stable only at higher temperatures, namely the 2223 phue, and has 

been reported to be effective in sharpening the observed normal-to-superconduding 

transition of Bi-Sr-Ca-Cu-O samples (Komat&u et al., 1988a; BansaI et al., 1991). 

The annealed fibers were then characterized by x-ray difl'ractometry (XRD), scanning 

elecbon microscopy (SEM), transmission electron microscopy (TEM), and SQuID 

magnetometry as described in the following sections. 

3.4 Differentiai Scanning Calorimetry (nSC) 

In isochronal experimentB, the heat :flow into and out of a sample W&8 measured using 

a Peron Elmer DSC-2c Differentiai Scanning Calorimeter (see Figure 3.2). The 

calorimeter has two holders which are heated resistively, one containing the sample 

and the other containing a reference. The two holders are programmed to be heated 
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or eooled .. t .. specifie r .. te and the difference in power required to keep the two holders 

at the same temperature is recorded u .. function of temperature. This measurement 

is u8l!ful for characterizing the glass tra.nsition a.nd crystallization of a sample. 

The sample holders were preheated to a temperaiure of 330K and samples scanned 

at a heating rate of 40 K/minute. Once the sample reached the desired final tem

per .. ture (1.8 high as 900 K) it wu cooled at a rate of 320 K/minute back down to 

330 K. The samples were heated under a f10w of argon gas (99.998% pure) to help 

stabillze sample temperature, prevent oxidation of calorimder parts at high temper

ature, and to remove a.ny gases emitted by possibly volatile samples (to protect the 

DSC). No significant difFerences were observed when runs were performed in ambient 

air .. tm08phere.' Sample masses were typically 5-10 mg and aluminum sam pIe pans 

were used for aU runs. Since the thermal processes of interest here are not reversible, 

they can be more dearly resolved by subtracting from the data a background run 

performed on an empty sample pan.4 

Both the endothermic glass transition and exotherms resulting from the latent heat 

of crystallization are observed. Information acquired from DSC work were combined 

with x-ray difFraction results to investigate the nature of samples at various stages 

of the crystallization ploces8 1.8 identified from the heat flow vs. temperature curves. 

Also, samples were held i80thermally alter 8ca.nning to various final temperatures and 

x-ray dift'raction measurements performed on the samples to investigate the efFect of 

annealing on crystal growth. 

'BeatÏDg in an ÎDed atmOllphere ia ho",n to lower the meltÎDg point oC Bi-Sr-Ca-Cu-O compounds 

and influence erystalliJlatioD metics at higher temperatures, but has liUle eft'ed at the temperature 

rangel uecl ÎD DSC analysia (N .... u et al., 1989j Bhan, Khan and Rothaemel, 1989). 
4n ia preferable to rescan the sample and lubb.ct the second run from the originalSC&D. However, 

the Perm Elmer DSC-2c does not permit caleulatioDl to he perCormed OD luch lubbaeted 8C&D1. 
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Figure 3.2: Schematic diagram of the Perm Elmer DSC-2c DifFerential SCaDning 
Calorimeter (taken from IUchter (1988». 

1 - lample holder 7 - aluminum body (hut aiDk) 
2 - reference holr!.er 8 - thermometerl for IalDple and reference 
3 - reaistanee thennometer 9 - power supplies for huters 
4 - huter 10 - lample eonfined in aluminium pan 
5 - argon inlet 11 - reference sample 
6 - argon outlet 

31 
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3.6 X-Ray DifFractometry (XRD) 

The X-ray diffraction measurements of as-made and heat treated fibers and precursor 

pellets were performed using an automated Nicolet-Stoe LU Powder Difl'ractometer 

equipped witb a copper target (Bee Figure 3.3). A graphite monochromator was 

used to select CuKa radiation with a weighted average wavelength of 1.54178 A. The 

diffraction geometry used. wu the conventional reftection mode. Fibers and precursor 

pellets were powdered using an alumina mortar and pestle and mounted on glass 

microscope slides with 3M double-sided tape. Starting powders were applied directly 

to the tape without special preparation. 

The data collection system stored 26 and the measured intensity, where 6 is the 

Bragg angle. Meuuremenb wele taken ovel a range 26 = 4°-60°. Recolded 26 values 

for amorphous peaks were converted to nearest-neighbor distances using the Ehrenfest 

relation, 
~ 

Rne.mt-nei.h6our = sin 6 . 1.627 ' (3.1) 

when ~ il the wavelength of the x-ray radiation and the value 1.627 is the Ehrenfest 

constant. 29 values for crystalline peaks were converted to d-spacings using the 

standard Brag relation 

2d· sin 6 = n~ (3.2) 

and compared with values publilhed in the literature to idenlify the phases present. 
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Figure 3.3: Schematic diagram of the Nicolet-Stoe L11 Powder DifFractometer (taken from 
Marshall (1986). 
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3.8 Scanning Electron Microscopy (SEM) 

The .udace morpholOS)' and compolition of u-made ad &Illleùed fiberl were mve.

tigated u.mg a JEOL T300 ad a JSM MOA .c&DDing elecbon miclOIcope. Both 

miclOlCOpei were operated with an acceleratmg voltage of 20 ke V. EuerQ Di.perlive 

X-ray .pedlOlcopy (EDX) wu performed and lample compOiition wu determined 

ulÏDg .. Tracor Northem Series Il X-ray Microanalysil System. Samples wete pre

pared by mouting onto aluminum lample holder. with 3M double-.ided tape ad 

depotÏting • thin film of gold-paladium aIloy. 

3. T Transmission Electron Microscopy (TEM) 

Tranlmillion electron DlÏcrOlcopy anùylil wu performed uling a Phillip. CM20 

Transmilsion Elecbon Microscope with an acceler.ting voltage of 200 keV. Observa

tionl were made in the standard bright field tranlmillion mode and in the diffraction 

mode. Lattice fringes were viewed ulmg the Bigh Resolution capabilities of the micro

lcope. Sample compoaitiou wu determined with an EDAX 9900 Energy Dilperaive 

X-Ray lpectrometer (EDX). 

Samp1es were prepared by the cruhiflg metlaod usmg an alumina monu and 

peltle. Thil method producea &lI8JIlenta of random .ize. and shapes ad thu. tmn 

lamples with a particular lattice orientation are difiicult to find. Ion beam milling 

i. a more contro8ed method for thiDDiDg lampln for TEM analysis but aUempb lot 

miUÎng thin fiben were unlucceuful. The crushed lamples were mounted by evenly 

distributing them onto nylon, coppet, and nickel grids coated with a thin carbon film. 

3.8 SQuID Magnetometry 

SQulD (Supercondudmg Quantum Interference Deviee) magnetometer samplel "ere 

prepared by landwiching them between two piecea of Iticky capton and placing the 

capion inaide a gelatin caplule. The lample mus wu approximately 1 mg. Individual 
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fiber. were mouted .uch that they were 10Dgitudinally aligned with the applied field. 

Mapetic meuurementa were made uaing a Quantum Design SQuID Mapetome

ter, model MPMS. Su.ceptibillty meuurements were performed by mat cooling the 

IUDple to 5 K in selO fielc!, applyins a field of 50 Gauss, and then meuuring the 

mapetic moment u the sample wu sradually warmed above the critical temper

ature (zero field cooled or ZFC cUlVe). The applied field wu maintaiDed and the 

mapetic moment meuured u the sample wu cooled &gain down to 5 K (field cooled 

or FC curve). 

3.9 Resistance Measurements 

AUempta "ere made to determine the resiltivity of annealed fiber •• The main ob.ta

cles barring succeasful meuurementa were the fragility of the fihe,. and the inabillty 

to make ,000 eledrical contu:ts. The mst method tried wu encuing a budle of 

annealed fiber. in indium/tin IOlder. The alloy wu cbosen for ita low melting point 

10 u not to dam.e the crystaUine ph&lel present in the fiberl. Eledrical contacts 

were poor due to in.ufticient weUing of the fiben with the 101der. ThuI, no luper

conduding tranlÏtion in reaistivity wu aeen cooling the IOlder-encued fiberl below 

77K. 

The second method uaed wu one reported to have been luccesaful with fiber. 

drawn!rom a &lus preform (Komatau d al., 1990). AI-made fiben were coated with 

.i1ver pute belore &IlDealing. i Alter annealing they were mounted onto a glUI IUde 

with vacuum pue and leads _ere attached with more .üver pute. The lample was 

plac:ed in a cryOltat and cooled down to 4.2 K. The reai.tance meuured u.ing an AC 

bridge with a carrent denlity of approximately 0.1 A/cm'. A plot of resistance as a 

ludion oftemperature for coated (1.8:0.2):2:3:4 libers annea1ed at 1135K for 7 hoUls 

showed oaly a metallic reaponse and no superconduding banlition (see Figure 3.4). 

i ApplJiaI 'Ile lÏlyer pute to auealecl 'ben miP' impair 'heir .upercoDdadÏDI propenie. due 

to peaetratioa of 'Ile Ilben b1 i.e orsuie lOlye.' iD 'he pute . 
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It i. .u.pected that the reai.tivity of the li1ver pute only wu meuured a.nd that 

contact probleml between the .i1ver pute a.nd fiber were the cau.e. 

Final attempta at reailtivity meuurement. conaiated of mountins u-made fibers 

onto alumina .lidea by gluins the end. down with li1ver pute. Annealinl of the li1ver 

pute il reponed to produce 10W' reli.tance contact. (Khare et 01., 1989). 8y not 

coating the body of the fiber, il wu hoped that the curent would he forced to pUI 

throup it and any lupercondudins tranlition W'ould he detected by re.j.tance mea

surement.. U1\loriunately, no lamplea prepared in this manner aurvived the a.nnealing 

process intact. 

A method of making multifilamentary compoeitel !rom fiberl by gu-jet fiberiza

tion hu been reported (Miller et al., 1991). The procedure involvel evaporating sUver 

onto as-made fibers, Ihaping them into a yam, and inlening them into a si1ver tube. 

The composite is then cold iaoltatically preBaed and annealed. Thil technique might 

successfuDy be applied uling fiberl made by the melt extraction method described in 

thi. work. 
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Fipre 3.4: Plot oC resistance VI. temperature Cor (1.8:0.2):2:3:4 fibers coated with silver 
and pute and annealed at 1135 K Cor 7 houri. No superconductiDg transition is visible. 



Chapter 4 

Results and Discussion 

In this chapter, the resulta of characterization studies performed ou as-made and 

heat treated fibers are presented. The cryatallization of precursor and superconduct

ing phases wu atudied uamg the techniques described in Chapter 3. The effed of 

addition of calcium and copper to nominal compositions and the substitution of lead 

for bismuth wu investigated with particular attention paid to the formation of the 

2223 phase. The change in microstructure with annealing time wu also examined 

in order to gain a qualitative understanding of the evolution of the grain structure 

within heat treated fibers. Finally, the superconducting properties of heat treated 

fibers were investigated by squid magnetomeby. 

38 
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4.1 As-Made Amorphous Fibers 

Thin, amorphous fibers were fabricated using the melt-extraction technique described 

in Section 3.2. Fiber dimensions ranged from 0.71'm to l00l'm in diameter and 0.2cm 

to 5 cm in length. Median dimensions were approximately 30 pm in diameter and 

1.5 cm in length. Figure 4.1 shows a sampling of the difFerent shapes and sizes of 

fibers produced. Righer wheel Speedl tended to produced finer and smoother fibers, 

although fibers of varÎous IÎZeI were produced in a given rune Figure 4.2 shows an 

enlargement of the thinnest fiber visible in Figure 4.1. The bulbous features e.xhibited 

by some of the fibers (see Figure 4.3) are thought to be disturbances caused by Raleigh 

breakup that were nozen-in during solidification (Brodkey, 1967, for details). This is 

reasonable lince the melt pulled ofF by the wheel would behave efFectively &1 a liquid 

jet until it IOlidified. Thinner fibers would have IOlidified more quic:kly and had less 

time to break up. The ratio of bulb aise to fiber diameter is approximately 2::1 and 

is in apeement with the theoretical value for idealized jet breakup (Brodkey, 1967). 

The Abers were brittle but could be euily handled with fine tweezers. In addition 

to fibers, shot and tlakea of variOUI IÎZel may he produced. The net yield of fibers 

wu approximately 2%, a value comparable to that achieved with gu-jet fiberization 

(LeBeau et al., 1989). The calcium and copper-rich initial compounds were difticult 

to melt uniformly, making fiber production problematic. Thus, fibers from the 2:2:3:4 

and 2:2:4:5 initial compositionl could only he made in limited quantities. 

4.1.1 X-Ray Diffraction AnalysÏB 

X-ray difFraction patterns from powdered as-made fibers show broad peaks indica

tive of an amorphoui Itructure. A typical diffraction pattern il .hown in Figure 4.4. 

The large peak at 29 ~300 i. a common feature to all rapid solidification work on 

Bi-Sr-C.Cu-O (Minami et al., 1988, for example). The Ehrenfeat relation (see Equa

tion 3.1 sivea a d-spacing of approximately 3.7 ±O.2 A which is consistent with inter-
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Figure 4.1: SEM micrograph of an average sampling of fibers. The seale marker is 1000 Jjm 
long. The boxed region is shown enlarged in Figure 4.2. 

Figure 4.2: Enlargement of the thin fiber visible in Figure 4.1. The seale marker is 10 Jjm 
long. The tbinner fiber is 3 pm in diameter. 
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Figure 4.3: SEM micrograph of fiber exhibiting bulbous features. The scale marker is 
100 Jmllong. The ratio of bulb diameter to fiber diameter is approximately 2::1. 
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Figure 4.4: X-ray diffraction pattern of 2:2:2:3 as-made fibera:. The broad peaks are in
dicative of an amorphoUl structure and the sbarp crystalline ,Jeaka are indexed 81 CaO 
precipitates. 
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atomic distances for both Bi-Ca (3.67 A) and Bi-Sr (3.85 AV One might expect to 

see a large peak correaponding to the Bi-Bi interatomic distance (3.40 A) since the 

hea.vier Bi atoms .catter x-rays more efl'ectively than the other lighter elements in the 

system. Bowever the structure of the quintemary Bi-Sr-Ca-Cu-O amorphous system 

is highly complex and the reuons behind the domination of the structure factor by 

the Bi-Ca and Bi-Sr contributions could be many. There are no detailed stumes 

of the amorphous phase of the Bi-Sr-Ca-Cu-O compound to the knowledge of the 

author. 

Crystalline peaks indexed as CaO were also observed, (Bee Figure 4.4. The vol

ume &action of amorphous material in the libers is estimated to be 80% (±10%) by 

comp&rÏlOn of the integrated peak intensitiea for amorphous and erystaUine peaks 

(weighted appropriately for atomie number). The 2:2:2:3 composition is on the edge 

of the glUI forming region for Bi-Sr-Ca-Cu-O (Zheng, Xu and Mackenzie, 1989). 

Figure 4.5 Ihows a phase diagram indicating the glui forming region of the BiOu -

C8uSru-CuO system. The &mount of calcium in the initial composition exceeds 

the solubility limit of calcium in the Bi-Sr-Ca-Cu-O glass 80 that CaO precipitates 

on solidification. 

4.1.2 SEM and TEM Studies 

Scanning eledron micr08copy of the as-made fibers shows that some of the libers 

exhibit dark spots (Bee Figure 4.6) and rough regions (see Figure 4.7). EDX micro

analysis performed on these areu revealed that the dark spots are calclum-rich and 

the rough regions are copper-rich (see Table 4.1). The rough regions generally appear 

on the free aide of the fiber, sugeating that copper precipitatea come out of solution 

due to phase separation of the glass. The absence of Cu or copper oxide lines in the 

XRD patterns for as-made libers (He Section 4.1.1 indicates that theae copper-rich 

regÏODS are amorphous or, if crystalline, con&Îat of grains too small in aize « 50 À) 

and/or few in qu,..ntity « 5%) to be detected by our difl'ractometer. Thia is in con-

lBued OD the metaUic radii (coordinatioD Ilamber 12) lor these elemeDh 
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o gld~~,. parllally cryslalhzed glass 

Figure 4.5: Phase diagram showing the glass forming region of the BiOl.l-CaCUSrO,5-CuO 
syltem (taken from Zheng, Xu and Mackenzie (1989)). 
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Figure 4.6: SEM miuograph of as-made fiber with dark spots. The scale marker is 10 pm 
long. 

Figure 4.7: SEM miuograph of as-made fiber with rough regions. The scale marker is 
10 J'ID long. The right edge of the fiber was in contact with the wheel. Notice how the 
rough features form preferentially on the Cree aide of the fiber. 
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alomic percent (%) 

SEM (±20%) TEM (±10%) 

element dark rough Imooth cryltalline amorphous 

Bi 14 7 35 5 28 

Sr 3 21 17 6 29 

Ca 70 11 14 83 15 

Cu 13 61 34 6 28 

Table 4.1: SEM EDX microanalysis of as-made 2:2:2:3 fibers. 

but to the cry.talliDe CaO precipitates found in the as-made fibers. Typical EDX 

Ipectra of the dark, roup, and Imooth regions are shown in Figurel 4.8, 4.10, and 

4.9. The SEM analYlil of the Imooth regions was averaged over many fibers with 

a typical standard deviation of a few percent. Data for the dark spots and rough 

regionl are for SCUlS of individuallocationl as shown in Figures 4.6 and 4.7. 

TEM EDX microanalYlis was a1so performed on the as-made 2:2:2:3 fibers. Amor

phoUi Uld cryltaUiDe fragmenta were identified with selected area di'raction and the 

results of compoaitional analysil are given in Table 4.1. Representative spectra are 

Ihown in Figura 4.11 and 4.12. The high calcium content of the cryatalline fragments 

is consistent with the XRD resuIts of Section 4.1.1. 

Lead was detected in &mounts consistent with initial compositions for fibers made 

from lead-substituted initial compositions (e.g. ~1% for (1.8:0.2):2:2:3). Bowever, it 

was excluded &am the comp08itionù analysi. since these &mounts were much smaller 

than the estimated uncertainties for these results (±20% for SEM, ±10% for TEM). 

It Ihould he noted that compositions as determined by EDX from both SEM and 

TEM are only semi-quantitative due to a Id of teliable reference standards, even 

thoup care wu taken to choose x-ray lines close in energy for the microanalysis cal

culationl (10 that bulk absorption corrections were applied uniformly). SEM EDX 

retults are further hindered by the mability to meet the requirement that samples 
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Figure 4.8: SEM EDX Ipedra of Imooth resion on as-made 2:2:2:3 fiberl. (The Au peak 
to the ript of the Sr peak il due to the ,old coatiq uaed to prepare the lamples.) 

have flat lurfaces (thuI, the higher eltimated uncert&Ïnty). However, the meuure

ment. indicate the relative dift'erencel in atomie concentrationl between .amplel or 

between regions within a sample. Furthermore, the consistency of results from TEM 

EDX microanalysis on annealed fiber samples with expected values (see Section 4.3.4) 

sugest. that the TEM reluits accurately reflect ablOlute compositions. 
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Figure 4.9: SEM EDX spectra of dark spot on as-made 2:2:2:3 libers. (The Au peak to the 
right of the Sr peak is due to the gold coating used to prepare the samples.) 
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Figure 4.10: SEM EDX spectra of rough regioD OD u-made 2:2:2:3 Sben. (The Au peak to 
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Figure 4.11: TEM EDX Ipedra of amorphoUJ fragment from as-made 2:2:2:3 fibui. 
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Figure 4.12: TEM EDX Ipedra of cryltalline fragment from u-made 2:2:2:3 fibui. 
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4.2 Precursor CrystaUine Phases 

This section describes charaderization of the euly stages of crystallization of &mor

phous Bi-Sr-Ca-Cu-O fibers. Most rapid solidification work to date hu concenbated 

on growth of the 2212 and 2223 phases and has ignored the initial amorphous-to

crystaUine transition. This study pertains to thin amorphous fibers produced via 

meU extraction but may have relevance to crystallization of amorphous precursors 

produC'ed by other rapid solidification techniques. 

4.2.1 DSC Analysis 

DSC meuurements were performed on u-made amorphous fibers, u described in 

Section 3.4. A plot of heat flow vs. temperature for an isochronal run is shown in 

Figure 4.13. As temperature is increased, the first feature visible is the glus transition 

with midpoint at T.~685 K. The apparent endotherm is charaderistic of the glus 

transition but what is actually measured is an increase in the heat capacity Cp due to 

volume expansion as the amorphous 80lid melts. 

A set of exotherms between 730 K and 810 K follows the glus transition. The 

size, shape, and peak temperature o( these exotherms varies between samples, even 

those from the same melt-extraction run. This is probably due to small diff'erences 

in composition and structure in individual fibers (Bee Section 4.1.2). Bowever, two 

prominent peaks at approximately 750K and 790K are consistently present. The third 

exotherm at approximately 860K is much smaller and broader but is also consistently 

present. The remaining small exothermic background may be due to diff'erences in 

specific heat of the full Bample pan and empty pan used (or the background run (Bee 

Section 3.4). (The pedurbations near 340 K are an instrumental artifact caused by 

oscillations in heat flow at the start o( the run which dissipate aiter the DSe has 

stabilized. ) 

The results from our DSC analysis are consistent with those (or difFerential ther

mal analysis reporled in the literature for rapidly 80lidified Bi-Sr-Ca-Cu-O materials 
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Fipre 4.13: DSe ilOchronal run performed OD 2:2:2:3 amorphoua Abers (scan rate 
40 K/minute, temperature fAIlle 330 K to 900 K). Note the glas. transition at T.~685 K 
and uotherma at apprœimatel, 745 K, 790 K, and 865 K .. The X's indicate key point. OD 

the iaochronal cune .here XRD wu performed. (The periurbatioDl Deat 340 K are an 
instrumental arUlaet.) . 
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(Nulau et al., 1989; Shi et al., 1989bj YOIbimura et al., 1989; SinSh and Zacharias, 

1990, for example). AlI quote a glus transition with midpoint in the range 680 K 

to 685 K. The published size, shape, and peak temperature of exotherms are bighly 

dependent on sample composition, lample preparation, and the atmosphere in which 

the measurements were performed. However, the general features seen in the present 

worll agree with those seen in splat and roller quenched materials. The combined 

enthalpy of the firat set of exotherms (730 K to 810 K ) is approximately 60 J/g and 

ia conliltent with valuel reported by Nuaau et al. (1989). The: cnthalpy of the small 

e:x:otherm at 860 K is approximately 2.5 J / g. To identify the crystallization proceS8es, 

x-ray difl'raction wu performed. 

4.2.2 XRD ADalysu 

The cryltallilation of precurlOr phases in fibers made from a 2:2:2:3 initial composi

tion wu investigated using XRD on samplea crystallized to dift'erent extenta in the 

DSC (tee Figure 4.13). The resulta of XRn periormed on DSC samples quenched at 

key points on the i80chronal curve and displayed in Figure 4.14. The l&ck of crys

talline peaks in the difFraction pattern for the lample acanned to 710 K confirma tbat 

the transformation at 685 K is a glUI transition. The pattern at 770 K shows a partial 

crystaDization and at 810 K the lample is completely crystallized. 

The peaks are inde:x:ed to the 2201 low Te phase and a BCC 8Olid-801ution of 

randomly distributed metallic cations with lattice parameter a=4.25 A proposed 

by Tessier (1991) for amorphous Bi-Sr-Ca-Cu-Q samples produced by hall-milling. 

Table 4.2 lista the Miller indicies, d-spacings, and CuKa scaUering a.ngles for tbe 

BCC phase. The BCC 8Olid-80lution is likely to he a candida.te for the intermediate 

met ut able phase formed in the conversion of the amorphous Bi-Sr-Ca-Cu-Q matrix 

into the 2201 phase. The di80rdered BCC cells could fonn building blocks that st&ck 

1 
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Figure 4.14: XRD palterna for DSC IaIIlplei at .cauned to 710 K, 770 K, 810 K, and 880 K. 
The .peetra have been indexed to the 2201 phase and a BCC IOlid-101ution. 
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BCC Solid-Solution 

Miller indicies d-spacing (A) scaUering angle (29) 

[110] 3.005 29.73° 

[111]- 2.454 36.62° 

[200] 2.125 42.54° 

[210] 1.901 47.86° 

[211] 1.735 52.76° 

Table 4.2: Miller indiciel, d-Spaclnsl, and CuKa lcattering angle. anglel for the BCC 
IOlid-101ution C- lorbidden reflection). 

one on top of the other and convert to the nearly tetragonal 2201 phase aCter appro

priate ordering of the atoms.:I The peak at 28=36.6° is indexed to three weak 2201 

lines which are not strong enough to account for the measured ïntenaity of thi. peak. 

The [111] reflection for the Bec structure, which alao lies on this peak, is {orhidden. 

Bowever, a degree of ordering in the BCC aolid-aolution towards that of the 2201 

phase might account for the presence of thi. forbidden peak. 

After the small exotherm at 860 K, the existing 2201 lines have sharpened and 

become stronger. A comparison of the relative intensities of the 2201 and BCC peaks 

for samples quenched at 810 K t.nd 880 K shows that the BCC phase grows more 

quicldy, and possibly earlier than the 2201 phase. At 880 K, the 2201 lines are much 

stronger, suggesting that the small exothermic peak centered at 860 K is related to 

a transformation from the BCC phase into the 2201 phase, as proposed by Tessier. 

Both Nassau et al. and Tessier report that the 2201 phase is not seen until alter 

the exotherm near 860 K. However, Figure 4.14 shows cleuly that the 2201 phase is 

present &fter scanning to 810 K. 

281 euaùnatioll of the Khematic diagram. for the 2201 CfJ.ta! .trudure iD Figure 2.4, olle cu 

imagine a nrtical column of BCC cella e%pU1ding iD the a-b directions, contrading iD the c directiOIl, 

ad r~rderiDg tG form 'he 2201 phase. 
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IlOthermal experiments performed on the 2:2:2:3 samples confirm that the BCC 

IOlid-lOlution il a metutable intermediate phase, eventuaUy converting to the 2201 

phue. Sunples held at 810 K for 1 hoUt have limilar XRD patterns to those scanned 

to 880 K and quenched (see Figure 4.15). For fiberl held at 880 K for 1 hour, the 

relative Itrength of the BCC lines il much weaker than in the other two patternl. 

The BCC phase gradually transforml into the 2201 phase over time. 

In lummary, the crystallization of amorphous Bi-Sr-Ca ·Cu-O fiberl into the super

conducting 2201 phase has been shown to proceed via the formation of a disordered 

metutable intermediate phase. The growth of the higher Te 2212 and 2223 phases is 

discussed in the following section. 
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Figure 4.15: XRD patterns for 2:2:2:3 fibers held ilOthennally at 810 K for 1 hour, scanned 
to 880 dgk and quenched, and held ilOtherma1ly 880 K for 1 hour. The lines are indexed as 
in Fipre 4.14. (The broad peak centered at 29=25°in the scan at 880 K for 1 hour is due 
to background !rom the sample holder.) 
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4.3 High Tc Phases 

As-made amorphous fibers fabricated ûom precur80r pellets with initial compositions 

listed in Section 3.1 were subjected to heat treatment as described in Section 3.3. The 

growth of 2212 and 2223 phases was studied as a function of initial composition and 

annealing conditions. The evolution of grain structure with anneal time and the efFed 

of fiber diameter on grain growth was examined using SEM analysis. Transmisssion 

electron microscopy (including High Resolution TEM) and EDX microanalysis were 

used to identify the 2212 and 2223 phases in annealed fibers. 

4.3.1 Lead-Free Initial Compositions 

Fibers produced from precursor pellets with initial compositions of 2:2:2:3, 2:2:3:4, 

and 2:2:4:5 crystallized mainly into the 2212 (Te=85K) phase. Samples were annealed 

at temperatures between 1125 K and 1145 K, these being the optimal temperatures 

repoded in the literature (Shi et al., 1989b). No difFerence was found between \4amples 

annealed at difl'erent temperatures in this range. As a rule, fibers of diameter less than 

about 10 l'm did not survive the heating process, probably because they coarsened 

and broke apart. However, on occasion fibers with diameters as small as 1 pm were 

crystallized into continuo,"", filaments of single-grain chains as shown in Figure 4.16. 

The ability to produce such crystalline filaments has been reported by workers using 

the gas-jet fiberization technique mentioned in Section 1.3.3 (Miller et al., 1990). 

A marginal enhancement of the fraction of 2223 phase (Tc=110 K) was a.fI'ected 

by the presence of excess calcium and copper. Figure 4.17 shows XRD patterns for 

annealed 2:2:2:3 and 2:2:3:4 fibers indexed to the 2212 and 2223 phases. This finding 

is similar to those of Shi et al. (1989c). 

4.3.2 Lead-Substituted Initial Compositions 

Fiber. of initial composition (1.8:0.2):2:2:3, (1.8:0.2):2:3:4, and (1.6:0.4):2:2:3 (where 

the order of the cations islisted in Section 3.1) had roughly twice the volume ûaction 
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Figure 4.16: SEM micrograph of a 1 ~m Bi-Sr-Ca-Cu-O fiber crystallized into a contit'\uous 
filament with single-grain chains. The scale marker is 1 ~m long. 

of the 2223 phase after heat treatment as those without lead substitution, though 2212 

was still the majority phase (sec Figure 4.17). No quantitative analysis was attempted 

due to the complex nature of the diffraction patterns. No consistent difference in 

the amount of 2223 phase could be detected in samples annealed at 11:35 K and 

1145 K for equal times. Variations in sample composition likely dominate over dfedt> 

due to anneal temperature. Nor was an increase in the volume fradion of 2223 

phase with anneal time found by XRn (see Figure 4.18). The amount of 222:3 phase 

seems to have saturated after annealing for 1 hour. Figure 4.19 shows an XH.D 

pattern for fibers of initial composition (1.8:0.2):2:3:4 annealed for 14.5 hours. (Thf! 

shoulder visible at approximately 31.50 in ail the lead~substituted annealed fihers is 

indexed to Ca2PbO •. ) The possibility of producing majority phase 2223 samplt's was 

demonstrated by annealing a (1.8:0.2):2:3:4 precursor pellet at 1145 K for !J clayl>. The 

XRD pattern of Figure 4.20 shows that this sample is almost single phase 2223. The 

insets in Figures 4.19 and 4.20 show the [002J peaks for the 2212 and 2223 pha&c!>. 
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The lack of overlap between peaks of the diff'erent phues for this reflection allows 

unambiguouB determination of the majority phase. 
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Figure 4.19: XRD patterns for (1.8:0.2):2:3:4 fibers annealed at 1135 K for 14.5 hours. The 
inaet .how. the [002] peak for 2212 and 2223 phases. (The shoulder at 31.5° is indexed to 
Ca,PbO •. ) 
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4.3.3 SEM analysia 

Fibers of composition (1.8:0.2):2:2:3 were annealed at 1135K for l, 3,6, and 12 hours 

and examined using SEM analysis. Figures 4.21 through 4.24 .how SEM micrographs 

of time evolution of grain .tructure for thete fibers (aU belween 10 "m and 20 "min 

diameter). Grain size increued with anneal time from 2.5 "m long and 0.3 "m truck 

alter annealing for 1hr to 5 "m to 6 "m long and 0.5 "m tbick alter annealing for 12 

hours, both at 1135K .• The rate of grain growth is also dependent on fiber diameter. 

Thinner fibers annealed for short anneal times have similar morphology to tbicker 

fibers annealed for longer times. 

There is little texturing apparent in the annealed fibers. Two distinct grain struc

tures are apparent: long, thin grains (Gcicular) and tbick, fat grains (equicued). The 

two structures are generally intersperaed throughout each fiber but some segregation 

occurs, &1 is visible in Figure 4.21. SEM EDX microanalysis indicates that the acieu

lar grains are poasibly 2212 and 2223 phase and that the equiaxed grains are deficient 

in bismuth (aee Figures 4.25 and 4.26).3 In addition, a platr-like morphology is ex

hibited in samples annealed for longer Umes (see Figure 4.24). This characteristic is 

often reported in the literature (A.thana et al., 1991, for example). 

ISee SectioD 4.1.2 for a deICriptioD of the limitations of SEM EDX microanal,lÎ1. 
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Figure 4.21: SEM miuograph of (1.8:0.2):2:2:3 fibers anuealed for lhr at 1135 K. The lcale 
marker il 1 pm long. The thin grains on the right are approximately 2.51'm long and 0.3 pm 
thick. Note the segregation of thin grains and thick grains. 

Figure 4.22: SEM micrograph of (1.8:0.2):2:2:3 fibers annealed for 3 hours at 1135 K. The 
scale marker is 1 pm long. The thin grains are approximately 3.5 pm long and 0.4 #'ID thick. 
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Figure 4.23: SEM micrograph of (1.8:0.2):2:2:3 fibers annealed for 6 hours at 1135 K. l'Ill' 
Beale marker is 1 "mlong. The thin grains are approximately 4.5 pm long and 0.5 pm thick . 

Figure 4.24: SEM miuograph of (1.8:0.2):2:2:3 fibers annealed for 12 bours at 1135 K. Tht' 
scale marker is 1 #'IJllong. The thin grains are approximately 5 l'ID to 6f'm long and 0.5 l'III 
thick (note the plate-like morphology and lack of texturing). 
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4.3.4 TEM AnalysÏB 

TEM EDX mieroanalysis on annealed 2:2:3:4 and (1.8:0.2):2:3:4 fibers confirmed the 

presence of the high Te 2212 and 2223 phases. Figures 4.27 and 4.28 show typical EDX 

spedra for 2212 and 2223 crYBtal grains and Table 4.3 lista the measured composition 

for these grains. In addition to the superconduding phases, crystal grains containing 

atomic percent (±10%) 

Element 2212 2223 

bismuth 25 20 

strontium 33 23 

calcium 13 19 

copper 29 38 

Table 4.3: Composition of 2212 and 2223 crystal grains round in annealed (1.8:0.2):2:3:4 
fiberl (atomie pereent (%». 

predominantly calcium and copper were identified by EDX. They were round to occur 

consistently in regions Burrounding 2223 crystal grains. Figures 4.29 through 4.30 

show spectra of typical &agment~ from such crystal grains with composition ranging 

from neatly pure calcium to nearly pure copper. This finding supports the model of 

Shi et 01. (Shi et al., 1989b) involving dift'usion of calcium and copper into 2212 grains 

to form the 2223 phase Bowever, the XRn results for our samples do not show the 

presence of CaJCuO, as was reported by tbis group. 

The excess calcium and copper is expected Binee the initial stoichiometry is rich 

in these two elements. Also found in the annealed fibers were crystal grains rich in 

calcium, copper, and strontium (see Figure 4.31). 'fhere wu no correlation between 

the location of these grains and the high Tc phases. The apparent deficiency in 

bismuth in the 2212 and 2223 grains relative to the initièÙ composition (see Table 4.3) 

and presence of excess strontium, calcium, and copper in the remainder of the fibers 
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sugelt. that bismuth was lolt during fiber fabrication and/or heating.4 This is 

conliatent with the sreater volatility of bismuth oxide. 

The luperconducting 2212 and 2223 phases were also identified by High Resolution 

TEM analYlil (HRTEM). Figure 4.32 Ihowi a lattice fringe image of a grain fragment 

containing 2212 and 2223 phuea. In mOit of these fragments, c-axis was found 

to be perpendicular to th~ long dimension of the grain, as is seen here. This is 

consistent with findings reported in the literature (Xu et al., 1990, for example). 

Diffraction patterns and lattice fringe images showed laUice spacings of approximately 

15 A and 18 Â. These spacings correspond to ha1f the c-axis lattice parameters of 

the 2212 and 2223 phasel (see Section 2.3). Figure 4.33 shows enlarged HRTEM 

lattice fringe images for 2212 and 2223 crystal grainl and Figure 4.34 shows TEM 

diffraction patterns for the same crystal grains. Visible in the lattice fringe images 

are intergrowths of 2212 and 2223 phases whim can be identified by the number of 

copper oxide layers between darker Bi02 layers. The incommensurate modulation 

of the Bi-Sr-Ca-Cu-O systems is &Iso apparent in the HRTEM lattice fringe images 

(see Figure 4.35), the dark regions being Bi-concentrated zones (Matsui et al., 1988). 

Figure 4.36 the corresponding diffraction pattern exhibiting satellite spots resulting 

from the incommenlurate modulation. 

tAa meD,ioDed iD SedioD 4.1.2, the compolÏhou U determiDed b, EDX are uDreliable due io a 

lad of refereDce ltaadarda. Bo.ner, tlae combiDed nideDce IbODP1 lugestl thai there ÏI • real 

deficieDc1 of Bi ÏD ,he u made libers libers. 
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Figure 4.27: TEM EDX spectra of2212 crystal grain found in annealed (1.8:0.2):2:3:4 fiber. 
(The peak at 7.5 keV is NiKa from the nickel grid.) 
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Figure 4.28: TEM EDX spectra oC 2223 crystal grain Cound in annealed (1.8:0.2):2:3:4 fiber. 
(The peak at 7.5 keV is NiKa !rom the nickel grid and the peak at 6.4 keV i. background 
from the sample holder.) 
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Figure 4.29: TEM EDX spedra of calcium (a) and copper (b) rich crystal graiDJ round in 
annea1ed (1.8:0.2):2:3:4 fiber. (The peak at 7.5 keV il NiKa from the nickel grid.) 
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Figure 4.30: TEM EDX spectra of calcium and copper (mixed) crystal grainJ round in 
annealed (1.8:0.2):2:3:4 fiber. (The peak at 7.5 keV il NiKa from the nickel grid.) 
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Figure 4.31: TEM EDX spectra of calcium, copper and strontium crystal grains found in 
annealed (1.8:0.2):2:3:4 liber. (The peak at 7.5 keV is NiKa from the nickel grid.) 

C-axI' 1 

Figure 4.32: HRTEM lattice fringe iI. flge of crystal grain containing superconducting 
phases. Notice the alignment of the c-axÏs lengthwise with the crystal grain. 
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(a) 

2223 

(b) 

-, ,., 

i"igure 4.33: HRTEM lattice fringe images of 2212 (a) and 2223 (h) crystal grains found Hl 

annealed (1.8:0.2):2:3:4 fiber. The 15 A layer in (b) is a 2212 illtt'rgrowth within the 222:l 

crystal grain. 
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(a) 

d= ~ ~18A 
Cl 

(b) 

Figure 4.34: TEM diffraction patterns for 2212 (a) and 2223 (h) crystal grains round in 
annealed (1.8:0.2):2:3:4 fiber. The q-spacings (scattering wavevector) between spots corre
spond to lattice spacings of approximately 15 A. ( a) and 18 A. (h). 
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Figure 4.35: HRTEM lattice fringe image showing incommensurate modulation in the 
a-b plane in a 2212 crystal grain. Tbe dark regions are Bi-concentrated zone!.. 

Figure 4.36: TEM diffraction pattern showing showing satellite spots due to incorrunensu· 
rate modulation in the a-h plane in a 2212 crystal grain. 
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4.3.5 SQulD Magnetometry 

SQulD magnetometry performed on (1.8:0.2):2:3:4 fibers annealed lot 870°C for 12 

houtB shows two luperconduding transitions: one lot 82 K and &Dother lot 105 K. A 

plot of magnetization vs. temperature for (1.8:0.2):2:3:4 fibers annealed lot 870°0 for 

12 hours is shown in Figure 4.37. The two curves are for zero-field cooled (ZFC) and 

field cooled (FC) u labelled. The applied field was 50 MT. 

Superconduding tra!l!dtiôns are visible lot 105 Kand 82 K. These transitions cor

respond to the 2212 and 2223 superconducting phues respedively. The volume frac

tions of these phases were determined from the ZFe to be approximately 30% 2212 

ud 5% 2223 lot 30 K . These values were calculated using Equation 2.1 (see Sec

tion 2.1.1) and a theoretical value for the density p ~ 7 g/cm2 (Matheis and Snyder, 

1990). The penetr.tion depth for the Bi-Sr-Ca-Cu-O superconducting compounds is 

approximately 150 À (LeUeau et al., 1989; Uemura et al., 1989; Gygax et al., 1989) 

wbich is oUhe lame order &8 the grun size in the annealed fibers (aee Section 4.3.3). 

Therefore, IOme flux penetration is to be expected and the adual volume fr&ctions 

are likely to be bigher than the calculated values. A more precise determination of 

the volume fraction of luperconduding material is complicated by the random orien

tation of the crystal grains ud the unknown nature of the intergranular links within 

the annealed fibers. A comparison of the Fe ud ZFe curves reveals that a significant 

amount of Sux pinning is present. 

Magnetization measurements on other annealed fiber samples showed only the 

transition lot 82 K. Figure 4.38 shows the magnetization curve for (1.6:0.4):2:2:3 fibers 

annealed lot 8700 e for 12 hours. The volume fraction of 2212 phase was determined 

to be approximately 20%. The response below 80 K of these fibers is identical to 

th.t of the (1.8:0.2):2:3:4 fibers. The absence of detedable amounts of 2223 phase 

in annealed (1.6:0.4):2:2:3 fibers sugests that 20% substitution of Pb fOl' Bi exceeds 

the optimal value and th lot exceS8 Ca and Cu are necess&ry for gro1lVth of this phue. 
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Figure 4.37: Magnetization curve for (1.8:0.2):2:3:4 fibers annea1ed at 870°C for 12 hours. 
SuperconductiDg transitions are visible at 105 Kand 82 K. The field c:ooled and zero-field 
cooled curves are labelled FC and ZFC, respectively. 
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Figure 4.38: Magnetisation curve for (1.6:0.4):2:2:3 fibers annealed at 870°C for 12 hoUls. 
A superconducting transition is visible at 82K. The field cooled and lero-field cooled curves 
are labelled FC and ZFC, respectively. 
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Chapter 5 

Conclusions 

Bismuth-based amorphous precursor fibers were made by melt extraction byadapting 

a technique originally designed for casting of fine metallic glass fibers. The extraded 

Bi-Sr-Ca-Cu-O fibers were subsequently transformed into high Tc: superconductors by 

heat treatment in air. The as-made fibers, the precursor crystalline phases, and the 

high Tc phases were characterized. 

Fiber dimt:nsions ranged from 0.7 pm to 100 pmin diameter and 0.2 cm to 5 cm 

in length. Median dimensions were approximately 30 pm in diameter and 1.5 cm 

in length. The fibers were brittle but could be eully handled with fine tweezers. 

As-made fibers were approximately 80%(±10%) amorphous with the remainder being 

composed of crystalline calcium oxide (CaO) that precipitated on solidification. The 

resuIts of characterization performed on these fibers were consistent with otber rapid 

solidification work on Bi-Sr-Ca-Cu-Q compounds. 

The amorphous fibers were found to crystallize into the 2201 low Tc pbase and a. 

BCC 8Olid-solution phase (lattice parameter=4.25 A). The simpler and less ordered 

BCC phase formed preferentially but eventually transformed to the 2201 phase aIter 

prolonged annealing. The samples underwent a series of exotherms (from 730 K to 

880 K) alter passing through the glass transition (T,~685 K). The 2201 phase is seen 

immediately alter the initial crystllllization, in contrast to the findingli of Nassau et al. 

(1989) and Tessier (1991). 
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Anne&ling .. ~ dlgher temperatures (1125 K to 1145 K) transformed the fibers into 

the 2212 ud 2223 supercCiiicÎucting phases (Te=85 K and 110 K respectively).Fibers 

with diameters as small as 1 I~m were crystal1ized to form continuous filaments of 

single-grain chains. The crystallized fibers proved very difficult to hand1e due to 

their increased brittleness. As much as possible of the required manipulation must 

be performed while the fibers are in the as-made amorphous &tate. 

No texturing was apparent in the annealed fibers. The volume fraction of 2223 

phase wu found to increase with initial compositions rich in calcium and copper 

and/or with lead substituted for bismuth. The consistent occurrence of calcium and 

copper rich impurity phases near 2223 crystal grains strongly suggests that calcium 

and copper diffuse into 2212 grains to form the 2223 compound. Individual grains of 

the 2212 and 2223 phases exhibited preferential growth in the a-b plane. Intergrowths 

of 2212 and 2223 phases and the incommensurate modulation along the a-b plane 

characteristic of the Bi-Sr-Ca-Cu-Q compounds were observed. The crystal1ization 

of the fibers into the high Te phases is consistent with that of samples prepared by 

more conventional rapid solidification techniques such as splat or roller quenching. 

Fibers of initial composition (1.8:0.2):2:3:4 annealed at 1145 K for 12 hours show 

superconducting transitions at 82 K and 105 K corresponding to the 2223 and 2212 

phases. The volume &actions of 2212 and 2223 phases were determined to have a 

lower limit of 30% and 5% respectively. 

The physical characteristics of the as-made and annealed fibers prepared in this 

work are similar to those fabricated by gas-jet fiberization (Miller et al., 1990). Such 

fibers have already been successfully incorporated into metal-high Te superconductor 

multifilamentary composites to form flexible wires (Bee Section 3.9). This technique 

might he successful1y applied using fiber. made by the melt extraction method. 

More processing is required to enhance texturing of crystal grains along the a

b plane in the annealed fibers. This will increase the cntical currents of conductors 

made from these fibers. The initial composition used for precursor pellets must be 

optimized to allow muimum conversion to the 2223 phase. This would involve deter-
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mining the elementalloss during fiberization and further investigation of the amount 

ollead (or other) substitution required. Improvementa to the fiberization technique 

are needed to int"rease the yield of useful fibers. Parameters such as wheel speed, 

melt temperature, and feed rate can be varied to enhance production of fibers with 

the desired dimensions. 

While this research has demonstrated the feasibility of fabricating superconducting 

Bi-Sr-Ca-Cu-O libers by melt extraction, further work as described above is necessary 

bel ore before this technology can be implemented in practical applications. 
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