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Abstract 

The amorphization of the Bi-Sr-Ca-Cu-Q system by mechanical alloying 

starting from the individual oxides is examined. Several reactions concur 

to finally yield an amorphous matrix containing nanocrystall1ne copper 

oxide precipitates. Annealing the amorphous material leads, 1n a first 

step, to a crystalline solid solution, and, in d second step, to a low-Tc 

superconductlng phase. Long term annealing allows the formation of the 85K 

superconducting phase. 



Sommaire 

Le broyage des oxydes individuels du système Bi-Sr-Ca-Cu-O ('f,t 

analysé dans le présent mémoire. Plusieurs réactions concour0nt ~ 

former une phase amorphe contenant des précipités nanométriqups 

d'oxyde de cuivre. Lors de recuits subséquents, ce matériau amorphE' sC' 

tranforme d'abord en une solution solide cristalline, puis en la phase 

supraconductrice à basse température. Un recuit prolong& perme' t 

ensuite de former la phase supraconductrice à 85K. 
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Chapter 1 

Introduction. 

The discovery of superconduct1ng materials based on oxides of 

comblned rare earths and copper in 1986-1987 [ 5,83] caused renewed 

interest in the field of superconduct1vity. The obstacle of low crlt1cal 

temperatures (30K) havlng been cleared, the possib1lity of uS1ng 

superconductors at the temperature of liqUld nitrogen has trlggered an 

unprecedented research effort by scientists around the world. 

Such work has rapidly given results in few years. New 

superconducting oxides have been discovered w1th higher crltlcal 

temperatures. Optimal treatments have been determlned for many synthesls 

processes. The steps of formation for the different materials are better 

understood. Research groups in the lndustry are already looklng for 

improvement of transport critical currents. 

Critical currents ln the new superconducting materials are 11mlted 

by many factors. Although granularitv is detrimental to critical currents, 

it may be necessary if one wants to have flexlble superconductlng W1res. 

Insufficient pinning of magnet1c flux Ilnes and poor al1gnment of gra1ns 

are problems that have to be addressed. 

Directional SOlldlficatlon uSlng a temperature gradl.ent lS an 

efficient method for the fabrication of superconduct1ng W1res with a h1gh 

degree of texture (alignment of gra1ns). Another method to get a strong 

alignment of the crystalline gralns lS to start from an amorphous m1xture 

of the constituent elements of a superconductlng oX1de and try to control 

the crystallization, for example through the introductlon of crystall1ne 

seeds in the amorphous matrix. Various methods of rapld soll.dlficat10n 
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have been tned by man y groups. AIl these methods produce large quantlties 

but usually ln the form of flakes or small lengths of wues. There lS also 

the problem of chemical control due to the vaporization of sorne chemical 

elements. 

One process that avolds some of these problems is hlgh energy baIl 

milling, a process in which a certaln quantity of powder is submitted to 

shocks caused by collisions between steel balls moving rapidly in a steel 

contalner placed in a Vlbrating or rotating frame. Ball milling has 

already been successfully used to produce amorphous alloys of transition 

metals. Therefore tt was natural to use baIl milling for the preparation 

of amorphous precursors to superct.lldueting oxièt--s. 

This work is the first known detailed report on the use of ball 

milling in the case of the bismuth-based supercotlducting oxides. Similar 

work has been carried out recently by F. Lavallée (37) for the Y-Ba-Cu-Q 

compound. We will describe the structural transformatlons taking place 

during the milling processes. Calorimetrlc measurements and systematic X­

ray diffractometry wlll provlde us wi th information about the 

crystallizatlon of the amorphous phase ::lnd the kinetics of the reactions. 

Transmission electron microscopy will give us ccmplementary information 

to be used for phase identlfication and morphologlcal observations. 

Furthermore, magnetic measurements wlii assess the quality of the 

resulting superconducting samples. No final conclusions shall be derived 

from the resul ts thus obtained sinee this study does not include the 

search for optimal thermal treatments. Our purpose here is mainly to 

invesbgate the feasibility of the synthesis rnethod and to give a 

descliption of the phase transformations during its application. 

The next ehapter will be devoted to the review of superconductivity. 

Since superconductivity has been reviewed by many authors and discussed 
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in many books and articles we will not g1ve a full lntroduction to the 

subject but rather a brlef account of the lmportant results. 

The third chapter lS a description of the Bl-Sr-Ca-Cu-O system and 

a review of previous work. The process of ball m1l11ng used to make 

amorphous materials will be discussed in the fourth chapter. This part 

will probably be the most unfamiliar to the reader and so recelves a 

careful treatment. 

Finally the experimental procedure will be detalled ln chapter 5 and 

the results presented and discussed in chapter 6. The appendix at the end 

gives a mass of important numerical data includlng x-ray dlffractlon 

standards for the superconducting phases, a detailed review of 

experimental data from previous work ln rapldly-quenched Bi-based 

materials, and sorne of the diffractlon data gathered durlng our 

experiments. 
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Chapter 2 

A Brief Survey of Superconduct1vity. 

2.1. Conventional Superconductors. 

A Dutch physicist, Kamerlingh Onnes [31], flrst discovered 

superconductivity in mercury in 1911. At a critical temperature of 4.2K 

he observed that the electrical resistivity vanished. Since then, mar,y 

elements have been found to be superconductors but all at temperatures 

below 1 OK. Many alloys and intermetall ic cornpounds turned out to be 

superconductors as weIl, and sorne have critical ternperaturp.s above 10K. 

The hlghest Tc prior to 1986 (23K) was found in Nb3Ge doped with oxygen 

impurities [53]. Then, at the end of 1986, Bednorz and Muller announced 

[5] the discovery of superconductivity at 30K in La(Bal-Cu-O. This 

progress was shortly followed by that of Y-Ba-Cu-O [83] in 1987. 

In 1987, M1chel et al. [48] found a new superconduct1ng oxide in 

the Bi-Sr-Cu-O system with a maximum Tc of 22K (hereafter referred to as 

the 10K phase). Then, in January 1988, Maeda et al. [41] reported that the 

addition of calcium produces two high-Tc phases with onsets at 83K and 

105K (the 85 and 110K phases). It was fOlmd later [23] that the addltion 

of lead lncreases the amount of the 110K phase sufficiently for the sample 

to show zero resistivlty at 107K. 

Before discussing these novel materials it is important to discuss 

what was known about conventional superconductors before 1986. 

2.2. The pnenomenon of Superconductivity. 

One of the two rnost striking properties of superconductors is the 
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fact that below the critical temperature there 15 no electrical 

resistance. Such a property allows one to excite a cunent ln a 

superconducting loop that will persist forever. An experlment [16) has 

determlned that the decay tlme of supercurrents was nct less than 100 000 

years. Magnetic fields of 10T can be achleved wlth an lnltlal power lnput 

to a superconducting coil and maintained as long as one can proVlde llqUld 

helium, whereas a magnet made of copper cOlls May requlre 2 Megawatts or 

more of continuous power to produce the same field [75]. 

The other interesting property is that, in the superconducting 

state, the material is perfec~ly diamagnetic. The effect was reported by 

Meissner and Ochsenfeld [47] in 1933 but i5 now simply called "the 

Meissner effect". It allows a magnet to be levi tated above a 

superconductor, thus giving the possibility of developlJ1g fnctlonless 

transport devices. 

2.3. Critical Field. 

A sufficiently stronq magnetic field destroys superconductlvity. 

This critical field May be expressed as a function of the dlfference in 

free energy between the normal and superconducting states: 

(2-1) 

The condensation ener9Y of the superconducting state wi 11 vary as a 

function of temperature, hence He will aJ so vary as shown on the next 

figure. 
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Flgure 2-1. Crltlcal fleld versus temperature. 

H 

normal 

T 
Tc 

2.4. The London equations. 

The London equations describe the electromagnetic properties of 

superconductors: 

d 
E :-

ot (2-2) 

(2-3) 

where .\: lloXL" or .\ = ml (nse2 ) • 

ns lS the density of superconducting electrons and XL 15 the penetrat~on 

depth, a typical distance over which the field penetrates at the surface 

of a sample. Equation 2-3 leads to an exponentlal decrease of the fleld 

from the surface to the lnterlor of the superconductor: 
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rot(rot(B» : B/XL
2 (2-4). 

2.5. Pippard's Coherence Length. 

Ohm' s law for normal metals may be expressed ln a nonlocal form 

[93] : 

J(r} :- dr' 
30} R[R' E(r' ) Je-RI l 
4n R4 

(2-5) 

(R = r - r'), 

where the current depends on the field over a fini te reglon in the 

vicin1ty of the point considered. 1, the mean free path of the electron, 

is the characteristic size of that region. 

pippard found a similar modification to the London equatlon for 

superconductors: 

2-6) 

where ~ , the coherence length in the presence of scattering is related 

to that of the pure material ~o by the relat10n 

= - + -
~ ~o l 

(2-7) . 

~o may be deduced by applying Heisenberg's uncertainty prlnciple and 

knowing that the electrons involved in superconductivity occupy a range 
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w1th1n kTc of the Ferml level. We obtaln the followlng expression: 

= a (2-8), 

where a 1S a constant to be determined. 

2.6. The BCS Theory. 

The simplest theory of superconductiv1ty was presented by Bardeen, 

Cooper, and Schrleffer in 1957 [31. It has first been shown by Cooper (121 

that a weak attractlon can lead to the formation of bound pairs of 

electrons, the so-called Cooper pairs. Frohlich had already sU9gested the 

importance of the electron-lattice interaction [111 ln mediatln9 this 

attractlon. It lS the phonon-mediated part of the interaction between the 

electrons that gives rlse to the palring in conventlonal superconductors. 

When the electrons are bound ln pairs, they behave coherently and such a 

coherence leads to the well known effects under the influence of an 

electromagnetic field. Confirmation of the role of phonons came from 

experiments verifying the isotope effect. This effect occurs when an 

element is substituted by one of !ts isotopes (WhlCh has a different 

mass). Slnce the frequency of phonons depends on the mass of the atoms, 

the Tc of a system where superconductlvity arises from the electron-phonon 

lnteractlon lS expected to be changed by such a substltutlon. 

In the BCS theory, the orig1n of the interaction is not considered, 

rather an ideallzed palrinq interaction is proposed. An important 

parameter ln the Bes theory is the energy gap: 

(2-9) • 

• 

, 
\ , 
i 
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Th1S gap lS the m1nlmum energy necessary te break a paIr of electrons. 

Its eX1stence leads to a characterlstlC exponentlal temperature dependence 

ln the electronlc speclflc heat of conventlonal superconductors. 

We have now deflned the basIc ldeas we wlll need ln the followlng 

discusslon of crltlcal currents. The reader wlll flnd a detalled 

dlScuSSlon of the ses theory ln the book by Tlnkham (75) from WhlCh much 

of thlS chapter is taken. We wlll now dlSCUSS the phenomenological 

Glnzburg-Landau theory. 

2.7. The GInzburg-Landau Theory. 

Glnzbur9 and Landau 120] have Introduced a pseudowave functlon 

representlng the local denslty of superconductlng electrons. They derlved 

phenomenologlcally the Glnzburg-Landau equatlons descrlblng the behavlor 

of thlS wave function ln a magnetlc f1eld 

h 
2 

(-V - e*A ) of = 0 
2m* 1 

( 2-1 0 ) . 

The electric current lS related to the fleld and the wave functlon by: 

h 
J = (2-11) , 

i 

where e*:2e and m*=2me. The characterlstic length over which ~ varles 1S: 

~ 2 (T) = (2-12). 

In a pure superconductor far from Tc this Ginzburg-Landau coherence length 
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lS roughly equal to P~ppard' S coherence length ~o. Close to Tc, ~ (T) 

dlverges as (TC-T)-1/2. An lmportant pararneter of th1S theory 15 the rat~o 

K = XI t (2-13) 

where is the penetration depth discussed previously. This ratio, 

wh~ch ~s independent of the temperature, will deterrn~ne whether the 

superconductor ~s of Type l or Type II, these categor~es will be def~ned 

in the next sectlon. 

2.8. Type l and Type II Superconductors. 

The Ginzburg-Landau theory allows to calculate the energy associated 

with the lnterface between a superconducting and a normal region w~thln 

a superconductor. Two p05s~bili tl.es arise: the surface energy may be 

negative or positive. 

We analyze what happens when the surface energy is positive. Figure 

2-2 below shows two sarnples submitted to a magnetic field. 

Figure 2-2. Type l superconductors in a magnetic field. 

(a) (b) 
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In (a) there 15 a thln sample parallel to the applled fleld If we 

l.ncrease the fleld above the thermodynamlc en tleal fleld the sample 

becomes normal. The situatlon 15 dlfferent ln the case of a bulk sample 

hke the sphencal one shawn ln (b). The dlstortlon ln the fleld 

introduced by the presence of the perfectly dlamagnetlc sample makes the 

fleld at pOlnt A greater than that at pOlnt B. Therefore as we Increase 

the appll.ed field, a pOlnt 15 reached where the fleld at pOlnt 8 15 equal 

to the crltlcal fleld. If we lncrease the applled fleld a blt further, 

sorne parts of the superconductor w1l1 turn normal, thl5 15 called the 

lntermedlate state. Slnce the lnterface energy between the superconductlng 

and normal domalns lS posltive, there cannot be an arbltrary amount of 

normal regions ln the sample, rather a compromlse wIll eXlst between the 

total free energy and the energy of the interfaces. 

rf the interface energy lS negatlve, the problem 15 totally 

different. The mlnimlzabon of energy would requHe a large number of 

small normal reglon5 about the 51 ze of the coherence length. However 

another condltlOn wlll dlctate the form of that "mlxed" state: the 

continuity of the Glnzburg-Landau wave functlon. ThlS COr.Jltlon leads ta 

the fact that the flux threadlng a closed loop lnSlde 

superconductor can vary only by dlscrete steps of value 

~o = h/(2e) (2-14), 

a Type II 

this quantlty i5 calI the fluxoid. Above a lower crltlcai fleld HC l the 

sample is threaded by flux vortices or flux ]lne5. The number of flux 

lines increases as the fleld lncreases, untll an upper crltlcal fleld HC i 

is reached. At thlS pOlnt the sample is saturated. The addltlon of flux 

lines making the distance between them shorter than the coherence length 
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would ra1se the free energy above that of the normal state and 

consequently superconduct1v1ty lS destroyed. If the sample lS free from 

1mpur1t1es and defects the flux llnes w1ll form an hexagonal latt1ce. 

The G1nzburg-Landau theory glves a criterlon to d1fferent1ate Type 

l from Type II: 

Type I: K ( 1/.f2 (2-15a) 

Type II: K ) 1/.f2 (2-15b) . 

The high-Tc superco~ductors are of Type II. This justifies our description 

of the magnetic propert1es of Type II superconductors. Since our final 

Ob]ect1ve lS to make superconductors to carry high currents, we shall now 

descr1be the propert1es of Type II superconductors carrying electrical 

currents. 

2.9. Cr1tlcal Currents and Flux Pinning. 

A current passing through a superconductor will crea te a magnetic 

f1eld and therefûre for a certain value, called the cr~tical current, the 

wire wlll become normal and a resistance will appear. In a Type II 

superconduct1ng W1re the sltuatlon is more compllcated than l.n Type l 

mater1als. If a Type II superconducting wire ùperates in a strong magnetic 

f1eld 'th1S lS the case of most interesting appllcaticns), the wire wl.II 

be penetrated by flux llnes, these flux lines will interact with the 

electr1c f1eld and w1ll tend to move. Such a movement w1ll cause energy 

diss1pat1on. In order to have true zero resistance wires, the flux ll.nes 

must be prevented from mov1ng. In common terms the flux llnes must be 

pinned. Such a pinning may be achieved through the addition of structural 

defects or impurities. Such 1nhomogeneities may act as potential wells for 
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flux 11nes and 50 pln them . 

Such dlfflcultles have been dealt Wlth ln conventlonal Type II 

materlals. Weak pinnlng lS one of several problems encountered in the new 

superconductlng oXldes. We shall discuss these. 

2.10. General structure of Hlgh-Tc Superconductlng Oxides. 

AlI high temperature superconduct1ng oxides have a simllar 

structure. The common characterlstlc 1S an octahedron w1th oxygen atoms 

at the angles and a copper atom at the center (the so-called perovskite 

block). These perovsklte blocks are sandWlched between one or more layers 

of rare ear ths or luetalllc elements Wl th addl tlonal oxygen atoms. F1gure 

2-3 below shows the siwplest structure: La2Cu04 (lar,thanum has to be 

partlally Subst1tuted by barwm, calcium or strontlUI1\ for the materlal to 

be superconductlng) and flgure 2-4 shows T12Ba2Ca2cu30,O (Tc=125K). It lS 

believed that the copper oXlde planes are responslble for the interaction 

giving rise to superconductlvity because they are a common feature of the 

structures. 

2.11. The problems Involveo w1th the New Materials. 

The most serious dlff1CUlty wlth h1gh temperature superconductll1g 

oxides is that the materials are extremely brittle. Conventlonal slnterlng 

te~hniques yleld polycrystalline materlals WhlCh have much lower crltlcal 

currents than what is found ln thin fllms or slngle crystals. 

A polycrystalllne ceramlC materlal lS llkely to be porous and thlS 

lowers the volume available for electrlcal transport ln the materlal. The 

polycrystalline materials produced are granular and this has an effect on 

superconductivity. In conventional superconductors the coherence length 
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is much larger than the thickness of grain boundaries, but in high-Tc 

superconductors, the coherence length is of the arder af a few lnteratomlC 

distances (about 1nm). The supercurrents pass from one grain to another 

through regl.ons af non-superconducting material called weak hnks. 

Electrons pass through these weak llnks by tunnehng, but the critical 

current of the weak links is less than the crl. tlcal cl.lrrent of the 

crystallites. This problem of weak links is partly due ta the bad physical 

connectivity between the grains of these very brittle materials. Also lt 

seems that compasitional variations occur at grain boundar1es [29]. Since 

high-Tc superconductors are particularly sensitive to stol.chiometry [58], 

it increases the problems of weak links. They are also especially 

sensitl.ve to oxygen content [55] probably because of the cruClal 

equill.brium between oxidation states of the metallic a toms which l.S 

believed to be at the origl.n of the phenomenon of hlgh-Tc 

superconductl. vit y (the reader lS referred to the dl.scussl.on by Robert J. 

Cava [8]). The thermal treatment used in synthes1s l.S therefore of 

paramount importance. 

The structural and superconducting propertles af high-Tc oXl.des are 

highly anisotropie. For example, the cri tl.cal current of '{ -Ba-Cu-O single 

crystals at 4.5K i5 3,2xl06A/cm2 in the ab-plane but only 1,6xl0SA/cm2 

along the c-axis [82]. In normal polycrystalline matenal the crystallites 

are randomly oriented. Because of this random orientation, the crltical 

current is further reduced from i ts potentially maximum value i t has 

normal to the c-axis, since current wl1l have ta pass in the direction of 

the c-axis in certain grains. Another difficulty l.S that flux plnning lS 

very poor in these materials. In the first years crl. tlcal currents ln bulk 

samples were in the range 100-1000A/cm2 and were very fl.eld dependent, 

falling to zero by about lT, whereas in single crystals the Je could be 

as high as 1 06A/ cm2. 

, 
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In order to ach1eve higher cri tl.ca1 currents, one has to obtain a 

dense structure, to al1gn crysta1hne grains a10ng the ab-plane (have a 

textured materl.al l, and to improve connect::. Vl. ty between gra..l.ns through 

proper thermal treatment and impuri ty control. 

Certain methods have been attempted to achleve these goals. Jin et 

al. [30] achieved a current density of 7400A/cm2 at 77K and OT and 

1000A/cm2 at lT, by makl.ng samples using melt-textured growth, a process 

in which a mel ted compos1tion is solidified in a temperature gradient. 

Grains tend to grow with the c-axis normal to the gradl.ent. Using the same 

process, H1tachi [27], 1n Japan, made thallium-based superconducting tapes 

wi th a Jc in excess of 104A/cm2 at 77K and OT. 

An alterna te approach is ta start fram the amorphous state, rather 

than the liqul.d state, and try to crystallize the sample l.n such a way 

that gral.ns are aligned in a specifie direction. Crystall1.zation of an 

amorphous phase can produce a quite different microstructure than the one 

obtained by conventional cooling from a mel ted material. Rapid 

solidifl.cation (the usual method for making amorphous materialsl has in 

fact been applied to Y-Ba-Cu-Q but it was found that the quenched samples 

were always partially crystalline [46]. An alternatjve approach for making 

the amorphous phase, high-energy baIl milliJ1g, was recently used by 

Lavallée [37] on the above system but he too was unable to achieve 

complete amorphization. Some crY5talline peaks are stl.ll present after 96 

hours of ml1ling l.n a SPEX 8000 muer /ml.ll. Nevertheless, h1S material was 

superconducting after proper thermal treatment. Completely amorphous 

materials have been obtained in the Bi-Sr-Ca-Cu-Q system with =apid 

solidification but the Jc values are not yet as high as those reached by 

melt-textured growth processes. 

The purpose of this work was to apply the meLhod of bal.l milling to 
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the B1-Sr-Ca-Cu-O system to make an amorphous precursor, and then 

crystall1Ze the system 1nto the high-Tc phase. Once this 1S reahzed, lt 

may be possible in the future ta control crystallization in order to 

obtain a textured material. 

In the next chapter we wi 11 review the resul ts of rap1d 

solidification on the b1smuth compounds. This will proVlde us with an 

opportunity to compare our results obtained by high-energy baIl mlll1ng. 
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Chapter 3 

The Bi-Sr-Ca-Cu-Q Series of High-Tc Supercenductors. 

3.1. The D1fferent B1smuth-based Superconducting Phases. 

It l.S now established that the ratiüs of t~1e elements in the three 

known superconduc1;ing phases are: 

Table 3-1. Composi tien of the superconducting phases in the 

Bi-Sr-Ca-Cu-Q system. 

Bi 

2 

2 

2 

Sr 

2 

2 

2 

Ca 

o 

2 

Cu 

2 

3 

Q 

6 

8 

10 

TC(R) 

10 

85 

110. 

The ratio for strontium in the 10K phase is only approximatlv" it is in 

fact somewhat lower than the ideal number given above. There exists a 

phase with exact 2:2:0:1 composlotion [57) but it has a s1ightly different 

structure. Moreover, in the 85K phase, bismuth has been found on calcium 

sites [71]. In thl.s study however, the different phases shaH be 

identified by the coefficients gl.ven above. For example the 10R p1'ase will 

be called the 2201 phase. The critical temperatures given are not 

carefully determined values but rather those generally used in the 

nomenclature. Critical temperatures may a1so vary greatly depending on the 

thermal treatment and oxygen pressure used during synthesis. 

An excellent analysis of the various structural models has been 
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carrieci out by Mathe~s and Snyder [43]. They determ~ned and opt1m1zed the 

best models and we shall use these as standards. 

3.2. The Structure of the Bismuth Compounds. 

The superconduct1ng phases in the b1smuth system may be descr1bed 

as a stacking of calcium and cO{jper ox~de planes al ternatlng wlth double 

Bi-Q layers. Figure 3-1 shows the three structures. The copper oX1de 

layers are believed te be rf~sponsible for the superconduct ~ v 1ty of the 

compound as 1t is the case with the other copper oXlde superconductors. 

The critical temperature of the d~fferent phases ~s related to the number 

of copper oxide planes. As the number of copper planes ~s Increased, the 

critical temperature also increases. 

The low-Tc phase has only one copper ox~de plane. It has an 

orthorhombic unit cell with parameters a = 0.5362 nm, b : 0.5374 nm, and 

c = 2.4622 nm. In fact the structure 15 complicated by the tllbng of 

atoms from one block to another, reducing the number of crystal symmetries 

(hgure 3-1). The unit ccll is shown on flgure 3-2. It also has an 

incommensurate modulation due to the penod1c dlsplacement of b~smuth 

atoms from thelr average posi tion. The modulatlOn is descnbed by the wave 

* * * vector q = 0.213a + 0.61c [43]. F~gure 3-1 shows that the structure 

consists of a bas~c block stacked wlth one corner placed over the center 

of the followlOg block. Each block has a 1.23nm length. OW1ng to the 

crystallographlc shear descnbed above, the un1t cell has tWlce thlS 

length (2. 46nm). Each block has a copper oXlde plane between two strontlUm 

planes, and the whole is sandwiched between two b1smuth oXlde layers. 

The 2212 phase is der~vect from the 2201 phase by addlng a calclum 

plane and another copper oxide plane (see figure 3-1). The proportlons of 

strontium and calcium may vary. Grader et al. [22] obtained the 2212 phase 
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wlth Sr:Ca ratios of 3-x:x where x is in the range 0.8 ( x ( 2.2 . Sorne 

bismuth is found on calcium si tes (see Sunshine et aL [71) ) . The 

• • modulation ln the 2212 phase is described by q =0.210a [43). Agam the 

buildlng of the structure is shawn on figure 3-1. In the case of the 2212 

phase, a llght shear deformation of the bUllding blocks leads to a unit 

cell with a and b approximately equal ta /2 x 0,38nm. 

Figure 3-1. Idealized representation of the structure of superconducting 

phases in the Bi-Sr-Ca-Cu-O system. 
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Addlng another calClum-copper oXlde block leads to the 2223 phase. 

Although thlS phase has been known Slnce the dlscovery of the Bl-Sr-Ca­

Cu-O, It has hitherto not been possIble to obtain single-phase materlals, 

WhICh has made the precise determination of its structure difflcult. 

Figure 3-2. Unit cell of the 2201 phase (based on the model of ref.[76)). 
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In fact, only the lattice parameters have been determlned with good 

precision [88]. The diffraction data given on table 6 in the appendix is 

calculated [43] assuming a structure similar to that of T128a2Ca2Cu30X. 

In the case of the 2223 st-ucture, the building blocks of figure 3-1 

actually form the basis of the crystal structure and the a and b 

parameters are both equal to O,38nm. 

Tables 1 to 6 in the appendix glve structural data for the three 

superconductlng phases described. Also given are the experimental 

diffraction intensities and those calculated by Matheis and Snyder (43) 

who published these tables. 

3.3. Bismuth Oxides Made by the Technique of Rapid Solidification. 

Ropid solidification has been used to make amorphous precursors for 

the bismuth-based superconductors. Komatsu et al. [35] were among the 

first to try this idea. They used a rather simple technique: the melt was 

poured onto an iron plate and pressed (this is called splat quenching). 

The sample thickness was 3mm. Their composition was BiSrCaCu20X. No X-ray 

pattern was glven. They obtalned Tc(onset)=102K and Tc(zero)=92K for a 

sample crystalhzed by annealing in oxygen at 820°C for 24 hours and 

quenched ln llqUld nitrogen. The values for another sample treated ln the 

same way but at a temperature of 800°C were Tc(onset)=102K and 

Tc(zero)=86K. This last sample had a Jc of 102A/cm2. They also found that 

rapid coollng in liquid nitrogen, rather than slow furnace cooling, was 

essential to get a sharp transition. They concluded that thlS was because 

the 110K phase was stable only above 820°C. In a subsequent paper [36] they 

presented an X-ray diffraction pattern for amorphous 8i1.SSrCaCu20X 

dlsplaylng a halo at 20=30°. They clalmed this as evidence for the first 

production of an amorphous phase in the bismuth system. They found a glass 

transition (the transition from an amorphous phase to a viscous liquid) 
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at 700K and a crystalllzation peak at 765K for a heatlng rate of 5K/mln. 

Their DTA (differentlal thermal analys1s) curve shows another exothermlc 

peak at 904K and two ElndothermlC events at 1041K and 1056X. For the 

composi tion B11. SSrca1. SCu20X' the glass transltlon lS at 696K and the 

crystallization at 766K. 

Since then, many articles have been published about rapid quenchlng 

of bismuth-based oxides and th€ references are given ln tables 7-9 in the 

appendix. Rather than enumerating aIl the results summar1Zed 10 these 

tables, we shall stress the common features of the dlfferent papers. 

Most groups employing the twin roller technIque clalm the highest 

quenching rates (106K/s); the as-quenched material however, lS not found 

to be of sign1ficantly better quah ty than those obtalned by splat 

quenchlng or conventional SIngle roller melt-splnnlng. AlI groups 

reporting the presence of an amorphous phase flnd a broad peak a t 30 

degrees (d=O,3nm for Cul<a radiation) in the X-ray dlffractlon pattern. 

Sorne groups also report broad peaks at 20 and 50 degrees. CalCIum oXlde 

is the most common impurlty. Moderate varIations ln composltion do not 

have a significant effect on the resulting phases after quenchlng. 

If we now look at the transformations as seen by thermal analysls 

either by DTA or DSC (differential scann1ng calorim~try). there are 

differences between the results of the varlOUS groups. The glass 

transition temperature is approximately 6801<. The crystallization 

temperature is around 725K. A second exothermic peak 15 often seen but at 

a temperature mu ch more variable than that of the first peak. There are 

a few values in the range 750-775K and the others are above 800K. The 

melting point is generally close to 1125K. Again, it must he noted that 

these are major features of thermal studles and that many experlments 

reveal details not reproduced by others. 



f 

\ 

24 

The reslstlve rneasurernents of the annealed samples are Slmllar to 

those obtalned with samples prepared by SOlld state reaction, with one or 

two transltl.ons, at 85 and 110K. The best critical current at the 

temperature of llqUld nitrogen is 100A/crn2 . 

Some groups have attempted to describe the structural 

transformations leading to the formation of superconducting phases. Here 

we shall explain the qualitativ~ info.matlon found by different workers. 

Shi et al. [67] state that the 85K phase crystal1izes first, and 

that calcium and copper n.ch r,:!gions are created. As annealing 1S 

contlnued, the calclurn and copper diffuses in the 2212 structure leadlng 

to the formatlon of 2223 reglons at the interfaces between zones of 2212 

phase and calcium-copper oxide. This is clearly seen by transmisslon 

electron microscopy [66]. Excess calcium and copper in the startlng 

mixture (compared to the 2223 stoechiometry) enhances the formatlon of the 

110K phase. They have shown [66] that lead additlves ease the diffusion 

of calcium and copper into the 2212 structure. Their results show that 

lead substantially reduces the time necessary for the formation of the 

2223 phase. 

Similar resul ts were found by Takei et al. [721 . In their 

experiments, the 2201 phase crystallizes first, then this phase reacts 

with the rest of the material to form the 2212 phase. 

The most detailed p02per is the one by Nassau et al. [511 where they 

report that the first crystalllzation peak in the OTA scans is due to the 

formation of an ordered phase wi th broad X-ray peaks for a 4: 3: 3: 4 

startlng composition. It is still not clear what this phase may be. When 

the lni tial composition is 2: 2: 2: 3 the sample exhibits weIl defined 
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crystalline peaks after the f1rst exotherm. Nassau et al. clalm that the 

CU8120 4 phase 1S formed but the main d1ffractlOn peak of thlS phase 1S 

missing and they glve no explanatlon for thl.s absence. 1\t hlgher 

temperature this phase transforms into the 2201 phase WhlCh 1S replaced 

later by the 2212 phase. 

In sumroary, the generally accepted picture 15 that the 2201 phase 

is the first to crystallize. At the same time calcium and copper-nch 

regions are formed. As annealing continues, the dl.ffuS10n of calclum and 

copper into the 2201 phase produces the 2212 phase. Further dl.ffuS10n 

leads to the format:"on of the 2223 (11 OK) phase in certalO cases. The 

crystallizatien of intermediate phases befere the format1on of the 2201 

phase is reported only by Nassau et al. [51]. 

TO conclude th1S section we may say that we have a goed 

understanding of how the 10K phase transforms l.nto the 85K phase and 

subsequently into the 110K phase. More work has to be done, however, to 

explain the earliest stages of crystallizatlon and to 1dentify the phases 

that may forro just before the 2201 phase. 
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Chapter 4 

Amorphlzatlon by High-energy BalI Milling. 

4.1. The Hlstorlcal Development. 

Slnce their in1tial discovery by Duwez et al. [15) in 1960, 

amorphous a110ys of metallic elements have been mostly synthesized by 

rapld quenchlng from the melt, usually by the technique known as melt­

spinnlng. The quenching process imposes a limit on the size of the samples 

because of the cooling rate requirements. Today it i5 possible to 

manufacture w;de sheets of amorphous rnetal11c alloys. However, thickness 

is limlted to the arder cf 50 microns. An alternative process, called 

mechanlcal alloYlng, is now widely used in laboratories to make the se new 

alloys and offers the prospect of manufacturing amorphous alloys ln bulk 

forme 

Mechanical alloying is a process in which an a110y is forrned by 

direct reaction in the salid state between elemental components, which are 

subjected to intense mechanical deformat10ns. The apparatus usually 

consists of a container placed in a rotating (e.g. attritor, planetary 

baIl mill) or vibrat1ng frame (shaker mill). Inside the container is 

placed a certa1n number of balls made of hard steel or tungsten carbide 

and the rnaterlal to be alloyed, called the charge. Non metallic baIl mills 

(e.g. agate) also e~ist but these are usually u5ed for mixing and not for 

alloying. In the present work we have used only metallic balls and vials. 

WP- may define high-energy baIl rnilling as a baIl rn1lling process in 

which the energy transfer to the charge i5 such that it provokes 

structural modlfications at the atomic level. In typical high-energy baIl 

mills the speed of the balls is above 1 rn/s, the collision time and peak 
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stress at impact around 0,01 microsecond and SOkbar (,OOkPa) respectlvely. 

In the past mechan1cal alloying by ball mlll1ng has been extensively 

used to produce dispersion strengthened alloys [19 J. In these alloys a 

small quant1ty of oxides lS dispersed in a metall1c matr1x. Followlng the 

work of Yermakov et al. on Y-Co and Gd-Co [84,85J which was not wldely 

known, an article by Koch et al. (34) published ln 1983 attracted the 

attentl.on of materials scientlsts to the posslblll ty that amorphous a110ys 

could be synthes1zed by ball mill1ng. After a Ilttle more than 10 hours 

of mill1ng in a SPEX 8000 mixer/mill the y obta1ned amorphous N1 60Nb40 , as 

seen by X-ray dlffract1on, trom a m1xture of pure elements. Schwarz and 

Koch (64) subsequently produced amorphous alloys ln the N1-Tl system. 

These results were since conflrmed by many other groups and at the 

time of writlng many d1fferent amorphous alloys have been produced by thlS 

technl.que. Comparison between amorphous alloys produced by baIl ml1llng 

and rapld q1.lenching (7) shows only minor differences in sorne physlcal 

properties and it is concluded that both processes lead to the sa me atomlc 

structure. 

Almost a11 of the research has been concerned with baIl mllhng 

metallic ductile matenals. In brittle materials, the sItuation 1S 

somewhat different. Two articles on 5l.-Ge (13,14) have shown that ln thlS 

system amorphizatl.on is not achieved but rather a solld solutlon 1S 

formed. 

4.2. The Process of Ball Milling. 

The mechanics of baIl milling has been first descrlbed by BenJamln 

and Volin [6]. It involves repeated fracture and cold weldlng of the 

powders. AS far as ductile elements are concerned, repeated fracture and 
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cold weIdlng of partlcies lead to the formation of a layered structure 

made from the two starting elements (ln the case where we start with two 

elemental powders) as shown by scanning electron microscopy. It is 

belleved that a solid state amorphizatlon reactlon i5 taking place at the 

interfaces, similar to the One described by Schwarz et al. [63] for Au-La 

multilayers. The layered structure present in baIl milled powder particles 

provides clean interfaces for a diffusive reactlon between the two 

elements. Contlnuous homogenization of the powder leads to a complete 

reaction. We will describe the present state of knowledge regarding the 

microstructural processes later. 

When we start with an intermetallic compound instead of elemental 

components to form an amorphous aIIoy, the mechanism is different. In this 

case, the introduction of a large quantity of defects during the milling 

process is such that the structure collapses into the amorphous state. The 

process is aiso dlfferent when brittle materials are considered. The 

system under study, a mixture of oxides, is extremely brittle and may also 

be expected to behave in a different way than ductile materials. 

In a reVlew on baIl milling, Weeber and Bakker [79] have identified 

three types of reactions occuring when baIl milling elemental powders: 

Type 1: 

Type II: 

Type III: 

continuous decrease of the crystalllte size (as sho~n by 

peak broadenlng in the X-ray diffraction pattern) finally 

resulting ln an amorphous alloy from graduaI interdiffusion 

and particle refinement 

decrease of the crystalliue peak intensities together 

with an increase of a broad amorphous peak, the 

amorphization follows from an interdiffusion process 

simllar to that found in multilayered systems 

formation of one or more intermetallic compounds followed by 

further transformation into an amorphous alloy 
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In Type II react~ons, there is no lmportant decrease ~n the 

crystall~te s~ze after some time, but the reactlon occurs and the peak 

~ntensities do d~m~n~sh, whereas in Type l, the decrease ln the 

crystall~te s~ze goes on until the amorphous alloy ~s formed. Here are 

sorne examples of each react~on type: 

Type 1: 

Type II: 

Type III: 

Nb7SGe25 [56] 

Ni-Ti (65), Ni62zr38 [80] 

Ni62 Zr38 [81]. 

We note that an amorphous alloy can be formed by two types of reaction 

depend~ng on the equipment used. Collisions energies and temperatures may 

significantly vary from one type of mill to another, thereby affectlng the 

dynamics of reaction. A ser~es of X-ray patterns for dlfferent mllllng 

times is given ~n figure 4-1; the system is Ni-Zr and the equipment a SPEX 

8000 mixer/mill. The reaction is of Type II. 

4.3. The Thermodynamics of the Process. 

There are two conditlons to the format~on of an amorphous binary 

alloy starting from pure elements [63]: 

1) The two elements must be an asymetric diffuslon couple. 

2) The heat of mixing must be negative. 

An asymetrlc diffusion couple is a bl.nary system l.n whlch one element 

dlffuses lnto the lattlce of the other when ln contact. The heat of mlxlng 

is defined as the difference in free energy between a state ln WhlCh the 

two components are in seperate crystalllne states and one in wh~ch the two 

components are mixed in a solid solution. In what ~s called the quas~-
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Figure 4-1b . 
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chemical model (42] we assume that the heat of mixing of two components 

A and 8 arises from the difference in the energy of chemical bonds A-A and 

8-8, and of mixed bonds A-B. In such a case the heat of mixing may be 

expressed by the equation: 

where n = Na2'.t, and XA,XB are the molar fractions of each component while 

Na is the number of atoms per mole, z is the coordination number (the 

number of nearest-neighbours of an atom in the structure), and E is the 

d~fference in bond energy. E = ( HM + HBB ) - 2HAB • Figure 4-2 illustrates 

the situation. 

Figure 4-2. The mixing of two components. 
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The heat of mixing is large and negative when E < < 0 or 2HAB » HM + HBB • 

The condition of having an asymetric diffusion couple can be 

expressed in a more quanhtative way. For example, it is found empirically 

[79] that in a transition metal-zirconium system the ratio of the atomic 
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radlUS of the transition metal to that of zirconium must be less than 

0.58. For a different host (the bigger atom) the maximum ratlo is 

different. 

The diffusion of one element lnto the other occurs at the interface~ 

formed between the two components. The system is driven by the negative 

heat of mixing into a state of lower free energy (the metastable amorphous 

state) while the transformation into the most stable crystalline state lS 

kinetically suppressed, either because the temperature does not nse above 

that of the glass transition or because the material cools too rapidly 

after each impact for crystallization to take place. The following free 

energy diagram illustrates the situation. 

Figure 4-3. Free energy diagram. 
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The amorph1zation from intermetallic compounds occurs wh en a 

sufficlent amount of defects increases the free energy of the system above 

that of the amorphous alloy. The system then lowers its free energy by 

transforming into the amorphous state. It is also probable that the 

mechanically induced defects also play a role in the case of the 

amorphization from the elemental components. This hypothesis is currentIy 

under investigatlon [62]. 

It must be noted that not aIl intermetallics can be amorphized by 

baIl milling and that the result of these experiments may strongly depend 

upon particular parameters related to the equipment used. The inverse 

reaction is possible: some amorphous alloys become crystalline when 

submitted to ball milling [60]. 

4.4. The Glass-forming Range. 

The glass-forming range associated with a given manufacturing 

technique is the concentration range over which a single amorphous phase 

can be made. X-ray diffraction is an insufficient test to determine 

whether the material is single phase since around 1 welght % of a phase 

must be present to be detected and i t gives no information about 

composition variations. The best way is to measure a physical property 

such as the superconducting critical temperature of the amr,.cphous phase 

[251. Usually, the critical temperature continuously varies as a function 

of composition of the amorphoùs phase. When a composition limit has been 

reached and a crystalline phase is formed, the critical temperature 

remains constant and takes the value 1t has at the limit, whatever the 

amount of crystalline phase formed. This behavior can also be seen with 

other physical properties such as the crystallizatlon temperature or 

enthalpy. 
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It has been shown that the glass-forming range for rapldly 

solidified alloys is centered around deep eutectics whereas the 

amorphizatlon range for baIl milling is usually wider and comprises sorne 

regions of intermetallic compounds. Ball mllling has therefore made 

possible certain alloys that could not be synthesized otherwise. The 

difficulty to make amorphous alloys by rapid solidification wlth 

composition far from an eutectic is due to the dlfficulty of avoiding the 

formation of crystalline intermetallic compounds. 

4.5. An Analysis of the Physics of BalI Milling. 

In the early days of amorphization by baIl milling there was no 

quanti tati ve understandl.ng of the physl.cal processes occurlng. Such 

problems as the movement of the balls, the amount of powder crushed durl.ng 

collisions, the dist=ibution of angles of colll.sion, and the tranfer of 

energy during collisions ... , were stl}l to be addressed. Recently 

however, a model has been put forward by Maurice and Courtney [441. They 

use Hertz's impact theory [401. They assume that bdll on baIl and ballon 

wall collisions (without powder) are elastic (the compresslon energy is 

restored after l.mpact). They then suppose that the powder between 

colliding surfaces does not substantially alter the collisions. 

Calculations show that for a SPEX mill, the amount of energy transfered 

to the powder is of the order of a few percents of the energy of 

compression. Their model has not yet been applied to the understandlng of 

a particular alloy but it gives some information about the temperatures 

encountered during baIl milling, as we shall see in the next section. 

4.6. The Question of the Temperature. 

A very important question yet to be resolved in any analysis of baIl 

milling is a precise evaluation of the temperatures that the powders 
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attain durlng the process. Two temperatures have to be considered: the 

average ambient temperature in the vial and the maximum local temperature 

during collisions. 

The ambient temperature is slightly higher than room temperature (a 

fact easily observed by directly measuring the temperature of the 

container) but this has llttle effect on the process since it is much less 

than the maximum local temperature during the colllsions. Maurice and 

Courtney [44] showed that in a SPEX mill, powder grains had enough time 

to cool to ambient temperature between the collisions. They give 

temperature rises for several materials and Mill configurations. Values 

are generally below 200K. However we should be caut10us. Miller et al. 

[49] determined that crystalline solids submitted to a rapid deformation 

show local temperature r1ses far greater than those one would get assuming 

that the heat lS distributed over aIl the material. Davis et al. [14], 

using a computer model, found that temperature rises were no more than 

350K and confirmed this in an experiment where they monitored the 

martensitic transformation of a certain type of steel. They concluded that 

no transformation involving temperature rises higher than 300K occured. 

However, baIl milling is very different from a thernlal process and usually 

structural transformations cannot be explained as be1ng caused solely by 

heating, a fact that has been clearly demonstrated recently [77]. 

In conclusion, thermal phenomena in the baIl milling processes are 

not clearly understood: the temperatures encountered during collisions are 

not precisely known, furthermore, brittle materials May have different 

temperature rises than metals. 

4.7. BalI Milling of High-Tc Superconducting Systems. 

Batalla and Zwartz [4] tried baIl milling the metallic precursors 
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of the Y-8a-Cu-O system. They report complete amorphlzatlon for certaln 

composltions and superconductivity at llquld nltrogen temperature after 

proper oXldation of thelr metallic glass. Lavallée [371 worked on the Y-

8a-Cu-O oXlde system (Lavallée has mllled a mlxture of oXldes of yttrlum/ 

barlum, and copper whlle Batalla and Zwartz milled pure yttrlum, barlum/ 

and copper, without oxygen) but he did not obtaln a completely amorphous 

material for the 123 composition. This work lS very close to ours. The 

milling of a Y203+48a02+6CuO mixture results in a product containing 

8aCu02' a new disordered (YO,33BaO,67)Cu02 cubic phase related to the 

superconducting phase, and possibly other phases. Milhng the super­

conducting phase yields the disordered phase. Lavallée has shown in hlS 

work that brittle materials may possibly form a lamellar microstructure 

similar to that observed with ductile materials. 

There are two articles on the grinding and subsequent annealing of 

crystalline Bi(Pb)-Sr-Ca-CU-O [2,331. These papers show that the 

crystallite size decreases as a function of milllng time and partial 

amorphization of the 2223 high-Tc phase occurs. Subsequent annealing of 

the amorphous phase leads to the formation of the 2212 phase. No detalls 

were given about the crystallization process. In this work we start from 

a mixture of oxides of each lIIetallic component and give a detailed 

description of the various phase transformations occuring. 

lt must be noted that the synthesis of ceramic materials by ball 

mllling 15 a new field and that this work on the baIl milling of super­

conductlng ceramlcs ls on~ of the very first reports on such researches. 



38 

Chapter 5 

Experlmental Method. 

5.1. Experlmental Procedure for BalI Ml11ing. 

Llsted belcw are the four oxide powders used in the experiments, 

together with relevant lnformation concerning the purity claimed by the 

manufacturers and the average particle diameter. 

Table 5-1. powders used ln mllling experiments. 

Oxide 

CaO 

CuO 

Supplier 

Johnson Matthey Aesar Group 

Johnson Matthey Aesar Group 

Johnson Matthey Aesar Group 

Fisher Scientific Company 

purity 

99,9998% 

99,9% 

99,95% 

99,8% 

size 

600 l1III 

1 40 l1III 

4l1I11 

43 l1m 

The vial used was made of steel with measured Rockwell C hardness 

not less than 60. Its diameter was 38,5 mm and its height 57,5 mm. The 

four stainless steel balls (measured hardness: 55 Rockwell C) used had a 

mass equal to 5,63 g. The measured fluctuations in mass between balls were 

around 0,01 g. The dlameter of the balls W3S 7/16 of an inch (11,1 mm). 

The vlal was placed ln a SPEX 8000 mixer/mill, a laboratory mixer with a 

vibrating frame. 

The rat lOS of the elp.ments to enter the composition (other than 

oxygen) were chosen to be Bi2Sr2Ca2Cu3' which are the generally accepted 

stoichiometric coefficients of the 110 K phase. The oxides used for mlxlng 
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were Bi203,SrO,CaO, and CuO, a cholce which glves ten atoms of oxygen for 

the Bi-Sr-Ca-Cu-O system, the correct concentration of oxygen ln the 110R 

phase. The powders were welghed with a precislon of t1mg for each oXlde 

in the case of mliling times greater than or equal to an hour, and t10mg 

when mllling times were under one hour. The total mass of powder put ln 

the vial was 7g in all cases. 

After introducing the powders and the steel balls, the vial was 

sealed in an argon atmosphere (purity: 99.996\) wi th a steel cover 

together wlth a rubber ring Iubricated wlth silicon grease. Had the vlal 

been seaied in air the quanti ty of oxygen wouid have been about 25mg 

compared to a sample mass of 7g, therefore sealing ln argon was not a 

crucial precauhon but we preferred to control this condi tion in our 

experiments. The movement of the vial constists of a 2 1/4" swing at the 

end of a 3 1/2" arm as shown on the figure below. ThlS swing is aiong the 

symmetry axis of the vial. There lS aiso a honzontal motion of 9/16" and 

a vertical motion of 3/16". The cycle lS repeated 1200 tlmes per minute. 

Figure 5-1. Motion of the vial in the SPEX 8000 mixer/mill. 
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5.2. ose Measurements. 

ose (d1fferential scanning calorimetry) 15 bas1cally a measurement 

of the heat capac1ty of a materlal. It also measures the exchange of heat 

dur1ng phase transformat1ons. We use it to obtaln the change in enthalpy 

durlng structural transltlons and activatlon energies [10] of exothermic 

reactions. The crystal1ization peak observed allows us ta characterize 

the amorphous phase present ln a material. 

As shawn on figure 5-1 there are two contalners, one is left empty 

and used as a reference and the other contains the sample under 

investigation. A ramping curve is programmed to give a linear variation 

of temperature as a funct10n of time. A purging gas flows through both 

chambers at aIl times. The apparatus has a feedback system that adjusts 

heating power ln arder to keep the temperature ll'l the sample chamber equal 

to that in the reference chamber. The variation ln power output, whether 

positive or negative, lS converted into numerical data. ose measurements 

require callbration for the baseline, the temperature, and the energy. The 

baseline callbration is carrled out with no sample; the objective is to 

obtain a baseline as flat as possible (1. e. wh en one only puts sample 

holders in both chambers t the heat capaci ty measured is supposed to be 

zero). The callbratlon for temperature and energy output is done wlth the 

help of a known standard. The tranSl tion temperature and the corresponding 

enthalpy variation of the standard are measured wi th the ose and the 

necessary adJustments are made to the computer program to calibrate the 

instrument. 

It is also possible ta use the ose to cool a sample rather than to 

heat it, or to operate at a fixed temperature and take measurements as a 

function of time. 
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In our case, DSC experiments were performed with a Perkin-Elmer DSC-

2 differential calorimeter. The purglng gas used was argon (punty: 

99.996\). Scans ranging from 350 to 999K were done at rates of 

10,20,40,80, and 160K/min. The mass of our samples was between 2 and 6 mg, 

allowlng us to use the calorimeter without the need of additional mass in 

the reference pan to balance the signal. The samples used consisted of the 

powder obtalned after milling for 48 hours. Copper sample holders were 

used in all experiments. 

5.3. TGA Measurements. 

TGA (thermogravimetric analysis) is a type of experiment in WhlCh 

the weight of a sample is measured while the sample is subjected to a 

thermal treatment. It consists of a balance put in a closed envlronœent, 

a heating device below the balance plate and a thermometer close to the 

sample (see figure 5-2). It is especially useful ln the study of hlgh-Tc 

superconductors for the detection of oxygen exchanges between the material 

and the atmosphere used in the thermal treatments. 

Figure 5-2. Differential scanning calorimeter (OSC). 
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Our TGA was a Perkin-Elmer TGA7 with a balance sensitivity of 10 

micrograms and a precision of 1\. A certain background is produced upon 

heatlng, this background has to be subtracted from the experimental curve. 

Figure 5-3. Thermogravlmetric analyser (TGA). 
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5.4. Procedure for Thermal Treatments. 

Thermal treatments were done in a m~croprocessor-controlled tubular 

furnace with a thermometer close to the sample's locat~on. Varlatlons ~n 

the 2K range could be expected due to the temperature grdd~ent ln the 

furnace. When the thermal treatments conslsted of a ramp between two 

temperatures an addltlonal 3K uncertalnty had to be expected because of 

the Ume necessary to take the sample out of the furnace. Samples were 

put in alumlna boats. No exceSSlve reactlon was observed. Argon and oxygen 

(both 99,996%) were used as purglng gases. All treatments cons~sted of a 

ramp at a constant heatlng rate followed by a quench ln alr except for one 

sample annealed in oxygen at 1125K for 20 hours and a Bi -Ca-Q sample 

annealed at BOOK for 1 hour. 

5.5. X-ray Diffractometry. 

5.5.1. Instrument. 

X-ray dlffractlon patterns were taken on a S~emens 0500 

diffractometer controlled by a Digital PDP-11 computer equipped wlth the 

software necessary for data retrieval and analysls. CuKa radl.ation was 

used. The wavelength lS 0,1541 nm. The dlffractometer was used ln the 

followlng conflguratlon: 

colll.matl.ng tube mounted 

sll.ts 1-11-111: 1 degree (divergence and collimatlng SlltS) 

slits IV: 

monochroma tor : 

slit V: 

0,05 degree (receiving slit for the monochromatorl 

curved graph~te (ln the dlffracted beam) 

0,15 degree. (recelv~ng sllt for the detector) 

The preclslon of the allgnement was 0,0015 degrees for 20. 
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5.5.2. Measurement of the Crystalllte Size. 

The posül.on and wldth a t half maximum of each peak were converted 

l.n k-space after substraction of the CuKa2 part: 

k = 
4nsin(9) 

lambda 

delta(k) = 
2ncos (e) xdel ta (213) 

lambda 

(5-1 ) , 

(5-2) , 

where lambda is the wavelength and delta(29) is the width at half maximum. 

The instrumental broadening is assumed to be of the form: 

delta (ko) = ak + b (5- 3) , 

where li and b are constants calculated from least square fit using a 

standard matenal. The instrumental broadening is substracted from the 

experimentally measured width using the formula: 

delta(k,)2 = delta(k)2 - delta(ko)2 (5-4) • 

Neglecting the effect of strain the crystallite size is calculated from 

the average broadening: 

0,9 X ~Tt 
L = (5- 5) 1 

<delta(k') ) 

this is equivalent to the Scherrer formula (59). To consider the effect 

of strain, which gives a linear contribution as a functl.on of k, the width 

delta(k') lS plotted as a functl.on of k. The linear contribution of strain 

and the constant contribution due to the crystall1te size can be 

separatei. The crystal size L l.S given by (5-5) using the intercept of the 



linear flt instead of the average width. The procedure lS descnbed ln 

detail by Warren [781. 

5.6. Magnetlc Measurements. 
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Magnetic measurements were taken using a Quantum Design SQUID 

magnetometer. In our experlments, the sample was cooled ln zero fleld down 

to very low (4, 2R) temperatures, a fleld was apphed and the magnetlc 

moment was measured as the sample was heated up to 150R (zero fleld cool 

or ZFC curve). The moment was measured as the sample was taken back to low 

temperatures (field cool or FC curve), then the fleld was put back to zero 

and the moment measured whlle the sample was heated (remanent f 1eld or REM 

curve) . 

The SQUID device is very sensitive to variatlons ln the magne tic 

f 1eld. The sample is moved vertically whlle the squids beslde the sample 

measure the varlations ln the magnetlc fleld. The magnetlc moment of the 

sample lS calculated from these values. The sample is enclosed ln a long 

plastic straw. Slnce the straw can be con51dered 1nhn1 te wi th respect ta 

the region where the measurements take place, its movement does not lnduce 

a modification of the magnetic f1eld. The followlng hgure illustrates the 

si tuation. 

5.7. Transmisslon Electron Microscopy (TEM). 

The microscop1C observat1ons were done uS1ng a HItachi H-9000NAR 

transmission electronic mlcroscope havlng an accelerat lon vol tage of 300kV 

and a point-to-polnt resolution of 0,2nm. The mimmum beam slZe 15 4n"'l 

(used for X-ray spectroscopy). The maXlmum magnlflcatl.on lS 1 000 OOOX. 

We will present microscoplC observat10ns only for the amorphous phase 

obtal.ned after milling. The structural charactenzatl.on tor crystall1ne 



Figure 5-4. SQUID aagnetometer. 
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samples. was done by means of X-ray dlffractometry. Energy dlspersive X­

ray analysis was used for chemical analysis. We dld not used standard 

materials for calibration, therefore the preclslon was llmlted probably 

to the order of a few percents. 

5.8. Scanning Electron Microscopy (SEI"). 

A Hitachi S-570 microscope wlth an acceleration voltage of 20kV was 

used. EDX was used for cheml.cal analysis. The same comments made for the 

TEM observatlons concerning calibration apply here. 

5.9. Contamination of Strontium Oxide. 

Unfortunately, we could not keep strontium oxide from belOg in 

contact wi th the atmosphere at aIl tl.mes. Thl.s caused some of the 

strontium oxide to react and form Sr (OH) 2. The maximum error lO the amount 

of strontium measured is 15%. we expect the actual error to be ln the 

range of 5 to 10%. The most l.ntense X-ray peaks belonglOg to both of these 

phases are very close from each other and, because of nOlse ln the X-ray 

patterns and peak broadening, it has been imposslble to follow the 

evolution of strontium oxide by means of X-ray dlffractlon dunng the 

milling process. We expect, however, that it 101111 have a behèvlor slnll.lar 

to that of calClUm oxide. Strontium oxide 101111 also be observed by EDX 

measurements. The hydrogen present ln the sample because of Sr (OH) 2 101111 

be released during heatlng . 
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Chapter 6 

Results and Discussion. 

6.1. Amorph~zat~on by BalI Mll1ing. 

The amorphizatlon process in the Bi-Sr-Ca-Cu-O system, starting from 

a mixture of the four oXldes, may proceed in two steps. A first reaction 

transforms Bi203, SrO, and CaO into a body-centered cubic solid solution. 

In a second step two reactions concur to destabilize the cubic phase: the 

additlon of more and more Sr and Ca to the cubic solid solubon raises its 

free energy above that of the amorphous Bi-Sr-Ca-O phase and the reaction 

between the crystalline solid solution and copper oxide also result in the 

amorphization of the material. 

Evidence for the rapid ini Ual reaction between the elemental oxides 

is given by scanning electron microscopy. After 1 hour of milling the 

powder conslsts of large agglomerates (>10 microns}, containing the four 

oxides, and smaller particles «<10 microns) which are essentially made 

of copper oxide (see tables 6-1 and 6-2). Figures 6-1a and 6-lb are 

scannlng electron micrographs of the powder showing the small Cu-rich 

particles and the large agglomerates respectively. The micrographs of the 

powder mllled 3 hours are shown on figure 6--2. We see that the 

agglomerates have become large dense particles. 6-2b shows one of these 

large partlcles whlle 6-2a gives a general view of the powder after this 

period of time. 
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Figure 6-1. Scanning electron micrographs of the powder mllled 1 hour 
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Table 6-1. Size and chemical compos1t1on of the large agglomerated 

partlcles after 1 hour of milling. 

Slze 

(microns) 

10 

25 

50 

average value 

, Not including oxygen. 

Bi 

30 

24 

23 

27 

26 

24 

25 

16 

16 

16 

21 

EDX analysis 

atomic " 

Sr Ca 

21 25 

16 19 

41 15 

21 19 

27 21 

21 23 

19 32 

9 41 

9 34 

10 56 

11 19 

Cu 

24 

42 

21 

33 

26 

32 

24 

34 

40 

17 

49 

22,6 18,6 27,6 31,2 

50 
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Table 6-2. Composition and size of the smaller partlcles after 1 hour of 

mllling. 

size 

(micror:.sl 

2 

2 

1 ,5 

average value 

EDX analysls 

atomlC \ 

Bi Sr Ca Cu 

14 12 11 63 

18 11 21 49 

12 14 11 64 

15 12 12 61 

10 10 9 72 

21 12 28 38 

17 10 16 57 

13 10 13 64 

15,0 11,4 15,1 58,5 

From the presence of a large quanti ty of Cu-rich particles, i t 

appears that copper oxide reacts much less than the three other oXldes. 

This is what leads us to conclude that the first maJor reactlon is one ln 

which a Bi-(Sr,Cal-Q phase is formed. Of course, as we wlll see ln the 

next pages, reactlon of thlS phase with the remainlng oxides wlll proceed 

at the same tlme lt is formed and therefore it will not be observed by X­

ray diffraction. It is also posslble that other processes play a mlnor 

role. It is dlfficult to know is there 15 any effect due to the lnltlal 

differences in powder sizes. We mlght think that since reactlons occur at 

interfaces, small Slzes would favor increased reactlon rates. However we 

expect that the continuous process of cold weldlng and facture of powder 

particles will rapidly reduce these dlfferences. 
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Flgure 6-2. Scanning electron rnlcrograph of the powder rnilled 3 hours. 
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The fact that Bi203, SrO, and CaO react more readlly than CuO IS to 

be expected 1f one looks at the formatlon enthalples of the four oXldes 

(table 6-3 belowl. In these oxides, the negatlve oxygen lons act as a bond 

between positive metallic ions. We see that copper oXlde has the lowest 

enthalpy of formation and, therefore, the least effectlve metal-oxygen 

bond. This 1S consistent Wl th our observatlons ln scanning mlcro5copy 

where copper oxide seems to react less than other oXldes. 

Table 6-3. Enthalpies of formation and melting points of the metalhc 

oxides. 

oxide enthalpy of formation mel tlng point 

-----
Bi203 -574,26 kJ/mol 825 K 

SrO -592,4 kJ/mol 2430 K 

CaO -635,51 kJ/mol 2614 K 

CuO -157,4 kJ/mol 1326 K 

The reaction between the elemental oxides lS also observed by X-ray 

diffraction (figures 6-3a and 6-3bl. Aga1n, the slow decrease in the 

intensities of the CuO peaks 1ndicates that CuO reacts less than the other 

oxides dunng the f lrst few hours of the process. B1 203 seems to react 

rapidly. There is no slgnif1canl peak shift1ng durlng m1111ng. After 48 

hours of milling we are left with an amorphous matr1x and copper oXlde 

nanocrystals. The sample has two amorphoLls haloes in !ts X-ray d1ffractlon 

pattern close to 30 and 50 degrees. This 15 comparable W1 th mater1als made 

by rapid solidification. In the X-ray pattern of the sample mllied 3 

hours, there seems to be a peak at 30° superposed to the amorphous halo. 

This would be the most 1ntense peak of the bcc SOl1d solut1on, descr1bed 

later in the text. The crystal lite size of copper oxide evaluated from the 
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6-3a. X-ray diffractlon patterns of ball-milled samples. 
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F~gure 6-3b. X-ray d~ffract~on patterns of ball-rn~llled sarnples. 
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Table 6-4. Crystalllte Slze of copper oXlde durlng milling 

(not corrected for the contribution of straln). 

milling t1me (hours) 

o 

3 

10 

30 

48 

70 

90 

l underestimated because of strain 

crystalllte size (nm) 

36 

10 

11 

6,1 1 

5,31 

8,5 

5,2 

4,9 

56 

broadening of the X-ray peaks is 8,5nm after 48 hours of mllling. In table 

6-4 we see that there is an apparent increase in the crystal lite size of 

copper oxidp This is because without a sufficient number of peaks, we 

could not take into account the broadening due to the straln. Below a 

critical crystallite size, the strain i5 released, the peaks become 

sharper and thlS causes an apparent size increase. ThlS is what is 

observed for copper oxide. There is an initial size ref1nement during the 

flrst hours of milling. Between 30 and 48 hours the strain is released 

when the crystal size is around 10nm. Beyond this pOlnt the CuQ 

crystaliltes are strain free and this lowers its tendency to react with 

the rest of the matrlx since lt is known that strain is an l.mportant 

factor in soll.d state reactions caused by mechanical deformatlons [62]. 

Upon further mllling (70 and 90 hours), the precipitatlon of a complex 

phase WhlCh could be ldentlhed as (Sr, Ca) 14Cu24041 is observed. The 

structure lS descrlbed l.n detall in references [45,71]. The preclpitation 
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of a crystalline phase ln the lat ter stage of the process was to be 

expected Sl.nce the 2223 composltlon hes outslde of the glass-formu1g 

range of the 81 -Sr-Ca-Cu-O system [91]. As copper oXlde lS forced to 

dissolve lnto th,~ amorphous matrlX, its composltlon gradually moves out 

of the glass-forming range. 

The r.apld reaction between 8i203 and CaO at the beglOOlng of the 

process can be observed by mllll.ng the 8l-Ca-O subsystem (flgure 6-4). We 

used a starting mlxture of 8l.203+2CaO. After an lnltla1 Slze reflnement (as 

seen from peak broadenl.ng) a new peak appears at 30 degrees after 1 hour 

of mllll.ng. As milling contl.nues, al1 the blsmuth and calclum oXlde rcacts 

to farm the new phase. ThlS phase is a body-centered CUblC SOlld solutlon 

of the meta11l.c atoms. Thl.s phase lS a hl.gh-temperature phase present ln 

the phase dlagrarn of the 8l.-Ca-0 pseudo-blnary system (11) The rneasured 

1attlce parameter lS O,423nm. The 8l. and Ca atoms are randornly dlstrlbuted 

on the (0,0,0) and <1/2,1/2,1/2) sltes. The locatlon of the oxygen atoms 

1S stl.11 unknown. 

Since we know from scanning mlcroscopy that 812°3' SrO, and CaO react 

together in the first few hours of mllllng we also expect Sr to be ln 

solutlon wlth the Bi and the Ca l.n thlS CUblC phase. In fact, a bcc solld 

Solutlon has a1so been observed close to the rneltlng pOlnt ln the 81-Sr­

° subsystem (24). We have rnllled a mlxture (81 203+2CaO)+25rO for 20 hours 

(f1gure 6-5). The resultlng X-ray pattern lnàlcates that we get an 

amorphous phase Wl.th the maln broad halo located Just below 30°. In the 

phase diagram of the 8i-Ca-0 system, the bec SOlld solutlon coexlsts wlth 

a second phase for the composltlons wlth a Ca/8l ratlo above one. Treatlng 

Sr and Ca as roughly equlvalent, we have therefore an excess Sr or Ca at 

the 812Sr2Ca2 composl.tion. The cubl.c SOlld Solutlon would be oversaturated 

and unstable. The dlfference ln ionlc radlus between Sr and Ca adJs to the 

instabi1ity of the crystal1ine S011d solutlon. At sorne pOlnt, the addltlon 



, ... Flgure 6-4. x-ray patterns of B1 203+2CaO for varlOUS mllllng t1rnes. 
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Figure 6-5. X-ray patterns of (Bi 203+2CaO)+2SrO mllled 20 hours. 
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of more Sr (probably together wlth the presence of defects caused by 

mechanical deformatlon) seems to drive the free energy of the soll.d 

solution above that of the amorphous Bl-Sr-Ca-O phase. 

The other reactlon WhlCh may occur durlng the mllllng process 15 one 

in which the cubic SOlld solution reacts with copper oXlde, lead1ng to the 

amorphous phase. ThlS lS supported by another experlment ln Whlch we have 

used a mlxture of the CUblC phase and copper oXlde (flgure 6-6). For the 

cubic phase we have used the sample mllled 10 hours ln the Bl-Ca-O 

susbystem. The ratlo for Bl-Ca-Cu was 1:1:1. The X-ray dIffractIon of the 

samples mliled for varlOUS perlods of tlme shows that the reactlon 15 very 

fast. After 15 minutes of mllllng a substantlal amount of amorphous phase 

is formed. After 3 hours the peaks correspondlng to the bec SOlid solutIon 

are no longer vlslble. In thlS case also, copper oXlde remalns present 

after 30 hours of milling. The X-ray spectrum is then very 5lmllar to the 

one observed ln Bi-Sr-Ca-Cu-O after 48 hours of mliling. 



Flgure 0-6. X-ray patterns for the ball m111ing of the mixture: 

bec solid solution (B1-Ca-Q) + CuO. 
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Olrect observatl.on in TEH (t ransml ssion electron mlcroscopy) of tilt' 

four oXldes mlxture reveals small precl.pltates (5-1 Dnm) embedded ln ,111 

amorphous matnx (see flgure 6-7 below). When the electron beam 15 fÙC\l:JI..'d 

for EOX analysls, no compOSl t10n dl f ference 15 observed between tilt' 

amorphous matnx and the precipl tate5, most llkely because of lhell" ',md l j 

Sl.ze. These preclpl tates are also tao 5mall ta allaw st nlct ur.ll 

identifir.ation by means of electran d1ffract10n. Acc0 r chng ta the X l,y 

dl.ffractlon, however, they should be CuO and (Sr,Ca) 14Cu?I\041 crystallllL'~~ 

The ball rnllllng expenments descrlbed prevl.ously were repC'ated Wl t!1 

tungsten carblde balls and v1als ta rule out any effect from Il Clll 

impurities. The results were the same as those obtalned w11.h :~lt'f.'l 

equipment. 

Fl.gure 6-7. TEM plcture of four oX1des mlxture mllied 90 hours. 
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~.2. Thermal Treatments. 

6.2.1. Annealing 1n Argon. 

OSC (figure 6-8) experiments performed in an argon atmosphere on 

samples mllled 48 hours in an argon atmosphere revea1 two exothermic 

reactwns at 748K and 868K and a sharp endothermic peak immediate1y 

following the flrst exotherm. They are superposed on a large endothermic 

background. The enthalpies correspondlng to the exotherms are 5,2J/g and 

16,2J/g. The flrst peak corresponds to the crysta11ization of the bcc 

SOlld solut10n. The second peak corresponds to the transformatlon of the 

above-menboned phase lnto the 2201 phase, necessan1y lnvolvlng the 

d1ffuslon of copper 1nto the cub1c phase as it transforms. TGA If1gure 6-

9) revea1s a weight 10ss from 475K to the crystaIIizat10n temperature. 

Th1s welght loss corresponds to the large endotherm1c background apparent 

on the ose scan. Th1S lS most llkely related to the 1055 of oxygen. The 

average welght 1055 just before crystallization amounts to 1,4% WhlCh 

corresponds to the 1055 of one oxygen for the B12Sr2Ca2Cu30,O compositlon. 

Between the two exothermic transformatlons however there is an increase 

in weight due to an oxygen uptake (probab1y because of sorne oxygen 

lmpuritles 1n the samp1e chambar). As the temperature i5 raised to the 

me1ting p01nt (around 1075K) further welght 1055 occurs. 

The crystallization temperature and transformation enthalpies of 

both phase transitions (espec1ally the first one) were poor1y 

reproduclb1e. Better reproducibi1ity was obtained by annea1ing the sampI es 

at 700K for 1 hour. In those cases, the TGA curve shows no slgnificant 

1055 of welght prior to crystallizatlon (see figure 6-11). In the DSC 

curve (see figure 6-10) the w1de endotherm 15 1arge1y reduced. The 

crysta111zation temperature is now 772K (maximum). The enthalpy is 3. OJ/g. 

The sharp endothermic peak at 763K seems to be re1ated to the flrst 
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.. Flgure 6-8. ose scan of sample mllled 48 hours 

(rate: 20K/mln) . 
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Flgure 6-9. TGA scan of sample milled 48 hours 

(rate: 20K/mln) . 
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crystall1zabon event Slnce they Shlft by nearly the same temperatur<:! 

after thermal treatment. This endotherm may be related to an lncrease ln 

the heat capaclty of the sample after crystalllzatlon. The second 

transformation for the pre-annealed sample occurs at 869K, approxlmately 

the same temperature as for the aS-mllled sample. We have also cbta1l1ed 

a Kissinger plot [10] for the second exothermlc peak (f1gure 6-12). The 

activation energy 1S 730kJ/mol or 7,6eV. ThlS is comparable to actlvatlon 

energies encountered in these oxide systems [521. Samples heated to 800 

and 1000K (after the first and second exothermsl are shown on f1gures 6-

13 and 6-14. 

Figure 6-12. K1ssinger plot for the second transformatlon. 
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X-rav dlffractlon pattern of a 48h m111ed sample heated 

to SOOK in argon at 20K/m1n. 
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We have also performed OSC scans on the Bi 203+2CaO sample milled 20 

hours. The first exotherm 1S at 743K and the enthalpy ]S 5,OJ/g (figure 

6-15). These values are very close to tht)se of the f1rst exotherm ln the 

Bi-Sr-Ca-Cu-O system. Th1S transit10n lS assoclated to the recrystalll­

zation or the grain growth of the CUblC phase. Our1ng recrystall1zatlon, 

the crystalli te size 1ncreases from 20 to 40nm. The second ose peak 

corresponds to a transition to an ordered phase, probably lsostructural 

to the rhombohedral Sr3Bi 206 [38]. The trans1tion temperature lS 863K, the 

enthalpy 23J/g, and the actlvation energy 560kJ/mol or 5,8 eV (fIgure 6-

16). This last value IS smaller than the correspondlng one ln the 

quaternary Bi-Sr-Ca-Cu-O system. The X-ray patterns of these sampi es 

heated to 800 and 1000K are shown on figure 6-17. We see, ln the second 

pattern, the peaks corresponding to the bcc solid solution, and ln the 

F1gure 6-15. 

" ~ 
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Q) :< 

DSC scan of the Bi203+2CaO sample milled 20 hours 

(rate: 20K/ltlln). 
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Flgure 6-16. Kissinger plot for the second transformation in the Bi-Ca-O 

subsystem. 
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third one, the peaks of the more complex rhombohedral structure. From 

these experiments, we conclude that the first peak present in the OSC 

curves of bath the Bl-Sr-Ca-Cu-O and the Bi-Ca-O systems corresponds to 

a transi tian into a similar microstructure. Also in the Bi-Sr-Ca-Cu-O 

system, the CUblC phase transforms into the 2201 structure nearly at the 

same temperature that the Bi-Ca-O cubic phase undergoes a transition to 

the rhombohedral structure. In order to verify whether sorne copper is in 

solution with the three other elements in the cubic phase, we hsve used 

our (B1 203+2CaO)+2CuO sample milled 30 hours and crystal11zed by heating 

ta SOOK in argon. We have also heated the 81-Sr-Ca-O sample milled 20 

hours to 700K. The corresponding X-ray patterns are shown on figures 6-18 

and 6-19 respectively. Bath give rise to the formation of the cubic phase. 
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In the B1-Ca-Cu-Q system however there 15, apart from CuO, a small amount 

of an un1dentif1ed second phase. Table 6-5 5ummar1zes the results for tha 

metastable cubic phases. 

Figure 6-17. 

lS 

X-ray diffraction patterns of B1203+2CaO mllled 20 hours 

and of samples subsequently heated to 800 and 1000K ln 

argon at 20K/min. 
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X-ray pattern of B~-Ca-Cu-O m~lled 30 hours and heated 

to 800K at 20K/m~n in argon. 
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Table 6-5. X-ray peak lntensltles and lattlce parameters for the bcc 

SOlld solutlon formed ln varlous samples. 

system lattice parameter experlmental X-ray peak Intensltles 

(nm) 110 200 21 1 220 310 222 321 

a) 81-Ca-Q 0,42249 100,0 18,4 28,1 16,1 5,2 1,1 4,4 

b) 8i-Sr-Ca-Q 0,42767 100,0 17,7 25,8 5,2 5,2 0,0 4,1 

c) 81-Ca-Cu-O 0,42284 100,0 16,1 25,9 4,4 4,1 0,5 3,5 

71 

d) Bl-Sr-Ca-Cu-O 0,42543 100,0 26,8 46,7 17,7 10,9 4,1 10,5 

The X-ray peak intensltles and lattice parameters for the varlOUS 

systems are given. The flrst observatlon to make lS that wh en the CUblC 

solid solutlon contalns strontlum (b versus a), the lattlce parameter IS 

larger (4,2767 versus 4,2249) because the Sr atoms have a larger lonlC 

radlus than those of calcium and blsmuth (O,'12nm for Sr+2 compared to 

O,099nm for Ca+2 and O,096nm for Bl+3 ). The fact that the lattlce parameter 

and the X-ray J.ntensl tles aI e practlcally Identlcal for expenments C and 

a suggests that CU IS not pres~nt ln the CUblC phase obtalned by annea llng 

the Bi-Ca-Cu-Q mllled sample. Finally It seems that Cu may be Involved ln 

the structure of the CUblC phase ln the case of the quaternary system (d). 

This concluslon cornes from the difference ln the lattlce parameler and the 

analysis of X-ray intenSlties. We hypotheslze that the Incluslon of copper 

into the structure brings changes in the oxygen sublatbce and that these 

changes are responslble fur the weakening of the 110 ref lectlon wlth 
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respect to the reflectlons a t hlgher angles. Calculatlons show that 

changes ln the average scatter~ng factor at the (0,0,0) and (1/2,1/2,1/2) 

s~tes, due to changes ln compositlon, do not bnng any maJor mod~flca­

t10ns ln peak lntellsit1es (see table 15 in the appendix). The changes ln 

the observed lntensltles must therefore come from modifica t10ns ln the 

poslt10ns of the oxygen atoms. ThlS is to be expected if copper 1S part 

of the metastable CUblC structure since certain copper-oxygen 

coord1na tions are unstable [55]. 

Therefore the sequence of reaction during the annealing of the 

m~lled B~-Sr-Ca-Cu-O system may be as follow. Fust, the amorphous phase 

crystallizes into a Bi-Ca(Sr)-O CUb1C sohd solutlon of conta~ning copper. 

In the second transformation, the cubic phase transforms l.nto the 2201 

:5tructure, rather than in a Bi-Ca(Sr) -0 rhombohedral structure because of 

the presence of copper. 
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6.2 .2. Anneal1ng ~n Oxygen. 

Because of posslble damage to the DSe we were unable to carry out 

extensi ve ose expenments uswg oxygen as a purgwg gas. Nevertheless, 

sorne scans were done as shown 1n flgure 6-20. The flgure shows a sma 11 

and very sharp crystalll.zatlOn peak ln the same temperature range as the 

one observed ln argon and a large and broad exotherm around 81 OK whlch we 

suspect to be due to the presence of oxygen. Subsequent X-ray dlffractl.on 

experiments reveal that thlS broad peak corresponds to the fOl.-matlon of 

an hexagonal phase. A Elnal transitlOn (above the maXlmum temperature of 

our DSe scan) leads to the format1on of the 2201 phase. 

On f~gure 6-21, the X-ray patterns of three heated samples are 

shawn. The first one has been heated to 800K at 20K/min, the second one 

has been annealed at that lemperature for 1 hour, and the th1rd one has 

been further heated to 1000K at 20K/min. 

The fHst d1ffract1on pattern reveals the presence of two phases. 

The first one j s the bcc phase dl.scussed ~n the previous sect~on, and the 

second is an hexagonal phase Wl. th a structure very close to the bcc 

o structure. The 100 peak of th€) hexagonal phase lS the peak at 17,63 . The 

latt~ce parameters are a :: O,58057nm and c ., 0,35551nm. The a,h, and c 

axes are respecb vely a10ng the (1 1 1>, < 1 0 -1 >, and < 0 1 -1> dlfE:Ct 10ns 

of the apprOlnmately equ1valent cubic lattice. We have not yet found a 

satisfactory model for the exact crystal structure. Reaction of the cublc 

phase with oxygen in the temperature range corresponding to th second ose 

peak may producp. a distorsion of the CUblC latt1ce and glve rl.se to the 

formation of this hexagonal phdse. The presence of the 100 peak Indlcates 

that there 1S some ordering amùng the Sl tes of the meta:Lllc atorns in that 

structure. 
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An addi tlonal hour at BOOK increases the relative amount of the 

hexagonal phase wi th respect to the cubic phase. The time scale over which 

the transformation proceeds is a clear confirmation that this is a dlffu-

sional process involving oxygen. 

If we then heat the sample to 1000K, we obta1n the 2201 structure 

(figure 6-21 c). The presence of oxygen diffusing into the structure has 

therefore slmply added an intermed1ate step in the sequence of transfor­

mations, more precisely: the transformation of the cubic phase into an 

hexagonal structure. Also, part of the amorphous phase probably transforms 

directIy lI1to the hexagonal phase during the second exothermic reaction, 

since the enthalpy of the first peak is 1, 6J/g, whlch lS less than the 

crystallization enthalpy of samples tt"eated in argon (3,OJ/g). The 

transformatlon of the 2201 phase into the 2212 phase is discussed in the 

next section. 
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Flgure 6-21. X-ray patterns of B1-Sr-Ca-Cu-O m1l1ed 48 hours and heat 

treated ln an oxygen atmosphere. 
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6.2.3. H1gh-Tc Phase Format10n. 

There 15 no other transformat1on before the mel ting pOlnt of the 

materlal. In order ta obta1n the 2212 phase, 1t 1S necessary to hold the 

materlal at h1gh temperature ln oxygen for sorne tlme. The format10n of the 

high-Tc phase (2212) occurs ln the first hour when 1125K has been reached. 

As annea11ng contlnues, the crystall1te Slze lncreases (the X-ray peaks 

become sharper). After 20 hours at 1125K, the maJor phase present ln the 

dlffractlon pattern lS the 2212 hlgh-Tc phase as seen on flgure 6-22 

below. Flgure 6-23 lS a magnetlzatlon experiment. There 15 a supercon-

ductlng trans1tlon at 108K (sep figure 6-24) but the amount of that phase 

15 marglnal. In flgure 6-24 the moment 15 posltlve above 110K because of 

a small paramagnetlc contributlon. The maln transltlon has ltS onset at 

82K but the dlamagnetlc response 15 important only below 73K. The response 

of the materJ.al reveals that almost all the maS5 of the materlal lS 

supercon-duct1ng, but that mter5t1 tial spaces are penetrated by the 

magnetlc field. The ZFC curve lS typlcal of a material in which regions 

excludlng the flux are becomlng smaller as the temperature is increased. 

the curve is fIat however below 7K. This suggests that the grains are 

linked by low-Tc (2201 phase) materlal. If we calculate precisely the 

amount of mass which i5 superconducting by uS1ng the theoret1cal denslty 

of the 2212 phase and assuming a fully dense material we obtain 97%. This 

is an overest1matei our calculation i5 very approx1mate and does not 

account for impurity phases, voids, etc ... 

6.3. Comparison with Materials Prepared by Rapid Solidification. 

The amorphous phase we have obtained by baIl mll1ing has a.t X-ray 

diffractlon pattern simllar to tho5e of melt-quenched materials. The most 

intense amorpho,ls halo at 30 degrees is the same. the second one around 

50 degrees i5 also present in sorne rapidly solidified samples. The main 
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Flgure 6-22. Dlffractlon pattern of the 85K (2212) phase. 
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difference lies in the presence of CuO crystallites (48h mi1led samp1e). 

It is known that during the crystall ization of bis11luth-based 

amorphous materials, the 2201 phase i.s generally the first to crystall1ze. 

Then the 2212 phase forms by diffusion of the remaining calcium and copper 

oxides into the 2201. The 2223 phase forms by same diffusion process. Th1S 

description is still valld for our material except that the 2201 phase 

does not form directly from the amorphous matrix but through the formation 

of an intermediate phase, the bcc solid solution, which is not the same 

phase as the one reported by Nassau et al. [51]. 
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Chapter 7 

Conclusion. 

The purpose of this work was to study the posslblll ty of mabng 

superconducting material from an amorphous precursor prepared by hlgh­

energy baIl mill ing. We have succeeded ln making such a precursor. Two 

reactions may lead to the amorphlzatlon. Flrst, blsmuth, strontIum, and 

calcium oxides form a body-centered cubic solld Solutlon. Then, thlS phase 

reacts ei ther Wl th extra strontlum oXlde or copper oXlde to glve an 

amorphous phase. There is sorne undlssolved copper onde present ln the 

material after milllng but it lS mainly amorphous. 

The amorphization process described in thlS work could probably be 

interpreted as a mixture of type III and type II reactlons (see sectIon 

4.2) (79). The formation of the metastable bec SOlld solutlon of bIsmuth 

and calcium, in the early stage of the process, is typlcal of type III 

while the amorphization by reactlon Wl th CuO or wlth an excess SrO lS 

probdbly of type II. For copper, we know that only certaw oxygen 

coordinations are stable and therefore the inclusion of copper lnslde the 

solid solution may destabllize the surrounding bcc lattlce dunng the 

milling proeess and lead to the amorphous phase. 

It is also found that there is little dlfference between the 

material obtained by this tecl"lnique and materials obtawed by rapld 

solidification, a result similar to those concernlng metalllc alloys. The 

main difference is that crystallization does not proceed by duect 

crystallizatlon of the 2201 but by the crystalllzatlOn of a bec 

(Bi,Sr,Ca)-O SOlld solution contaimng copper maybe because of the 

presence of unreaeted embryos of this phase. 
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Heatwg ln exygen transforJ'Is the metastable eublc phase (as well as 

part of the amorphous matrlx) lnto a related hexagonal structure befere 

lt transforms lnto the 2201 phase. Subsequent hlgh-temperature annealing 

ln oxygen allows the formatlon of the 2212 superconducbng phase. 

It may be posslble to use this material to obtam textured 

superc.onducb.ng wires by control) ing the erystallizatlon process. The 

cubic phase (Bl-Sr-Ca)-Q may a150 be used, for example by reaction with 

a copper sheath. It may also be posslble to crystallize the 2201 phase 

directly by uSl.ng a very high heating rate in erder to bypass the growth 

of the cubic phase. 

Apart from the interest of making superconducting materials, this 

work has also shown the usefulness of high-energy baIl milling ln making 

amorphous and metastable structures. The supersaturated solid solutlon in 

the Bi-Ca-O system lS a qood example. This phase is normally formed by 

thermal treatment above 1075K and has to be rapidly quenched in order to 

analyse lt at room temperature. Ball-milll.ng is therefore a more simple 

procedure in which the stoichiometry is bet ter controlled. 

As a next step in thlS research it would be interesting to mill the 

Bi (Pb) -Sr-Ca-Cu-O system. 
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.. 

Appendix 



Table 1. Space groups and lattice parameters. 

phase space group a (nm) b(nm) c(nm) 

2201 Amaa 

2212 Fmmm 

2223 14/mmm 

Table 2. Density. 

phase 

2201 

22~2 

2223 

obs 

7.03 

0,5362 

0, ~414 

0,3814 

cale 

7.046 

6.452 

6.317 

0,5374 

0,5418 

0,3814 

2,4622 

3,089 

3,700 

z 

2 

2 

2 

82 
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Table 3. Atom locations. 

phase atom slte occupancy x y z 

ml Bl. al 100\ 0.0000 0.2750 0.0660 
Sr 81 100% 0.5000 0.2470 0.1790 
Cu 4e 100\ 0.5000 0.7500 0.2500 
01 89 100% 0.7500 0.5000 0.2460 
02 81 100\ 0.0000 0.2260 0.1450 
03 81 100\ 0.5000 0.3340 0.0640 

2212 Bil 8i 92.5% 0.0000 0.0000 0.1980 
Sr Bi 100% 0.0000 0.5000 O. 1090 
Ca 4a 85\ 0.0000 0.5000 0.0000 
Bi2 4a 15% 0.0000 0.5000 0.0000 
Cu 8i 100% 0.0000 0.0000 0.0540 
01 16j 100% 0.2500 0.2500 0.0510 
02 8i 100% 0.0000 0.5000 0.1980 
03 8l. 100% 0.0000 0.0000 O. 1200 

2223 Bi 4e 100% 0.5000 0.5000 0.2200 
Sr 4e 100% 0.0000 0.0000 0.1440 
Cul 2b 100% 0.5000 0.5000 0.0000 
Cul 4e 100% 0.5000 0.5000 0.0900 
Ca 4e 100% 0.0000 0.0000 0.0500 
01 4c 100% 0.5000 0.0000 0.0000 
02 89 100% 0.5000 0.0000 0.0870 
03 4e 100% 0.5000 0.5000 O. 1600 
04 4e 100% 0.5000 0.5000 0.2720 



, 
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Table 4. Diffraction data for the 2201 phase . .. 
dobs I obs dca1c Ica1c h k l 

12.30 2 12, 311 12 0 0 2 
5.264 3 5.250 6 0 1 1 + 
4.922 3 4.913 2 1 1 

4.496 < 1 0 1 3+ 
4.100 18 4.104 20 0 0 6 
3.756 4 3.751 4 1 1 1 
3.624 3 3.631 <1 0 1 5+ 
3.447 74 3.445 80 1 1 3 
3.075 29 3.078 28 0 0 8 
3.008 100 3.006 100 1 1 5 
2.960 13 2.943 3 0 1 7+ 
2.688 59 2.681 53 2 0 0+ 
2.625 4 2.621l 4 2 0 2+ 
2.581 4 2.580 9 1 1 7 
2.460 4 2.462 8 0 0 10 

2.438 < 1 0 1 9+ 
2.415 4 2.413 9 1 4 

2.388 , 2 1 1 
2.359 3 2.358 1 1 2 2 
2.246 3 2.244 2 2 0 6+ 

2.238 2 1 2 4+ 
2.186 4 2.184 8 1 1 1 

2.157 < 1 2 1 5+ 
2.095 7 2.093 1 2 12 

2.073 < 1 1 2 6+ 
2.052 3 0 0 12 

2.0234 19 2.022 27 2 0 8+ 
1 .9819 <1 2 1 7 

1.927 9 1 .9281 14 1 1 11 
1.8998 14 , .8979 22 2 2 0 

1 .8135 2 2 0 10+ 
1.8038 < 1 2 1 9+ 
1.7866 1 0 3 1+ 

1 .7241 4 1.7226 2 2 2 6 
1.6939 5 1.6947 8 1 1 13 

1.6834 < 1 0 3 5+ 
1.6638 5 1 3 3 
1 .6609 6 3 1 3 
1 .6307 2 0 2 12+ 

1.6173 6 1 .6154 7 2 2 8 
1 .6061 11 1 3 5 

1.6064 17 1.6035 11 3 1 5 
1.5963 1 0 3 7+ 

1.5360 4 1.5389 2 0 0 16 
1 .5299 1 1 3 7+ 
1.5217 1 3 1 7+ 
1.5032 2 2 2 10 
1.3932 2 2 2 12 
1.3518 3 3 1 1 1 + 
1 .3435 1 0 4 0 
1 .3405 2 4 0 0 
1 .3346 3 2 0 16+ 

d-spacings in angstroms 
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1 Table 5. Diffraction data for the 2212 phase. 
<\. 

dobs lobs dcalc I ca1c h k 1 

15. 41 8 1. 445 14 0 0 2 
5.332 1 5.339 0 1 1 
3.855 31 3.861 25 0 0 8 
3.803 3 3.801 2 1 1 1 
3.586 29 3.589 35 1 1 3 
3.335 14 3.346 6 1 1 
3.251 92 3.255 100 1 1 5 
3.149 3 3.152 8 0 2 
3.085 35 3.089 26 0 0 10 
3.010 10 3.020 4 1 7+ 
2.890 75 2.892 80 1 1 7 
2.825 1 2.826 2 1 9 
2.788 1 2.788 1 0 11 
2.707 100 2.707 96 2 0 0+ 
2.668 8 2.666 11 0 2 2+ 
2.572 21 2.574 17 0 0 12 

2.556 28 0 2 4+ 
2.444 12 2.445 2 1 11 + 

2.265 3 1 1 11 
2.216 1 2.218 4 0 2 8+ 
2.034 33 2.2036 37 2 0 10+ 
2.015 10 2.019 7 1 1 13 

1.9306 4 0 0 16 
1.9134 38 1 .9148 34 2 2 0 
1.8623 8 1 .8654 8 2 0 12+ 
1.8122 21 1 .8137 13 1 1 15 
1.7176 3 1.7171 14 1 3+ 

1 . 71 55 4 2 2 8 
1.6869 3 1.6890 3 3 1 3+ 
1.6484 14 1.6509 14 3 1 5+ 
1 .6391 3 1.6416 6 1 1 17 
1.6266 3 1 • 627~ 8 2 2 10 

1 .5962 13 3 1 7+ 
1.5737 3 1.5737 8 3 1 

1 .5722 3 0 2 16+ 
1 .5445 4 0 0 20 
1 .5364 6 2 2 12 

1.5335 12 1 .5329 9 1 3 9+ 
1.3590 1 1.3595 2 2 2 16 
1.3525 5 1.3545 4 4 0 0+ 

1.3418 4 0 2 20+ 
1.3151 3 1 .3170 4 3 1 15+ 

1 .2501 2 3 3 5 
1 .2464 3 2 0 22+ 
1 .2405 2 0 4 10+ 

1.2101 1 .2108 4 4 2 0+ 
1 .2022 3 2 2 20 
1 . 1987 2 0 4 12+ 
1 . 1965 2 3 3 9 
1 .1277 2 2 4 10+ 
1 .0962 2 1 1 27 
0.9513 2 3 1 27+ 

d-spacings in angstroms .. 
1 
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Table 6. Diffraction data for the 2223 phase (calculated values). :.. 
d l h k 1 

18. 500 100 0 0 2 
9.250 12 0 0 4 
6.167 7 0 0 6 
4.625 2 0 0 8 
3.794 1 1 0 1 
3.700 <1 0 0 10 
3.644 1 1 0 3 
3.390 17 1 0 5 
3.093 38 1 0 7 
2.796 42 1 0 9 
2.697 40 1 1 0 
2.669 16 1 1 2 
2.643 12 0 0 14 
2.589 2 1 1 4 
2.523 2 1 0 1 1 
2.471 < 1 1 1 6 
2.330 < 1 1 1 8 
2.313 6 0 0 16 
2.281 5 1 0 13 
2.179 < 1 1 1 10 
2.071 2 1 0 15 
2.056 1 0 0 18 
2.030 2 1 1 12 
1.9070 19 2 0 0 
1.8970 12 2 0 2 
1.8876 9 1 1 14 
1.8677 < 1 2 0 4 
1.8219 < 1 2 0 6 
1.7555 7 1 1 16 
1.7344 < 1 1 0 19 
1.6896 < 1 2 1 3 
1 .6818 2 0 0 22 
1.6621 3 2 1 5 
1.6348 2 1 1 18 
1 .6233 9 2 1 7 
1.5995 3 1 0 21 
1.5755 11 2 1 9 
1.5465 5 2 0 14 
1 . 521 3 < 1 2 1 , 1 
1.4822 4 1 0 23 
1.4713 3 2 0 16 
1.4631 2 2 1 13 
1.4271 2 1 1 22 
1.4029 1 2 1 15 
1.3980 1 2 0 18 
1.3484 4 2 2 0 
1.3449 2 2 2 2 
1.3384 < , 1 1 24 
1.3343 < 1 2 2 4 
1 .2831 < 1 2 1 19 
1 .2614 2 2 0 22 
1 .2530 < 1 3 0 5 
1.2361 1 3 0 7 
1.2333 1 0 0 30 
1.2255 1 2 1 21 
1 .2146 2 3 0 9 

-«r 1 • 21 00 < 1 1 0 29 
...,., 1 .2061 3 3 1 0 
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J 1 .2035 3 3 1 2 
~ 1 .201 1 2 2 2 14 

1 .1960 1 3 1 4 
1 . 1866 <1 1 1 28 
1.1703 3 2 1 23 
1 .1671 1 3 1 8 
1 . 1649 1 2 2 16 
1 .1608 < 1 3 0 13 
1 . 1391 1 1 0 31 
1.1275 < 1 2 2 18 
1 . 1232 < 1 3 1 12 
1.1216 < 1 1 1 30 
1 . 1178 ( 1 2 1 25 
1 .0972 2 3 1 14 
1 .0694 1 3 1 16 
1 .0520 1 2 2 22 
1 .0472 ( 1 3 2 5 
1 .0402 < 1 3 1 18 
1 .0373 1 3 2 7 
1 .0356 1 2 0 30 
1 .0310 < 1 3 0 21 
1 .0278 ( 1 0 0 36 
1.0244 2 3 2 9 
1 .0217 1 2 1 29 
1.0187 < 1 1 0 35 
0.9974 < 1 3 0 23 
0.9915 ( 1 3 2 13 
0.9887 ( 1 2 0 32 
0.9801 1 3 1 22 
0.9779 2 2 1 31 
0.9673 < 1 1 0 37 
0.9604 < 1 1 1 36 
0.9535 1 4 0 0 
0.9514 < 1 3 2 17 
0.9179 < 1 4 1 5 
0.9158 <1 1 1 38 
0.9112 1 4 1 7 
0.9101 <1 2 2 30 
0.9069 <1 3 2 21 
0.9047 1 2 0 36 
0.9025 1 4 1 9 
0.9006 ( 1 3 0 29 
0.8990 ( 1 3 3 0 
0.8969 1 4 0 14 
0.8908 < 1 3 1 28 
0.8838 1 3 2 23 
0.8815 1 4 0 16 
0.8797 <1 4 1 13 
0.8702 < 1 3 0 31 
0.8672 < 1 2 0 38 
0.8623 1 3 1 30 
0.8606 <1 3 2 25 
0.8528 1 4 2 0 
o .8511 1 3 3 14 
0.8492 <1 4 2 4 
0.8379 <1 3 3 16 
0.8374 < 1 1 1 42 
0.8295 < 1 4 0 22 
0.8190 <1 4 1 21 
0.8174 < , 2 2 36 

r 0.8116 1 4 2 14 
0.8086 < 1 3 3 20 d-spacings in angstroms 
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Table 7. Summary of rapid solidlfication studies. 

Composition,technlques and resulting amorphous samples. 

reference composltion quenchlng coollng rate 
Bi:Sr:Ca:Cu technique (K/sec) 

Komatsu 1:1:1:2 
et al. [35] 

splat 
quenching 

Komatsu 1.5:1:1.5:2splat 
et al. [361 quenching 

Minami 1:1:1:2 twin roller 
et al. l50] 

lnoue 1:1:1:2 melt-spinner 
et al. [28] 1.3: 1 : 1 : 2 

Garzon 1.5:1:1:2 splat 
et al. [18] quenching 

Shimomura 1:1:1:2 
et al. [69] 

Kanai 1:1:1:2 
et al. [33] 

Yoshimura 2:2:1:2 
et al. [86] 

Abe 1:1:1:2 
et al. [1] 

Zheng 4:3:3:4 
et al. [90 j 

Liu 1:1:1:2 
e-t al. [39] 

Oka 2:2:1:2 
et al. [54] 4: 3: 3 : 6 

Tatsumisago 1.5:1:1:2 
et al. [73] 2.7:1:1:2 

1.5:1:1:2 
2.7:1:1:2 

Hinks 2:2:2:3 
et al. [26] 

Yoshimura 2:2:2:3 
et al. [87] 

Chauduri 4:3:3:4 
et al. [9] 

twin roller 

liquid 
nitrogen 

rapid mel ting 
+twin roller 

pumping in 
glass tubes 

splat 
quenching 

splat 
quenching 

lce water 

twin roller 
twin roller 
splat 
quenching 

splat 
quenching 

rapid mel ting 
+twin raller 

splat 
quenching 

X-ray pattern 
hala's crystalilne 

posi tlon phases 

30 

30 

30 

30 

20,30 

30 

30 

CaO 

unidentified 
phas€(s) 

Cu20+umd. 
phase(s) 

20, 30, 50 CaO 

30 

20,30 

umdentifled 
phase(s) 

20,30,50 CaO 

20,30 

, 
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( Shi 2:2:2:3 splat 
et al. [68] 2:2:3:4 quenching 

2:2:4:5 

Zeng 1.5:1.5:1:2 splat 30 
et al. [89] 1.5:1.5:1:2 quenching 30 

2:1.5:1.5:2 30 

Shi 2:2:2:3 splat 30 
et al. [67J 2:2:3:4 quenching 30 

2:2:4:5 30 

Takei 2: 2: 1: 2 splat 30 
et al. [72] quenching 

Naasall 2:2: 1: 2 twin raller 107 30 
et al. [ 51] 2: 2: 1: 2 30 

4:3:3:4 30 
4:3:3:4 30 
2:2:2:3 30 
2:2:2:3 30 

Gonçalves 2:2:2:3 splat 
et al. [ 21] quenching 

Zhiyi 1:1:1:2 splat 30 
et al. [92] quenching 

Tohge 2:2:2:3 twin raller 106 30 CaO 
et al. [74] 

1 
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Table 8. Summary of rap1d solidificatlon studies (cont1nuedl. 

Thermal analysis. 

reference technique TG Tx other exo peaks endo rate 

(K) (K) ( K) (K) (K/mlnl 

Komatsu 
et al. [35 ] 

Komatsu OTA 700 765 904 1041,1156 '5 
et al. [ 36] 

Minami OTA 663 717 823(broad) 10 
et al. [50] 

Inoue ose 680 725 40 
et al. [28) <680 730 40 

Garzon ose 728 10 
et al. [ 18] 

Shimomura 
et al. [69] 

Kanai OTA 783 983, i 053 5 
et al. [33) in air 1148,1193,1243 

Yoshimura OTA 700 749,779 1133 
et al. [86] 

Abe 
et al. [ 1 ) 

Zheng OTA 707 751 >1106 10 
et al. [90) 

Liu 
et al. [39] 

Oka OTA 703 773 (broad) 10 
et al. [ 54] 708 773 (broad) 10 

Tatsumisago ose 679 725 20 
et al. [73 ] in helium 652 718 20 

684 739 20 
660 730 20 

Hinks OTA 723 843,1075 1050,1160,1173 10 
et al. [261 in oxygen 

Yoshimura OTA 683 750 785 10 
et al. [871 in air 

ehauduri OTA 747 
et al. [9] .. 

~ 
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1- Shl 
et al. [68] 

Zeng DTA 750 780, 1 125 10 
et al. [89] 730 10 

761 10 

Shi DTA 666 120 " 55 2 
et al. C67] in air 636 710 755 1193 2 

679 755 1~53 2 

Takei DTA 725 112:5 10 
et al. [72 ) ln air 

Nassau DTA in 
et al. [ 51 ) oxygen 683 723 753,813,883,1013 1103 10 

nitrogen 683 723 753,843 1083 10 
oxygen 683 733 753,793,903 1133 10 
nitrogen 683 723 743,843 1023,1083 10 
oxygen 683 723 773,803,893,1013 1123 10 
nltrogen 683 723 723,843 1033,1093 10 

Gonçalves OTA 693 743 775,793 5 
et al. [ 21} 

Zhiyi 
et al. [92] 

Tohge 
et al. {74] 
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Table 9. Summary of rapid solidification st.udies (end). .. 
Resistivity measurements. 

reference tregtment T~(Onset) T Tc(zero) JA(77~) 
( C) ( ) (~) (K) Icm 

Komatsu 800 110 80 102 
et al. [ 35] 24 hours 

in oxygen 

Komatsu 820 83 65 
et al. [ 36] 24 hours 

in oxygen 
+quenching in liquid nitrogen 

Minami 850 88 
et al. [ 50] 2 hours 

Inoue 
et al. [ 28] 

Garzon 820 85 
et al. [ 18] 1 hour 

in oxygen 
+quenchlng in air 

Shimomura 880 90 60 220 
et al. [ 69] 6 hours (4. 2K) 

Kanai 840 120 80 
et al. [ 33] 5 hours 

in air 
3000/min heating and cooling 

Yoshimura 850 86.8 66.7 
et al. [86) 36 hours 

in air 

Abe 840 maximum 
300/mm 

62 
et al. [1] (temperature gradient 0.1mm/min) 

Zheng 800 100 45 
et al. [90] in air 

Liu 860 107 
et al. [39] 2 hours 

in air 

Oka 
et al. [54] 

Tatsumisago 
et al. [73] 

Hinks 830 110 80 
et al. [ 26] 12 hours 

<ft-

\.~ 
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t Yoshimura 880 1 1 1 
et al. [87 ] 1 hour 

in alr 

Chauduri 800 100 85 1 .5 
et al. [91 12 hours 

ln air 
+slow cooling 

Sbi 870 ln air 
et al. [68] 16 days 110 80 

16 days 110 80 
10 days 110 100 

Zeng 8i3 98 72 
et al. [89 ] e24 101 90 

823 90 55 
130 hours 
in air 
+liqUld nitrogen 

Shi 870 in air 
et al. [67 ] 12 hours 85 

10 da ys 110 105 

Takei 800 84 80 55 
et al. [72 ] 

Nassau 
et al. [51 ] 

Gonçalves 820 95.5 1 
et al. [21 ] 72 hours 

in air 

Zhiyi 810 107 
et al. [92] 860 107 

920 95 
30 min~tes 
in air 
+rapid cooling 

Tohge 860 96 86 
et al. [74 ) 4 hours 

in air 
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Table 10. Dlffractlon data for sample mliled 48 hours and heated 
to BOOK at 20R/min in argon. 

angle d intensity phase h k l 

29,66 3,0097 100,0 CUblC 0 

42,49 2,1258 26,8 cubic 2 0 0 

52,66 1,7368 46,7 cubic 2 

61,57 1,5050 17,7 cubic 2 2 0 

69,88 1,3450 10,9 cubic 3 0 

78,18 1,2217 4,1 CUblC 2 2 2 

85,30 1,1370 10,5 cubic 3 2 

d-spacings in angstroms 

cubic = body-centered cubic phase (see section 5.2.3) 
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.. Table 11 . Dlffractlon data for sample milled 48 hours and heated 
to 1000K at 20K/min in argon. 

angle d lntensl ty phase h k l 

21,79 4,0753 10,5 2201 0 0 6 

23,65 3,7589 2,0 2201 

25,82 3,4477 56,5 2201 3 

29, 19 3,0568 24,6 2201 0 0 8 

29,74 3,0016 100,0 2201 5 

32, 16 2,7810 3,6 unidentlfied 

33,27 2,6907 70,1 2201 2 0 0+ 

34, 15 2,6234 2,8 2201 2 0 2+ 

34,82 2,5744 6,5 2201 7 

35,53 2,5246 20,5 CuO T 1 1 
0 0 2 

36,86 2,4365 16,5 2201 0 0 10 

37,30 2,4087 16,3 CaO 

38,72 2,3236 25,1 CUO 1 1 1 
2 0 0 

40, 14 2,2446 4,8 2201 2 0 6+ 

44,51 2,0339 5,6 2201 superlattice 
reflection 

44,86 2,0188 43,5 2201 2 0 8 

45,41 1,9956 2,4 2201 :2 7 

47,35 1,9183 29,5 2201 11 

47,79 ',9016 33,8 2201 2 2 0 

48,75 1,8664 7,7 CUO 1 0 2 

50,66 1,8004 20,3 unidentified 

53, 11 ',7230 2,3 2201 2 2 6 

53,79 ',7028 12,4 unidentified 

54,41 ',6849 10,9 2201 13 

55,12 ',6648 17,4 2201 3 3 
., 57,12 1,6112 39,9 2201 2 2 8 1 



96 

57,32 1,6061 26,1 2201 3 5 .. 
58,06 1,5873 7,0 2201 ° 3 7..-

59,95 1,5417 7,4 umdentl fied 

60,46 1,5299 5,9 2201 0 0 16 

61,65 1,5032 6,6 2201 2 2 10 

64,07 1,4522 2,3 

64,94 1,4348 0,4 

66,06 1,4132 14,4 

67,30 1,3901 7,6 

68,08 1,3761 10,1 

69,73 1,3475 30,2 

70,94 1,3274 5,1 

74,21 , ,2768 3,7 

75,38 1,2599 20,8 

77,79 1,2268 22,0 

79,67 , ,2025 18,2 

80,48 1,1924 5,4 

86,98 1,1192 11 , 4 

91,37 1,0765 7,0 

96,69 1,0309 17,4 

99,11 1 ,0122 13, 1 

d-spacings in angstroms 

no standard is available for d-spacings below 1,5000 
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t Table 12. Diffraction data for sample milled 

to 800K at 20K/min in oxygen. 

angle d intensity phase 

17,63 5,0279 10,2 hexagonal 

29,88 2,9876 14,3 cubic 

30,71 2,9089 100,0 hexagonal 

35,43 2,5315 12,6 CuQ 

38,53 2,3347 16,2 CuQ 

42,78 2,1120 2,2 cubic 

44,08 2,0526 18,4 hexagonal 

53,44 1,7130 11,0 cubic 

54,65 1,6780 19,5 hexagonal 

61,54 1,5056 6,5 cubic 
hexagonal 

d-spacings in angstroms 

hexagonal = hexagonal phase 

97 

48 hours and heated 

h k 1 

1 0 0 

0 

1 1 0 
1 0 1 

ï 1 1 
0 0 2 

1 1 1 
2 0 0 

2 0 2 

2 0 

2 

1 0 2 
3 0 0 
2 1 1 

2 2 0 
3 0 1 
1 1 2 
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Table 13. Diffraction data for sample milled 48 hours and heated to 
l 1000K at 20K/min in oxygen. 

angle d intensity phase h k 1 

7,17 12,3187 6,6 2201 0 0 2 

16,80 5,2729 7,8 2201 0 1+ 

17,55 5,0492 9,2 2201 superlattice 
reflection 

19,54 4,!;392 10,1 2201 0 3 

19,79 4,4825 5,2 2201 0 3 

21,75 4,0827 23,9 2201 0 0 6 

23,70 3,7511 7,2 2201 

24,91 3,5715 10,6 2201 0 5+ 
2212 1 3 

25,87 3,4411 80,8 2201 3 

26,62 3,3458 5,2 2212 superlattice 
reflection 

27,51 3,2396 15,6 2212 5 

27,97 3,1873 4,0 unidenti fied 

29,17 3,0589 26,3 2201 0 0 8 

29,78 2,9976 100,0 2201 5 

30,37 2,9407 18,2 2201 0 7+ 

30,79 2,9015 28,1 2212 7 

31,04 2,8787 32,8 (Sr, Ca) 14Cu24041 2 4 0 

31,90 2,8031 12,4 unidentified 

32,73 2,7339 13,3 2212 2 0 0+ 

33,38 2,6821 65,1 2201 2 0 0+ 

34,21 2,6189 2,4 2201 2 0 2+ 

34,73 2,5809 4,2 2212 0 0 12 

34,88 2,5701 4,3 2201 1 7 

35,47 2,5287 17,0 CuQ T 1 1 
0 0 2 

35,96 2,4954 0,9 unidentified .. ... 
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" 
36,64 2,4506 5,5 2201 0 0 10 

2212 superlattice 
reflection 

37,02 2,4263 2,4 2201 superlattice 
reflection 

37,34 2,4062 3,7 CaO 1 

38,66 2,3271 18,6 CuO 1 1 1 
2 0 0 

2201 1 2 2 

40,24 2,2393 6,3 2201 2 0 6+ 

43,52 2,0778 7,5 2201 superlattice 
reflection 

44,40 2,0386 25,1 2212 2 0 10+ 

44,94 2,0154 28,6 2201 2 0 8+ 
2212 1 1 13 

45,76 1,9812 0,8 2201 2 7 

46,51 1,9509 2,0 unidenti f ied 

41,37 1 ,9175 18,3 2201 1 1 11 
2212 2 2 0 

47,96 1,8953 22,9 2201 2 2 0 

48,6S 1,8700 ~,6 CuQ '2' 0 2 

50,96 1,7905 ~1,5 unidentified 

52,35 1,7462 5,4 unidentified 

53,30 1,7173 5,1 2201 2 2 6 

54,40 1,6852 8,0 2201 13 

54,95 1,6696 19,1 2201 3 3 

55,34 1,6587 10,5 2201 3 3 
2212 3 5+ 

56,12 1,6375 7,0 unidentified 

57,22 1,6086 15,0 2201 2 2 8 

57,50 1,6015 14,3 2201 3 5 

58,01 1,5886 21 ,7 2201 0 3 7+ 

59,52 1,5518 3,7 unidentified 

60,56 1,5276 8,1 2201 0 0 16 
2212 1 3 9+ 

.,. 61,85 1,4988 6,8 
~ 
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li> 
63,93 1,4550 10,7 

67,47 1,3870 2,0 

69,73 1,3475 6,8 

70,18 1,3399 2,8 

71,05 1,3257 3,4 

79,98 1,1986 2,4 

80,87 1,1876 7,7 

84,28 1 , 1 481 3,1 

89,24 1,0966 9,5 

d-spacings in angstroms 
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.( Table 14. Diffraction data for sample m~lled 48 hours and annealed 20 
hours at 1125K in oxygen. 

angle d intensity phase h k 1 

5,75 15,3573 40,9 2212 0 0 2 

16,63 5,3264 12,3 2212 superlattice 
reflection 

16,97 5,2205 11 , 1 unidentified 

17,32 5,1157 3,3 unidentified 

18,56 4,7767 3,6 unidentified 

20,52 4,3246 3/0 unidentified 

23/14 3/8406 90/9 2212 0 0 8 

24/86 3,5786 47/3 2212 3 

25/92 3/4346 0/7 unidentified 

27/22 3/2734 8/3 unidentified 

27/48 3/2431 100/0 2212 5 

27/99 3,1851 11/8 unidentified 

28/45 3,1347 7/2 2212 superlattice 
reflection 

29,13 3,0630 54,7 2212 0 0 10 

29,65 3/0105 3,7 2212 superlattice 
reflection 

30,81 2/8997 20,8 (Sr, Ca) 14Cu24041 2 4 0 

31 ,01 2,8815 98,4 2212 7 

31,46 2,8413 8,1 unidentified 

31,83 2/8091 1,2 unidenUfied 

32,33 2,7668 13,8 unidentified 

32,78 2/7298 18,7 unidentified 

33,14 2,7010 94,1 2212 2 0 0+ 
(Sr, Ca) 14Cu24041 3 1 1 

33,70 2,6574 17,4 2212 0 2 2+ 

35,20 2,5475 60,7 2212 0 0 12 

35,49 2,5273 4,7 CuO T 1 1 
( 0 0 2 
:. 
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" 
35,92 2,4980 1,6 unidentihed 

36,94 2,4314 14,0 2212 superlattl.ce 
reflectl.on 

37,52 2,3951 5,6 unidentl f led 

38,42 2,3411 7,3 unidentified 

38,73 2,3230 4,1 unidentified 

38,84 2,3161 2,4 CuQ 1 1 1 
2 0 0 

39,79 7.,2635 1 ,6 unidentified 

40,66 2,2171 3,0 unidentified 

40,85 2,2072 5,2 2212 0 2 8+ 

41,26 2,1862 1,8 (Sr, Ca) 14Cu24Q41 4 4 0 

43,48 2,0796 9, 1 unidentihed 

44,72 2,0248 22,8 2212 2 0 10+ 

44,95 2,0150 76, 1 unidentified 

45,20 2,0044 2,4 2212 13 

47,58 1,9095 48,6 2212 2 2 0 

48,73 1,8671 0,3 CuQ ~ 0 2 

49,19 1,8507 14, 1 2212 2 0 12+ 

50,62 1,8018 38,3 2212 15 

51,47 1,7740 7,4 unidentified 

52,98 1,7269 0,5 unidentlfied 

53,55 1,7099 7,4 2212 superlattice 
reflection 

54,46 1,6834 1,1 2212 3 3+ 

54,88 1,6715 1,2 unidentified 

55,99 1 ,6410 41 ,4 2212 3 5+ 

56,73 1,6213 13,4 2212 2 2 10 

57,90 1,5913 31,8 2212 3 7+ 

58,80 1,5691 14,8 2212 superlattice 
reflection 

59,72 1,5471 2,4 unidentified .. 60,54 1,5281 32,1 2212 3 9+ 
"lt 
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l. 67,89 1,3794 6,2 

68,97 1,3605 3,7 

69,59 1,3498 14,8 

70,86 1,3287 12,5 

72,12 1,3086 5,5 

79,35 1,2065 7,0 

80,40 1,1934 7,9 
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Table 15. Calculated X-ray intensities from a bcc structure for varlOUS 

chemical composl tions'. 

occupancy of the (0,0,0) and calculated X-ray peak intensltles 

the (1/2,1/2,1/2) equivalent site 110 200 211 220 310 

Bi 100\ 100 20 43 14 10 

Ca 100\ 100 18 36 11 7 

Bi 50% 

Ca 50% 100 19 42 13 9 

Bi 33\ 

Sr 33\; 

Ca 33\ 100 19 41 13 9 

Bi 25\ 

Sr 25\ 

Ca 25\ 

Cu 25\; 100 19 41 13 9 

Using the procedure described by Warren [78], neglecting the effect 

of thermal vibrations, and using a polarization factor appllcable 

to our experimental apparatus. 
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