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田園且

1. INTRODUCTION 

1.1. Superconductivity and its applications 

When e1ectrica1 current f10ws through a meta1， part 

of the e1ectrica1 energy is 10st as Jou1 heat because 

any meta1 has an e1ectrica1 resistance. Genera1ly， the 

resistance decreases when the ambient temperature is 

lowered. A residual resistance resu1ting from impurities 

and defects， remains even if the metal is cooled down to 

o K. 

However， in some metals， the resistance falls to 

zero at a well-def斗ned temperature. This strik.ing 

phenomenon is called superconductivity and the 

temperature at which a material transforms from its 

normal state to the superconducting state is called the 

transition temperature， Tc ・Superconductivity was first 

discovered in mercury by Kamerlingh-Onnes 1n 1911.1) 

Since then it has been discovered in many metals， a1loys 

and even oxides. 

In a ring made of the superconducting material， the 

closed current set up in it will f10w permanent1y 

without any decay. This is an obvious consequence of the 

zero resistance. 

The superconducting material 1s able to transmit 

power without any transmission 10ss or to generate 

strong magnetic field by winding inヒoa many-turns coil. 
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1n an ordinary magnet made of copper wires， large amount 

of power is consumed to maintain the magnetic field. 1t 

turns to Joul heat and accumu1ates in the magnet. As the 

result a great quantity of water is used to cool the 

magnet. Because of this reason， the obtainab1e magnetic 

field with an ordinary magnet is a1so 1imited. As a 

matter of fact， very strong magnetic fie1ds > 10 

Tesla) are usua11y obtained with magnets made from 

superconducting materials. 

工nitself， the vanishing of the resistance has not 

yet lead to a goOO understanding of the phenomenon of 

superconductivity. 1n fact， in a perfect conductor， i.e. 

an エdeal meta1 without any impurities or defects， the 

resistance can be regarded as zero. The important 

discovery， in this respect， is the so-called Meissner 

effect， discovered by Meissner and Ochsenfe1d in 1933.2) 

This effect shows the difference of behaviour between a 

perfect conductor and a superconductor， in the presence 

of a magnetic field. 

Figure 1.1 shows the variation of the magnetic 

induction in the interior of a 10ng solid cylinder of a 

superconductor when the applied field H is parallel to 

the axis of the cylinder. When the fエeld is increased 

from zero to a certain field Hc' surface currents 

suppress the penetration of the field and the induction 

B is zero in the interior of the sample. Up to now the 

superconductor behaves exactly like a perfect conductor. 

2 
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At H=Hc the superconductor becomes a normal conductor 

and therefore the field penetrates and 8 becomes equal 

to Hc' Let the applied field now be lowered below Hc・ 工f

the superconductor were a perfect conductor， the induc-

tion would be maintained to the value B=Hc by the 

surface currents. 1n practice， however， it is found that 

the superconductor expels the field and that 8=0 for 

O<H<HC・

Thus， at a given temperature T<Tc' an ideal 

superconductor expels any field H<Hc. This does not 

depend on the previous history of the specエmen，1.e 

whether it is first cooled and the field then switched 

on， or the field switched on and the temperature 

reduced. The superconductor behaves as a perfect 

diamagnet. A detailed study shows that the field falls 

off exponentially inside the superconductor as shown in 

Fig. 1.2. 

The Meissner effect proves that the 

"superconducting" state エs a reversible eguilibrium 

state， a stable thermodynamic one. 

The reversibilェty of the expulsion of a magnetic 

field from an ideal superconductor implies that the 

transition between normal and superconducting state is 

reversible in T， H and p， where p is the pressure. 

However， superconductors undergo only very small volume 

changes and the pressure dependence can be neglected. 

Thus the two phases are separated by a threshold curve 

4 
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H=HC(Tl. HC(T) has approxirnately a parabolic variation 

with T， i.e. 
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For T>Tc the material is normal even in zero field. 

utilizing the superconductェngproperty， there are 

many technical applicatェonsas follows. 

Superconducting wires can be used for power 

transmission. Because of the zero resistance， it is able 

to transport and distribute large blocks of power 

efficiently at a low cost. 

Superconducting coil can act as magnet. It can be 

used in thermonuclear fusion research， NMR and medical 

science etc.. 工tis also expected to bring revolutionary 

changes to transportation by introduction of the so-

called linear motorcar and superconducting electro-

magnetic thrust ship. 

Besides， superconductor can be used in motors， 

generators， computer devices， magnetometers and rnany 

other specific applications. Applying superconductivity， 

great progresses in energy， transportation， information， 

medicine and a lot of specific fields of science and 

technology can be achieved. 

5 
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1.2. History of superconductors 

Superconductivity had 10ng been regarded as a 

phenomenon be10nging to the 10w temperature physエcs. 1n 

fact， unti1 1986， the transition temperature Tc had 

remained below 25 K with an enhancing 日 te of ...... 0.3 K 

per year in spite of continuous efforts. 

Because of the 10w Tc' liquid he1ium must be used 

to coo1 the superconductors in practica1 uses. As widely 

known， helium is a rare re50urces in limited areas and 

the C05t i5 very high. Therefore， the practical 

applications are largely limited. 

One important question arises. Are higher TcS 

avaェlable?And how does the superconductivity occur? 

Bardeen， Cooper and Schrieffer (BCS) gave a 

theoretical explanation for the superconducting 

phenomenon in 1957.3) An abstract can be made as 

follows. Superconductiv斗ty occurs when electrons of 

Fermi particles are coup1ed into pairs (Cooper pair) 

which are Bose particles. 1n a s01id state material， 

thi5 pairing i5 realized by the intermediation of 

1attice vibration (phonons). The displaced ion5 induced 

by one electron attract5 the other electron. However， 

this coupling i5 destroyed at temperature Tc at which 

the random thermal movement of ion5 increases to an 

extent large enough to destroy ヒhe ordered lattice 

vibraヒェon.

6 
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According to the BCS theory， the transition 

temperature Tc can be expressed as 

Tc-⑪oexp[-1 /N(O)VJ. ( 1 • 2 ) 

Where ⑪o is Debye temperature which corresponds to the 

average energy of phonons. N(O) is the state density of 

electrons in Ferrni surface， and V can be viewed as the 

attraction force between the two electrons in a Cooper 

pair. 

With higher⑪0' N(O) and v， higher T
c 
could be 

obtained. However， these three pararneters are correlated 

to each other. Thus it is difficult to raise them at the 

sarne tirne. According to the BCS theory， the upper limit 

of Tc exists at -~/1 0=30-40 K. 

All kinds of superconductors had been explained 

successfully by the BCS theory and the upper limit of T
c 

had been never bどoken. However， a revolutionary break 

through came in 1986. First， Bednorz and Mul1er reported 

a Tc of 30 K in a La-Ba-Cu-O compound.4) Since then 

surprising high TcS have been achieved in rnany other 

oxide compounds， bringing a brand new age to the modern 

science and technology. Within only three years， the 

critical temperature Tc has been rocketed to a value as 

high as '20 K. 5) These high Tcs clearly exceed the 

predicted lirnit in the BCS theory. Other mechanism of 

the electrical carrier coupling are explored widely. 

7 
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A11 of the newly discovered high-Tc superconductors 

have simi1ar structures being characterized by a Cu-O 

based perovskite type. Among them， YBa2Cu30x is a 

representative one which has very steady superconducting 

state be10w 90 K.6) Because of the high Tc' areas of 

app1ication are greatly extended. The merit of such a 

high Tc is that the superconducting state can be 

obtained by liquid ni trogen coo1ing. Un1ike he1エum.

nitrogen can be easi1y separated from the air at a much 

10wer cost. 

1n Fig. 1.4， history of the Tc increase is i11us 

trated. 工nFig. 1.5， the perovskite structured YBa2Cu3ox 

is shown. 

8 
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1.3. Properties of type II superconductors 

1.3.1. Magnetic properties 

1n a superconductor， the magnetェc property is as 

important as the zero resistance. The magnetic behaviour 

quiヒe differs in a pure metal， an alloy or an oxide 

compound. 

For a pure metal superconductor， when external 

magnetic field H<Hc is applied， the magnetic flux is 

expelled completely from the inside of the supercon 

ductor (as described in section 1.1.). When H exceeds 

Hc' the diamagnetism disappears and the superconductor 

transforms into a normal conducting state. This kind of 

superconductor is called type 1 superconductor. 

Meanwhile in alloys or compounds， there aどe two 

critical magnetic fields， Hc1 and Hc2・ When H < Hc1 or 

H>HC2' the superconductor exhibits magnetic behaviour as 

same as tha t in a type 1 superconductor. However， for 

Hc1 <H<Hc2' flux gradually penetrates into the sample， 

but even at the thermodynamic equilibrium this flux is 

smaller than that in the normal state. A new state 

appears in which a lattice of quantized flux-enclosing 

supercurrent vortices is formed: this state is commonly 

called the "mixed state". 

A schematic variation of the magnetization versus 

the field H and the flux lattice in a type 1工

11 
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b) An illustration of the "mixed state" io a 
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5mall radius (quantized fluxes) are 

embedded in a superconducting matrix (by 

Essmann and Trauble7)). 
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superconductor are shown in Fig. 1.6. 

Hc1 is normally smaller than the thermodynamic 

critical field Hc' Hc in a type I superconductor is 

generally lower than 0.1 Tesla， while HC2 io type II 

superconductors can be as high as more than 10 Tesla.8) 

Hence 孟npractical applications， type 工工 superconductors 

are widely used. 

1.3.2. Critical current density 

As a consequence of the existence of Hc(T)， there 

is a critical current density Jc(T) which drives the 

superconductor into the normal state. A current density 

JC(T) produces a magnetic field Hc(T} at the surface of 

the superconductor. 

Therefore there are three critical parameters for a 

superconductor， Tc' Hc(T) and Jc(T)， each of them is 

correlated to other ones. Superconducting state exists 

only in an enclosed T-HーJ space. 工n Fig.1.7， the 

situation for a type II superconductor is shown. High 

value of each cri tical parameter is necessary for 

practical applications: high Tc makes the cooling easy， 

Hc2 implies the ability to generate hエghmagnetic field， 

high Jc is necessary for the production of high field 

and the minimization of the superconductor magnet. 

It has been described that 1n type 工工

superconductocs， superconductivity may exist in very 

， 3 
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high fie1ds (Hc2>10 Tes1a). Therefore the critica1 

current density Jc might a1so be expected to be very 

high. Actually， for thermodynamic equilibrium this 

critica1 current density is sma11er than that of a type 

1 superconductor having the same critica1 fie1d Hc・

This can be seen by calcu1ating the theoretica1 

curどentdensity Jc for a cylinder of radius a in which a 

current 1 flows para11el to the axis. At the surface of 

the cylinder， the field is 

H(a)=工/2πa. ( 1 • 3 ) 

For a type 1 superconductor， when 1 exceeds the 

va1ue 

IC(工)=21TaHc' ( 1 • 4 ) 

where工c is the critical current from which the critical 

current density Jc can be obtained， the cylinder must 

become a normal conductor c10se to the surface， and the 

f10w of current is accompanied by heat dissipation. 

For a type 11 superconductor， as 10n9 as 1/2πa < Hc1 ' 

the Meissner effect is perfect and the current flows in 

a region c10se to the surface of width ^ whエch is the 
penetration depth of the fie1d. When H(a) exceeds H

c1
' 

dissipation of energy occurs， and the critical current 

1C(II) is given by 

15 
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工C(II)=21τaHc' (1.5) 

This critical current 1s smaller than Ic(工)， as 

H_1 <H c1''''c' 

The fact that 工c(工工 1sgiven by (1.5) follows from 

the fact that for H>Hc1' type 11 superconductors are in 

the "mixed state" which can be roughly pictured as an 

array of normal regions of 5mall radius (quantized flux) 

embedded in a superconducting matrix (see Fig・1. 6 ). As 

500n as 1 becomes greater than Ic(工工)， fluxes appear on 

the surface of the cylinder. They penetrate into the 

cylinder and receive a Lorentz force of JxB because of 

the current flow. When the fluxes move， electrical field 

appears and heat is released. 

To obtain currents higher than Ic(II) it 1s 

necessary to hinder the displacement of the fluxes. 

Structural defects，エmpuritiesor dislocations are used 

to pin the flux filaments. 1n polycrystalline type 11 

superconductors graエnboundaries also act as pins. 

Type 11 superconductors with pinning centres are of 

great technical interest because they can be used in the 

fabrication of superconducting magnets to produce fields 

of the order of 10 Tesla. strength of the pinning can 

be enhanced by エncreasing the densi ty of pinning 

centres. As 10ng as the fluxes are pinned， it 1s 

possible for great DC current to flow without heat 

1 6 
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dissipation. In fact， this property has been utilized 

widely for the conventional superconductors. For example 

in the widely used Nb-Ti wires， defects are 

intentionally created by cold working and heat treatment 

to act as pinning centres. The critical current density 

Jc can be greatly enhanced (as shown in Fig. 1.8). 

17 
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1.4. Critical current density in hiqh-Tc superconductor 

YBa..Cu..O 2.........3 

As described in the former texts， high critical 

current densities at the level of magnetic field needed 

for specific operation， e.g. superconducting magnet，ェs

an ユmportant prerequisite for the applications of all 

kinds of superconductors. The discovery of the high-Tc 

superconductor YBa2Cu30x (Tc=90K) created hopes for a 

much broader breakthrough for superconductivi ty 

applications because of its high Tc. 

For a type 11 supeどconductorlike YBa2Cu30x' it is 

necessary to have pinning centres in the superconductor 

in order to obtain high critical current densities. 

Actually a rather high critical current density is 

predicted for YBa2Cu3ox in which structural defects and 

twins are suspected to behave as pinning centres. 

Matsushita et al.10) estimated the possible Jc as shown 

in Fig. 1.9. Even at a high temperature of 77 K， 

YBa2Cu3ox can compete with the conventional low Tc 

superconductor Nb-Ti. As a matter of fact， critical 

current densities as high as 106 A/cm2 at 77 K have been 

observed io single crystals and epitaxially grown thin 

films.11，12) 

1n practical applications such as superconducting 

magnets， bulk materials must be used. However， the 

critical current densitエesin YBa2Cu30x bulk ceramics 

1 9 
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2... J __2 are very 10w， having a magnitude of -10"'Ajcm'" at 77 K 

without externa1 fie1d.13) This is far from the 1eve1 

obtained 孟o the conveotiooal supercooductiog materia1s 

io use. Two dominating reasons are known to be 

responsible for the 10w Jcs. 

One resu1ts from the anisotropic property of the 

critica1 current. The hエgh-Tc superconducti vi ty occurs 

in the two-dimensiona1 Cu-Q (a-b) planes (see Fig. 1.5)， 

producing a strong anisotropy in the superconducting 

property.l 4) 工n sintered ceramics， crysta11ine grains 

are near1y random1y oriented， thus the transport super 

currentェ5 much reduced. 

The other reason for the 10w Jc exists in the 

intergranu1ar boundaries of the ceramic samp1e. Compared 

with the intragraエn sections， the intersections are 

weak1y coup1ed because of misfit dislocations and second 

phases in the boundaries. The weak coup1ed j unctions 

obstruct the supercurrent and the weak links are easi1y 

penetrated by magnetic fluxes， thus bring a quick Jc 

deterioration in the magnetic fie1d. The weak coupling 

is related to the fundamenta1 property of the high-Tc 

superconductors. 

1n section 1.1， it is described that the 

superconducti vi ty occurs when e1ectrons (or holes) are 

coupled to form electron (or hole) pairs. The range of 

the coupling is cal!ed the coherence length as denoted 

by ~. The coherence length within which the 

21 
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superconducting coupling can occur， is only several nm 

1 5 ) in YBa2Cu30x or other high-Tc superconductors.'''') I This 

is smaller than the weak link range (-0.1μm). While for 

conventional low-Tc superconductors the coherence 

lengths have the magnitude of 1μm. Because of the 10ng 

coherence 1ength， the grain boundaries in po1y-

crysta11ine Nb3Sn and V3Ga behave as pinning centres 

rather than obstruct the supercurrent. 

工n wires of YBa2Cu30x' although the ceramic 

partic1es are close packed with a very high density as 

the resu1t of the wiring process， poor Jc characteris-

tics are exhibited (Fig. 1.10). Especially the deterio-

ration in externa1 fie1ds at 77 K is undesirable. 

Some efforts have been made to improve the low 

critical current density by enhancing the grain 

orientation and the packing density. Farre1l et al. 

improved the c-axis orientation by the use of a 

"fie1d-inducing" method.17) Grader et al. reported a 

superficia1 Jc of -3000 A/cm
2 (77K， zero field) エna hot 

pressed samp1e.18) 工t shou1d be a1so mentioned 七hat

recent1y a rnethod of me1ting growth was deve10ped by Jin 

et al. (Jc=17000 A/crn2 at 77 K， zero fie1d)19)， and 

rnodified by Murakarni et al. (Jc=35000 A/crn
2 at 77 K， 

lT).20) Large crysta1s as 1arge as 10 mrn are grown with 

the high-temperature me1ting. Reduced granularity is 

reported to be the origin of the much improved Jcs. 

1n summary， the sェtuationconcerning the crェtical

22 
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current density in YBa2Cu30x ceramics is still far from 

satisfying. Beside many irreplaceable merits， the 

ceramic materials are easy to manufacture at very low 

costs. However， high critical current densities would be 

available if the poor orエentationand weak links of the 

grains were improved， because single crystals or 

epitaxial films have very high Jcs. 

The present paper aims to improve the critical 

current densi ty in YBa2Cu30x ceramics by enhancing the 

oriented alignment of crystalline grains and the 

intergranular coupling. Original methods of "mechanical 

aligning" and "grain coating" are developed for these 

purposes. A maximum critical current of 4200 A/cm2 is 

obtained at 77 K as the result of oriented alignment and 

close packing which is realized by the mechanical 

aligning method. The weak intergranular coupling also 

seems to be improvable by the grain coating method. The 

experimental details and results will be described in 

following chapters. 

A general outline of the present paper is given as 

follows. 

24 
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1.5. Outline of the present paper 

The present paper consists of 6 chapters: 

Chapter 1 gives a brief introduction to 

supercond uc七五vity and high-Tc superconductors. The 

actual state-of-the-art and the remaining problems for 

practical applications of the high-Tc superconductors 

are reviewed from the engineering point of view. 

Chapter 2 presen七5 a "mechanical aligningtt method 

for preparation of highly oriented YBd2CU30x ceramics 1n 

order to improve the Jc characteristics. Experirnental 

results concerning the critical current density are 

reported. 

In Chapter 3， effect of the "mechanical aligning" 

on the microstruc七uresエ5 clarified by a combined study 

of experiments and theoretical analyses. The enhancement 

in Jc is explained by analyzing the correlatエon between 

Jc and the extent of dense packing. 

1n Chapter 4， An irreversible property of the 

critical current density is discussed. A comparison 

study shows that the weak coupling between oriented 

blocks is responsible for this irreversibili ty and 

hinders the realization of higher critical current 

densities. 

1n Chapter 5， a "grain coating" method is presented 

to improve the intergranular coupling. Promising results 

are observed. 

25 
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Finally， in Chapter 6， important results as well as 

remaining problems aどesummarized. 

26 



2 • 1MPROVEMENT OF CR工T工CALCURRENT DENS1TY 1N 

POLYCRYSTA工.L1NEYBaZCU)OX CERAM1CS 

2.1. 1ntroduction 

Since the discovery of high-Tc oxide 

superconductor， 4，6) much research has been made on the 

ceramic materials. Due to these efforts， it became clear 

that the superconducting property could be affected by 

the preparation process of the ceramic material. 1n 

particular， the critical current density Jc varies 

extensively according to different preparations. 

However， Jc value of samples prepared by conventional 

techniques remains low (e.g. not more than a few hundred 

A/cm2 (77K) at zero field for YBa2Cu3ux 13)). 

Nevertheless， this low Jc could be improved if high 

orientation and close packing of crystalline grains were 

obtained， because single crystals grown from melt have 

11 ) very high Jcs. 

We have tried to improve Jc by developing a 

"mechanical aligning" method which involves "large 

crystallite growthlf and "vibrational alignment of 

crystalline grains under a fixed boundary".21，22，23) 

Large crystalli tes are employed to take advantage of 

their anisotropic morphology on cleavage and the 

vibration is intended to align these crystals to achieve 

dense and ordered packing. The an1sotropic morphology 1s 
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strong in the large crystallites in which crystals grow 

preferentially in the a-b planes， therefore c-axis 

oriented alignment of the grains will be obtained by 

uniaxial pressing. An intermediate vibration before the 

pressing promotes the inclined c-axis orientation. 

In the following text， preparation of highly 

oriented YBa2Cu30x ceramics by this technique wil1 be 

described. Results of Jc measurement will be also 

reported. 
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2.2. Experimental details 

Powders of Y203 (purity:99.9‘)， BaC03 (99も)， dnd 

CuO(95も were mエxed by molar ra tio 1・2:3， calcined at 

900 oC for 12 hours， pelletized and heated agaエnat 900 Oc 

for 6 hours. 1¥11 heat treatments here and below were 

carried cut in oxygen gas flow (0. 31/min). The pellets 

were ground， repelletized， heated at 1000 OC for 60 

hours， and finally ground into individual crystalline 

grains. A maj or part of these ground grains were 10n9 

rectangular plates， with grain size ranging from - 10 ~ m 

up to -100μffi. One of the large grains is shown in Fig. 

2.1. 5mall grains were excluded by a 635-mesh sieve 

since we appreciate the large grains for their 

anisotropic morphology. Such grains were set into a 

rectangular cell with fixed boundarie5 to be aligned by 

a mechanical vibration， then pre55ed (5 ton/cm2). 

Process of the vibrationa1 a1i9nin9 i5 illustrated 

in Fig・ 2.2. Here the boundarie5 were made with 50ft 

paper sheets， and the vibration in this experiment was 

produced simply by a RC oscillator and a speaker. After 

the vェbrationaltreatment the boundaries were cut away， 

and samples with dimensions of -0. 3x1 x8 mm3 were 

obtained. Thereafter a resintering at 950 oC for 5 hour5 

was practiced 
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Fig. 2.1. A large crystalline grain grown at 1000 oc. 

1 

/ 

=重

4 

， 2 

2 
3 

Fig. 2.2. Illustration of the vibrational a1i9ning 

process (1: grains， 2・ cell，3. steel block 

and 4: vibrator). 
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2.3. Results and d五scussion

2.3.1. Assessment of the present method 

1n addition to measurements of Tc and Jc' X-ray 

reflectエon spectra， SEM (scanning electron microscope) 

microstructure and bulk density were also investigated 

for assessment of the crystal orientation and grain 

alignment. To confirm and clarify the expected effects 

of the present process， the excluded smal1 grains were 

also treated by the same process for comparison. 

Besides， both large and small grains divided by the 

635-mesh sieve were directly pressed and resintered 

without the treatment of vibrational aligning. Results 

from this comparison should let us know whether the 

large grains excel small ones in c-axis orientation and 

whether grain alignment is affected by this vibrational 

trea tment. For convenience，ヒhese samples were denoted 

as LV (large grains with vibrational treatment)， SV 

(small grains with the treatment)， L (large grains 

without the treatment) and S (small grains without the 

treatment). Furthermore， a sample prepared by 

convent λonal process (sintered at 950 Oc for 5 hours 

after several heat treatments)， denoted as sample A， was 

also investigated for comparison. 

X-ray (CuKα，30KV) reflection is conducted on the 

uniaxially pressed surface of the sample， which is 
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圃止

perpendicu1ar to the c-axis in an oriented samp1e. 工n

Fig. 2.3， the intensity (arb. units) patterns are 

demonstrated. Compared with the conventiona11y sintered 

sample A， the intensities of (001) peaks of the other 

samp1es are considerab1y enhanced， which means tha t in 

these samp1es， c-axis of crysta1s preferentia11y lies io 

direction perpendicular to the uniaxially pressed 

surface. This tendency is most obvious in the large 

grain sample L and LV， where the 孟ntensity 工(001)5 are 

generally much stronger than 1(103)， which otherwise 

would be strongest in a randomly oriented sample. This 

seems to support our assumption that larger crysta11ite 

is more suitable for obtaining highly oriented sample 

because of its pronounced anisotropic shape. 

As a quantitative indicator， c-axis orientation is 

estimated by an orientation factor P defined by K. Chen 

et a1. 24) The degree of c-axis oriented alignment is 

expressed as 

P=(1-T)x100も. ( 2 • 1 ) 

Here T is the relative intensity of non-001 ref1ection 

compared to an unoriented sample which could be written 

a5 

T= ( 1-1:工(001)/1:I(hk1))1 

(1 -1:工R(001l/1:IR(hk1)] ( 2 • 2 ) 
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where 工R represents the intensity of the randomly 

oriented sample. 

Limi ting 2~ to 30-60 degrees， and regarding the 

powders (crushed from A) as an unoriented sample for 

reference， P was found to be 24も， 51も， 83も， 59も and81も

respectively for samples A， S， L， SV， LV. 

As a more reliable alternative to value the degree 

of orientation， a different method of X-ray reflection 

was also used. The reflection was conducted similarly on 

the uniaxially pressed surface of the sample. However， 

in this experiment， the reflection was measured at 

continuously varエed incident angle ~ s while 2~ was 

locked at the Bragg diffraction angle of the (006) peak. 

As the result a sharp distribution of the reflection 

versus the incident angle .3 would エmply a c-axis 

oriented alignment in the ceramic sample. Therefore， the 

orientation degree can be judged by the half width 2Yof 

the distribution. Distributions of sample LV， sample λ， 

and powders (slightly pressed) are shown in Fig. 2.4. 

The half width 2"( was found to be 40，120 and 180 

respectively for LV， A and the pressed powders， 

approving the valuation by orientation factor P. 

An interesting fact was also found by us. The 

distribution of I versus .3 for the oriented sample LV 

could be well fitted by a Lorentz function expressed as 

工 (~ )='12/ [ ( ~- <}o ) 2+'12]・ ( 2 • 3 ) 
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The func乞ionis we11 known in mechanics， where it 

corresponds to the resonance curve of an osci11ator in 

harmonic osci11ation. On the other hand， for the poor1y 

oriented samp1es the fittエng was not so good. As a 

matter of fact， we have discovered that a11 of the 

ref1ection distributions can be fitted to a pseudo 

Voigt function which is a combined function of Gaussian 

and Lorentzian. The degree of the oriented a1ignment can 

be a1so judged by the proportion of the Lorentzian part， 

i.e. a we11 oriented sample gives a high proportion of 

the Lorentzian (a 10w proportion of Gaussian) and a 

poor1y oriented samp1e shows a high proportion of the 

G~ussian (a 10w proportion of Lorentzian). Experimenta1 

resu1ts to support this are summarized in Appendix. 

Microstructures of these samples are shown in Fig・

2.5. The graエn packing in S and L (the small and the 

large grain samples without vibrational treatment) 

resembles that in A (the conventiona11y prepared 

samp1e). However I in SV and LV the packing is 

considerably denser than that in S， L or A. This 孟s

apparent1y an effect of the "vibrationa1 a1ignment". 

Because of the mechanica1 vibration， the grains seem to 

be c10se1y packed. Beside the packing dens1 ty I the 

degree of oriented a1ignment 1s a1so important in 

discussing the packing. 1n samp1e LV， dense packing as 

we11 as oriented a1ignment has been reached. Meanwhile 

for sample $V the oriented a1ignment of grains are not 
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(0) 

Fig. 2.5. Surface SEM images of (a)A， (b)S， (c)L， 

(d)SV and (e)LV. 
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observed. This difference is clearly a natural result 

of the difference in rnorphology. 

Bulk density was measured to be approxirnately 5.2， 

5.2， 5.0， 5.7， 6.0 g/crn3 for sarnple A， 5， L， 5V， and LV 

respectively. A high density near the theoretical value 

(6.36 g/cm3) was reached in the LV sample. 

Electrical resistivity at room temperature was 

found to be 1.36， 0.98， 0.88， 0.60， and 0.51 mQ.cm 

respectively. Reduction in the resistivity is considered 

to be a result of enhanced orientation and packing 

density. Therefore it can be concluded that the 

orientation degree， packing density， and conductivity 

have been enhanced by the present technique. 

The measurement of critical current density Jc was 

performed by use of a standard 4-probe method in liquid 

nitrogen bath. Sample in this measurement was shaped 

int。 a rectangular form， with cross section of 
自 0.3mmx1mm and length of -4mm between current 

terminals. The electrical contacts were made by 

ultrasonic indium soldering. To enhance the connection， 

silver was deposited on the contact areas beforehand. 

5teady DC current was used， and Jc was determined at the 

point where a voltage of 1 ~V/cm appeared. In sample LV， 

a highest Jc of 4200 A/cm
2 was recorded. 

The result of Jc measurement (the maxirnum values)， 

together with the experimental results of orientation 

factor P， bulk density Pd' resistivity Pe are summarized 
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in Table 工 All of them are consistent to show the 

practicality of the present process for improvement of 

J_. c 

Table I. Critical current density Jc' orientation factor 

P， half-width 2Y， bulk density Pd and 

electrical resistェvity Pe (300 K) for the 

conventional sample A， the small and the large 

graln sample S， L， and the vibration-

processed samples SV and LV. 

Sample Zも s L SV LV 

Jc (A/cm
2) 250 520 980 600 4200 

P {も) 24 51 83 59 81 

2Y (0) 12 4 

Pd (g/cm3) 5.2 5.2 5.0 5.7 6.0 

Pe (mSl・cm) 1 .36 0.98 0.8自 0.60 0.51 
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2.3.2. Influence of the resintering乞emperature

To investigate the influence of the resintering 

heat treatment in the present process of LV sample 

preparation， the last heat treatment was also tried at 

900 OC(48 hours)， and 1000 OC(l hour) beside the 950 OC(S 

hours) treatment. Jc values were found to be 1700-2100 

A/cm2 for 900 oc samples， and 350-440 A/cm2 for 1000 OC 

samples. The 900 Oc heat treatment did not produce as 

high Jc as the 950 oc heat treatment， and Jc of the 1000 

。Csamp1es greatly deteriorated. 

It ha5 been also observed that during the Jc 

measurement of the 900 Oc heat-treated samp1es， the first 

current cyc1ing gives 10wer Jc than the following cycles 

(the increase is about 10も)，which is considered to be a 

phenomenon resulting from the existence of weak inter 

sections between aligned areas.25) 

SEM images of the fractured cross sections of these 

samples， as shown in Fig. 2.6， may he1p to exp1ain the 

result of Jc measurement. 1¥5 5een from these 

photographs， areas of crushed fine powders (circ1ed) can 

be recognized in the relatェve1ylow temperature (900 OC) 

treated sample. The fine powders were formed during 

separation of the large crystalline grains. Despite the 

10ng (48 hours) resintering， part of these powders have 

remained， which is undesirable because of the weak path 

for current flowing. This is perhaps the reason for the 
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Fig. 2.6. SEM images of the fractured cross sections of 

samples sintered at (a)9000C， (b)9500C and (c) 

1000 OC (directions of the current flow in J
c 

measurement and the uniaxial pressing are 

illustrated by the arrows). 
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lower Jc・ On the contrast， in 1000 oc treated sample， 

grains seem strongly connected to each other. Neverthe 

less， the grains are ill-aligned due to the over-re 

growth caused by the high-temperature heat treatment. 

This is considered to be one of the main reasons for the 

much reduced Jc' 

Therefore， the conclusion that Jc is influenced by 

the resintering heat treatment in the present process of 

sample preparation can be drawn from the above analysis. 

Adj ustment of the condi tions (tempera ture as well as 

heat treating time) is necessary to obtain better 

results. 
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2.4. Conclusion 

Highly oriented YBa2Cu30x ceramic samples were 

prepared by a "mechanical aligning" processing technique 

whichエnvolved large crystallite growth and vibrational 

alignment of the crystalline grains. Samples prepared by 

the present technique were assessed by experiments of 

X-ray ref lection， SEM， bulk density， and Jc 
measurement. 工n these samples， crystalline grains were 

found to be highly oriented and closely packed. A 

maximum Jc of 4200 A/cm
2 at 77 K， a great improvement of 

the conventional value (250 A/cm2)， was obtained. It was 

also found that Jc characteristics was influenced by the 

resエnteringconditions. 

From the experimental results it was clarified that 

Jc 1s strongly related to the microstructure. 工n the 

next Chapter， a detai led study abou t the ef fect of the 

intermediate vibration on the microstructures will be 

1ntroduced. 
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3. EFFECT OF工NTERMEDIATEVIBRAT工ON工N

YBa2CU30x CERAMIC SAMPLES 

3.1. Introduction 

In Chapter 2， a considerable increment 1n Jc (from 

250 A/cm2 to 4200 A/cm2 at 77 K) has been obtained with 

the application of the "mechanical aligning" method 

which involves "large crystal growth" and "vibrational 

alignment" of the grains. 

The X-ray and SEM experiments have proved that the 

large crystalline grains are easier to be orientated for 

their anisotropic morphology and the vibrational 

treatment promotes the inclined c-axis orientation as 

we11 as density. 

1n this Chapter， further studies w111 be made to 

clarify the Jc-improving effect of the intermediate 

vibration.26) 
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3.2. Experimental details 

Sample preparation is the same as described in 2.2. 

工n order to investigate the effect of the intermediate 

vibration， uniform-sized (20-50 μm) large grains were 

used. The vibrational treatment was practiced at various 

conditions. Two parameters， frequency f and amplitude a， 

of the vibration movement asinω七 {ω=Zrrf) were varied 

in this process. Frequency was read from the electrical 

signal Vsinωt generated by the RC oscillator and 

amplitude was calculated from the voltage amplitude V 

since the vibration ampli tude a is very small. 工n the 

act of varying frequency， the amplitude was kept to be 

constant (1. Ox1 0ー7m)， and vice versa (16 kHz). Samples 

as prepared were resintered at 900 QC for 48 hours (the 

low-temperature heat treatment was used for 

investigation of the vibrational effect since the extent 

of regrowth of grains is smaller in this situatエon). 

Critical current densities were measured in 

external magnetic fields perpendicular to the broad 

surface of the sample (parallel to the c-axis in 

oriented samples). The current flows in the direction of 

the oriented alignment. 
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3.3. Results and discussions 

Jc of samples prepared by the intermediate 

vibrational process was measured in zero as well as in 

external magnetic fields. Results of varying frequency 

and amplitude are shown in Fig. 3.1 and Fig. 3.2 

respectively. 1n each case three or more samples treated 

by the same vibra tion (same frequency and ampli tude) 

were measured. 工n the measurement of Jc attention was 

paid to ensure that samples with cracks were excluded， 

thus sample dependence was grea tly reduced. Samples 

prepared with various frequencies and amplitudes were 

sintered independently although the heat-treatment 

conditions were set to be equal. Jc was found to be 

relevant to the vibrational parameters. Samples treated 

by defエnitefrequency and amplitude exhエbited higher Jc 

value than other samples， implying a most effective 

vibrational alignment at this condition. 

As further evidence to support this Jc enhancement， 

the extent of c-axis orientation was エnvestigated for 

these samples. X-ray reflection on the uniaxially 

pressed surface of the sample was utilized to estimate 

the degree of the orientation. The t'rocking method" was 

used for its reliability in which 2~ was locked at the 

Bragg angle of (006) peak and the incident angle -3 was 

varェed. A sharp dェstribution (small half-width 2Y) 

implies c-axis-oriented grain alignment in the sample. 
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Distributions for some representative samples aligned by 

various frequencies and amplitudes are shown in Fig・3.3

and Fig. 3.4. respectively. 

The half width 2Ys of the X-ray reflection 

distribution in relation to the vibrational parameters f 

and a are summarized in Table 1. 

Table工.Correlation of the half width 2Yand 

the vibrational parameters f and d. 

f (KHz) 。0.8 8 16 128 
a (x10-7m) 1.0 1.0 1.0 1.0 1.0 

2Y (0) 8.3 7.3 4.7 4.6 5.1 

a (x10-7m) 

f (KHz) 

2Y (0) 

o 0.6 1.0 

16 16 16 

8.5 6.3 4.8 

1 .6 

16 

5.2 

The enhanced Jcs were accompanied by enhancement 1n 

orientation. 1n the sample with the highest J
C' 
the 

minimum 2'V values were a150 observed. This result 

reveals clearly the origin of the Jc enhancement. 

From analyses of the X-ray experiment， it became 

clear that the vibra七10na1treatment enabled the ceramic 

grains to a11gn orderly， as reflected by enhancement in 

the c-axis orientation. An optimum vibrational condition 

was also suggested by the X-ray experiment as well as 
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the Jc measurement. An effort was a150 made to 

qualitatively explain the Jc enhancement. The existence 

of the optimum frequency 1s probably related to the 

crystallite size. Considering the limitation of the 

vibration-generating equipment used here (reliable range 

of the speaker: 20Hz-20kHz) I the optimum frequency 1s 

suspected to exist 10 higher u1ヒrasonic ranges where 

stronger interaction of the vibrating crystallites may 

appear. Nevertheless， the experimental result 00 varying 

amplitude a110w5 us to discuss the vibrational effect， 

whichエ5 performed by analyzing the movement of grains 

in the vibration field. 

工nthe field of powder engineering， 土t1s known that 

the packing dens孟七y of powders can be raised by a 

mechanical vibration. We wi11 give a theoretica1 

exp1anation to the Jc enhancement in Fig. 3.2 by 

referring to the packing theory. It is easi1y understooa 

七hat if the vibra tion produces denser grain packing， 

then the critica1 current density wi11 be enhanced. The 

maximum Jc must be obtainea with the same optimum 

condi tion of vibration whェch produces the highest 

packing. 

1n the former passages， we have concludea that the 

Jc enhancement resu1ts from the improved orientation. As 

a matter of fact， the packエngfactor and the orientation 

degree are considerea to be representative of each 

other. A high1y oriented a1ignment of the crysta11ine 
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gra斗nS.....i11 produce a dense packing in result. This can 

be understood by viewing the SEM image of the fractured 

cross section of the oriented sample (a or b in Fig. 

2.6). The parallel alignment reduces the dangled inter-

crossing spaces between the crystallites， raising the 

packing density effectively. 

From the X-ray data， we found that Jc was 

approxima tely 1n proportion to the orienta tion degree. 

The correlation is shown in Fig. 3.5 (the orientation 

degree 1s represented by 1 /2Y ). This seems plausible 

since Jc in the a-b basal plane is much higher than that 

in the c-axis direction. 

Therefore， JC enhancement by the vibration process 

could be explained by referring to the results of the 

packing factor which Cdn be theoretically analyzed. 

Here we refer to the work by T. Tanaka27) in which the 

behavior of powders in a vibration field has been ana-

lyzed. 

First， let us consider the behavior of a single 

grain in the vibration field asin W t as illustrated in 

Fig. 3.6. 

The plate vibrates in Y direction which can be 

expressed as 

Y=asinωt=asin2rrft， ( 3 • 1 ) 

where a is the amplitude and f is the frequency. 
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Let the movement of the grain be expressed in xy 

plane. Then 

md2y/dt2=N一mg， (3.2) 

where N is the force received from the plate and mg 1s 

the welght of the grain. 

When the grain move together w1th the plate， y must 

be equal to Y. From (3.1) and (3.2) N is derived to be 

N=m(g-aω2s1nω t) • ( 3 .3) 

Because N>O， hence 

5inωt<g/aω2=1/G， (3.4) 

G is called the vibration intensity. If G<1， then the 

grain always moves together w1th the plate. 

In (3.3)， at the moment when N=O，ヒhe grain will 

leave the plate， Thus 

sin w tO=1 /G 

ωt
O
=Sin-1 (l/G)， ( 3 . 5 ) 

where to 1s the moment at which the grain leaves the 

plate. 

The initial speed of the grain at to equals that of 
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the plate (dY/dt=aωCQSωto)' and the location is asinωto・

Hence the movement can be expressed as 

y=aω{cosωto)(t-toト1/29(t-tol1asinωto

=g/凶 2[1州 (t-to)石τ1-1 /2ω2(t_tO)2J (3・6)

Let the next moment at which the grain falls to the 

plate be t" then Yt=tl=Yt=tl・Substitute this relation 

to (3.1) and (3.6)， time t， and the speed dy/dt can be 
obtained. 

Summarize these results， we have 

ωtO=sin-
1 (1/G) 

ωt1=ωtO+(/G
2+1-2G山 ωt1 --，;G2::i )・ ( 3 • 7 ) 

In the case of many grains in a container， the 

movement of the grains can not he described by this 

simple analysis. Nevertheless the fundamental results 

may be used. 

When the grains fall to the plate， a large relative 

speed between the grain and the plate (dv=dy/dt
t
=tl-

dY/dtt=tl) produces a strong packing force against the 

grains. These grains are bounced off again and a large 

initial speed v=dY/dtt=tO should be avoided here because 

of the large difference of speed between the centre 

grains and the side grains in the container. The inside 

grains are in a relatively free state to move while 

grains close to the boundaries are unable to move at a 
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large relative speed as the result of friction. 

Therefore， the extent of the dense packing p* could be 

expressed by 

p七 Ov/v=ψ，(G) /ぷヲゴ
中， (G) =五丈亡玉三nW t， +Gcosωt，・ ( 3 • 8 ) 

Supposing that p* corresponds 10 proportion to the 

packing densi ty， the theoretical packing densi ty 1s 

shown to be a function of the vibration intensity G 

(solid line in Fig・ 3.7). We fit the zero-fie!d J
C
5 of 

Fig. 3.3 to this calcu!ated curve by assuming a propor-

tional relation between Jc and the packing density p* 

for reasons already mentioned. G was estimated to be 

approximately 1.6，2.7，3.4 and 4.3 respectively for 

amplitudes of 0.6， 1.0， 1.3， 1.6 (xl0-7m). From the 

comparison， it is seen that the maximum J
c 
is obtained 

1n the vicinity of the optimum G， meaning a successful 

theoretical explanation for the vibrational effect. 
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3.4. Conclusion 

Transport critical current density Jc in ceramic 

superconductor YBa2Cu30x was improved by an intermediate 

vibration introduced during the preparation process. 

Dependence of Jc on the vibrational parameters， 

frequency and amplitude， was found. The improved Jc was 

shown to be accompanied by the enhancement in the orien-

tation degree. Theoretical discussions were tried to 

explain the Jc dependence. The origin of the enhanced Jc 

was clarified by analyses of the grain alignment in 

these vibration-treated samples. 
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