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1. 工ntroduction

1-1. Superconductor 

Superconductivi ty was discovered by Kamerlingh Onnes in 

1911. [1-1-1] He observed the fact that the electrical resistance 

of mercury disappeared completely at 4.1 K using liquid helium. 

He concluded 七ha七 the resistance stat:e of the nercury was 

transformed into a new phase. The phase-transition temperature 

is called as critical tempera七ure(Tc). 工twas found七ha七 many

metals became the superconductors such as Nb and Pb at 4.2 K. 

Since then many trials were attempted for getting high critical 

current densi ty (Jc) for power applications. However， the 

metals such as Hg， Pb (Tc=7.2 K) and Nb (Tc=9.2 K) so called as 

type-工 superconductors， did not allow high Jc and the 

construction of magnets generating high magnetic field because 

of low critical magnetic field (Hc). For example， the critical 

magnetic field was 400 Gauss for the first discovered 

superconductor -mercury-even at absolutE~ zero temperature. The 

problem for low Hc was settled by discovery of the 

superconducting alloys such as NbTi(Tc=18 K)， Nb3Sn (Tc=18.3 K) 

and Nb3Ge (23.2 K) etc. (type-工工 superconductors) because there 

are a continuous increase in flux penetration starting a七 alower 

critical field HC1 and reaching B=H a七 a upper critical field 

HC2' instead of a discontinuous break dO~ln of superconductivity 

in a first-order transition at HC in type-工 superconductors，and 

further the pinning si七eswere introduced to disturb the break 

down by the flux flow caused by Lorentz force be七ween the 
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transport current and magnetic field. The H~~ was of the order C2 

of 10-20 Tesla for those alloy superconductors. 

The superconductors have the advant:ages of large current 

withou七 electric resistance and of large generating magnetic 

field for power applications. However， there were some 

disadvantages. Liquid helium which is inevitable for working 

superconductors as coolant， is expensi.ve and restricted for 

resource， and it is difficul七七osimplify the cryostat including 

the cooling systems. Therefore， the applications were limited 

to the superconducting magnet mainly and it was difficul七七o

apply on superconducting cables etc. because the large cooling 

systems were required. Now superconductivity is applied to the 

superconducting magnets such as in MR工devicesand other various 

magnets by using liquid helium. 

1-2. High-Tc Oxide superconductor 

Since oxide high-Tc superconductors were discovered by 

J .G.Bednortz and K.A.Muller in 1986， [1-2-1] there have been 

reports of a Y-based oxide superconductor by Wu e七 al.[1-2-2]

with a superconducting critical temperature (Tc) in the 90 K 

class， fo工lowedby 110 K class Bi-based oxide superconductor by 

H.Maeda et al.[1-2-3] and a 125 K class Tl-based oxide 

superconductor by A. M. Hermann et al. [ 1.ー2-4]， thus making it 

possible to use liquid nitrogen (where boiling temperature at 1 

atm. is 77.3 K) as the coolant. Since a new oxide 

superconductor ， Bi-Sr-Ca-Cu-O system with a high-Tc phase (110 

K) and a low-Tc phase (80 K) was reported by Maeda et al.，七here
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have been many investigations for homogenization of each phase. 

For high-Tc phase， it was reported that substituting a part of 

Bi for Pb produced a stab1e high-Tc phase. [1-2-5] Bi-based 

high-Tc oxide superconductors with a high-Tc phase was expected 

to have a higher Jc because of a 1arger margin between i七sTc and 

the 1iquid nitrogen temperature (77.3 K) than a 10w-Tc phase. 

However， it was difficu1t for the high-Tc phase to produce七he

sing1e phase because the 10w-Tc phase was inc1uded. 

Not on1y is 1iquid nitrogen easy to use and inexpensive， but 

it a1so makes it possib1e to simp1ify the cryostat and features 

a 1arge heat f1ux. 工七 is expected tha七七he actua1 use of a 

superconductor at the temperature of 1iquid ni七rogenwi11 great1y 

affect such fie1ds as energy and e1ectronics.[1-2-6] For power 

app1ications， for examp1e， the superconducting cab1e which can 

transfer the 1arge e1ectric current with much sma11er vo1ume and 

vo1 tage than the cab1es by七hecopper or a1uminum conductors， can 

be used in 10w magnetic fie1d be10w 0.1 Tes1a. The 

superconducting magnets which can be used for MR工 device or 

MAGREV (magne七icrevi tator)， are used in high magnetic fie1d over 

1 Tes1a. Therefore， it was the most important subject for the 

deve10pment of oxide superconducting 'wire to increase the 

critica1 current density (Jc) in each opE~rating magnetic fie1d. 

The author has made an ear1y start on research in七o the 

deve10pment of Bi-based high-Tc oxide superconducting wires. 

工n this thesis the author represents the studied of the si1ver 

sheathed Bi-based high-Tc oxide superconducting wires. 

Bi-based high-Tc superconductor has t:wo kinds of the phases 

which have critica1 temperatures exceeding 77.3 K. That is， the 
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phase wi七h the chemical formula of Bi2sr2ca2Cu30y is called as 

2223 phase (Tc=110 K)， and the other phase with the formula of 

Bi2Sr2caCu20y is called as 2212 phase (Tc=80 K)・ 2212 phase 

is homogenized by melt processing and 2223 phase is homogenized 

by solid reaction process. 

Before the advent of Bi-based oxide superconductor，七heoxide 

superconducting wires by Y-based oxide superconductor with high 

4 '" 1__2 Jc over 10. A/cm~ could not be obtained at 77.3 K. The major 

cause was the presence of weak links at the grain boundaries. 

The oxide superconductor is composed of polycrystalline with the 

crystallets size in range from a few microns to several tens 

microns in the wire. Therefore when the transport curren七 flow

across the grain boundaries， it is restricted to decrease by 

barriers and micro-bridges at the grain boundaries because of the 

short coherence length of superconducting carrier and flux creep. 

The weak link effect has been shown by some researchers[1-2-

7，8] . The peculiar characteristics are rapid decrease of Jc by 

applying the slight magnetic field (<100 Gauss) and hysteresis 

phenomena in Jc vs. magnetic field durin9 increase and decrease 

of magnetic field. These phenomena were improved for the first 

time through the development of Bi-based oxide superconducting 

wires in the author's research. 

工nthe early stage of the research， it: was not much expected 

to obtain high-Jc Bi-based oxide superconductor because of the 

fact that the possibility of flux-lattice melting in the wide 

range of temperature was indicated through the measuremen七 of

magnetiza七ion a七 77.3 K and the temperature dependence of 

stiffness of magnetic flux lattice using a high-Q mechanical 
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oscillator.[1-2-9] dM disappeared at about only 0.5 Tesla in 

M-H curve by magnetization measurement a七 77.3K. While 企M of 

other oxide superconductors， such as Y-based and T1-based 

superconductors remained over 1 Tes1a. [1-2-10，11] And the 

softening of the f1ux 1attice was measured. Bi-based oxide 

superconductor has higher anisotropic structure composed of each 

1ayer such as Bi-，Sr-，Ca- and Cu- oxide. The reason is that 

(Bi-O)2 p1anes in the unit ce11 show the nonmetallic nature， 

whi1e the Cu02 p1anes are conductive.[1-2-12] 

1-3. powder-in-tube Process 

工t is widely accepted that the promising process for 

fabricating long wire is only powder-in-tube method now[ 1-3-

1，2] . The manufacturing process is as fo11ows. The 

superconducting powder is fi11ed in meta1 pipes， drawn to a round 

wire， ro11ed or pressed into a f1at tape shape wire and then 

sintered， as shown in Fig .1-3-1. Therefore， the wire is composed 

of the meta1 sheath and the superconductor. So far， si工verhas 

been successful1y app1ied as the sheath materia1. There are 

fo11owing two reasons for it; (1) Si1ver does not react with 

oxide superconductors and (2) si1ver does not oxidize， even at 

high temperature and in oxygen gas. If copper sheath was used， 

the oxide superconductor wou1d react， be deoxidized and not 

exhibit superconducting properties. 

Powder-in-tube process has advantages such as; (1) for 

processing metal1ic wire drawing， rolling and other conventional 

techniques are used， so i t is possible to obtain 10ng uni t 
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length and fine wire with small cross section， and (2) the metal 

sheath can be used as a stabilizer ( a bypass for the current in 

the case of partial breakage of the superconductivity).[1-3-3] 
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2. Experimental 

2-1. Measurement of Jc and Tc 

2-1-1. 4-probe dc method 

The cri terion for cri tical-current (工c) de七ermination was 

defined as 1 -0.1 pV/cm for 4 probe dc method. Expressed as 

electrical resistivi七Y，1 pV/cm is equivalent 七o approxima七ely

4x10-5 pQ cm for the typical tape with about 4 mmw x 0.15 mmt and 

silver-superconductor ratio -3.5， which i8 an adequate value when 

compared to the electrical resistance of silver， which is 3x10-

1 pQ cm at 77.3 K. Jc was calculated through dividing工cby the 

cross section area of superconducting section in the silver 

sheathed tape.[2-1-1] 

2-1-2. SQU工D

The magnetization measurements were carried out by using a 

superconducting quantum interference devices (SQU工D)magnetometer 

wi th a 2 cm scan length， where the field inhomogenei ty is 

estimated to be no greater than 0.01 %.[2-1-2] The data are 

taken by measuring the magnetization 'versus temperature a七

various fixed magnetic fields in the temperature range from the 

irreversible temperature to 300 K. Background signals and 

normal-state magnetization were carefully subtracted using the 

extrapolation of a curve fitted七othe measured magnetic momen七一

versus-temperature data between 200 and 300 K. 
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2-1-3. a.c. inductive method (Campbe11 method) 

a.c. inductive method was conceived by A.M.Campbe11.[2-1-3] 

The fea七ures of this method is to pi1ed up the minute a. c. 

magnetic fie1d to d.c. magnetic fie1d and to be ab1e to obtain 

the more spacious data by penetration of the a.c. magnetic fie1d 

than d. c. magnetization me七hod. Therefore， this method is 

usefu1 for the po1ycrysta1 high-Tc oxide superconductors wi th the 

comp1ex current path， such as the transpor七 critica1 current 

densi ty through the grain boundaries and the 1oca1 cri tica1 

current density within the grains through the measurement of the 

spacious distribution of a. c. magnetic f1ux for penetration 

depth.[2-1-4] 

Figure 2-1-1 (a) shows the f1ux distribution in the slab 

superconductor which is p1aced para11el1y to y-z p1ane wi七h

thickness; d， and infinite width for y-z direction when the a.c. 

fie1d is pi1ed up on the minute a.c file1d. Constant d. c . 

fie1d， Be and minute a.c ・fie1dare app1ied to z-direction in the 

process increasing d.c. fie1d. 工七 is defined that the amp1itude， 

争 ofa.c ・fie1dis app1ied to the samp1e a七七hed.c ・fieldBe 

and the penetrated region reaches the depth，λ， to x direction 

from the surface. When b increases by ob， ~ and λ， increases by 

6争 and δλrespectively. 6争 corresponds 七o the hatching in 

Fig.2-1-1(a) . When it is based on the critical state mode1， it 

is introduced as follows; 
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POJc=ob/δλ『 (2-1-1) 

Therefore， Jc can be estimated from the function of b for λ 

For quanti tative calculation， the widtlh of a sample is assumed 

as w for the y-direction. The o争 become:s，

6争=2wδbλ(2-1-2)

In the case of slab superconductor， o争 exhibitsthe flux which 

penetrates from both surfaces. 工f ob→0， equation (2-1-2) 

becomes 

λ'=1/2w (d争/db) (2-1-3) 

Therefore， each relationship of λfor b is introduced by 

measurement of争 forb and calculation by the function (2-1-3). 

Figure 2-1-2 shows the measurement system of a.c. inductive 

method. A superconducting sample and pick up coil are placed in 

the minute a.c. field piled up to the constant bias d.c. field. 

A cancel coil is placed at the empty space in the a.c and d.c. 

fields. The cancel coil acts for canceling the inductive 

signal in the space wi thou七七he superconducting sample. The 

measurement frequency was 35 Hz. 

When an ampli tude of the a. c. field， b is applied， the 

inductive voltage appears for the pick up (V~) and cancels coils 
p 

(Vc)' respectively as follows; 
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V~=-N~(S~-S~) dbjdt-N~ dφjdt， p --p ， -p -S' --， -- -'p 

VC=ーaNCdbjdt， 

(2-1-4) 

(2-1-5) 

where Np and NC are the number of turns of the coils， and Sp' Sc p -----'c 

and Ss are cross section areas perpendicular to the applied field 

of the pick up coil， cancel coil and the sample， respectively. 

a-value (O<aS1) exhibits the partial voltage by voltage divider. 

The term of dbjdt can be canceled by adjus七ment of a-value. 

d争jdtis obtained as follows， 

d争jd七=(V，..-V....)jNp" --p (2-1-6) 

2-2. Observations of structures and sample preparations 

TEM (Transmission Electron Microscope)， SEM (Scanning Electron 

Microscope)， EDX (Energy Dispersive X-ray analysis) and X-ray 

diffraction analysis were used for the observation of 

morphologies of samples.[2-2-1] 

Sample preparations were as follows. For the TEM 

observation， the silver sheathed tapes we!re peeled off from the 

sheath and were cut perpendicularly to the tape plane and ground 

down to below 20-30 pm in thickness. And then the samples se七

on the single core mesh， were ground by an ion etching device七0

below sub-micron in thickness. TEM observations were carried 

out in view along tape planes. 

For SEM and EDX， the silver sheathed tapes buried in the epoxy 
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resin， were ground 七o flat surface andl polished by aluminum 

powder in alcohol. 

X-ray diffraction analysis using Cu-Kαradiation was performed 

on the tape surface of each oxide superconductor after the silver 

sheathes were peeled off. 
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3. Deve10pment of Bi-based oxide superconducting wires 

with high Jc 

3-1. 工ntroduction

Maeda et. a1 who discovered Bi-Sr-Ca-Cu oxide superconductor， 

exhibited that the Bi-based oxide superconductor had two kinds 

of phases， Tc=80 K c1ass phase (2212) and Tc=110 K c1ass phase 

(2223)， exceeding 1iquid nitrogen temperature.[1-2-3] Since the 

discovery， much effort had been made to sing1e out the high-Tc 

phase， Bi-2223. 工n order to increase the high-Tc phase， an 

addition of excess Ca and Cu [3-1-1，2]， high pressure oxygen 

treatment [3-1-3] and pro1onged sintering [3-1-4]， were 

attempted， for examp1e， about 1 week. Among these efforts， it 

was reported to increase the ratio of 110 K phase (Bi-2223) 

through the partia1 substitution of Pb for Bi [1-2-5]. However， 

the 80 K phase (Bi-2212) sti11 remained in Bi(Pb)ーSr-Ca-Cu-Obu1k 

samp1es. Therefore， it was impossib1e七oobtain high Jc at 77.3 

K by disturbance of the 10w Tc phase， non-supercoducting 

materia1s and weak 1inks at the grain boundaries. 

工n the ear1y period， Bi-based oxide superconductor was not 

much expected to obtain high Jc because the weak pinning force 

was indicated through the measurements of magnetization at 77.3 

K compared to other oxide superconduc七orsuch as Y-based and T1-

based superconductors. 企M disappeared at about on1y 0.5 Tes1a 

工n M-H curve by magnetization measurement. However the 

4 ，. 1__2 transport Jc over 10~ A/cm~ has been obtained a七 77.3K and at 

1 Tes1a for (Bi， Pb) 2Sr2Ca2Cu30x si1 ver sheathed tapes by the 
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author's studies. After the author's study， many researchers 

had participated in the researching Jc for Bi-based oxide 

superconductor. 工nfollowing sections， the author describes how 

the Bi-2223 superconducting wires with high Jc were developed. 

3-2. Homogenization of Bi-2223 phase 

The oxide superconducting powder was put into a silver tube. 

This powder was produced by mixing the powders of the composi tion 

ratio of 1，1，1 and 2 for Bi， Sr， Ca and Cu from Bi?O~ ， SrCO 2¥J3 

CaC03 and CuO， respectively. This ratio was reported first by 

Maeda et.al.[l-2-3] 工t was known a1so that the partia1 

substitution of bismuth by lead increases the high-Tc phase.[l-

2-5] The powder of the composi七ionratio of 0.8， 0.2， 1， 1 and 

2 for Bi. Pb. Sr. Ca and Cu from Bi~O~. PbO. SrCO内 CaCO~ and 2¥J3' .1. I>J¥J， U .L. ~\J3' 

CuO， respectively， was produced.[3-2-1] Then the powders were 

mixed and calcined and sintered before putting into the silver 

tube. The sintered powder was composed of low-Tc phase (80-K 

phase) rather than high-Tc phase (110-K phase) . After reduc七ion

of the diameter by drawing， they were introduced to a press 

process. The drawing process can not increase the density of 

oxide powder enough because the strength of the silver sheath is 

not sufficien七七osqueeze七heinner powder. The press process 

which is extensively used七omake bulk material is adequate for 

controlling the pressure for the inside powder when pressure is 

applied to the si1ver sheathed wire. The length of wire which 

is limited by a pressure die head， is 30-50 mm， sufficient to 
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measure Jc. Mi11ing by ro11s can produce 10ng 1engthen tape 

conduc七ors， where the materia1 e10ngates in a 10ngi tudina1 

direction， and this process was not adequate for experiments in 

contro11ing the pressure. 工n the pre~ss process， the oxide 

powder in the si1ver tube are e1ongat:ed in the transverse 

direction of the conductor 1ength. 'The e1ongation in the 

10ngi tudina1 direction is high1y restricted by the friction 

between si1 ver surface and pressure die he~ad. The cross section 

s1ight1y changes in accordance with the increase of inner powder 

densi ty. This means that the pressure gOles七othe inside powder 

effec七ive1y by press process using a sheath conductor. A11 

press processing was performed at room temperature. The tapes 

after pressing were sintered. The heat treatment is necessary 

to obtain Jc. Jc and Tc were measurled through 4-probe dc 

method. 

Jc did not change in the BiSrCaCu20x superconductor wi th 

si1ver sheath for the 10ad before heat treatment as shown in Fig. 

3-2-1. 工nthis BiSrCaCu?O_ si1ver sheathed wire without Pb， Jc 2"'x 

cou1d be increased by using heat treatment around the me1七ing

point for short period rather than using press processing. 

However the produced superconducting phase was 10w Tc phase (Bi-

2212 phase; 80 K c1ass) on1y. Figure 3-2-2 shows that the Jc 

rapid1y increases at 880 C for 1 hr sintering. 工n this case 

it was observed that the oxide became dense by me1ting. The 

2 maximum Jc was 426 A/cm~ at 77.3 K and TC(R=O) was 84 K. 

When Pb was partia11y subs七ituted to the bismuth， the 

phenomenon drastica11y changed. The oxide superconductor of 

Bil.aPbo.2SrCaCu20x with si1ver sheath exhibited 七ha七七he
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thickness of the wire becomes thinner when increasing the load 

by pressing， and then Jc increases rapidly as the press load 

2 increases and the maximum value was 1，850 A/cm~ at 77.3 K in zero 

magnetic fie1d as shown in Fig.3-2-3. When the七apesbecome 

too thin， Jc decreased rapid1y. The reason is due to damage of 

superconducting phase through the gas inf1a七ionfrom inner oxide. 

2 The TC(R=O) of the samp1e with 1，850 A/cm~ was 104 K， thus 

the high-Tc phase (Bi-2223 phase) was dominant in this 

Bi1 nPb" ""SrCaCu""O__ si1ver sheathed wire. 1.8~~O.2UL~U~U2~x The susceptibility 

of this samp1e after removing the si1ver sheath was measured. 

The resu1t is shown in Fig. 3-2-4. The onset of Tc was 110 K 

and the 10w temperature phase cou1d not be seen for七hissample. 

工twas thought before that it was difficult to obtain the single 

high-Tc phase， and the 10ng heat treatmen七 (for example， for 

longer七han1 week) was necessary to obtain a 1arge volume of 

high-Tc phase from the bu1k materia1 experiments， bu七 a11samples 

in this experiment were sintered for 24 hours. The formation 

of high-Tc phase was acce1erated by press processing and the 

si1ver sheath. 

Previously， 1engthy period over 1 week was required for the 

sintering time[3-1-4]. U.Endo et a1. produced single phase by 

sintering under 10w oxygen pressure， 1/13 atm a七 842C for 84 

hours. [3-2-2] The author succeeded to produce the single phase 

for a very short time， on1y 24 hours under atmosphere without 

contro11ing the oxygen partia1 pressure. 

3-3. Doub1e deforma七ionand sintering process 
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Figure 1-3-1 shows the fabri.cating process of 

(Bi，Pb)2sr2Ca2Cu30y silver sheathed wire.[2-2-2，3-3-1] Oxide 

or carbonate powder of Bi， Pb， Sr， Ca and Cu wi th the each 

composition ratio is mixed with (Bi，Pb)2Sr2Ca2Cu30x and calcined 

from 750 to 860 C. 

The powder is filled in a silver pipe， and then the composite 

is drawn and rolled to a tape shape， typically 0.1-0.2 mm in 

thickness and 2 -5 mm in width. After then the wires are 

sintered at abou七 850C and deformed again by rolling or pressing 

and finally sintered again. 

工t was found that this double defo:rmation and sintering 

process had the different functions for each step. At the firs七

step， the filled powder is homogenized 七o 2223 phase (110 K 

phase) for growing large grains as shown in Fig. 3-3-1 (a). At the 

second step， the platelet grains are connected strongly by the 

deformation and sintering again. 工fthe sintering process was 

conducted once only， the Jc would decrease rapidly in a slight 

magnetic field because the grains grow to the large straight 

p1anes wi th misorientation to each other and the grain boundaries 

are composed of the point contacts which become the origin of the 

rapid decrease of Jc in low field by the weak links as shown for 

sample C in Fig. 3-3-2. 工n this caSE~ the Jc-B properties 

exhibi t the 2-step decrease and especially decreases to over 1/工O

at only about 100 Gauss as shown in Fig.3-3-3. The improvement 

of Jc and Jc-B properties can be executed by repeti tion of 

deformation and sintering， and the 2-step decrease phenomena of 

Jc-B disappears as shown as samples A and B in Fig.3-3-3. 工t

was shown that Jc was increased and Jc-B properties were improved 
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by the second sintering. The grain boundaries are connected a七

the c-plane to each other with slight bending as shown in Fig. 

3-3-1(b) . 

Figure 3-3-4 shows the X-ray diffraction pattern for the 

2 specimen with Jc of 5，500 A/cm~. The series of peaks of the 

low-Tc phase with the characteris七ic (002) peak at 28=5.7 and 

7.2 degree could not be observed. Therefore， the only 

superconducting phase of this specimen was the 110 K phase. 

However， i t was observed that the non-superconducting phase， 

Ca~PbOA ， remained. 2CU~4 The grains in the 110 K phase were found to 

be oriented with the c-axis perpendicular七o the wide plane of 

the specimen. 

3-4. Control of the composition ratio 

The optimization of composi tion ratio was carried ou七 forgetting 

higher Jc.[3-4-1] Figures 3-4-1(a) and 3-4-1(b) show七heSEM 

photographs on the polished surface of the cross sec七ion of 

2 sample A (Jc(77.3 K，OT)=14，300 A/cm~) and B (Jc(77.3 K，OT)=5，500 

A/cm2). The composi七ion ratio of sample A was 

8i1 nPbn ~Sr~Ca~ ~Cu~O 1.8~UO.4~L2v02.2vU3 

8i1 ~Pbn ~Sr~Ca~Cu~O 1.6CUO.4~L2v02vU3 

of sample B was 104 K. 

and tha七 of sample B was 

of sample A was 106 K. Tc (R=O) O~'"'p~= ~ yvu.o ~VV n.. .LV(R=O) 

By increasing the composition ratio of 

Bi and Ca， the volume of the non-superconducting phases in sample 

A was reduced to a half of those in sample B. The optimized 

composition ratio might be shifted to higher composition ratio 

of Bi and Ca from the complete composition ratio， 

(Bi，Pb)2Br2Ca2Cu3ox for increasing Jc. 
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Through the improvement by the optimized composition ratio 

4 ~ 1__2 and fabricating process， JC achieved 4.7 x 10~ A/cm~ a七 77.3K and 

a zero magnetic field. 4 ~ 1__2 This wire exhibited JC=1.1x10~ A/cm~ at 

1 Tesla as shown in Fig. 3-4-2. For actual applications， JC 

4 ~ 1__2 was required to be over 10~ A/cm~ at least in each operating 

magnetic field. 工七 is shown that the JC of BiPbSrCaCuO silver-

sheathed wire is close to the useful level of the cables and 

magne七s.

3-5. Summary 

It was found that七heJc and Jc-B properties were improved by 

the homogenization of high-Tc phase (110 K phase)， alignment of 

七he superconducting grains and the good contact at the grain 

boundaries through the double deformation and sintering process. 

For homogenization of high-Tc phase， it was found that the 

silver sheath accelerated the formation of high Tc phase (2223 

phase) . 

For double deformation and sintering process， it was found 

that the filling powder was homogenized 七o 2223 phase (110 K 

phase) for growing large grains at thE~ first step and the 

platelet grains were connected strongly by the deformation and 

sintering again. 

For controll of the composition ratio， it was found that the 

volume of the non-superconducting phases (CaPb04， Ca2Cu03， etc.) 

were reduced through the control of composition ratio by 

lncreasing Bi and Ca. 
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As a result， Jc became first exceeding 104 A/cm2 in zero 

magnetic field a七 77. 3 K through the improvement of these 

morphologies. These data exhibi ted tha七 the Bi-2223 silver 

sheathed wire had high potentiali ty for the practical use to 

power applications. 
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4. Studies of weak 1inks at grain bounda工'ies

and the his七oryeffect 

4-1. 工ntroduction

工t was observed that the sintered po1ycrysta11ine samp1es of 

high-Tc oxide superconductors had 10w Jc and showed hysteresis 

of Jc in 10w magnetic fie1d during increase and decrease of the 

magnetic fie1d (history effect).[1-2-7] 工七 isempirica11y known 

that the history effect is caused by weak coup1ings at the grain 

boundaries in superconductors.[4-1-1] 

The history effect was exhibited for me"ta1 superconductors by 

T.Aomine et a1.[4-1-2] They produce a micro bridge for granu1ar 

Al，工n， Nb， NbN etc. as shown in Fig.4-1-1. The two 

superconducting banks are connected through the bridge. When 

the bridge 1ength is shorter than coherence 1ength，と(T) ， 

Josephson effect appears. 工n this case， the bridge 1ength is 

longer than ~(T). The history effect of granular A1 with 2 

ドm>L> (T)， 3 pm>W>1 pm， 2，000 pm>Wbank>20 pm， 800μm>d>44 pm was 

observed， where L， W， Wbank and d indicate 七he bridge 1ength， 

width， bank width and thickness， respective1y. The 

characteristics of history effect for the micro bridge were 

summarized as fo11ows: 

(1) the history effect became sma1l when the bridge 1ength became 

large and the width became 1arge; 

(2) magnetic fie1d with the maximum va1ue of Jc， and H
p 
became 

large when the bank width became 1arge; 

(3) the history effect did not appear for the samples withou七七he
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bridge; 

(4) the history effect became 1arger when the thickness at the 

banks became 1arger than at the micro bridge. They exhibited 

that the micro bridge mode1 cou1d app1y 1to the po1ycrysta11ine 

Y-Ba-Cu-O high-Tc oxide superconductors.[4-1-3] 

The history effect was exp1ained a1so through the Josephson 

type weak 1inks of po1ycrysta11ine YBa2Cu307 by E. Eve七七s e七

a1.[4-1-4]. They exp1ained that an interpretation of the 

comp1ex dependence of cri tica1 current on app1ied fie1d and 

samp1e microstructure was given in ter:ms of the hysteretic 

properties of a Josephson-junction network media七edby trapped 

f1ux which was retained by strong pinning regions. 

The weak 1ink prob1ems at grain boundaries wi七h history 

effect of the si1ver shea七hed wire was serious for the 

deve10pment of practice superconducting wires. Si1ver sheathed 

Y-based oxide superconducting wires were fabricated by the 

2 powder-in-tube method. Even if Jc was 4，140 a/cm~ at 77.3 K in 

zero magnetic fie1d for YBa2Cu307_δ， it was decreased rapid1y to 

-2 1/100 at slight magnetic fie1d of about 2x10-~ Tes1a.[4-1-5] 

Po1ycrysta11ine YBa2Cu307ーδhas granu1ar grains and i七 is

difficu1t to a1ign 七hegrains in a-b p1ane. D.Dimos e七 a1.

reported that七heJc decreased as a function of misorientation 

in a-b p1ane of bicrysta1 of YBa2Cu307_δ・[，4-1-6] Therefore， it 

was very i:mportant for good connection at grain boundaries to 

a1ign the grains. The author describes about the re1ationship 

between Jc and weak 1inks through the history effect and the 

ternperature dependence. 
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4-2. Studies of weak links by 4-probe dc method 

工n Fig. 3-3-3， sample C has a two-step decrease in Jc 

against H， while samples A and B have only a one-step decrease 

in the higher magnetic field. [2-2-1] Sample C is from the first 

process only (rolling-sintering) in the double deformation and 

sinteringprocess(deformation-sintering-deformation-sintering). 

Samples A and B are from the complete double deformation and 

sintering process. The difference was revealed in the 

observation of SEM photographs of the fract:ure surfaces of sample 

B and C in Fig.3-3-1. 工七 was found that sample C has the grain 

boundaries composed of the point contacts with different 

orientation in a-b planes by straight platelet grains as shown 

in Fig. 3-3-1 (a) . Sample B has grain boundaries which are 

connected at the c-plane to each other with slight bending as 

shown in Fig. 3-3-1(b). Therefore the transport current flows 

smoothly through the grain boundaries securely along the aligned 

a-b plane. The rapid decrease disappeared in the low magnetic 

field at abou七 100 gauss since the rnagnetic field never 

penetrated easily into the grain boundaries by the strong bonding 

at the grain boundaries. 

Figure 3-3-2 shows the history effec七 ofJc during the increase 

and decrease of the magnetic field. [3-4・・1] The hysteresis 

appeared at a low magnetic field below 0.1 Tesla and showed 

anisotropy for the magnetic field direction， parallel and 

perpendicular to the tape surface. The hysteresis of sample A 

was small， while sample C had large hysteresis. Therefore the 

hysteresis must be caused mainly by the weak links at the grain 
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boundaries. 

Figure 4-2-1 shows the re工ationship between the magnetic 

field dependence and history effect of Jc of Bi-based oxide 

superconducting wire. 工nthe 10w magnetic field below 0.1 T， 

i t was found that the magnetic field d~ependence and history 

effect of Jc were improved with the increase of Jc in a zero 

magnetic fie1d. The history effect disappeared for the wire 

4 ... 1__2 with Jc above 2.5 x 10~ A/cm~ in a zero magnetic fie1d. This 

indicates the disappearance of the weak links which led the 

history effect by improvement of the contact at the grain 

boundaries. [4-2-1] 

Fig. 4-2-2 shows the magnetic fie1d dependence of Jc of 

various samp1es at 4.2 K. Jc at 77.3 K for each specimen were 

4 ... 1__2 1 n ¥ ') t: .， n4 ~ 1__2 1 ro ¥ 0 .， n4 ~ 1__2 (A) 2.8 x 10~ A/cm~ ， (B) 2.5 x 10~ A/cm~ ， (C) 1.8 x 10~ A/cm 

4 ... 1__2 and (D) 1.4 x 10~ A/cm 4 ... 1__2 Jc at 23 T was 4.6 x 10~ A/cm~ (工c

54 A) a t 4 . 2 K f or sample A. 

observed during the increase and 

The history effect was 

decrease of magne七icfield. 

The magnetic fie1d dependence of Jc and history effect were 

improved a1so with the increase of Jc in a zero magnetic fie1d 

4 ... 1___2 at 4.2 K. The wire B with 2.5 x 10~ A/crn~ did not exhibi七七he

history effect in 77.3 K as shown in Fig. 4-2-1， bu七 exhibited

it c1ear1y at 4.2 K. 工t is considered that the magnetic field 

dependence of Jc is inf1uenced more strongly by the weak links 

at the grain boundaries at 4.2 K than 77.3 K. 

The temperature dependence of history effect of Jc was 

measured at the temperature range from 4.2 k to 20 K by using 

1iquid helium and hydrogen for the samp1es with Jc=16，OOO-30，OOO 

A/cm2 at which the history effect did not appeared at 77.3 K. [4-
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2-2] Figure 4-2-3 shows the magnetic field dependence of Jc at 

4.2 K， 15 K and 20 K for七hesample with Jc=30，000 A/cm2. The 

history effect is quite evident at 4.2 K， less so a七 15K and 

virtually nonexistence a七 20K. Therefore it was found tha七七he

history effect appeared again at temperature range be10w 20 K for 

the samp1e without the history effect a七 77.3K. 工t is known 

that the history effec七 appearsby weak links with microbridge 

at grain boundaries. Therefore these data sugges七 thatthe weak 

1inks appear again at the temperature be10w 20 K. 

4-3. Studies of weak 1inks by a.c. inductive method 

Figure 4-3-1 shows the λ『ーb line of the Bi-based oxide 

superconducting si1 ver sheathed wire through a. c. inducti ve 

method. The horizonta1 axis exhibi ts the ampli tude of a. c. field 

and the vertica1 axis exhibi ts the penetration depth of the 

magnetic fie1d from the samp1e surface. The gradient， dλ'/db 

exhibits as 1/POJc in eq.2-1-1. 工nthis case， there are 2 kinds 

for gradient. These data show the 2 kinds of Jc with different 

current path such as inter- and intra-Jc for superconducting 

gra工ns. In this section，七heauthor discusses Jc through the 

inter-grain. 

Figure 4-3-2 shows the comparison of JC-B properties measured 

at 77.3 K for si1 ver-sheathed BiPbSrCaCuO w.ires by a. c. inducti ve 

method and 4 probe dc method.[4-3-1] Jc of these wires was 1.7 

x 104 A/cm2 in a zero magnetic fie1d measured by the 4 probe d ・C・

method. Jc-B proper七ies are almost t:he same for the two 

measurements， a. c inducti ve method and 4-probe d. c. method. 
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This resu工七 shows that the magnetic fie~ld dependence of the 

transport JC can be described by ac inductive method as well as 

4 probe dc method. This means that it is possible to easily 

measure the temperature dependence of JC-B proper七ies (JC-B-T) 

of the wires with high critical curren七 wi'thout七heinfluence of 

heating at the transport current terminals in flowing gas helium. 

5 7l 1__2 The transport critical current of 233 A (JC=2.1x10
J A/cm~) a七 4.2

K in a wire with the dimension of 4.2mmw x 0.15mmt was achieved， 

so七helarge heat flux for coolant or extremely low resistive 

joints are required in the case of transport current measurements 

by 4 probe dc method.[4-2-2] 

Figure 4-3-3 shows the temperature dependence of JC in 0.2， 

4 7l 1~_2 1.0 and 2.0T for sample #1 (JC(77.3K，OT)=2.5 x 10~ A/cm~) bya.c 

inductive method. 工twas found that the JC decreased largely in 

the temperature region over abou七 20 K wi th the increase of 

magnetic field from 0.2 to 2 Tesla. Figure 4-3-4 shows the 

magnetic field dependence of JC up to 4 Tesla and 60 K. At 4.2K 

and 25 K，七he magnetic field dependence of JC is small and 

especially small around 4 Tesla， while a七 60K JC has large field 

dependence. JC can be represented under a fixed magnetic field 

as follows: 

JC ~ BC2
m(T) ~ [1-(T/Tc)2]m， (4-2-1) 

us工ngan empirical temperature dependence of BC2(T) ~ 1-(T/TC)2 

[4-2-3]. m-value is usually a parameter determined by the sort 

of pinning sites. Figures 4-3-5 and 4-3-6 show the double 

logarithmic plots of JC vs 1-(T/TC)2 for sample #1 and sample #2 
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3 ，， 1__2 
(J
C
(77.3K，OT) 6.3 x 10~ A/cm~) ・ For samp1e #1， m is 3.43 at 

high temperature region and 10.05 at 10w temperature region. 

For samp1e #2， m-va1ue is 2.75 and 16.3 at high and 10w 

temperature regions， respective1y. These data exhibit that the 

JC-B properties were dominated by more than 2 kinds of pinning 

mechanism at 1eas七. Norma11y m - 1.5 is obtained for p1ane 

pinning sites and m - 4 for point pinning sites.[4-2-4] 

However， these are not fitted in this case in the 10w temperature 

reglon. The effects of another factors， such as change of 

properties of weak 1inks and f1ux creep， shou1d be taken into 

account for more comprehensive unders七andingof pinning. 工n

low temperature region， the inf1uence by weak 1inks is 1arge 

because m va1ue was decreased much from 16.3 七o 10.5 with the 

4 "1__:2 ~_ c. ...， __ .， /"'¥3 ，， 1__2 increase of JC (77.3K) from 2.5 x 10~ A/cm~ to 6.3 x 10~ A/cm 

Figures 4-3-7 and 4-3-8 show the his'tory effects of JC-B 

4 ，， 1__2 properties for samp1e #3 ( J
C
( 77. 3K， OT) =3.0 x 10~ A/cm~) and 

sample #2 at 4.2 K and 20 K. Solid circ1es indicate the 

increasing procedure of magnetic fie1d and open circ1es indicate 

the decreasing one in the case of a zero field cooling. The 

obtained critical current density takes a smal1er value in the 

increasing fie1d procedure than the decreasing one. This data 

is a1so consistent qua1itative1y with 4 probe dc method [4-3-

1]. However， in the case of decreasing magnetic fie1d， the 

externa1 field does not penetrated into the center of the 

superconducting grains. Therefore， it needs to penetrate the 

field in七o the center of grains by getting the field coo1ing 

measurement. Open squares indicate JC-B properties in the field 

Cooling procedure. 工n this case， the intragrain shie1ding 
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currents were not induced， and so JC was not influenced by the 

weak links at the grain boundaries. Therefore， in the field 

cooling case， JC must be taken as an intermediate value of those 

in increasing and decreasing (major) lines. 工n sample #3 with 

high JC' the field co01ing 1ine is in approximately intermediate 

region， while in samp1e #2 with 10w JC' the fie1d co01ing line 

is larger than the decreasing fie1d 1ine in a zero fie1d co01ing 

procedure. 工tis considered that when the history effect exists 

up to much higher magnetic field than the maximum fie1d in the 

present measurement， the decreasing fie1d 1ine can not return 

comp1ete1y七othe major decreasing 1ine. That is， the history 

effect shown in Fig. 4-3-8 is sma11er七hantrue one. Here the 

degree of history effect is represented by the difference in JC 

between major increasing 1ine and fie1d co01ing 1ine， 

[dJC=JC(FC)ーJC(increasing)]・ This difference， AJC' in low JC 

sample is 1arger than those in the higher Jc samples. However 

this figure shows that the history effect a1most simultaneously 

disappears near 20 K for both samp1es a七 3 Tes1a， which can be 

seen in Fig. 4-3-9. Figure 4-3-10 shows the temperature 

dependence of history effect， (JCFC-JCinc)/JCinc a七 0.5Tes1a. 

工tis shown that the history effect is reduced with increasing 

temperature and disappears at near 30 K. These data are 

consistent wi th temperature dependence of t:ransport JC-B by using 

liq. He and Liq. H2 in Fig 4-2-3. 

Figure 4-3-10 exhibi ts that the hysteresis becomes sma11 wi th 

the increase of Jc. Figures 4-3-5 and 4-3--6 shows a1so that the 

m va1ue which represents the decreasing rate of Jc， becomes sma11 

in low temperature region wi th the increase of Jc. These 

29 



results suggest that a further improvement in Jc can be a七七ained

by improvement of weak coup1ing at the grain boundaries. 

Furthermore， the strong tempera七uredependence of Jc for m value， 

indicates differently from the temperature dependence predicted 

from the pinning mechanism. Therefore the equation (4-2-1) as 

which m value is defined， is meaningless. However， the equation 

can be meanfu1 by exchanging Hc2 to the irreversibi1ity fie1d 

(Hirr) because Hirr has the Jc dependence as well as in this case 

as shown in Chapter 6. 

Figure 4-3-11 and 4-3-12 represent the resu工ts in the low 

temperature region of Figs. 4-3-5 and 4-3-6. These resul ts 

show that devia七ion from the straight 1ine in the higher 

temperature region starts at about 30 K at 0.2 Tesla and at 

about 20-30 K with decreasing temperature for the both 

samples.[4-3-2] Hence the strong temperature dependence of Jc 

coincides with that of the history effect in the low temperature 

reglon. 工tcan be concluded that both the rapid decrease in Jc 

with elevating temperature and the history effec七 originatefrom 

weak links in the samples. 

The rapid decrease in Jc is considered to be caused by 

degradation of superconductivity in weak link region wi七h

increase of temperature. These regions seem to 10se the 

superconductivity completely above 20-30 K .and remain as a s七rong

coupling region only at the grain boundaries. Hence， the 

variation in Jc becomes more gradu.al and is accompanied by the 

disappearance of the his七oryeffect. The disappearance of the 

history effect at higher temperature doe:s not originate from 

better coupling due to 10nger coherence length but from the fact 
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that the current flows only七hroughthe strong coupling region 

withou七七hehistory effect. 

4-4. Summary 

工t was corroborated that 七he rapid decrease of Jc in low 

magnetic field region was dominated by the weak link at the grain 

boundaries， and the history effect could disappear by double 

sintering process (deformation-sintering-de~formation-sintering) 

and the improvement of morphologies includinC1 non-superconducting 

phases with increasing of Jc. 

The temperature dependence of Jc-B properties and the history 

effect were measured effectively in wide temperature range on 

BiPbSrCaCuO silver sheathed wires with various level of critical 

current density ・ Theresults were obtained as follows; 

( 1) Both the rapid decrease in Jc wi th increasing temperature and 

the history effect of Jc appeared in the same temperature region， 

below 20-30 K. 工nthe low temperature region， it was observed 

clearly that JC was influenced by weak links with the history 

effect. 工t is concluded from the coin.cidence of the two 

temperature regions that these phenomena are caused by the low 

temperature weak links in the silver sheathed Bi-based oxide 

superconducting tapes. 

(2 )工n the samples with a smaller Jc， the history effec七 is

relatively larger and the temperature dependence of Jc in the low 

temperature region is stronger. Therefore， Jc in this state is 

still thought to be influenced by the weak links and the 

lmprovement of weak coupling is necessary in order to improve Jc 

further at the grain boundaries. 
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5. Studies of Jc-B properties 

5-1. Introduction 

Since the discovery of high-Tc oxide superconductors exceeding 

liquid nitrogen， many efforts have been attemped to get higher 

Jc for power applications. At the beginning， it was difficult 

to get the polycrystalline oxide superconduc七orssuch as Y-based 

high-Tc superconductors. For Bi-2223 oxide superconductor， Jc 

was low and magne七ic field dependence of Jc had two-step 

decrease. The low field decrease was improved by solution of 

weak links problems as described in previous chap七er 4. 

However， the decrease of Jc in the higher magnetic field remains. 

Usually， Jc-B properties in the higher magnetic field were 

explained by pinning mechanism. 

Type 工工 superconductor has mixed state allowing penetrating 

quantum fluxoids between HC1 and HC2・ When the curren七 flows

in the sta te，七he quantum fluxoids move by Lorentz force and 

induce the voltage. However， the fluxoid's motion by Lorentz 

force can be restrained through the pinning sites composed of 

separating fine non-superconducting phases and lattice defects 

etc. Therefore the fluxoids were trapp4~d in the valley of 

potential of pinning si tes against Lorent.z force， and do not 

induce the vol tage through movement of fluxoids. For 

l.ncreasing Jc， The effecti ve pinning si tes have been 

investigated. 

Pinning mechanism of metal superconductors such as NbTi were 

l.nvestigated quantitatively.[5-1-1，2] When the quantum fluxoid 
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lattice is assumed as a continuous medium，七hee1astic properties 

are represented by e1astic modu1us tensor as f0110ws; 
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C66=(BC22/Po)G66(b )， (5-1-2) 

2¥" ~2/~\~/ ~\2/ n ~o~.n ~n~2 where G66 (b) = (1/8K.c.) (1-K.c. /2 )b( 1-b).c. (1-0. 58b+O. 29b.c.)， b=B/BC2 and 

K=~ (GL parameter). When a quantum f1uxoid moves s1ight1y as 

shown in Fig. 5-1-1 (a)， the surrounding f1uxoids were moved 

together to the same orientation. Radius of the corre1ating 

region is represented as 166 for shear motion of quantum f1uxoid. 

The corre1ating 1ength is represented as 144 for the bending 

motion as shown in Fig. 5-1-1 (b) . nd 1，.，. are wri tten 44 ~J..lu. ..L66 UL  = YV 
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where αis Labusch parameter determined by pinning potentia1， 

Uo・[5-1-3] When Lorentz force densi ty ， F L increases as the 

transport curren七 the pinned f1uxoid get out of the pinning 

si tes and begins to s1ip against other pinned one. The re1a七ive

restrain force is proportiona1 to the shear modu1us of f1ux 

lattice， C66・ Thereforethe s1ip of f1uxoids begins when FL is 

equal to Fp' 
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F_=Ct:.t:./2π (5-1-3) p=c66/znaf， 

where af=(2争0/[3B)1/2 (争0=h/2e)・ Therefore，Fp is dependent on 

the properties of flux lattice. 

For high-Tc oxide superconductors， dominating factors of Jc-

B properties were not clear enough because of the strong 

anisotropy of superconducting properties such as the short 

coherence length， penetration depth and high thermal activation 

energy in high temperature region. The author discusses later 

the dominating factors and mechanism of Jc-B properties through 

the difference of Jc-B properties for Jc values and applied 

magnetic field directions of polycrystalline Bi-based oxide 

superconduc七ors.

5-2. Dominating factors of Jc-B properties 

5-2-1. Parallel magnetic field to a-b plane 

Figure 5-2-1 shows the magnetic field dependence of Jc a七 77.3

K， which are normalized by Jc in a zero magnetic field from 

1.7x104 七o 3. Ox104 A/cm2. [4-2-1] The magnetic field was 

applied perpendicularly to a transpor七 current，and parallelly 

to the wide plane of the wires at 77.3 K. The magnetic field 

dependence of Jc was improved with the incrE~ase of Jc in a zero 

magne七icfield. The sample with Jc 3.0 x 104 A/cm2 (工c=35A) 

4 11. 1__2 エna zero magnetic field has Jc 1.5 x 10~ A/cm~ at 0.1 Tesla， 

which is considered for usage wi七h the superconducting cables 

and has Jc 3.3 x 103 A/cm2 at 1 Tesla which is the field used 
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for the magnets ・ While， when the magnetic field applied 

perpendicularly to the tape surface，七he improved tendency at 

the high Jc region is much smaller than that in paralle工 field

as shown in Fig. 5-2-16. Therefore i t was found that the 

magne七icfield dependence of Jc had different tendency for the 

direc七ionsof the applied magnetic field with respec七七othe tape 

surface. 

Figure 5-2-2 shows Jc in each magnetic field compared to Jc 

in a zero magnetic field. 工t was found that the improved 

tendency of the magnetic field dependence of Jc was enhanced 

better simultaneously in the low magnetic field area below 0.1 

Tesla and the high magnetic field area above 1 Tesla. 工nthe 

magnetic field from 0.1 to 1 Tesla，七heimproved tendency of the 

magnetic field dependence of Jc was the same because the lines 

for the region from 0.1 Tesla to 1 Tesla were parallel to each 

other as shown in Fig. 5-2-2. However， the tendency is much 

larger at 2 Tesla than that below 1 Tesla. 

Figure 5-2-3 shows the magnetic field dependence of pinning 

force (JC x B) for wires having each levels of JC ，(a) 

47，OOOA/cm2， (b) 18，000 A/cm2 and (c) 5，500 A/cm2. Pinning 

force increased in whole range up to 3 T with the increase of JC 

in a zero magnetic field. The magnetic field at which the 

pinning force becomes the maximum val ue， does not change. 

Figure 5-2-4 shows the pinning force normalized wi th maximum 

plnning force value. The magnetic field dependence of the 

pinning force was improved especially large in the high magnetic 

field region. This means that the pinning force becomes工arge

relatively at high magnetic field region. Figure 5-2-5 shows 
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the SEM photographs of superconducting sec1:ion of wires having 

J
c 
of (a) 5，500 A/cm2， (b) 10，600 A/cm2 and (c) 22，200 A/cm2. 2 I ¥... ¥ .， n. t::: f"¥ f"¥ ... 1__  2 

In sample (a) wi七h low J
C
' three kinds of non-superconducting 

phases， such as phase 1 (SrCaCuO)， phase 工1 ((Ca，Sr)2Pb04) and 

phase 工工工 (ca2Cu03
)， were found with large granular shape. 工n

sample (b)， phase 工 disappeared，and phase 1工 became sma11 and 

thin shape. However， phase 1工工 remained with the 1arge size. 

In samp1e (c) wi七h high J
C
' a11 non-superconducting phases were 

dispersed in fine and thin shape. 

The fine dispersed non-superconducting phases were observed 

through TEM. Figure 5-2-6 shows the TEM image of thin non-

superconducting phase at a gap in a-b p1anes viewed a10ng the a-

b p1ane， which was found in the samp1e B. The thickness is about 

severa1 nm. The boundary between the high-Tc phase with c/2=1.8 

nm and the non-superconducting phase is c1ear， and the 

arrangement of atoms in the high-Tc phase~ does not show any 

disorder. These phases found through TEM were p1ate1et shaped， 

and a1igned a10ng the p1ane of the wire. Therefore they are 

expected to function as the pinning sites for the Lorentz force 

along c-axis. The superconducting grains connect smooth1y with 

gentle bending toward each other. 

The fine granu1ar non-superconducting phase was found， as 

shown in Fig.5-2-7. This granu1ar non-superconducting phase 

may act as the point pinning sites which become effective when 

the magnetic fie1d app1ied perpendicu1ar1y to a-b p1ane. 

However， i t must be noted that the weak 1inks are produced 

simultaneous1y at the grain boundaries inc1uding the non-

superconducting phases since the a-b p1anes at both side of the 
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grain boundary have misorientation. 

The grain boundaries which did not include the non-

superconducting phases， were observed along a-b plane of Bi-

2223 oxide superconductor through TEM. Three types of grain 

boundaries were observed as shown in Figs. 5-2由 8 and 5-2-9. 

Figure 5-2-8 shows the twist boundary which was composed of the 

aligned grains rotated around c-axis since the arrangement of 

atoms was clear for七heonly upper grain through high resolu七ion

TEM. Figure 5-2-9 shows the misfitted grain boundaries with 

small angle as shown in the electron diffraction pattern. The 

boundary is sharp and clear because it does not include the non-

superconducting phase. Figure 5-2-7 shows the grain boundary 

in a-b plane with diferent orientation by small angle. Each 

arrangement of a七omswas connected smoothly 七hrough the grain 

boundary. The area of these clean and sharp grain boundaries 

as shown in Figs.5-2-8 and 5-2-9 increases and the current path 

through the grain boundary connections becomes smooth wi th 

decreasing the non-superconducting phases. 

The volume ratio of non-superconductin9 phases to high-Tc 

phase was estimated by observation through EDX measurement to be 

30老forsample ( a )， 20老 forsample(b) and 8% for sample(c) through 

Fig.5-2-5. The improvement of JC-B properties of the wires in 

Fig.5-2-1 have strong relationship wi th the improvement of 

rnorphology. 

In the low magnetic field below 0.1 T， the magnetic field 

dependence and history effect of Jc were improved wi th the 

lncrease of Jc in a zero magnetic field through history effect 

as shown in Fig. 4-2-1. These data correspond the improvemen七
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of the contac七 atthe grain boundaries. The decrease of Jc 

in the high magnetic fie1d area around 1 T was shifted to a 

higher magnetic fie1d as shown in Fig.5-2-1. 工t 100ks 1ike 

that the improvement of the weak 1inks at 1the grain boundaries 

corresponds to the improvement of Jc-B in a high magnetic fie1d 

when it is app1ied para11e11y to the p1ane of the wire. 

Figure 5-2-10 shows the magnetic fie1d dependence of Jc for 

4 ~ 1__2 the wire of Jc 2.5 x 10" A/cm.c. at 77.3 K. When the magnetic 

fie1d was app1ied para11e11y to the p1ane of the taped wire， it 

was found that the wire exhibi ts the SaLme magnetic fie1d 

dependence of Jc for both directions， para11E~1 and perpendicular 

to the transport current. This means that the Jc-B properties 

are dominated by 七he same mechanism for para11e1 and 

perpendicu1ar directions to the transport current. 

The BiPbSrCaCuO superconductor was composed of p1ate1et 

grains with a few hundreds nm in thickness pi1ed up a10ng the 

c-axis as shown in Fig. 3-3-1(b). The transport current in 

the wire must have the two kinds of components a10ng the c-axis 

direction when it crosses七hegrain boundaries and a10ng七hea-

or b-axis directions when it f10ws in a p1ate1et grains. 

Usua11y， the magnetic fie1d dependence of Jc in the higher 

magnetic fie1d have been understood by pinning theory which 

dominates the pinning force estimated by the size and interva1 

distance of pinning si tes through Lorentz force between the 

transport current and magnetic fie1d. However，七he author 

discusses 1ater about the presence of the other dominating 

factors of Jc-B properties. 

The author considered how Lorentz force acted and the 
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magnetic f1ux f10wed in po1ycrysta1ines of Bi-2223 oxide 

superconductor when the transport current f10wed through the 

grains as shown in Fig. 3-3-1(a). 工nthis case， the grains were 

composed of straight p1ate1et shape. Therefore the grain 

boundaries have misorientation and a point con七act. The Jc-B 

properties in high magnetic fie1d region are improved by the 

second deformation and sintering process as shown in Fig. 3-3-

3. 

工七 was found that Bi-2223 oxide superconductor in si1ver 

sheathed wire has 1arge anisotropy by 1arge two-dimensiona1 

f1uctuation in the magnetization measurements.[5-2-1，2] The 

magnetization in high fie1ds from 1 to 5 'Tes1a disp1ays good 

sca1ing behavior as function of 4nM/(TH)1/2=:A[T-TC(H)]/(TH)1/2， 

which can be exp1ained by Ginzburg-Landau f1uctuation theory for 

a two-dimensional system as shown in Fig.5-2-11(a). For three 

dimensiona1 sca1ing 1aw， it was not fitted as shown in Fig.5-

2-11(b). While， for YBa2Cu307， it was fitted as function of 

4πM/(TH)3/2=A[T-TC(H)]/(TH)3/2， which can be explained as three-

dimensiona1 system as shown in Fig. 5-2-12 by U.We1p et a1. [5ー

2-3] These data mean that the corre1ation between layers of 

a-b p1ane of Bi-2223 oxide superconductor is much weaker than 

that in a-b p1ane. 

The f1ux 1attice softening was observed through 10ss peaks 

of a high-Q mechanica1 osci11ator by Gammel et a1. as shown in 

Fig.5-2-13. For Bi-based oxide superconductor (2212 phase) 

sing1e crysta1， the softening temperature e~:hibited Ts/Tc=O.32. 

The magnetic f1ux 1attice becomes soft a七 77.3K. Furthermore， 

when the f1ux f10ws at a few Tes1a， the f1ux f10w resistivity is 
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very 10w at 77.3 K because the f1ux-f1ow resistivi ty， Rf is 

represented by the simp1est Bardeen-Steph.en mode1 [5-2-6] as 

fo11ows: 

Rf{T)=PnB/ロOHC2(T)， 

where Pn is the norma1-state resistivi ty at measuring 

ternperature. The term of B/POHC2{T) means 七ha七 the f1ux-f1ow 

resistivity is proportiona1 to the area of i:he norma1 core of a 

vortex. A七 77.3K， POHC2 is determined as 128 Tes1a th.rough 

the measurement of M-H curve. Th.e f1ux resistivity becomes 

about 1/32 of Pn when the f1ux f10w appears at 4 Tes工a.

When the f1ux moves a10ng a-b p1ane， the corre1ation 1ength of 

f1ux 1attice， 144 (bending motion) and 166 (sh.ear motion) is 

short and the e1astic modu1us of f1ux 1a1:tice， C44 (bending 

rnotion) and C66 (shear motion) is sma11. Therefore， 1oca1 f1ux-

f10w can occur perpendicu1ar1y to c-axis: through the weak 

corre1ations. 

Through the above considerations， the author proposes a mode1 

for the magnetic fie1d dependence of Jc of BiPbSrCaCuO si1ver 

sheathed wire at 77.3 K as fo11ows. 

Figure 5-2-14 shows the mode1 for the interactions between 

magnetic fie1d and transport current. 工n the wire， the 

transport current f10ws a10ng c-p1ane in the grains， and when 

the transport current crosses the grain boundaries， it f10ws 

along c-axis. Therefore the interaction between transport 

current and magnetic fie1d must be considered for two kinds of 
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transport current. 

When the magnetic field was applied parallelly七othe taped 

p1ane and perpendicularly to the curren七， the Lorentz force was 

generated parallelly to c-axis for current along a-b plane and 

perpendicularly to c-axis for current along c-axis as shown in 

Fig. 5-2-14(a). 

Bi由 basedoxide superconductor has strong anisotropy and short 

coherence length. The coherence length was rneasured through the 

magnetization measurement on the silver sheathed wire with the 

magnetic field parallel to the c axis. The coherence length， 

と(0)♂ 0.96nm and乞(0)=0.02nm was estimated by a reversible M-

H curve， where ~(O)c was calculated by using t:he anisotropy ratio 

for Bi-based superconductor， (~50).[5-2-2 ， 4] The temperature 

dependence of HC2 ( T ) was estima七ed as shown in Fig 5-2-15. 

HC2(0) and HC2(77.3 K) was estima七edas 297 Tesla and 128 Tesla， 

respectively. 

It must be considered that the pinning force has anisotropy 

wi th respect to crystal orientation. The reasons are as follows. 

Many possible pinning sites such as a thin non-superconducting 

phases and intergrowth layers as shown in Fig. 5-2-6 and the 

twist grain boundaries as shown in Fig. 5-2-8 were observed 

perpendicularly to c-axis. While， there are few pinning sites 

a10ng c-axis. Furthermore， the grains are aligned to c-axis， and 

coherence length and penetration depth of Bi-2223 oxide 

superconductor have large anisotropy. 

Therefore it is considered that Jc-B characteristics are 

inf1uenced by Lorentz force along a-b plane c1enerated by current 

with c-axis component and the applied magnetic field. The 
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relationship between the improvement of Jc-B characteristics and 

history effect is explained as follows: When the current path 

becomes narrow at the grain boundaries with weak links， magnetic 

field enters easily in the grain boundary and history effect 

occurs by difference of shielding current during increase and 

decrease of magnetic field.[1-2-8，5-2-5] At these grain 

boundaries，七hetranspor七 currentalong c-axis concentra七esa七

the narrow weak link path in the magnetic field， and Lorentz 

force is generated strongly perpendicular to c-axis for the weak 

links. When the history effec七 isimproved with the increase 

of Jc， the current path becomes wide and the bending becomes 

strong at the grain boundaries and the influence of magnetic 

field may become small for it. 

In more macro scopic scale， the sample with low Jc involves 

the big size non-superconducting phases such as CaCuO， CaSrPbO 

and SrCaCuO as shown in Figs. 5-2-5 (a) and (b). The 

transport current wi th c-axis componen七c>ccurs around the 

non-superconducting phases. The transport current density 

along the c-axis becomes relatively large around those phases 

and the Lorentz force works parallelly七0 七hea-b plane wi七h

wide area as shown in Figs.5-2-5(a) and (b). The transport 

current density along c-axis becomes small and the area with c-

aXis current becomes small wi th the decrease of the size of 

non-superconducting phases as shown in Fig. 5-2-5 (c)， 

relatively. Therefore the Lorentz force which works parallelly 

to the a-b plane becomes small. The Jc-B charac七eristicsare 

dominated by the current wi th c-axis component at the grain 

boundaries. When local flux flow along a-b plane appears at 
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a few Tesla and 77.3 K， the flux-flow resis.七ivityis small and 

stabilizes by the high HC2・

5-2-2. Perpendicular magnetic field to a-b plane 

Figure 5-2-16 shows the magnetic field dependencies of Jc 

when the magnetic field was applied perp~endicularly to the 

p1ane. The magnetic field dependence of Jc in the low 

magnetic field region was improved， but it was not improved in 

the high magnetic field region. The feature is quite different 

from the case of the parallel magne七icfield as shown in Fig. 5-

2-1. Therefore， the factors which dominate Jc-B 

characteristics are different between the applied magnetic 

field parallelly and perpendicularly to the tape plane. The 

magnetic field is applied perpendicularly to the a-b plane as 

shown in Fig. 5-2-14 (c)， the Lorentz forcE~ works parallelly 

to the a-b plane for the transport current in the a-b plane and 

it hardly works on the c-axis componen七 transport current. 

Jc-B characteristics correspond to the magnetic field dependence 

of企Mby VSM (Vibrating sample magnetometer) as shown in Fig. 5-

2-17. The magnetization curve corresponds to the Jc-B 

characteristics in the grains which has much larger Jc than the 

transport Jc through grain boundaries. 

Because Jc-B characteristics must be dominated by the 

intrinsic pinning sites along c-axis in each grain with the large 

Volume， they were no七 dependent on the grain boundary 

characteristics in high field region. For the improvement of 

JC-B characteristics when the magnetic field is applied 
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perpendicu1ar1y 七o the tape p1ane， i t is necessary for the 

increase of pinning force to introduce the effective pinning 

sites a10ng c-axis. According1y， the f1ux flows a10ng a-b p1ane 

when the magnetic field is app1ied a10ng c-axis. 

5-3. Jc-B properties in 1iquid he1ium 

Figure 5-3-1 shows the magnetic fie1d depend巴nceof JC a七 4.2K 

4 A A __11 n4 ~ 1__2 for tape wires.having JC of 1.4x10~ to 4.4xl0~ A/cm~ in a zero 

magnetic f ie1d and a七 77.3K.[5-3-1] The magnetic fie1d was 

app1ied para11e11y to the tape p1ane up to 23 Tes1a. JC changed 

litt1e in the magnetic fie1d from 5 to 23 Tes1a. The JC a七

4.2K was a1so increased with the improvement of JC at 77.3 K. 

4 ~ 1__2 '-__ _ _L: .， rVl__" /"¥5 ~ 1__2 The wire with JC(77.3K)=4.4x10~ A/cm~ has a JC of 1.03x10~ A/cm 

at 23 Tes1a. Figure 5-3-2 shows the magnetic fie1d direc七ion

4 ~ 1__2 
dependence of the wires with JC(77.3K)=2.8x10~ A/cm~. When the 

magnetic fie1d was app1ied para11e11y to 七he tape p1ane， 

4 ~ 1__2 
Jc( 4. 2K， 23T) was 4. 6x10~ A/cm~. When the magnetic fie1d was 

applied perpendicu1ar1y to the tape plane" JC( 4. 2K， 23T) was 

3.5x104 A/cm2. According1y it was found that the difference was 

only about 30%. These properties are much more exce1lent than 

the meta1lic superconductors such as Nb3Sn because JC of the 

rnetallic superconductor becomes smal1er around 20 Tesla as shown 

in Fig. 5-3-3. Therefore it was found that BiPbSrCaCuO sheathed 

Wires had a sufficient high potentia1ity for the application in 

super-high magnetic fie1d over 20 Tesla at 4.2 K. 

5-4. Jc-B proper七iesin 1iquid hydrogen 
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The cooling system would be simplified if the superconducting 

magnets could generate by using the other coolan七s for liquid 

helium. The operation in liquid hydrogen has large merit from 

the points of running cost and the operating technique if the 

superconducting magnets are operated a七 15-20K by using liquid 

hydrogen.[4-2-2， 5-4-1] 

For this measurement， a two-specimen sample holder was bui1t 

to be used in a cryostat containing a bath of boi1ing liquid 

hydrogen. The samp1e ho1der is equipped wi th three current leads， 

two sets of vo1tage taps， and two carbon-resistor liquid-1evel 

indicators. Because of safety requirements， a11 the vapor is 

vented outdoors through a pumping system that can maintain a 

constant cryostat pressure. 工nthe experiments， the 1eads could 

safely carry currents up to 21 A at 100 torr(15 K for hydrogen) 

cryostat pressure. 

The typica1 measurement procedure consisted of two basic 

steps: (1) hydrogen runs at 20 K and 15 K (2) helium run at 4.2 

K， the sample ho1der was p1aced in a cryostat containing 1iquid 

hydrogen (1.5-2 1iters)， and the 20 K data were taken at the 

magnetic fie1d up七o 19.75 Tesla. The 20 K measurements were 

immediate1y fo11owed by the 15 K measurements with the cryosta七

operated at a pressure of 99-100 torr; the same fie1d sequence 

was used. After comp1etion of the hydrogen runs， the cryostat 

with the sample ho1der was removed from the magnet and taken 

outdoors. 

Figure 5-4-1 represents three separates sets of 工c vs. T 

plots， for the three groups of tapes. No 4.2 K data were taken 
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for Tape 1 and 2 as shown in Tab1e 5-4-1. The magnetic fie1d 

direction is para11e1 to the tape's f1at surface and 

perpendicu1ar to the current direc七ion. Tape 3 in the table， 

for examp1e ， has a 工cof 60.6 A at 19.75 Tesla and 20 K， which 

corresponds to a cri tica1 current densi ty (over the 

2 superconductor cross section area of 0.110 mm'C.) of 55，100 A/cm.c.， 

a value significant1y higher than that at 19.75 Tes1a and 4.2 K 

achievab1e by the best Nb3Sn conductor now avai1ab1e. This samp1e 

2 shows Jc=103，000 A/cm.c. at 4.2 K and 23 Tes1a. Figure 5-4-2 shows 

the comparison of Jc-B proper七iesat 4.2 K and 20 K. The V-工

trace taken for this tape at 19.75 Tes1a and 4.2 K shows that七he

conductor's index number n is 29. ( n is the exponent appearing 

in the V-工re1ationshipnear工c:Vrx (工/IC)n.) These properties 

suggest that the Jc-B properties not on1y at 4.2 K but a1so at 

20 K， are much more exce11ent than the meta1lic superconductors 

such as Nb3Sn as shown in Fig.5-4-2. 

The cri tica1 current values achieved wi th these七apesnow rnake 

the construction of "high-Tc" superconducting rnagnets of 

engineering interest feasib1e， at 1east when operated be10w -20 

K. A1though the operating of high-Tc superconducting magnets 

in the ternperature range be10w -20 K seems， at first glance， 1ess 

appealing than that at 1iquid-nitrogen temperature， when 

requirements of stabi1ity and protection for E~ngineering devices 

are inc1uded in magnet design[5-4-2]， this 10wer temperature 

range operation may appear desirab1e. A high va1ue of n 

obtained at 19.75 Tes1a and 4.2 K a1so s七rong1ysuggests that 

BiPbSrCaCuO， when operated a七 4.2K， may u1timate1y become the 

best conductor rnateria1 for persistent-modE~ ， high-fie1d (>29 
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Tesla) or high proton-frequency (>900 MHz) nuclear magnetic 

resonance (NMR) superconducting magnets. 

5-5. Summary 

It was found that the Jc-B properties have differen七

domina七ingfactors for the parallel and perpendicular magnetic 

field to the tape plane of Bi-based high-Tc oxide superconducting 

Wlres. The factors dominating the magnetic field dependence 

of Jc of silver sheathed polycrystalline BiPbSrCaCuO (Bi-2223) 

wire were investigated. The following modE~l was proposed to 

interpret the resu1ts data. When the magnetic fie1d is app1ied 

paralle11y to the wide p1ane of the wire， Jc-B characteristics 

are dominated by the c-axis component of the transport current 

crossing the grain boundaries. When the magnetic fie1d is 

applied perpendicu1ar1y to the wide p1ane of the wire， the Jc-

B characteristics are dominated by the current in the a-b p1ane. 

For both cases， the f1uxoid flows a10ng a-b p1ane. 

The magnetic fie1d dependence of Jc was measured a七 4.2 K. 

It was found that the Jc was much 1arger at 4.2 K than a七 77.3

K and increased up to over 105 A/cm2 a七 23Tes1a. The magnetic 

field dependence of Jc was sma11 in the magnetic fie1d from 5 to 

23 Tesla. The JC at 4.2K was a1so increased with the 

lmprovement of JC a七 77.3K. 

The magnetic field direction dependence of the wire was 

measured. The difference between para11e1 and perpendicu1ar to 

the tape p1ane was on1y 30 %. These properties are much more 

excellent七hanthe metal superconductors such as Nb
3
Sn and NbTi. 
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Therefore it was found 七ha七 BiPbSrCaCuO sheathed wires had a 

very high potential for the application in super-high magnetic 

field over 20 Tesla at 4.2 K. 

Jc-B properties were measured in high magnetic field until 

19.75 Tesla in liquid hydrogen. High Jc and n-value were 

obtained for construction of high-Tc superconducting magnets 

which made it feasible for engineering interest， at least when 

operated at 20 K. 

48 



6. studies of工rreversibilitylines 

6-1. Introduction 

It was represented as shown in the previous chapters that the 

influence of the weak links at grain boundaries were decreased 

for Bi-based oxide superconductor. Very high Jc was achieved 

up to very high magnetic field at low temperature region below 

20 K. However， these values fall off rapidly with increasing 

field at high temperature such as liquid nitrogen temperature. 

These data means that the lack of such effective pinning centers 

restricts the critical current property at high temperature as 

shown in Fig. 6-1-1. This property is characterized by the so-

called irreversibili七y line， i . e.， the boundary between the 

reversible (Jc=O) and irreversible (Jc>O) regions in the 

temperature versus magnetic field space. 

For the design of a superconducting magnet;， irreversibility 

magnetic field Hirr( T) and temperature Tirr( H) are important 

because the critical current is dominated by the Hirr(T) rather 

than the critical magne七icfield HC2(T). The irreversibility 

field， H.: __( T)， is obtained as the inverse relation of the 
1rr'-~' 

irreversibility temperature， Tirr(H). 

This phenomenon was first noted by Muller et: al. [6-1-1] They 

showed that there is a significant temperature range below the 

mean-field critical magnetic field Hc2(T) in which the 

magnetization of bulk La-Sr-Cu-Q is reversible during a warming 

and cooling cycle in the magnetic field. The low-七emperature

boundary of this reversible range is called the irreversibility 
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temperature Tirr(H) or irreversibility magnetic field Hirr(T)， 

which depends on T as 

H
irr
( T)ぽ [1-T/Tc(0)]3/2.

Based on this and other related observa七ions，they proposed the 

existence of a superconducting glass state. 

On the other hand， Yeshurun and Molozemoff， who observed a 

similar relationship between Tirr(H) and H for a single crystal 

of YBa2Cu307， argued that this magnetization behavior could be 

described by a conventional flux-creep model.[6-1-2] 

The highly movable flux lines have also been studied by 

measurements of the broadening of the resistive superconducting 

transi七ionunder magnetic field [6-1-3] and of the complex ac 

susceptibility near the critical temperature， Tc(H).[6-1-4] The 

results of these studies were generally explained by the 

thermally assisted flux motion under the Lorentz force. 

Thus， it was not clearly established whether this dissipative 

magnetic state is a consequence of a phase transformation in the 

flux-line lattice or is due to thermally activated motion of flux 

lines (depinning fluxoids). 

工n this chapter， the author describes thE~ measurements of 

lrreversibili ty line and the dependence for cri tical current 

density. 

6-2. Measuremen七 anddiscussion of irreversibili七y lines 

Five test samples with 3 levels of JCO a七 77. 3 K and zero 
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2 magnetic field， (No. 1，2 and 3: 300 A/mm.c.， No. 4: 220 A/mm.c. and 

2 No. 5: 130 A/mm.c.) were prepared. [6-2-1，2] (Note that test 

samples 2 and 3 are provided from the same tape. ) The critical 

temperature， TC' of each七apewas 106 K. The overall dimensions， 

including silver shea七h， were 4 mm in w'idth， 0.15 mm in 

thickness. A sample holder， housed in a temperature control工ed

adiabatic chamber， was used for these measurements. 工n the 

holder， test samples 1， 2， 4， and 5 were oriented to align each 

tape plane parallel to the applied magnetic field direction， 

while test sample 3 was aligned in such a way that the tape plane 

was perpendicular to the appl ied f ield . The experimental 

procedure was as follows. For a given temperature，七heapplied 

magnetic field， Ha was swept at a constant rate (ロOdHa/d七=0.16-1

Tesla/min) starting at a field considerably below Hirr 

corresponding to the temperature. For a given magnetic field 

setting， the temperature was increased at a constant rate from 

4.2 K to 120 K. The 4-probe dc technique， with a constant 

2 measurement current of 100 mA (J=O. 9 A/mm.c. over the 

superconductor cross section) for sample 1 and 200 mA (J=1.5 

A/mm2 ) for samples 2， 3， 4， and 5， were used to measure vol七age.

Hirr and Tirr were defined by a resistive electric field of 1 

μV/cm. This electric field is equivalent to an effective 

resistivi ty of 7x10-11 Q ・m， whose value is much lower than 

3xl0四 9 Q ・m，the resistivity of silver at 77 K. 

Figure 6-2-1 shows POHirr vs T plots for test samples 1 (open 

symbols) and 2 (solid symbol) wi th JCO=300 A/mm
2. The sweep rate 

dependency of magnetic field on Hirr was measured with 0.16 (open 

triangles)， 0.4 (open circles) and 0.8 Tesla/min (reversed open 
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triang工es) for sample 1. Tirr(H) (open squares) was evaluated 

with a temperature sweep rate of 5 K/min. For sample 2 (solid 

circ1es)， POHirr was measured up to 30 Tesla with a 1 Tes工a/min

sweep rate. As shown in Fig. 6-2-1， i t was found that the 

irreversibi1ity lines were not changed with the different 

measurement procedures. 

Figure 6-2-2 shows POHirr vs T p10ts for test sample 2 (open 

circ1es) ， 3 ( solid circles) ， 4 (open squares) and 5 ( open 

triang1es) . Hirr(55 K) values were obtained at 27.9 T for 

samp1e 2， 22.8 Tes1a for sample 4 and 18.2 Tesla for samp1e 5， 

with the magnetic field parallel to the tape plane. The data 

clear1y show that Hirr increases with JCO・

Figure 6-2-3 shows the re1ation between irreversibi1ity fie1d 

at 77.3 K and Jc at the same temperature without magnetic fie1d. 

4 .，. 1__2 The samples has Jc=3.01x10~ A/cm~ (Tc=107.7 K) for #3， 1.39x10 

4 .，. 1__2 A/cm2 (Tc=109.1 K) for #4 and O.78x104 A/cm2 (Tc=108.8 k) for #5， 

respecti ve1y. [6ー2-3] For these samples， the irreversibi1ity 

fie1ds， were determined by the temperature at which the voltage 

of 0.1 pV was detected between the voltage terminals of 3 mm. 

In the figure， open symbols indicate the bu1k samples for 

comparison. [6-2-4] This a1so c1early shows that the Hirr 

increases monotonically wi th increasing cri tical current densi ty ・

The author described in the previous chapt:er that an increase 

ln JCO suggests an improvement of morpho1ogy in BiPbSrCaCuO 

caused by a decrease in weak links at grain boundaries and a 

fine dispersion of nonsuperconducting phases. These data sugges七

that Hirr apparently increases with improved morpho1ogy of the 

high-TC superconducting section in the silver-sheathed tapes. 
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Therefore the improvement to the high field and high 

temperature region for irreversibility line suggests that the 

line is dominated by the depinning process with the improvement 

of morphology in the superconducting phase. 'rhese data indica七e

that the irreversibility field can be increased by the 

improvement of morphology. 

For test samples 2 and 3 from the same tape， with which the 

effect of field direction on H~__ was examined， the data clearly 
l.rr 

show anisotropy in relation to field direction. With the tape 

plane perpendicular七oapplied field (test sample 3， solid circle 

in Fig. 6-2-2， POHirr(33 K) was 17 Tesla， which shows a lower 

irreversibility fie工d than that of sample 2. The Hirr begins 

to increase steeply at abou七 50 K as temperature is lowered. 

Wi th a parallel applied field (tes七 sample 2， open circle in 

Fig.6-2-1)， this steep increase begins at about 80 K. 

工tis known that Hirr(T)ぽ (l-T/T
C
)n，where Tc=106 K for the 

tapes of sample 1， 2 and 3. Figure 6-2-4 shows ln(pHirr) vs 

ln(l-T/T
C
) plots for test sample 1 (open circle) and 4 (solid 

circle )， wi th poHirr in Tesla. From these data， using the 

least-squares method， we obtain the values of n for the two 

orientations. For the perpendicular-field orientation， n=3.0 for 

the temperature range from 55 K 七o90 K; for the parallel-field 

orientation， n=2.8 for the range from 33 K to 90 K. The dotted 

lines in Fig. 6-2-4 correspond to these n-values. 工tis known 

that the irreversibility line is given by H<x(1-T/Tc)1.5 for 

YBa2Cu307 superconductor[6-1-2]. However the n-value of Bi-

2223 oxide superconductor did not correspond for the case of y-

based oxide superconductors. 
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6-4. Summary 

The irreversibili ty lines of BiPbSrCaCuO silver sheathed tapes 

were measured as a function of temperature. The high 

irreversibili ty fields were obtained for Bi-2223 oxide 

superconductors. For the sample with JCO(77.3 K)=30，OOO A/cm
2， 

PoHirr was 27.9 Tesla a七 55K. 

工七 was found that the irreversibility magnetic field (Hirr) 

increased with JCO・ Thedependence of Hirr on JCO suggests七o

originate from depinning mechanism rather than the phase 

transition for fluxoids. 

工rreversibility lines were fitted by the function of 

Hirr( T)α(l-T/TC)n. n-values were obtained wi th 3.0 for the 

perpendicular field to tape plane and 2.8 for the parallel field. 

These values were larger than that of Y-based superconductors 

etc. 
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7. Concl usions 

For the development of Bi-based oxide superconducting wire 

with high Jc， it was found that the Jc and Jc-B properties were 

improved by the homogenization of high-Tc phase (110 K phase)， 

con七roll of composition ratio， and the alignment of the 

superconducting grains and the good contact at the grain 

boundaries through the doub工edeformation and sintering process. 

For homogenization of high-Tc phase， it was found that七hesilver 

sheath accelerated the formation of high Tc phase (2223 phase). 

For double deformation and sintering process， it was found that 

the filling powder was homogenized七o 2223 phase (110 K phase) 

for growing large grains at the firs七 s七ep and the pla七elet

grains were connected strongly by the deformation and sintering 

again. For controll of the composi tion ratio ，r i t was found that 

the volume of the non-superconducting phases (CaPb04， Ca2Cu03， 

etc.) were reduced through the control of composition ra七ioby 

increasing Bi and Ca. As a result， Jc over 104 A/cm2 in zero 

magnetic field was obtained in the sample with Jc=4.7x104 A/cm2 

at 77.3 K and 0 Tesla through the improvement of morphologies. 

These data exhibit tha七七heBi-2223 silver sheathed wire has 

high potentiality for the practical use to power applications. 

For studies of weak links at grain boundaries， It was 

corroborated that the rapid decrease of Jc in low magnetic field 

region was dominated by the weak links a七七hegrain boundaries， 

and the history effect could disappear by double sintering 

process (deformation-sintering-deformation-sintering) and the 

improvement of morphologies including non-superconducting phases 
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with increasing of Jc. 

The temperature dependence of Jc-B properties and the history 

effec七 weremeasured effectively in wide temperature range on 

BiPbSrCaCuO silver sheathed wires with various level of critical 

current density. The results were obtained as follows; 

( 1) Both the rapid decrease in Jc wi th increasi.ng temperature and 

the history effect of Jc appeared in the same temperature region， 

below 20-30 K. 工nthe low temperature region， it was found that 

Jc was influenced by weak links with the history effect observed 

clearly. 工七 is concluded from the coincidence of 七he two 

temperature regions that these phenomena are caused by the low 

temperature weak links in the si工ver sheathed Bi-based oxide 

superconducting tapes. 

( 2 )工n the samples with a smaller Jc， the history effec七 is

relatively larger and the temperature dependence of Jc in the low 

temperature region is stronger. Therefore， Jc in this state is 

still thought to be influenced by the weak links and the 

improvement of weak coupling is necessary in order七oimprove Jc 

further at the grain boundaries. 

For studies of Jc-B properties， the factors dominating the 

magnetic field dependence of Jc of silver sheathed 

polycrystalline BiPbSrCaCuO wire were investigated and the 

following model was proposed. When the magnetic field is 

applied parallelly to the wide plane of the wire， Jc-B 

characteristics are dominated by the c-axis component of the 

transport curren七. When the magne七ic field is applied 

perpendicularly to the wide plane of thE~ wire， the Jc-B 

characteristics are dominated by the current in the a-b plane. 
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For both cases， the f1ux f10ws a10ng a-b p1ane. 

The magnetic fie1d dependence of Jc was measured a七 4.2K. 

It was found that the Jc increased much 1arger at 4.2 K than a七

77.3 K and changed 1itt1e in the magnetic fie1d from 5 七o 23 

Tes1a. The JC a七 4.2Kwas a1so increased with the improvement 

of JC at 77.3 K. The magnetic fie1d direction dependence of七he

wires was a1so investigated. The difference between para11e1 

and perpendicu1ar to the tape p1ane was on1y 30 % . These 

properties are much more exce11ent than the meta11ic 

superconductors such as Nb3Sn and NbTi. 

that BiPbSrCaCuO sheathed wires had 

Therefore it was found 

a sufficient high 

potentia1ity for the app1ication in super-high magnetic fie1d 

over 20 Tes1a a七 4.2K. 

Jc-B properties were measured first in high magnetic fie1d 

unti1 19.75 Tes1a in 1iquid hydrogen. High Jc and n-va1ue was 

obtained for construction of high-Tc superc:onducting magnets 

making engineering interest feasib1e， at 1east when operated at 

20 K. 

For studies of irreversibi1i ty 1ines， the irreversibi1i ty 

lines of BiPbSrCaCuO si1ver sheathed tapes were measured as a 

function of temperature. The high irreversibi1ity fie1ds were 

obtained for 8i-2223 oxide superconductors. For the samp1e with 

2 JCO(77.3 K)=30，000 A/cm~ ， POHirr was 27.9 Tes1a at 55 K. 工twas 

found that the irreversibi1ity magnetic fie1d (H~__) increased 
l.rr 

with JCO・ The dependence of Hirr on JCO suggests for the 

lrreversibi1ity 1ine to be originated from depinning mechanism 

rather than the phase transition for f1uxoids. 

工rreversibi1ity 1ines were fitted by the function of 
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Hirr(T)ぽ (l-T/TC)n. n-values were obtained wi th 3.0 for the 

perpendicular field to tape plane and 2.8 for the parallel field. 

These vales were larger than that of Y-based superconductors etc. 
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Figure cap七ions

Fig.1-3-1 Fabricating process of silver sheathed BiPbSrCaCuO 

oxide superconducting wire. 

Fig.2-1-1 Arrangemen七 ofspecimen and magnetic field for (a) ac 

inductive measurement for critical current density and 

(b) resistive measurement by 4-probe dc method. 

Fig.2-1-2 measuring system of ac inductive method. 

Fig.3-2-1 Jc vs. press load for YIBa2Cu307_x and BiSrCaCu20x 

silver sheathed oxide superconduc七ingwires. 

Fig.3-2-2 Cri tical current densi ty vs. sintering temperature for 

BiSrCaCu20x oxide superconductor. Sintering time is 

1 hour. 

Fig.3-2-3 Jc vs. tape thickness for silver sheathed 

BiO. aPbo. 2SrCaCu20x superconductor. This size in the 

figure are the wire diameter before press processing. 

Fig.3-2-4 dc susceptivility vs. temperature for silver sheathed 

Bio.aPbo.2SrCaCu20x superconducting wire. 

Fig.3-3-1 Fracture furface of BiPbSrCaCuO oxide superconductor 

inside silver sheathed tapes. a) Sample C. b)Sample 

B. 

Fig.3-3-2 The history effect of Jc during the increase and 

decrease of H for samples A and C. a) H parallel to 

wide plane of the tapes. b) H perpendicular to wide 

plane of the tapes. Solid circles and triangles 

represent Jc during an increase in the magnetic field 

open circles and triangle srepresen七 itduring a 

decrease in the field. 
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Fig.3-3-3 Mgnetic field dependence of critical current density 

of sample A (Jc(77.3 K， 0 T)=6，930 A/cm2)， B (5，500 

A/cm2) and C (1，650 A/cm2) during increase of the 

magnetic field. Lines are drawn as guide for the eye. 

Fig.3-3-4 X-ray diffraction pattern for the wide surface of 

BiPbSrCaCuO specimen with Jc=5，500 A/cm2 after 

stripping of the Ag-sheath. 

Fig.3-4-1 SEM images of the polished surfaces on the cross 

2 sections in (a) sample A(14，300 A/cm~) and (b) sample 

B (5，500 A/cm2). 

Fig.3-4-2 Magnetic field dependence of Jc of BiPbSrCaCuO silver 

sheathed wire (Jc(77.3 K，O T)=47，000 A/cm2 

Fig.4-1-1 Schematic diagram of superconducting bridge. 

Fig.4-2-1 Mgnetic field dependence of Jc of the wires with Jc 

2 ~~ nnn ~ 1__2 from 1，650 A/cm~ to 25，000 A/cm~ during increase of 

magnetic field. 

Fig.4-2-2 History effect of Jc a七 4.2K for the wires (A: 

Jc(77.3 K)= 2.8 x 104 A/cm2， B: 2.5x104 A/cm2， C: 

4 1¥ ， ~_2 __~ n. ， .1._' n4 1¥ 1__2 1.8x10~ A/cm~ and D: 1.4x10~ A/cm~). 

Fig.4-2-3 Jc vs. B plots for tape 3 a七 4.2，15and 20 K for 

increasing (0→19.75 T) and decreasing (19.75→o T) 

field sequences. 

Fig.4-3-1λ， vs. bO of a silver sheathed BiPbSrCaCuO oxide 

superconduc七ingwire at 77.3 K by ac inducti ve method. 

Fig.4-3-2 Magnetic field dependence of Jc for BiPbSrCaCuO silver 

4 1¥ ， ~_2 sheathed wire with 1.7 x 10~ A/cm~ by 4-prove dc 

method and ac inductive method. 

Fig.4-3-3 Temperature dependence of Jc of sample #1 in 0.2 T， 
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1.0 T and 2.0 T by ac inductive method. 

Fig.4-3-4 Magnetic field dependence of Jc in 4.2 K， 25 K and 60 

K. 

Fig.4-3-5 Logarithmic plots of Jc vs. 1ー(T/Tc)2at 0.2 T， 1 T 

and 2 T for samples #1. 

2 Fig.4-3-6 Logarithmic plots of Jc vs. 1 ー (T/TC)~ at 0.2 T， 1 T 

and 2 T for sample #2. 

Fig.4-3-7 History effects of sample #3 in 4.2 K and 20 K. 

Fig.4-3-8 History effects of sample #2 in 4.2 K and 20 K. 

Fig.4-3-9 Temperature dependence of history effect for sample 

#2(・:Jc(77.3K)=6.3x103 A/cm2) and #3(国:Jc(77.3
4 '" 1__2 K)=3.0x10~ A/cm~) at 3 T. 

Fig.4-3-10 Temperature dependence of his七oryeffec七 forsample 

#1， #2 and #3 at 0.5 T 

Fig.4-3-11 Replots of the results in low temperature region for 

2 Logarithmic plots of Jc vs. 1-(T/Tc)~ a七 0.2T， 1 T 

and 2 T for samples #1. 

Fig.4-3-12 Replots of the results in low tempera七ureregion for 

2 Logarithmic plots of Jc vs. 1-(T/Tc)~ a七 0.2T， 1 T 

and 2 T for samples #2. 

Fig.5-1-1 Concept of the correlation length of the fluxoids (a) 

shearing correlation length， (b) bending length. 

Fig.5-2-1 Magne七icfield dependence of Jc normalized by JC
O 
at 

77.3 K for magnetic field applied parallel 七o the 

2¥_ __.， n__.， n3 plane of the specimens. JCO(A/cm~): 田;1.0xl0~ ，

d;1.7x103，・;5.5x103and 0; 3.0x104 A/cm2. 
Fig.5-2-2 Jc in each magnetic field vs. Jc in zero 

magnetic field applied parallel to the plane of 
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七apes;・0.1T， A: 0.5 T， .: 1 T and 0: 2 T. 
Fig.5-2-3 Magnetic field dependence of pinning force for sample 

( a ) ， (b) and (c). 

Fig.5-2-4 Magnetic field dependence of normalized pinning force 

for sample (a)， (b) and (c). 

Fig.5-2-5 SEM photographs of polished surface for sample (a) 

5，500 A/cm2， (b)10，600 A/cm2 and (c) 47，000 A/cm2. 

Fig.5-2-6 TEM photograph viewed along the plane of the 

BiPbSrCaCuO wire. 

Fig.5-2-7 TEM photograph viewed along the plane of the 

BiPbSrCaCuO wire. 

Fig.5-2-8 TEM photograph viewed along the plane of the 

BiPbSrCaCuO wire. 

Fig.5-2-9 TEM photograph viewed along the plane of the 

BiPbSrCaCuO wire. 

Fig. 5-2-10 Magnetic field dependence of cri tical current densi ty 

4 ... 1__2 
(JcO=2.5x10~ A/cm~ ) for magnetic field in three 

directions， where H magnetic field and工 transport

current. 

Fig.5-2-11 (a) 2D scaling of the magnetization data for Bi(2223)， 

measured at 10，000， 30，000 and 50，000 Oe. (b) 3D 

scaling of the same magne七izationdata as shown in 

( a) • 

Fig.5-2-12 (a) 2D scaling of the magnetization data for 

Y~Ba~Cu~O~_~ ， measured a七 10，000， 30.000 and 50.000 1 !.Jo2"""""3v7-x' Ill~~~"" .A..'-'-~ ~" ....v， vvv， -.JV， 

Oe. 

(b) 3D scaling of the same magnetization data as 

shown in (a). 
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Fig.5-2-13 The frequency and dissipation of the silicon 

oscillator as a function of temperature. The vortex 

mobility transition occurs at the peak in the 

attenuation. 

The Meissner signal and softening temperature of flax 

lattice for single crystal BSCCO. 

Fig.5-2-14 Model for the factor dominated Jc-B characteristics: 

(a) Hム工 andH// tape plane; (b) H//工 andH// tape 

plane (c) Hよ工 andH上 tapeplane. 

Fig.5-2-15 Temperature dependence of H
c2 
for Bi(2223)， where 

solid and open symbols correspond 七o the values 

derived wi th a constant Kc( 170.4) and linearly varying 

Kc， respecti vely . 

Fig.5-2-16 Magnetic field dependence of Jc normalized by JcO at 

77 . 3 K for magnetic field applied perpendicular to the 

plane of the specimens. JCO(A/cm
2): d;1.7x103， 

4 'JI. 1__2 
・ ;5.5x10~ and 0; 3.0x10' A/cm 

Fig.5-2-17 Magnetization curve of the specimen with JCO=2.2x10
4 

A/cm2 at 77.3 K. 

Fig.5-3-1 Magnetic field dependence of Jc at 4.2 K for samples 

2 a (Jc(77.3 K)=47，000 A/cm2， b (25，000 A/cm2， c(18，000 

A/cm2) and d (14，000 A/cm2 

Fig.5-3-2 Magnetic field dependences of Jc at .4.2 K for magnetic 

field applied parallel (・， 0) and perpendicular (~ð) 

to the tape plane. The magnetic field was increased 

(solid symbols)七o23 T and decreased (open symbols). 

Fig.5-3-3 Magnetic field dependences of Jc at 77.3 K and 4.2 K 
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copared with NbTi and Nb
3
Sn. 

Fig.5-4-1 工cvs. T plots at 0， 5， 10 and 19.75 T for three 

groups of silver sheathed Bi1.SPbO.4 Sr2Ca2.2 CU3 Ox 

tapes. 

Fig.5-4-2 Comparison of Jc-B properties at 4.2 K and 20 K. 

Fig.6-1-1 工rreversibilityfield in Magnetization 

curve. 

Fig.6-2-1 工rreversibilityline data for samples with Jc(77.3 

K，O T)=30，000 Ajcm2 

Fig.6-2-2 POHirr(T) data for four tes七 samples (1: circle， 2: 

square， 3: triangle and 4: solid circle). Open symbols 

indicate that the applied magnetic field is parallel 

to the tape plane， while the solid symbols indicate 

a perpendicular magnetic field. The lines provide a 

guid for the eye. 

Fig.6-2-3 Relation between irreversibility field at 77.3 K and 

critical current density at the same temperature 

without magnetic field. The open symbols show 

experimantal data for bulk Bi-2223 specimens. 

Fig.6-2-4 工n(pOHirr)vs. (l-TjTc) data for七es七 sample1 

(circle) and 4(solid circle). 

in Tesla and Tc=106 K. 
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Test Samples 

Pむa.IIleter 1 2 3 4 

Jco * (A/mm2) 298 221 133 298 

1co * (A) 39.6 29.4 17.7 39.6 

Tc (K) 106 

Buper∞nduωr area (mm2) 0.133 

overall thickness (m.m) 0.156 0.15!5 0.150 0.156 

overall w1dth (mm) 4.35 4.50 4.50 4.35 

* Values arで 1Dzero五eldand at 77 K. 

Tab工e 5-4-1 
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