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Summary

I. Project Title

Development of superconductor application technology

II. Objective and Importance of the Project

Since the discovery of high Tc oxide superconductor having

transition temperature above 77K, the boiling temperature of liquid

nitrogen, intensive studies have been carried out to develop the

technology which can be applied to electric power system.

High Tc superconductor has two major characteristics: 1) large

current carrying capabilities in high magnetic field and £) high

magnetic levitation as the external magnetic field is applied The high

current carrying capabilities of superconductor can be widely applied

to large electrical devices such as SMES, high field superconducting

magnet, electricity transmission cable, motor and generator, which are

quite important in the future industries.

Recently the researches were mainly concentrated to increase the

current carrying capacities for the future applications and finally many

researchers report very promising results together with the

development of primitive pilot scale devices. Therefore the

applications by using high Tc superconductor seem to be realized in a

few years. However, the most critical factors for the intensive

applications using high Tc superconductor, high critical current density

in high magnetic field should, maintain as well as good mechanical

properties such as bend strength and flexibility.

The final goal of this project is to develop the application
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technology of high Tc superconductor for electric power system.

Therefore the development of technologies to fabricate bulk

superconductor with high magnetization and its application is

necessary as well as the fabrication technologies for the long length

of superconducting wire conductor, which is most essential for the

application of electric power system.

High Tc bulk superconductor with high magnetization property

was fabricated by using melt-process after investigating many process

parameters and also the basic study for flywheel energy storage

device was systematically carried out. With development of industry,

the consumption of electric power steadily increased and finally

require the energy storage device having large capacity and high

efficiency.

The flywheel energy storage device using high Tc superconductor

has many advantages: easy controllerability of storage capacity and

positive environmental characteristics, which were anticipated as a

very promising technology for future industrialized society. The most

of the superconducting electric power devices which can be used in

large electric power system require the shape of magnet or coil.

Therefore in order to meet this requirements, the development of long

wire conductor is absolutely necessary and it is also true in case of

electric power transmission cable.

Therefore the final target of this project has been set as the

development technologies for long high Tc wire conductor. To

accomplish this target successfully, various serial processing

technologies, such as, starting from powder preparation, wire

mechanical fabrication process, heat treatment and to analytical study

for mechanical deformation during wire fabrication, were done

systematically, for making long hish quality superconducting wire with

good process stability and reproducibility. Also the studies for design
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and fabrication of cryostat for high Tc superconducting device were

carried out in parallel with development of superconductor wire

application.

III. Scope and Content of the Project

1. Fabrication of high magnetization YBaCuO superconductors

1) Formation of BaCeO3 by CeO2 addition and its influence on the

microstructure

2) Critical current density of melt-textured YBaCuO superconductor

3) Dependence of 211 particle size on the 123 grain size

4) Development of new process to refine 211 second phase particles

5) Refinement of Sm211 in Sm-Ba-Cu-0 system

2. Fabrication of high Tc superconductor flywheel

3. Fabrication and application of superconducting tapes

1) Fabrication of high Tc superconducting tapes

2) Development of manufacturing technology of Ag/BSCCO

composite tapes

3) Development of application technologies of high Tc

superconducting tapes

4. Design, fabrication and evaluation of superconducting magnet

1) Design, fabrication and evaluation of low Tc superconducting

magnet for NMR

2) Fabrication of high Tc superconducting coil

5. Operation characteristics and cooling of high Tc superconductor

1) Stability of superconducting tapes cooled by cryostat

2) Levitation characteristics of YBCO bulk superconductor

3) Measurement of AC loss in superconductor-permanent magnet

system
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4) Analysis of heat flow in cryostat for superconducting magnet

IV. Result and Proposals for Applications

We investigated microstructure of sintered/melt -textured

Y-Ba-Cu-0 oxides with 5 wt.% CeO2 addition and various amount

of 211. The added CeO2 is converted to BaCeCte of fine particle form

near 930 °C which is the conventional sintering temperature for

Y-Ba-Cu-0 and this particle is stable up to the melt texturing

temperature. 211 and CuO phase are formed due to the formation

reaction of BaCeO3. No decomposition of BaCeCh is observed during

the high temperature thermal cycles which involves the peritectic

reaction. The CeO2 addition reduced the particle size of 211 trapped

in the Y123 matrix after the melt-texture growth. During the

peritectic decomposition stage of Y123 phase into (211 + liquid

phase), the morphology of the decomposed 211 was changed from a

blocky shape in undoped sample to a acicular shape in the

CeO2-added sample. The formation of the highly anisotropic 211

particles appears to be responsible for the refinement of 211 phase

after the melt-texture processing.

Magnetic hysteresis characteristics of oxygen-deficient Y123

domain, which was prepared by melt-texture processing and followed

subsequent annealing in flowing oxygen at 450 °C for 72 h, was

estimated at various temperatures (77 K, 60 K, 40 K and 20 K) and

magnetic field up to 2 T. At 77 K, the anomalous magnetization,

which seems to be due to the flux pinning by oxygen deficiency, is

observed in the intermediate magnetic field near 1 T. The anomalous

peak shifted to a higher magnetic field when the measuring

temperature is lowered to 60 K. The anomaly is not observed at low
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temperature of 40 K and 20 K, which indicates that the oxygen

deficiency is not effective flux pinning site at these temperatures.

Influence of the grain size of a precursor material (123 phase)

prior to melt processing on the particle size of 211 was investigated

in melt-processed Y-Ba-Cu-0 oxides. 123 powder compacts with

various grain sizes were prepared by sintering at 880 °C, 910 °C and

930 °C in air. When the 123 sample of fine grain size was

melt-processed, fine 211 particles are produced in the Ba-Cu-0

liquid phase while coarse 211 particles were produced when the coarse

grains 123 sample was used. The production of fine 211 particles

appears to be due to the increased grain boundary area associated

with small grain size of the 123 phase, which then provides more

decomposition sites for 123 grains and nucleation sites for formation

of 211 particles.

By heating and holding of 123 compacts above the peritectic

temperature of Y-Ba-Cu-O, the decomposition process of a 123 phase

into 211 and a Ba-Cu-O liquid was investigated. Two different

samples of a fine-grained and large domain 123 sample were used so

as to understand the effect of grain boundaries and internal defects

within the domain on the 123 decomposition, respectively. In both

samples, decomposition initiates at a sample surface and then goes

on toward the center of the sample. In case of the fine-grained

sample, the grain boundaries of the 123 phase act as dominant

decomposition sites for a 123 phase and therein 211 particles

nucleate. In case of the domain sample, together with 123 domain

boundaries, high energy-state sites within 123 domains such as a

123/prior 211 interface, microcracks also act as the decomposition site.

These results indicate that providing many decomposition sites for a

Y123 phase is a key way to yield fine 211 particles during

incongruent melting.



New process yielding fine 211 particles in melt-textured

Y-Ba-Cu-0 was developed by combining attrition milling of 123-211

powder and CeC>2 addition prior to the partial melting. Beneficial

points of the attrition milling are as follows; (1) it allows uniform

distribution of the 211 refiner (CeC^) in the 123-211 powder mixture,

(2) produces nano-crystalline 123 powder with large surface area per

volume which increases the possibility of 211 nucleation during

incongruent melting and (3) controls the number and the size of 211

which was pre-formed at calcination/sintering stage of the

off-stoichiometric powder of Y1.8 composition. The 211 particle of

the melt-textured Y123 sample, which was prepared from the

attrition-milled powder, was as fine as submicron and its distribution

was quite uniform. Critical current density (Jc) at 77K of

melt-textured Y1.8 sample containing fine 211 (less than lmm) was

2.0 x 104 A/cm2 and 1.16 x 104 A/cm2 at 1 T and 2 T, respectively,

which is twice than Jc of 1.1 x 104 A/cm2 (at 1 T) and 0.56 x 104

A/cm2 (at 2 T) of the Y1.8 sample containing coarse 211 (~5 mm in

average size) .

SiTteBaCuOs (Sm211) refinement was achieved in the

Sm-Ba-Cu-0 system melt-textured at various oxygen partial

pressures (P02 = 0.001 atm - 1 atm) via 1 wt.% CeCh addition and

size control of a precursor powder (a mixture of SmBa2Cu3O7-y

(Sml23) plus Sm211 powder) by means of attrition milling. The

resulting Sm211 of the Sm1.8Ba2.4Cu3.4Oy (Sml.8) sample melt-textured

without CeO2 addition was as large as a few tens of microns while

the Sm211 of the Sml.8 sample melt-textured from the attrition-milled

powder with 1 wt.% CeO2 addition was as small as 1-2 microns, with

uniform Sm211 distribution. The achieved Sm211 refinement is

ascribable to both the controlled Sm211 nucleation during incongruent

melting and the growth inhibition of the Sm211 in the partial melting
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state. Furthermore, the Sm211 shape was changed from an equiaxed

shape in the undoped sample to an anisotropic form in the samples

containing CeO2. Effects of oxygen partial pressure on the Sm211

size and the shape was not significant in either the undoped Sml.8

sample and the CeO2-added Sml.8 sample.

Flywheel system using the bulk superconductors prepared by seed

growth was fabricated. A wheel of 3.8 Kg was rotated at the velocity

of 7000 rpm in a vacuum chamber. The calculated stored energy was

about 0.63 Wh. Because the movement of motor spline shaft was

constrained both radial and circumferential direction, the energy loss

could be occurred in operation. In next step, shaft coupling without

contact will be developed to get a high efficiency and high rotating

velocity in the flywheel system.

Various serial processing technologies, such as powder preparation,

wire mechanical fabrication process, heat treatment and analytical

study for mechanical deformation during wire fabrication were done

systematically for making long high quality superconducting wire with

good process stability and reproducibility.

As a first step of wire fabrication, highly reactive superconducting

BSCCO powder was synthesized by mechanical grinding, control of

phase assemblage, and emulsion drying method. High quality

superconducting tapes with Jc of 20,000 A/cm2 were fabricated using

the powder. The particle size of the calcined powder was reduced

with milling time but a prolonged milling led to the degradation of

crystallinity and the amorphisation of the precursor powder. The

Ag/Bi-2223 tapes prepared from the milled powder had a uniform

distribution of small second phases both in the as^rolled and sintered

tapes. Maximum volume fraction of Bi-2223 phase in the Ag/Bi-2223

tapes was obtained with a proper milling condition whereas further

milling resulted in the decrease of the 2223 phase and the degradation
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of Jc. An appropriate milling condition is suggested to avoid the

amorphisation of the powders by excessive milling.

Emulsion drying method was applied to obtain high purity of

Bi(Pb)-Sr-Ca-Cu-0 superconducting powders and the powder

characteristic and superconductor properties were systematically

investigated. By carefully controlling the synthetic variables such

mixing ratio between surfactants and oil phase, the experiment

condition preventing from emulsion separation in terms of time

variation, We could fabricate the Bi(Pb)-Sr-Ca~Cu-0 superconducting

powder successfully. The obtained particle was spherical and

sub-micron size and exhibited good particle size distribution. After

heat-treatment, optimum calcination and sintering condition were

confirmed. We can obtain the nearly 108 K superconducting phase at

840 °C for 50 hours in optimum sintering condition.

Compared with vibration and ramming method of powder insertion

into the silver tube, billet insertion technique processed by CIP cause

the 30% increment of powder packing density as well as the

homogeneity of core distribution. The short specimen with 130 nm

thickness (core thickness'- 45 fim) and 5.24 cm width, processed at

840 °C for 200 h, shows maximum 34 A for Ic and 16,700 A/cm2 for Jc

measured at 77 K and 0 T. The decrement of cross sectional area in

superconducting core as a function of rolling steps brought the

systematic increment of Ic and the sample rolled 3 times shows

maximum 7.2 A for Ic and 11,000 A/cm" for Jc measured at 77 K and

0 T.

A new fabrication method of a Ag/BSCCO composite using silver

powder has been successfully developed. Through repeated cold rolling

and annealing at 840 °C in air, Ag/BSCCO composite with a thickness

of 0.1 mm and a width of 40 mm was obtained. The Ag/BSCCO

composite with large dimension was fabricated into complex
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H- patterned and helical shape having a high current carrying capacity

(Jc=3,500 A/cm2 at 77 K, 0 T, Ic=4.5 A for a specimen with a width

of 3 mm). The magnetic shielding efficiency, V(300K)/V(77K) under

an external applied field of 0.3 gauss, was measured as about 200.

Joint between Ag/BSCCO superconducting tapes was successfully

fabricated by a combination of etching, pressing and annealing

techniques. Critical current of the joined • area fabricated with a

pressure of 10 tons showed 80% of that of the unjoined area.

The stacking method for joining the high Tc superconducting

tapes was developed. The assembled conductor shows high critical

current density and stable current flow and has good handability. The

critical current of conductor was 0.9 A (critical current density: 500

A/cm2) between 90 cm voltage taps, and 1.9 A between 1 cm voltage

taps. It is expected that the stack-bonding technique can be applied to

fabricate pancake type coil in near future. Transport current of 54 A

was measured at 77 K for a conductor fabricated by stacking-bonding

65 Ag/BSCCO tapes. A prototype current lead which can transport 60

A at 77 K was fabricated by stack-bonding technique. The

stack-bonded conductors were connected with silver and copper and

inserted to the H shape groove made of FRP.

Precise low Tc superconducting magnet was designed and

fabricated to get a application technique for many kind of magnet. 4.0

Tesla was obtained at 139 A without quench. Shim coils were

fabricated to get a high field homogeneity, and superconducting joining

was performed to get a persistent mode. 10 ppm of field homogeneity

was obtained along the z axis of 5 cm. The field stability of 0.1

ppm/hr was satisfied during the 5 hour operating test.

Winding technique for double pancake coil, module coil of 0.1 T

high Tc superconducting solenoid, was checked. A winding fixture

was designed and fabricated to reduce the deformation of wire as low
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as possible during the winding.

The temperature dependency of a critical current of wire was

measured. The critical current measured at 23 K was higher 7 times

than that of measured in liquid nitrogen. The quench test was carried

out by using a 5.7 W heater at the condition of 9 A transport current.

The normal zone was occurred, but just recovered by a cryocooler.

The levitation force in a magnet-superconducting system was

measured in low temperature range to get a temperature dependency.

At low temperatures the levitation force was higher, but the damping

was lower than that measured in liquid nitrogen. The range of 80-85

K the levitation force was reduced rapidly, but the damping was

increased rapidly.

The damping loss of superconductors was measured by using a

magnet-vibration-measuring system. The damping energy loss was

low in case of superconductors having high levitation force. The ac

loss was occurred in both superconductors and magnet.

The heat loss in a liquid He cryostat was calculated by using the

analytical solution. This technique was simple and effective to find the

main heat loss term in the design of the cryostat.
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Fig. 1-1 Microstructure of sintered YBCO sample
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Fig. 1-2 Pseudo-binary phase diagram of YBCO system
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Fig. 1-3 Microstructure of melt-textured YBCO sample
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Fig- 1-4 Mghed 123 platelets
and the trapped 211 inclusion
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Fig. 1-5 Photo of the 123 crystal grown by the top seeded melt

growth technique
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Fig. 1-6 Suspension of melt-textured 123 sample below a permanent

magnet
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Fig. 1-7 Force-distance curve of the melt-textured YBCO sample
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Fig. 1-8 Schematic of superconducting bearing system
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Fig. 1-9 Photo of superconducting bearing rotating at a speed of

75000 rpm
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Fig. 1-10 Schematic of a flywheel energy storage system using

high-Tc superconductor

- 23 -



Efficiency
Energy

Modular
Cycle Life

Charging Time
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Availability
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xlOO
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Months
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Medium

Significan

t
Elevated

t*HV

Pumped

Hydro

-60%
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no

xlOOO
hours
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tsom
•

u» 1
. Juxuisd .J

Comp-

ressed

Air/Qas
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>30MW
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some
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mw

Table 1-1. Comparision of the various energy storage systems.

- 24 -



Table 1-
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Table 1-2. Usage of the flywheel energy storage system.
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Fig. I l l Photo of flywheel energy storage system made by KAERI
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Fig. 1-12 Schematic of applied melt texture growth process
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Fig. 1-13 Differential scanning calorimetry curve of calcined 123

powder mixed with (c) no addition, (b) 5 wt.% CeC>2 and (c) (5

wt.% CeO2 + 20 wt.% 211) addition.
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Fig. 1-14 Optical micrographs for a polished surface of a sintered

sample with (a) no addition, (b) 5 wt.% CeO2 and (c) (5 wt.% CeCh

+ 15 wt.% 211) addition. Note the decomposition of 123 phase into

liquid phase and second phase in the vicinity of grain junction due to

the reaction of CeO2 with the 123 phase.
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Fig. 1-15 SEM micrographs of (a) undoped 123 sample and (b) 5

wt.% CeO2-added sample showing the formation of second particles

and liquid phase as a result of CeO2 addition.
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Fig. 1-16 Powder X-ray diffraction pattern of a sintered 123 sample

with (a) no addition, (b) 5 wt.% CeO2 and (c) (5 wt.% CeO2 and 10

wt.% 211) addition showing the formation of 211 due to the reaction

of CeO2 with a 123 phase.
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2114 BaCeO34 12341 tfl$ #tfl3<y «.^«.^.^. 4 4 10 %4 6 %*]<&

4. # CeO2 ^7>4l 4 4 3 ^ 4 *fl 2 -S-l-ol ^ £ 4 . *}£- (c)
211 *\%##S.7} A] 5. (b) ofl Ul*M #tfl3-2-3. £ £ 3

^ 4 ^ " *}°)7} SI4. °1^ 3:71^^-^ o]^]^o.^ 211

# 10 % %7\i&7] afl̂ -014. 01̂ 1-4 n]^2:^ 7^X[3, -^-t), CeO24 123

2114 CuO o^^-^

^HH ^15.7} s ] ^ ^ S . (Tc)l- 4 §

Table 1-3̂ 1 4 4 ^ 4 . ^ ^ t b 123 * ] $ ^ T c^ 90

4. 41* Ir^l, 5 wt.% 211̂ 71-Sj ^ 4 - ^ TC7} 87 K?l # $ , 20 wt.%

211 ^7>4 ^ ^ ^ 77 K?}*1 ^flS.^^1 <̂H 1̂̂ 1 ^ ^ 4 . $7}#<9 f-

^41 4€- TC4 ^-ife- Figs. 1-14 4 1-15 4M ^ # ^ 4 4 ^^l,

CeO2 ^7f4l 4 4 123 a^JE-S- od^l4l ^^Q CuO4 ^ 2 >̂ l-^l

(4)
2:2141 tfl«V CeO2 ^7>^%t# g-aKSiaL^ CeO2

5 wt.%5. ji^*l-jl 211 %^-%: ̂ 31-^1^ A ] ^

^ 2 : ^ ^ 4 1̂̂ -41 tfltv p H i ^ i - ^_Afti-5J4. 01

^r CeO2 ^7>41 4 4 £3#-8- -f 123^41 i ^ 4 ^ 211 ̂ 4 l " 4 3.71

7} ^ - 4 4 4 *>̂ - ̂ °14. 5fl4#$ 211 °J41- D H ^ i 7 ] $ i^ijEan

4 ^ ^ - ^ £ 1 - ^ = ^ 1 ^ ^ JJ171 nfl^-ol4. Figure 1-17^ (a) CeO2 ^

7}^«i 211 ^ 20 wt.% 37}# A1^4 (b) 5 wt.% 06(^4 20

wt.% 211-1- $7}-s}o) -8-8-^^^.s.
^-f 5.^ 123 Tl^^o] ^ 3.7)3.

211 °g^-i-6i i^s)<H 5U4. Cea ^7^01 ^^*> AI^^ . X ^ 211

«i34l-4 3.717} nfl-f i c f l M o^£^-i7l- 1 P>0l3^4lA-l 22 4°1

- 7^14 Jg^gjE.71- 8
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Y2Ba!CuiO5 content (wt.%) Undoped 5 10 15 20

Tc (K) 90 87 86 80 . . .

Table 1-3. Supeconducting transition temperature vs 211 content of

the sintered 123 samples with 5 wt.% CeCb addition.
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Fig. 1-17 SEM micrograph for the etched surface in 1 % HC1

solution of the 123 sample melt-textured with (a) 20 wt.% 211

without CeO2 and (b) (5 wt.% CeC>2 + 20 wt.% 211) addition. Note

the homogeneous distribution of fine particles in sample (b) due to the

addition of CeO2.
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[37].

41 CeOs « $7l-«M *fl^t!: *1£^ 3-fxr nfl-f "14?!: 211 °g^#

123 ^ 3 ^ 4 1 i ^ ^ t j - . o| Al̂ oflAi 211 <yjE£-^r 1 4°1^€-^

8 ^ojs-g-olJl ^^°g^>a-7l-fe 1.75 4°l3^o]ojcf. o| nl^]

fe 211 °d^^- t̂ *<H SE4^ ^l^fl'a^-1-0) ^ # ^ 1 ^ ^ , o)s.^- BaCeO3

. 211 ^ - ^ 1 4^- ^ 5 - 211

Table 1-441 M-E}-ifl£tK -8-g-g-^^ 123 ^ ^ 4] i ^ s ] ^ 211

^ 211 ^-^41 Hlafl̂ : r̂ Si4, °1^ 211 «g4
>^ 211 ^Xl-i-^^A-1 ^^-^7) nfl̂ -

Table. 1-44M Q ^r Si^6l, ^- ^ ^ ^ 4 ^ 1 ^ * m , ^7>^1 211 ^^=

asj^Tr 211 °g^>sl =L7lfe AlS. -¥-^^1-4. ^^1 CeO2

211 ^7>^=4 ^r^l^ol 211 •yxHi-ol

211

Table 1-541 5 wt.% CeC>2 4 211 •&

123 ^15.5] Tcfe 90

123 *l£.sl ^ t 4 ^ 4 . CeO2 ^ 211# ^ 7 f ^ A ] S ^ ^ - f 4 1 ^ - Tc

CeO2l" ^7>S|-^ a l ^ i l S . ^12:^- A]S.o]lÂ | <^^

3 £ f e "1^*1-4. 4H-1-O], 5 wt.% CeO2 ^ 20

wt.% 211-1: ^7\% Al^oflAi^ Tc7f 89 K ^ ^ ^ r 123 ^ 1 ^ ^ ^

4 2
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Amount

CeO2(wt.%;

5
5
5
5
5
0

of additive

Y2BaiCuiO5

) (wt.%)

0
5

10
15
20
20

Particle size of
Y2BaiCuiO5 (fim)

1.95
1.85
2.00
1.75
8.00

Particle size of
BaCeO3 (/im)

1.15
0.95
1.10
1.00
1.05

Table 1-4. Average particle size of 211 and BaCeO3 in melt-textured

YBCO with 5 wt.% CeO2 and various amount of 211.
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Y2BaiCu105 content (wt.%) Undoped 5 10 15 20
Tc (K) 90 88 88 86 89

Table 1-5. Supeconducting transition temperature vs 211 content of

the melt-textured 123 samples.
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(3) 3L #

Y-Ba-Cu-0 $ -§--§"§•;?}£• 211 # 4 4}# (Ba-Cu-O)°l

123 iSi:£*M- ^ « H r i^^r-8-4- i f ^ S 5U4. i ^ t b 123 4^*11

1000 0 Ol^A5. 7}lISr?l 123 #°] 211 4

*1 123 #*] °MJtb ^ ^ A ^ - *H*1 ^z]-^

123 # 3^^171- •y^ îcf. î wV-g-A] 123

211 ol ^^Hl -g-̂ fl s]^6> «H [39], ^^oHl^a] 211

) ^ -^ o .^ a.^ 3 ^ a . ^ 211

i^-t-fl, (1) ^ - M ^ - A ] 5]«-5. «-Ê  ̂ 7 } ^ ^

7f 211), (2) ^ 7 ^ CeO2 4 123 # 4 ^ ^ - § - ^ ^ # 5 - ^ 1 ^ ^ s ] f e 211

(«]-8- 211)4 (3) A ] S ^ -g-g-A] 123 Aj-o] 2114 4)^-^-5. £ - « nfl ^

fe 211 (£*fl 211)^14. ^7]-#ol ^ ^ ^ ^ i23 6| 7^-f6)l^ «-*fl

, CeO2 ^1-1- ^7f*V ^-f^ -̂̂ fl 2114 #-%• 211, 2114 CeO2l-

2114 ^T-8- 211 Sl 3:71 <y

123 ^<»1 2114 41-S-^.s. £-*fl€ «fl

S^^i ^ &7l nfl^-ojc}-. ^ ^ ^ - 8 - J L Y-Ba-Cu-0

, 123 * ^ ^ | 211£ %7m ^9-f ^ ^ ^ A 5 . <9

. ^ 7 f ^ 4 «1 all 5514.

123 A
o
Vol £-*M "fl

[40]. <>lfe 123

2114 O J I ^ ^ ̂ -«fl€ ofl sj-^-oiH ^7f^ 211<>1 incongruent melting

heterogeneous «|^S^ *}?)£-

^. 211 <g |̂-s) 3 7 1 ^ PtO24

Figure l -HCa)^^ ^ # ^ 1 4 4 ^-°1, ^ 7 > ^ ^ 211 ̂ 1

CeO27l- %7}£\z\ n^r Al^ollA^ 211 °Jx

91 211 oJx>^ ^tfl^fl ^14. ^ , g-sfl 2 1 H
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J£.JjL 211 ^ j - "

ft43 2114 ^3-°l 4*114*1 &^r4.
CeO24 123

: >̂-5- 211 4-M^ 123

2114 -T-4£-4-CT 123 î*fl -r--*H xfl-sfi 4 10 %S ^

1 211 °^A n

. £^-, 211 P|

<?]*}• 2114 °l^l5l-4 ^?1^- 2 7V45., (1) CeO2 %7}g. ^s§s\ BaCeO,

CeO2 ^?}£- A8A3Q BaCeOa r̂ 2114 ^ H ^
?>-§-

^-f BaCeO3 ^^>^-°l 2114 A1^- ̂ ^^fo l $1^4 ^ -̂•er} 211

-r-̂ 1 BaCeO3 ^ 4 7 } i ^ - ^ 3 H 4 . i l - •i-'H A12O34 ^^r c

123 ^-^"4 ^^-^>^ -8-8- ^ 3 ^ ^ e j l - *>3 123 °J41-0l °1

!:4 [41]. °1 ^-r- A^^--?!: 123 £ 3 4 ^cHf0!! A]
K Figure 1-18 £r 2114 BaCeO3 ° J 4 4 ^

^fe ol^dt^^LS. ^ W - H f-5- o d4# 0 l 211
BaCeO3 °14. Figure <>ll̂  ^- ^

BaCeO3 <Qz}7\ 2114

DSC ^4°llAi U- *r SlSi^-ol, ^7>^1 CeO2 fe 123 4

1237} 2114 1 ^ 5 . ^-*114fe Jl^r°fl^i BaCeO37} ^

r 3S)-A1€ ^r 313-, °}^r 2114
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Fig. 1-18 SEM micrographs of the 123 sample melt-textured with 5

wt.% CeC>2 and 15 wt.% 211. The bright phase of an angular shape is

BaCeO3 and the dark and round phase is 211.
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123 °+ 123/CeOo

1040 °C4M 30 £ £ -8-*l -f ^ ^ i ^ M -

l^-fl, Fig. 1-

^ H ^ : A o v ^ ^ 211 ° J ^

10 ^o]=L^, ?io]7} 30-50 v

^ ^ nfl4. °]^<$o] $& ^*M 211

lfe CeOz » ^HflJE. 211 ° J 4 ^
3.71 nV 7^^Al?Jcl-^. JiJL[36]7l- Sl^t-fl, o ^ 4 P >

^ o l ^ ^ cfe.7) n f l ^ i ^VAJ*1- ^

^ CeO2

Fig. 1-20O14. 123*1^4 123/CeO2
 A l ^

BaCeO37}

BaCeO3 ^:«llfe
fl^ BaCeO3

Y-Ba-Cu-0

(1) i ^ i i ^301

1,21,22], (2) flux pinning center^, ^--g-^: ^r Slfe- til

211 °J*l-I-ol ^ ^ i i ^^ifl^fl i ^ s ] n [23] (3) ol 211
Oj7fl7l- i § ^ € 4 f e ^ ° 1 4 [1].

- ^ ^ 123 A l s t ^ 4 I
[42-44].

71171^, [45,46])4 H
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Fig. 1-19 SEM microstructure of a quenched 123 sample with (a)

no addition and (b) 5 wt.% CeCh addition. Note the morphology

change of 211 as result of CeO2 addition.
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Fig. 1-20 Powder X-ray diffraction pattern of a sample with (a) 5

wt.% CeO2 and (c) (5 wt.% CeO2 + 10 wt.% 211) addition quenched

into a liquid nitrogen bath after holding at 1040 °C for 30 min.

- 50 -



7)

CuO flux* °l-8-«H 43:$: 123 #%7&«H tfl$ x}^*^^ [47]

41 3*M3, ^ ^ ^ H H *]--§-T4*M1 rfl$ # ^ $ flux pinning

7> ^

[48]. ^7}i-ol g i ^ ^ ^ 123

«>] B]^A}- 4 5 ^ ^ ^ ^ ^71 sj^l ^ ^ 4 [47-49].

211 ^^r ^ 2 ^ ^XH^ol

}711 *H

123

(1)
^|-8-€ 123 ^^-^r SSC^V 5 A i «g£7> 2-3
123 ^ ^ £ ^ - ^ o | 4 . ol «.^-^. 3 0 0

950
MTG: Melt-texture growth)-S
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^ ^ : 1040 °C^^1 1

, 3 °C/h £l ^ ^ - ^ £ 5 . 980

450 °Coll^ 72
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Fig. 1-21^ (a) 4 1 ^ 123 ^ - ^ 4 (b)

123 domain s) XRD pattern <>14. 4 ^ ^ i , v

# ^ 3 1 1 123 5)^AiollA^ (001)

3-£-•£. ^ ^ ^ 1 123 domain (3.7) : 2.75 x 2.75 x 0.8 mm)1 ^«fl 20 K

>̂H 77 K 4*1 £ £ . # ^s l -^^1^4 VSM(Vibration sample

magnetometer)!- 4^ -«H 4 ^ - ^ - ^ ^ # x ^ > 5 t 4 . D 1 ^ 2 ^ 0.05 ^}

(2)

Figure 1-22-&- -g--g-§-^«-5. ^ 1 ^ ^ ^ ^ ^ ^ 123 domain^

(77K, 60K, 40K, 20K) °fl 4 #

#4- 123 domain^ c-^^1 s|

^ 1̂ ycv^^l^ ^ H . E ^ 4 f e i L i [49]7>

xH-^ 123

[47-49]. ^ ^ ^ ^ 1 4 ^ - t t i l - * ^ ^ 4 450 "C^^I 72

77 K^l^i ^ ^ ^ 4 4 ^ - ^ ^ - -y-^ iL1^, AM = (M+ - M")

4 4 0.25 T 4 4 4 4

7̂>"Ŝ -̂ AM °1 ^^*1 # ± )
Daeumling^l ^ * H ^ w 2 t J l5 l^4 [47].

- 52 -



l.Or

a

c
3

O.S

c

0.0
20

Melt-textured
1-2-3 crystal

o
o

30 40 SO

26/deg.
60 70

c
3

c

> 0.6 —

0 0
40 60

29/deg.

Fig. 1-21 X-ray diffraction pattern of (a) melt-textured Y-Ba-Cu-U

and (b) conventionally sintered Y-Ba-Cu-0 showing the c-axis

orientation in the pattern (a).
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Fig. 1 22 Magnetization hysteresis curves measured at (a) 77 K,

(b) 60 K, (c) 40 K and (d) 20 K of the melt-textured 123 domain

annealed in flowing oxygen at 450 °C for 72 h after the peritectic

heat treatment.

- 54 -



Magnetization( emu/cm3) Magnetization (emu/cm3)

.._ : I



In te# teMbX o ^ zu&/v ,01 ^ £ ^^r&i^tkpo MbX i

Ll "-blok^ta-i-i^fo frW &-k ^ v ^ t e Hstb ibF^-isi*
T^ -tz ^£6-1 sjngij -uio ^ q {5B '^uia/nura ^ ^ '.mo/V -R

(T-T)

X qg X Bg ' ^ ( 3 ik{s-§-{Y l -[ ig] BU3JU3 S/U133e ^"o fe-g-U ""bTS

(-h)

5 Suiumd

Mb-fH* ^ ^ ^ # "-b^

iv I P I M I Y ^ ^ ^ ^tf-gr-l* ^-h-ta-b lo i\*v

•tain: "^Vt^ ^-§--fe -^^^30 Suiuuid xny Lo fe-fer^g: - ^ b "b"PTM Z,/,

09) 3 : ^ ^--^ ttn il-tSTT #-|s:kfc 1"o fe-g-U i ^ l ^ ^ kkfeia Ik-lfig-te ^^USuTumd xnn

'[OS] -b(ir#£: ^ k l b f t l Y ^ ^ ^ ^ - Q &-§••§"§- N>Wt% ^Od

^ ^ X S MbX c [o

0Z, klbM 08 - i ^ ^

-bio ^ t -Ylb^^ # -b '-bfs-frlfp ^ -o"^

lo w v ttif? klb-ls-^^ ^--i to x s •-bii-U^ ^Ifc kl^ x

Z &&{£•& k-b t-a-̂ rX 9"0 V-b-iaT-ft b WV ib

to [ b ^ ^ ^ l v ||o-̂ ftn U ^ H loi^lYta^g, 7iv - ^ ^ I Y R-§-4Y



E
u

10&

o

104

H//C

D

•

9

*

-axis

:
 " O D D

" • • •

t i

D

9

*

|

D

• •

9 •

* *

1

•

a

•

* * 9

* * *
*

1 I

77 K
60K

40 K
20K

00 0.5 1.0 1.5 2.0

Magnetic fieid(l)

Fig. 1-23 Magnetic Jc with applied magnetic field at various

temperatures of the melt-textured 123 domain.

- 57 -



123

7}^ ^ 514.

CuO flux (FG)£. -¥-^ ^ ^ ^ 1 ^ 1 123

LLP(Liquid phase processing) [53]S. afl^-tt 123 domain^

^ ^A>§}^cf [47].

LPP ^^JSL4 FG

LPP ^ ^ ^ 8 : FG^^^l til^M S^S.4V ^-^-^1 4 ^ s ] 211 <Q

211 -S-s] AS^^?1^ tfl̂ fl ^M
LPP ^ ^ ^ ] 4 ^ ^ 4 ^ substrate
substrate ^°

123 ^^°fl^i 93^)d7) nj|̂ <y 3 H 4 [54].
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* . : •

Fig. 1-24 Optical microstructure of the melt-textured 123 domain.
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Fig. 1-25. Scanning electron micrographs of a fractured surface of

the sintered 123 sample at (a) 880 °C and (b) 910 °C for 10 h in air.

Note the difference size of the 123 grains.
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(3) -g-g-^^-^^^l^Si 211

123 ^ ^ - ^ ^ C J I A ^ 211 <yx>37)l- #3^ ̂ .JIX} 880 °C, 910

930 °C ̂ 1^-1- i^«V-g»

Fig. 1-27<>14. -̂ ̂ 1JL fi^^A-] 123
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Fig. 1-26. Microstructures of a polished and etched surface of the

sample quenched from the (Ba-Cu-0 liquid + 211) region after

holding at 1040 °C for 0.5 h. The 123 powders used were prepared

at (a) 880 °C and (b) 910 °C.
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(a)

50

(b)

Fig. 1-27. Optical polarized microstructures of the melt-processed 123

samples when using samples containing different 123 grain sizes,

prepared at (a) 880 °C and (b) 910 °C. Note that the trapped 211

particles in sample (a) are much finer than those in sample (b).
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Fig. 1~28. Histogram of the size of the trapped 211 particle as a

function of sintering temperature.
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Fig. 1-29. Microstructures of the 123 sample heat-treated just below

the peritectic decomposition temperature. Note the decomposition of

123 phase at the grain boundaries and the formation of 211 particles

near the sample surface (left side of Fig. 1^29a). (b) is the high

magnification of the center region of Fig. l~29(a).
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(a)

Fig. 1-30. Optical micrograph of the used samples; (a) fine grain and

(b) large domain 123 sample. Note a lot of grain boundary in

sample (a) and the trapped 211 particles with tracks within the 123

domain in sample (b).
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Temp 2-1-1 + L

0 h 0.5 h 1 h 20 h

Time

Fig. 1-31. Schematic illustration of the applied melt-quench

experiment. Tp denotes peritectic temperature of Y-Ba-Cu-0 system.
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Fig. 1-32. Microstructures of a fine-grain 123 sample held at 1005 °C

for 1 h, quenched and then heat-treated at 450 °C for 20 h in air

for oxygenation. (a) optical polarized micrograph of the mixed phase

region formed as a result of the decomposition of a 123 phase, (b)

SEM micrograph of the 123 phase region of micsrostructure (a) and

(c) the region near the 123 grain marked as 'A' of Fig. l-32(a).
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* 2-1-1 + UCI.
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123 •a^^^^n^ 4^r^ 211 °â >
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Fig. l-33(c)<^Ui ^v ^r $a^ol, 211/123 Tfl̂

°ll̂ r ^ ^ 4 ^AT-OI " H 5 I 5-^°114 ^ ^ s l 7 l i tb4. Domain^S.

1- 1005 "C^^ 4 -fi-*l*)-i3 123 -$<>} %#$\ 211

fl )fe 211

-f 211̂ 1 «l^^^ ^^lijjl 211

- 77 -



Fig. 1-33. Microstructure of a domain 123 sample maintained at 1005

°C for 0.5 h and then quenched in air; (a) the sample surface, (b)

the interior of the 123 domain, especially near the 123/trapped 211

interface, and (c) the region near the microcracks. L denotes a

liquid phase.
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Fine-grained sample

2-1-1 particle

Coarse-grained sample

1-2-3 grain

Fig. 1-34. Schematic illustration for a decomposition process of a 123

and nucleation of 211 for a fined-grained and a coarse-grained 123

structure.
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rowaer weigning
1

Powder mixing

Drying

Calcination

Attrition milling

Drying
1 '

Compaction
i

Sintering

Melt-texture growth

Oxygenation

Characterization

Sm 2O3, BaCO3 and CuO

ball milling in alcohol

-) 980 °C in air

1 wt.% CeO2 addition

uniaxial and isostatic pressing

— at various oxygen partial
pressure of 0.001-1 atm

Fig. 1-35. Block diagram of the experimental procedure.
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211 ^

attrition milling *.£. ^r^^}^^. Attrition milling^
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Calcined powder

^ ^

Attrition-milled, in

Attrition-milled, 5h

10 20 30 40

29/deg.

50 60 70

Fig. 1-36. Powder x-ray diffraction pattern of the as-calcined 123

powder and the 123 powders attrition-milled for 1 h and 5h after

calcination. Note the reduced peak intensity in the attrition-milled

powders.
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Fig. 1-37. SEM micrograph of (a) the as-calcined 123 powder and

(b) the 123 powder attrition-milled for 1 h after calcination. Note

the fine 123 particles in the attrition-milled 123 powder.
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(a)

Fig. 1-38. TEM bright image and SAD pattern of the 123 powder

attrition-milled for (a) 1 h and (b) 5 h. Note the ring patterns due

to the formation of nano-crystalline 123 powders by attrition milling.
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attrition milling^ Y1.8 ^-^VS. MTG
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n e ? * ^ -

,40

Fig. 1-39. Optical micrograph of the melt-textured Y1.8 samples

which were prepared from (a) the as-calcined Y1.8 powder and (b)

the Y1.8 powder attrition-milled with 1 wt.% CeO2 for 1 h after

calcination. Note the spherical 211 free regions marked as arrows.
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Fig. 1-40. SEM micrograph of the melt-textured Y1.8 sample

which was prepared from (a) the as-calcined Y1.8 powder and (b)

the Y1.8 powder attrition-milled with 1 wt.% CeCh for 1 h after

calcination. Note the fine size and the uniform distribution of 211 in

sample (b).
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Fig. 1-41. Magnetic susceptibility (field cooling and zero field

cooling) of the melt-textured Y1.8 samples which were prepared (a)

the as-calcined Y1.8 powder and (b) the Y1.8 powder

attrition-milled with 1 wt.% CeO2 addition 1 h after calcination.
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Fig. 1-42. Magnetization hysteresis curve for H//c-axis at 77 K of

the melt-textured Y1.8 sample which was prepared from (a) the

as-calcined Y1.8 powder and (b) the Y1.8 powder attrition-milled

with 1 wt.% CeO2 addition 1 h after calcination.
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Fig. 1-43. Critical current density of the melt-textured Y1.8 samples

calculated by the extended Bean's critical model. Open circle and

closed circle denote the melt-textured Y1.8 sample containing coarse

and fine 211 particles, respectively.
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Fig. 1-44. Schematic illustration of the heating cycles related to

incongruent melting, 211 coarsening and peritectic reaction. Tp

denotes pertiectic temperature of Y-Ba-Cu-0 system
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Fig. 1 45 Heating cycles at various oxygen partial pressures
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Fig. 1-46. Microstructures of polished surface of the undoped

Sm1.sBa2.4Cu3.4Oy samples after melt processing at oxygen partial

pressure of (a) 1, (b) 0.1, and (c) 0.001 atm.
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Fig. 1-47. Histogram of the 211 particle size in the 123 samples

melt-textured at various oxygen patial pressures
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I / •* * Po9 = 0.1 atm

Fig. 1-48. Microstructure of the sample melt-textured at variuos

oxygen partial pressure showing the distribution of spherical pores.
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Fig. 1-51. Microstructures of the polished surfaces for the melt

processed samples with (a) undoped, unmilled, (b) undoped, attrition

milling, (c) CeCVdoped, unmilled, and (d) CeO2-doped, attrition

milling.
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Fig. 1-52. SEM micrographs of the polished surfaces for (a) attrition

milled, undoped sample and (b) attrition milled, doped sample.
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Fig 2-2 Wheel and inserted ring type magnets
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Fig 2-3 Vauum chamber of Superconducting Flywheel system.
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Fig 2-4 Cooling chamber of bulk superconductors.
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Fig 2-5 Assembled bulk superconductors
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Bi2Sr2Ca2Cu3Ox ("2223") Q g-& *\}7}x}2\ £.#5.<#°] ^ R V t } . o) *\}7}

1̂ Aov^ Fig. 3-1 oil 4 4 ^ 1 4 ^ go] Bi-0 ^ A>O]O)) ^7fle|-^ Cu-0

^ ^ 7H^7> 2201^: I7fl, 2212TT 2̂ H, 2223^r 37fl7l- ^ ^ ^ f f e ^Efl-f- o|

110 2223 . BSCCO ^lfe

YBCO

YBCO

flux pinning «>1

371 ofl

^ Sl^n} 77

^r 2223 7f ^

flux pinning ^ °

] i - 30 K ^ l ^ H l ^

Fig. 3-2 fe

.2 K)^

8 T °1

514 [3].

BSCCO 317}

2223 ^r *!

71-
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I

(a) 2201 (b)2212 (c) 2223

Fig. 3-1. Crystal structures of Bi SrCa Cu-0 system.
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2223 tapes
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Fig. 3-2. JC as a function of magnetic field for several types of

industrially produced superconducting composites.
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fe Ag/BSCCO ̂ ^ 1 -

-g-g--§-

Ag/BSCCO

. Ag/BSCCO

Wi re ^ f e tape

ASC (American Superconductor Co.)

IGC (Intemagnetic General Corp.) ^ 'H^-S] Sumitomo Electric Co.

^Tfl^^-?! «93l3i-fT-iJ£ (Jc)7> 10 kA/cm2

1,000 m

Powder-In-Tube (PIT) ^

^ ^ ^ 2 : 7 1 ^ ^ . ^ ^ PIT
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i ^ shock, Î
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^ pressing
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Bi-2223

104 A/cm2

Bi-2223

[4].

Larbalestier

100

optical image*

2 mm ^^ corel-

^ 4 [5],

fluxS] * #

[6,7].

: ^71

magneto

±r Fig. 3-3 °fl

Kim [8]^°fl

ball

milling

mechanism^

minor Aovlr, ^ 2201Ao\ Ca2Pb04, CaCuO2, (SrCa)2CuO3,

CuO ^°], ^^flsl Jl^rAov ^ ^ ^ r^? l 840 °C

* ^^Aov<?l 2212

. Ag/BSCCO
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density
diameter

SHEATH
• strength

chemical compatibility
• processabiHity
• conductivity

POWDER
• surface area

• size distribution
impurities, additives

• stoichiometry
POST PROCESSING

* tape strain state
current transfer length

impSe dama<
Ic criterion

FORMING
• % area reduction
method of cold work
• speed of operation

• lubricant

SINTERING
• temperature
heat/coo! rates
• atmosphere

• pressure
•time

Fig. 3-3. Complexity sorrounding the Jc improvement of Ag/BSCCO

tanes.



PIT ^ £ -
3X7} ufl̂ ofl xv«g^oi ^^-o] 7^*V 7 |^o i4 . ^ ^ H ! # PIT

014.

^r km

[9-11]. J i ^

£.£.7} ^ 4 [12]

filamentl- ^fe -id*fl7l- iJL^l 4 $14.

bulk ^^11- f-«fl I S ^ J i ^z)-53l^4 ^ )e^ <ĝ o)) 0)^13 [13]
^"^ ^i^-fe £ 4 3^51*11^ Til ̂ ^r f-̂ l"^ *Sfe ^ ^ 5 - ^^^laL SI

4.
PIT ^ 1 H H ^ i ^ - ^ 1 - ^ - ^:^-«l-7l 1̂*_V «J-̂ «y magnetooptical flux

imaging method7l- Argonne national laboratoy (AND 31 Wisconsin

[14, 15]. ^71 ̂ - ^ ^ ^ - ^ # ^ ^^ofl ^*fl P I T #

wire-in-tube^ [16] ^ double-core
o.nl on- «o> ôl jci- %H^l?14fe ^ 4 1 - ^
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^ ^ * v etching

Ag/BSCCO

Ag/BSCCO -a^H^ i ^ t J : 4 ^ - s ^ ^ ^ , BSCCO

YBCO ^-^-/^ev 7 ] ^ ^ - <S^)-ir zil-ofl>Hfe 106 A/cm2

[18,19]-
q- o] ^ f}. 7l#o] ^ - ^ t a p e ^ofl ySZ ^-^^r ^ ^ * f ^ r

ion-beam-assisted deposition (IB AD ) ^ [18]^r l^fl ^ ^ ^ S - S . 1̂*1) •§•

tapel- ^^H o| ^ofl b u f f e r ^ ^ ^ . ^ ^

^ ^ - ^ # ^ f e rolling-assisted biaxial texturing^•& °H1

Ag/BSCCO ^^fls] ^ ^ ^ -^ ^AVCHI ^*fl ^ ^ °An^^f ^^7} 105

A/cm2 °fl ol^xr ^ ^ 7 } ^l^SlJL ^^ .o j ^-A]^ J L ^ ^ ^ S . ^ 1 1 - ^ 2 :

\ PIT ^$] f 'JL^-l- cfA) ojAjAl^lJi 5U4. £ 3-1 ofl ni

(1) ^ - ^

BSCCO
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Table 3-1. Recent HTS Highlights

Progress in Wire Technology

YBCO wire
- 1.2 micron thick YBCO on Ni substrate with textured YSZ buffer layer yields

1,200,000 A/cm2 at 75 K and 0 T and 200,000 A/cm2 at 75 K and 1 T (LAND

BSCCO wire
- rolled, multifilamentary Bi-2223 wire yields 44,000 A/cm2 at 77 K and 0 T

(ASC/WDG)

- short, pressed Bi-2223 wire yields 74,000 A/cm2 at 77 K and 0 T (AND

TBCCO wire

- electrodeposited wire made from Tl-1223 on Ag foil yields Jc of 68,000 A/cm2

at 77 K and 0 T (NRED

- spray pyrolyzed Tl-1223 on ceramic yields Jc of 325,000 A/cm2 at 77 K and 0

T (GE/ORND

Progress in Systems Technology

Long-length wire

- 1180 meters, Bi-2223/Ag powder-in-tube wire manufactured by ASC with Jc =

12,500 A/cm2 (WDG)

- 1260 meters, Bi-2223/Ag powder-in-tube wire manufactured by ASC with Jc =

12,000 A/cm2 (AND

Coils
- ASC: Bi-2223 coils

at 4.2 K, B = 3.3 T

at 30 K, B = 2.6 T

at 77 K, B = 0.6 T

- IGC: Bi-2223 coils

at 4.2 K, B = 3.2 T

at 27 K, B = 2.2 T

at 77 K, B = 0.38 T

- Oxford: Bi-2212 coils

at 4.2 K, B = 1.1 T

at 15 K, B = 1.0 T
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^ ^ #4^31 014 [20-22],

BSCCO 2:

two-powder

CaCO3, SrCOs

HH iL-f Sr-Ca-Cu-O,

Ca-Cu-O, Cu-0

f^ oxalic acid

citric acid 5] Af-g-o.^ o]«|)

YBa2Cu3O7

. j£ 3-2

cf. ^ £ i 4 °1 *a-^^L5. ^ ^ «^^7> o i ^ o ^ ^ j ! oicf[23-25]. PIT #4

2] " i^el^- .̂-f- BSCCO i^i£.^|fi1 -8-^ e^ofl-H ^«fl^lfecfl ° H

-I:

BSCCO Ad^l- ^^^fl -§~g-*r7l
5l f̂l2:7V ^ ^ ^ O ] C | n)^-^ I G C -

m H°}<H ̂ -a ^ 4AJ ^-id^ll- *H2:*rSi4127-29]. ^ll:0!
K 3-3 cH] ^el^f^fe^l cfAi^oj qo. ^^ 5 1 A
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Table 3~2. Synthesis techniques to make 2223 powder

i n

Method

Solid state

reaction

Coprecipitation

Aerosol spray

pyrolysis

Burn technique

Description

Mix oxides, peroxides, carbonates, or nitrates

of Bi, Fb, Sr, Ca, and Cu. React at elevated

temperature where no melting occurs. Grind

sample and refire. Repeat until reaction is

complete.
Dissolve Bi, Pb, Sr, Ca, and Cu compounds

in acid. Add base to precipitate cations. Fire

precipitate to yield the desired phase.

Make solution containing cations. Produce a

fine mist of the solution and pass it through

a hot furnace to form a powder of mixed

oxides. Fire mixed powder to yield the

desired phase.
Form nitrate solution of cations. Add organic

species, such as sugar, to solution. Heat

solution to remove water, then heat powder

at elevated temperature. The sugar (fuel) and

nitrate ion (oxidant) react at elevated

temperature yielding mixed oxides. Fire this

powder to yield the desired phase.

Advantages

Simple, inexpensive

technique

Intimate mixing of

cations

Intimate mixing of

cations. Product has very

fine grain size (1-2/im).

Product can have low C

content (using nitrates).
Intimate mixing of

cations. Powder can have

fine grain size.

Disadvantages

Large grain size reactants can

cause slow reactions. Can have

large grain size product. Can

introduce impurities during

grinding
Not all cations may precipitate

out at the same pH, causing

segregation. Initial composition

and precipitate composition

mav be different.
Can lose species, particularly

Pb, during pyrolysis. Powder

formed in pyrolysis is not fully

reacted to the desired phase.

Can lose species, particularly

Pb, during burn process.

Powder formed in burn process

is not fully reacted to the

desired phase. Product may

contain C.



Table 3 2. (Continued)

i n

Method

Freeze drying

Liquid mix

method

Microemulsion

Sol Gel

Description

Spray aqueous nitrate solution of Bi, Pb, Sr,

Ca and Cu into liquid nitrogen. Collect frozen

droplets and freeze dry them to remove water.

Fire dried powder to yield the desired phase.

Form nitrate solution of cations then add

glycol or citric acid. Heat to remove water

and form polymerized gel, then heat to

elevated temperature to yield the desired

phase.
Form suspension of microdroplets of aqueous

nitrate solution of Bi, Pb, Sr, Ca and Cu in

oil. Add base to form precipitates. Separate

precipitate from oil by washing in solvent.

Fire precipitate to yield the desired phase.
Form alkoxide solution of cations. Add water

or alcohol to form cross link molecules,

forming gel through polymerization and

condensation reactions. Heat to elevated

temperature to burn off the organics and yield

the desired phase

Advantages

Intimate mixing of

cations. Powder can

have low C content.

Intimate mixing of

cations. Powder can

have fine grain size

Intimate mixing of

cations. Powder can

have fine grain size

Intimate mixing of

cations. Powder can

have fine grain size

Disadvantages

Cations may demix during freeze

drying if the temperature is not

carefully controlled. Nitrate

present after freeze drying may

melt during firing leading to

large grains of

nonsuperconducting phases.
Product may contain C.

Product may contain C.

Method is better suited for

making films than bulk powders.



Table 3-3. Transport Current Properties of Short and Long Mono-

and Multifilament Ag-Clad BSCCO Conductors

Conductor

Monofilament

Short Pressed

Short Rolled

Long Length

Long Length

Multifilament

Long Length

Long Length

Long Length

Long Length

Length (m)

0.03

0.03

70

114

20

90

850

1260

Ic (A)

51

51

23

20

42

35

16

18

Core Jc

(A/cm2)

45,000

29,000

15,000

12,000

21,000

17,500

10,500

12,000

Overall Jc

(A/cm2)

9,000

7,800

3,500

3,200

6,800

5,600

2,500

3,500

Fill factor

(%)

20

27

24

27

32

32

24

30
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313-if-t- <S$°-^ 1,260 m ^ 44J ^ ^ 3-f 12,000 A/cm2

° 1 ^ 1 4 ^ PIT 1H ^ t t BSCCO tfzflsl ^ ° 1 J J I ^ «

pancake coil ° ]4 racetrack 1N5] solenoid s! #7fl ^ 4 .

Krt-il 20 7fl
pancake coil S. ^13:^ 4 ^ ^ ^-f 4.2K, 0T°fl>H ^ 3.2T5] 4^ - i -

zjoi^ 2,400

m $ A ^ coil si ^ ^ ^ - ^^^8r AA 0.04 m $}- 0.203 m

^ 51^ hybrid magnet A
^cfl o]fe. MRI fij- ^"^ ^^1 ^-^1 ^ofl ^V^l -8-8-€ ^r

Hitachi ^±2] Okada ^ ^ ^ ^ 22.8T ^ *}
3. y

s
v^^r^4[30]. ^ *}A} £ 21T ^ ^>^

Ag/Bi-2212 4 ^ ^ d ^ l - ^°] "4^ 4 ^

coi\°) 727})s] ^ ^ ^ # ^fe 47))2] double-pancake coil
^ . ^ s . z\q-£: 4.2K, 21T si 4^«HlAi

1.76T si xj-^-i; ^^Al^^dl oi^ jt^q. N M R ^.o^i

IGC <>ll̂ -c- racetrack ^Efl^ solenoid

0.0] P i r e l l i A>^ Bolza -^£r ASC^ll*\ ^1S*V BSCCO

50 m -^sl ^ ^ ^ i ^

& q*H£± -&5L°\}*] 1,800 A 51

[31]. Driscoll ^^[32] J i ^ ^ ^ i i -id^l- 4-§-*f^ 149 kW

$14.

(2)

BSCCO

Si
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3.7]7\ ^

ohmic heating °1 ^7fsl-^ ^

BSCCO

Teflon ^.S. i l t f < ^ NH4OH/H2O2/H2O -§-°^A^
Teflon^

60-70% o ] ^ ^ <y^^s.^ol -fM^ch Lee

75%

! PIT

(3) BSCCO

BSCCO Ji

cfl o^^-g-^- 7f^^cf. P IT *^ofl/i clad

f PIT ^ ^ ^ 1 q-Q*\
^^> 71 Til ̂  3-n.^-g-

l ^ ^ -§-§- ^-^Hl^^r # « S H ^EflS. ^-fe ^©1 ^JL«>7l

fl ^j|2: 4 ^ ° i l ^ ^ 1̂XJ- ^ ^ -8-^°l ^-^«l-uL Lorentz force °fl

hoop stress ^ ^ 5 . 5 . 1̂ sfl *fl2:
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BSCCO

7> ^ ^ ^ l i # £ * H £•§•

^ (AgMgNi, Ag-10 at.% Cu, Ag-Al2O3

. Singh

clad

3.°]°]} &

1- £ t r 4 . Fig. 3-4

^ , ^ fill factor 7f

4 . Ag/BSCCO

-g-g-

system cfli*

, fly wheel, generator

, current lead, 4 ^ ^ , busbar-f-i:

(1)

^ 1) Flux creep, 2) AC loss, 3) 3 th ^ Termination, 4) Fault current

performance, 5) < ? > ^ U Aging cg*J:, 6) 77K

SyStem -gg~g--§-

71

- 162 -



1.2

0.8

0.6

i o.4

0.2

0

Mono (23%)

Mono (30%)

MuMlaye7CUo%)

Mono (38%)

0.5 1 1.5
% Steals

2.5

Fig. 3-4. Enhanced strain tolerance in silver-clad BSCCO multilayer

tape compared to that of monocore tapes with various superconductor

fill factors (in parenthesis).
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4(Tokyo Electric Power CompanyHHfe 7 1 ^ duct 4 tunneH ^

^ ^ 2.^5- cables. « H ^

66kV/lGVA ^ ? i ^

5 m zMoj -B-«atb

^ ^ 7fl^oil OIO^A-1 tfl£3«y ^ ^ ^^fS.fe nl^-s] ASCCAmerican

Superconductor Co.)^f IGCdntemagnetic General Corp.), ^ •£!-£)

Furukawa, Toshiba, Chubu, Sumitomo #7] 5]A}S--|- S . ^ 014 «Ufl

4^1 i J l € ^ 4 ] ^ ^tfl «g*H ^ i ^ - ^ £ ^ - & 77 K, 0 T I ^ i cfls? 7xlO4

A/cm2, 100 m <»1^^ #*H>M-£ lxlO4 A/cm2 ^ £ . S . JiJLS]JL 3i*\.

=?-A}x\<L3-~: ̂ -3L€ ^4°)1 4 ^ ^ D)^- IGC 4 f e ^^}°fl^ 45,000

A/cm2, o^£- Toshiba4^ 66,000 A/cm2[39], Sumitomo*}-^ 53,700

A/cm2[40], ^^<Hl^^r 1 km^i ^°}6\] 104 A/cm2 A

[41]. cf>y^ ^jll- !-oU£»3, n | ^ IGC4fe 37 cf^J, 850 m

>H 10,500 A/cm2^ Jc ^ - 1 : «^$i4.

fe, ^2] °j-§-sm PIT

7 01 cf. jelly-roll HcM, Pyrolysis of

organic acid salts 7 ] ^ , Dip coating 7 ] ^ , Electro- phoretic deposition

514. Electrophoretic coating deposition

, PIT

Sumitomo *}, D l ^ "^ IGC 4 , ASC

, General Atomic 4^-51 7}<%°\}*\ ^£r ^^^ 7}*}JL &^ 7fl̂ - ^
f^uf f -n f l ^ ^ o i q - ^ ^tiofl s l u r r y

coating *> ^ , ? 1 ^ ^ gl©] O
H

V<S, " i ^

i Si 4 . a. 3-4 fe ^ 5 - Electrophoretic deposition

£•&, u]^ General Atomic 4 ^ #A ^-^
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Table 3 4 . Properties of Electrophoretically Produced Bi 2223 Tapes at 77 K

(Data from General Atomics)

As-coated shape •

Short round single layer

Short round single layer

Long round single layer

Short round double layer

Long round double layer

Short flat single layer

Length (m)

610

70

115

114

Ic (A)

9.4

7.8

6.8'

8.6

2.6"

9

Core Jc

(A/cm2)

9,700

8,000

22,000*

23,000

8,100"

14,000

Fill factor

(%)

35

43

16

16

13

25

Overall Jc

(A/cm")

3,400

3,500

3,400'

3,700

1,000"

3,500

'measured in short lengths

"measured end to end



motor 2] coil °14 generator system -§•

"1! coil^ £ # £ ^ 1 3 . 71313-2.3. €• strain cycle-!:

l e i ^ strain^- 3Hir° l ^ M l ^ 0 ! ! microcrack^-

links)-!- 6>7)*f7fl s)

AC1- I I S ^ -8-8- £-°H Sl°H'£- 2]-^^-(Eddy current)

°fl 7]1?]*} filament coupling ^ ^ ^ « s H °

014. ^ - ^ - ^ o . ^ AC Lossl- #°l7l *̂11-Hfe-

^ , strain tolerancel- ^41J- T1 Slfe twist€

4 . °1«1^: ^ ^ i ^ i strain tolerance ^tfll- ^ tb ^ -^fl (sheath

material)^ # ^ 7fl^o]^ Afls.£ ^ ^ 7fl̂ -ofl ^*> ^^1 -E . *1, ^-!-

*1 ^ 1 ^ 5 ^ ^ ^ ^tcf. c f lS^A^ n]^-s] Los Alamos ^

Ag-Al, Ag-Mg, Ag-Zr •§: a*v?t I57fl ^-^-^ Ag ^

^l*J*f3. $14. <̂] ^-^ strain tolerance

«̂HI, Miller -§-4 Li %••& Bi-2212 ^-^

coating^ 2212 A
o^ microfilamentl- $7} ^ 41

4.2 K«flAi 20 K ^^^1 ^ ^ , Jc loss* ^ ^ ^ ^ - 5 . **•% « f ^ 4 [42,43].

£ tb Sato -i-^r 126 44J 4 i ^ l - ^ 3 : , ^"^-^^1 strain tolerance M l -

7 f ^ ^ l ^ f 1% Ĥ bending strain 'gSH*!, 10% Jc #±^ A A ^ t4

[44].

"1^- ASC 4-^ ^ ^ Aî fl twist ^^-°11 4 ^ ^ twist pitch7l- 3.7

mm, 7.1 mm >M Jc ?itol 13,800 A/cm2 4 15,300 A/cm2 S. JiJL«>jl XI

4 . °1 a ^ twist £)̂ 1 ^ ^ ^d^sl Jc &, 18,600 A/cm2 -a.4^r «J=# ^

^r ^ t o l ^ ] ^ 4i^ ^^l°fl cfltb AC loss Alfe- e j£ >a^)^- alS«l-^ 1-

°fl AJ-^*1 -̂?fl 4 4 4 J 1 $14 [45].

7]- nl^-o] jQCuf ASC(American Superconductor Co.)!- f A jA

. 5. 3-5 ofl « f̂l

(2) Current lead
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Table 3-5. Present State of the Art for HTS Power Transmission

Cables

Pirelli&ASC.EPRI

TEPCO&Sumitomo

South wire, ORNL&IGC

BICC cable, CEAT CAVI,

IGC

BSCCO ^3-a ***!

7i°] 50 m, dc 3000 A at

77 K

*M 50 m, dc 2900 A at

77 K

£°1 1 m, ac 2000 A at

77 K

^°1 1 m, dc 11,000 A

at 20 K

1996

1996

1996

1995
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4 ] i L ^ current lead "S^M #;*fl <3^4 t\^o]

014. . s l ^ H Aj-̂g- ^ 3 . Êflofl 45} i f7H Bi^l current lead

* U SI4. ^*»fe ^ DC -̂5L5L 4-8-S)^, ~ £

^?1 ^3](stacking) ̂  current leads.*!,

Sumitomo * H ^ *fl ^ 1 ^ ^ ^ r ^ i heat leakfe DC 2.5KA°fl^ -g-?!^

0.412 W/KA ^ ^ . ^ 1.5^ 7]^- -̂?>oflH 91^^^-S. ^ - ^ ^ 5 i 4 [46].

Ir^fe- €• AC l̂ ^ ^ n " Sl^r -tV^-1- ^H) ^ current leadS

^ ^ ^ Bi3) green compactl- J l ^ ^-8-°ll ^*ti i l , ^ l ^ ^ j l

•g- Fuji44 FurukawaA]-S] ^-^ <g^ofl ^sfl ^3}-^ cj-^oj heat leaker

AC 2KA°1H ^ - ^ A ) 2.58 W/lead $ J ^ ^ cfl ^^- -f-̂  i f ^ AC

2.45 KA^ iLuL s]Jl 5I4[47].

(3) Coil ^ ^>*]
- 2:^£*D1- o]-g-tb ^ H -S-8-^: 4.2 K°1M 77.3

30 K ol«>ofl^ 1 ^ ^ ^ Jc-B ^ - i - ^ - ° 1 ^ Sl<H, 4.2 K°fl^ 20 T

A]

A ^ o|nl 4 K°1lAi 2.5 T-t, Bi-2212 AJ-^ A J i ^ ^ r 0.7

Tl- ^ 1 : ^ SZ&4. ^^fl iLJl^ 7H^ ^^r ^l-^fil 4 ^ ^ - Sumitomo

4 4 7H "̂t!: 3 3 60 mm, 61 4 4 ] ^ Bî 2223 <1^|# ol-§-^l-^ 4.2 K°1]

*\ 4 T, 21 K°fl^ 3 T 4 x|-Aici4[46]. o] ufl 61 4 ^ ^ ^ ^ Jcfe 4.2 K

°IM 42,000 A/cm2, 27 K°H^ 30,000 A/cm2AS. i J l s)Jl

fe hybrid ^Efl^., 20 T

National Research Institute of MetaHMfe- 7 1 ^ ^ 20.9
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1.8 K*I14 21.8 Tl- ^ ^ A S <£$4 [48]. Sumitomo 46fl4£- 4.2

24 T, 27 K°fl4 23.3 T ^ 3 N * l # £&4[46].

SW4, n]^- Brookhaven ^

15.1 m i # 5 . coil-S- 77 K

(4) Busbar^- Transformer
oi&4\ Sumitomo 4 ^ - 11-S-3 € 4 ^ ^ ^ i ^ l ^ i f e ^ 5 - Bi-2223S]

PIT ^•^•i- °l-§-, ilol 5 m, 1,230 A^ rfl-g-̂ = busbarl- -̂f- ^ W ] - $

4 . ° l £ ^ cfl-g-^^ busbar^ Sumitomo 4?r ^- 3.5 mm, ^ 1 0.25

mm^ 37 Bî 2223 44] #*«!• 4-8- ^ I4* f^4 . ^-& ^ 4 ^

busbar ^ ^ ^ r ^efls] 3U>3.«y sj) -g-^-^7> 7>^ 4 , ^ 200 m

^^1 «| -8-t^S] ^ ^ £ coiH 50,000 A^ ^i^-i: ^ ^ 7f̂ -*V

^13:Si ^ 1 1 , A^ l̂ ^ ^ S l i sa^. ^ ^ 1 ^ 1 : 5:?i£. busbarS.

Transformer^

t r a n s f o r m e r ^ *[•%•
Hov l̂ 6l^°flS., ^ ^ ^ ^ - ^ ^Mls]fe transformer^

6.S. 4 7 H S . r f l^^ ^r i l4 . ^ ^ e ) ^ a ^ ^ ^ ^ ^<£-§- 7)#

4-8- tfl^l, OJI^ ^ # tfl^^-oll r4€- ^ ^ JL* ^tfl, ^ 50% 21 ^-31

, 40 MVA ^-olA
0

v^ transformer ^ Tfl 4 ^^r

^ 40^ $S. 4lAJ-4i Si4. ^ 5 - transformer^

Swiss ABB4fe Dl^"^ ASC2} ^-^| ^ ^ ^ 1 - -f-^H 630 MVA

transformer

(5) ^-^-71 (Fault Current Limiter)
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7)7)$]

4(Illinois Superconductor C o r p . H H ^ 9 5 ^ 4 €

Argonne ^ < 3 ^ 4 ^ t M 12,000 V2] 7] 7 H A>-g- ^ ^ o i ^ 600 A
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Fig. 3-5. Whole body photograph of rolling machine.
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Fig. 3-6. Whole body photograph of drawing machine.
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Fig. 3-7. Whole body photograph of swager.
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Fig. 3-8. A schematic drawing of large size swager.
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Fig. 3-9. Whole body photograph of large size swager.

- 176 -



Fig. 3-10. A schematic drawing of winding machine attached to

rolling machine.
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[52]

(2)

PbO, Bi2O3> SrCO 3(^fe SrO), C a C O 3 ( ^ ^ CaO), CuO
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P b O | I Bi2O3 SrCO, CaCO, CuOl

Mixing

Calcination

Pelletizing

Ag Powder

Tubing

Drawing

Rolling

Heat Treatment

Fig. 3-11. Fabrication procedure of PIP method.
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Fig. 3-12. Longitudinal cross section and surface SEM micrographs of

Ag/BSCCO composite which was heat treated at 835°C for 250 h.
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- ^r $14. Fig. 3-13«fl ^15.5] X-S

^-T-Ei o jx ) -^ 2223AoV o l^ o d 4

51^: <£ ^ $14. 2223 ° J 4 ^

250^1 ?t 1*121$ AlS.s] 77K,

3,500

«lsfl [49-51] ^ ^

Kr 4.5

F i g

50% H2O2 + 50% NH3I-

Fig. 3-15 ^r Bi-2223i^S.^I| coil* ^ , ^ ^ 3 . Si4. °1

helical ^>^4°fl #-§-€ ^r $14. ^lS.fe power-in-tube1^ A ^ ^

4 . Ag/BSCCO

(1) ^i€-
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CO

\
OJ

c

3-00 1000 20.00 30.00

20/deg '

40.00 50.00

Fig. 3-13. Surface XRD pattern of Ag/BSCO composite which was

heat treated at 835 °C for 250 h.
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Fig. 3-14. H-shaped patterned Bi-2223 superconductor. Silver sheath

was removed chemically.
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Fig. 3-15. Bi-2223 coil applicable for a helical antenna.
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SEM &% 4^1 °14. Fig. 3-16(a) fe
1̂ 171 d̂ Als.^ S E M

} porous?!: 7A-=r Q 41 al4. 1
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(a)

Fig. 3-16. Surface SEM micrograph of the specimens pressed with

various pressure, (a) before pressing, (b) 1 ton, (c) 5 ton, and (d) 20

ton.



20

Si 4.
Fig. 3-17 £• 10 ton °d"^^-S. l

SEM

5a^ ^ J * * ^ SJ4. ^ ^ ^ 5 1 ^ ^ - ^ c f l ^ KXH?>
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421-

^ * 1- ^ 5U4.
2223 od4s] 7f l^
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Si4. od4 Ml oil 7l ̂ s) ^ f l ^ o g4^ ^ -^s . ^ ^ f - ^ 5U4.
. ^jeflo] oj^i} . «oV^7}- « 1 ^ § 5JOJ71 Till̂ -ofl

low angle ^Tfl-i- <=>l̂ -7fl ^ 4 . low angle °J

^ 4 ^ °Ĵ 1 -̂ -̂ 21

subgrain boundary

°}*M v)n €• 2
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8S
i

Fig. 3-17. Surface SEM micrograph of the specimen pressed with a

pressure of 10 ton for 1 min and annealed at 840"C for various

periods, (a) 0 h, (b) 25 h, (c) 50 h, and (d) 100 h.



urn ol^-oj 5JAS.
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Jc ),

Hikada[54]°l]

4 ^ A 5 . * ) fe^- Jcl- ^ " t Ag/BSCCO ^^S . 'S i ^ l l - ^i|2:«l-fe powder-

in-tube ( PIT )^o] 7fl^s]^cf. 3.0]$ PIT^S] ^ i g ^ t - i ^ * H

J ^ $ $ ] ) ] ^ l Si Si 4 . ^-a-tb * ^
^ 7 ] ^ - ^ 3.7], 7}?*&
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3.00 10.00 20.00 30.00

2 0/deg.

4000 50,00

Fig. 3-18. XRD pattern of the specimens (a) as-pressed and heat

treated at 840T for (b) 50 h and (c) 100 h after pressing for 1 min

with a pressure of 10 ton.
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3-19 t
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BSCCO

B

Fig. 3-19. Schematic drawing of the Ag/BSCCO/MgO/Ag composite.
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c

CO

(I)

LLJ

z:

Fig. 3-20. XRD patterns of the BSCCO core at (a) Ag/BSCCO and

(b) MgO/BSCCO interfaces. Open and filled circles denote the (001)

planes of 2223 and 2212 phases, respectively and the open square is a

diffraction peak for MgO.
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Fig. 3-21. Surface SEM photographs of the MgO layer in the

Ag/BSCCO/MgO/Ag composite.
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a)

Fig. 3-22. Cross sectional photograph of the BSCCO core at (a)

Ag/BSCCO and (b) MgO/BSCCO interfaces.
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Fig. 323 . BSCCO billets fabricated by cold-isostatic-pressing (CIP).
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Two powder mixing

Two powder mixture: Biu(Pb)o.4Sr2CaiCu208+CaCu02
Mixing ratio: 1:1 (24 hr milling)

Two powder billet
Rubber mold afl^; $13 23mm(m3 6.42mm), 3 ^ : 160mm
CIP : 10 ton press . Billet 3.71; 2\?j: 4.2mm,̂ <>l: 140mm

X-ray

Billet - In - Tube
Ag tube: S ^ 6.35mm(^3:4.35mm)
CIP : 10 ton press

Drawing
; 01.45mm

Rolling or Pressing
tape T ^ : 250um
tape *rH: 100um(3*)

A step ^ 10%m ^-4^

840TC

200hr

SEM/EDAX I-V

Fig. 3-24. Processing steps of powder-in-tube (PIT) process.
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• 2223 phase
• 2212 phase
• CazFbCM

• •

Fig. 3-25. XRD pattern of the two powder (Bii.8Pbo.4Sr2CaiCu2Q8 and

CaCuQj) heat treated at 840 °C for 100 h.
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(a)

Fig. 3-26. Cross-sectional views of the 1.5 mm Ag/BSCCO wires

after drawing, (a) vibration and ramming method, (b) CIP method.
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B axis

A axis

Fig. 3-27. Longitudinal and cross-sectional views of the 0.15 mm

Ag/BSCCO tapes, (a) vibration and ramming method, (b) CIP method.
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B axis

Fig. 3-27. Continued.
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Fig. 3-28. SEM micrographs of the BSCCO core after feeling off the

Ag sheath, (a) whole view of BSCCO core, (b) Ag/BSCCO interface,

and (c) core center.
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Fig. 3-28. Continued.
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Table 3-6. Variation of Degree of Texturing and Relative

Content of 2223 Phase

if- £

Sample 1

Sample 2

Sample 3

Sample 4

S l ^

Ml̂

Relative amount
of (2223) Phase

I(0010)H/U(0010)H+I(008)L)

90.0

840

843

81.8

87.7

84.3

90.0

83.5

Degree of Texture

I (0014W1(1114)H

8.0

6.3

6.3

6.0

6.5

7.1

7.2

5.8

I ( 0 0 1 4 W I ( 1 1 1 6 ) H

13.2

11.1

11.5

9.2

11.8

10.3

12.2

8.7

* H : (2223) phase,

5)«. : *. ^oliEi)-

L: (2212) phase I: diffraction intensity
cores) interfaced ̂  £ 31
cores) interfaced >M ^ ^ E core
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(a) 2223 phase
2212 phase

|^|w4~--^A>. u
50. 60.

(b)

y,—fKHr^
\0. 20. 60.

Fig. 3-29. XRD patterns of the Ag/BSCCO tapes heat treated at 840*0

for 200 h. (a) Ag/BSCCO interface, (b) core center.
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2.0x10'5

75 1.5x10"5

>
P.o

i

1.0x10-

> 5.0x1 Q-

0.0

Ag/BSCCO tape, 840 C
CIP packed and pressed
t=130^m, w=5.24mm
—o— sample 1, Jc=16,700 A/cm2
— ° — sample 2, Jc= 10,200 A/cm2
—o— sample 3, Jc=11,700 A/cm2
—^— sample 4, Jc= 14,500 A/cm2

0 10 20

Current( A )

30 40

Fig. 3-30. Current-voltage characteristics of the pressed Ag/BSCCO

tapes heat treated at 840 °C for 200 h.



Table 3-7. I-V Measurement of 4 Different Pressed

Specimens

Sample 1

Sample 2

Sample 3

Sample 4

Ic
(A)

34.0

23.5

25.0

28.5

Jc
(Amp/cm2)

16,700

10,200

11,700

14,500
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Table 3-8. Characteristics of Rolled Specimens in Terms of

Rolling Times

Rolling
Time

15]

25]

331

Core
Thickness

(urn)

88

45

29

(h)

100

150

200

Ic

(A)

3.4

6.3

7.2

Jc

(Amp/cm2)

5,800

8,300

11,000
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Ca)

Fig. 3-32. Optical micrographs of 6 multifilamentary tapes, (a) after

drawing (1.5 mm), (b) after rolling (0.25 mm).
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(a)

Fig. 3-33. Optical micrographs of 11 multifilamentary tapes, (a) after

drawing (1.5 mm), (b) after rolling (0.25 mm).
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Fig. 3-34. Optical micrograph of the tube-in-tube processed wire, (a)

after drawing (1.82 mm), (b) after rolling (0.25 mm).
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Fig. 3 34. Continued.



Fig. 3-35. Optical micrograph of the tube-in-tube processed 2

multifilamentary wire, (a) after drawing (1.82 mm), (b) after rolling

(0.25 mm).
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Fig. 3-35. Continued.



°j 30% ^£5) i ^ s . £ M f^ ^ £ ^^J-JI]- Corê  # ^ 3 (fill

factor) ^-7}% 7\x\%^.

- X-ray £-^ 1 4 Bi-2223Aov*f Texture 3^£r £ 4 ^ i Core

Interfaced 33- 3 ^ s }4^ Af̂ -̂ «£ ^

^ i Supercurrent7l- ^^fs] wfl̂ o] MisaUgned ^

- ^ i 4 f e Texturel- l

1̂̂ 1 Interfaced^ ^ ^ * ^ - 4 ^ ^ ^

- ^7) ^^ l^ i 840 TC, 200^)^ l ^ ^ ^ V , -^^1 i30nm (Core

45mn), ^ 5.24mm Pressing ^ A1^3^ Ic-^ ^JL 34A, J c ^

16,700A/cm2 (77K, 0 T ) ^ # ^ s ) $ 4 .

- «a-^ « ^ r i 4 ^ Core ^ 3 ^ - ^ ^ I c s . ^ ^ 2:*)3?] ^ 7 > #

7 V ^ ^ 6 . ^ 3 3] Od-̂ *V ^ ^ A ) ^ O ] I c - ^ j7 7.2A, Jc^r 11,000 A/cm2

(77K,

"V Emulsion drying *&"*£] °fl ^Q BSCCO

(1) ̂ € -

1986\1 Muller^ Bednorz

7ll^£7f 30 K «=»lAJ-i: ̂ 1

, 1987V! Chu^°fl 2)$\ 90K *lAov2l -&-£<H|x̂  <y

^lqfe Y~Ba-Cu?ll t>Sf# ^ ^ £ ^ 1 7 1 - ^ ^ s ) S l ^ [58].

^ Bi-Sr-Ca-Cu-O31 ^ Tl-Ba-Ca-Cu

120 K

[2,59].

-g-g-
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514. Maeda et

Bi2Sr2Cui0y :

110 K (n=3

(Tc=110

Bi2-Sr2-Can i-Cun-Oy

- e|= 1 0 K ( n = 1

2201), 85 K (n=2 ° ^ Bi2Sr2CaiCu20v •: °l*r 2212)),

Bi2Sr2Ca2Cu3Oy : o}t\ 2223) f- ^ S 4 ^ S ^ S . ^

[2,60],

Bi [61],

2223

4
carbonate-i-

carbonated carbon^ <$*<j-°.3.

homogeneity-t

SI
^, sol-gel , emulsion

[63-65].

^ o x a i i c

stoichiometryl- 2

^ carbonate

$14.
SI.2-4 citric acid^ dissociation°fl carbonated
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carbonated >$•§•

. Emulsion £ 2 : ^ ^ ^ A i3. 4W*1 &

£<$A]11 °i^2) colloid^?!

emulsion^:

. Emulsion^: &n}2) 4^} -8-8-tb

fe Reynen-i-^] ^r-§-°J|^^ -8-^-i: emulsion%• *}?}-2 n emulsion^-

MgOAbCMl

emulsion^ 4 ^ ^ £ - 1 ^ ¥$ °fl -̂-g-̂ Vfe 7 l i

[66]. 4 ^ 1 ^ * Od44 37l7f sub-micron o]«|-o]^ -g-

emulsion

Bi(Pb)-Sr-Ca-Cu-O?ll

(2) Emulsion^ 7fl^

Emulsion^ $°}x] Qr= ^fe -^-^-^A^ 41°̂  ^ Slfe -^ ^Aov^

colloidaM]BfJl ^S) ^t ^r SXA [67]. o)^^- emulsion^- cfl«-

F i g 3-36 cniAi j i ^
. Oil-in-water (0/W) typei^ife ^ ^ ^ ? ] water741 °fl oil

water-in-oil (W/0) yp

[68]. <*1 e-1 "^ emulsion^]

ir emulsifying agent^

emulsion-l: ^ ^ «]-^4 ^ - s . ^ 4 4 1^^14. Emulsion^:
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Fig. 3-36. The two simplest kinds of emulsion, (a) oil in water type

(o/w), (b) water in oil type (w/o).
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emulsion^

. Emulsifying agents

^ r ^ i emulsification^:

1^ surfactant* *!£ IMS

-fe- surfactant^ Fig. 3-37^ (a)°1H

Sa4. Hydrocarbon

head -¥-^-^
4 water^

surfac tant^

4 [69]. ^lB^tb emulsion^

Fig. 3-37 ^ (b)sf -̂<̂ 1 oil

l;O] potential energy7} ^7) nfl̂ -oi]

^ € emulsion^ o > ^ ^ 6 l ^^1^1 €

^ € emulsion^ droplet 3.

. ô 7lo1)>H droplet^ 3.7}ir

4-8-tb surfactant^ <^4 type^i ^ ^

emulsion^- Sl?fl

interfacial fi

droplets}

r̂ 5a4.

^r phaseSr

surfactant^ ^ £ 7 >

ci^- 4 ^ - droplet^

, emulsion^ <?>̂

rfe surfactant^!

^, surfactant^ ^

4

(3) Emulsion drying method

^7}*}S. ^ Q ^ 514.

breaking down process^.*! 7l7fl^oi o)oj|
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Hydrophilic
head group Hydrophobic tail

(a) The structure of surface-active molecules

(b) The orientation and packing of surface-active molecules

Fig. 3-37. The basic chemical nature of surface-active molecules.
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-^l: °l-§-«H *}•£• ° d ^ l - 3.7)}Z}±r build up process 7\ $1

[70]. 7l^ovo.^ k

0}

*floi7} o]^z\ [71].

, -W-^?!^, &*?-&2i emulsion

[63-65]. °]& emulsion ^ i ^ ^

S. « 7 i £ ^^-g-^-<H] emulsion

emulsion 4 ^ ^ ^Al°ll -§-OJ]#^ -§-D

precursor

emulsion* ^fl^sffe «>l-fi-̂  - 8 - ^ ^ S ^ ^ - ^ ^ r ^ * H emulsion^!

droplet*

^ ^ droplet

emulsion
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(4)

(7» Emulsion drying^

Emulsion ^ ^ o f l ^ # Bi(Pb)-Sr-Ca-Cu-O^l

Fig. 3-38^ £ 4 .

| 2 -S*1£ Endo

Bi1dPbo.34Sr191Ca2.03Cu3.06Ox 2 i^ -§ - A > - § - * r $ ^ [72], o

acqueous solution-S" ^ ^ M ^1*H Bi nitrate # -f<d ^-tf

Pb, Sr, Ca, Cu nitrate((^) J i ^ £ ^ ^ : 3N) 1- ^ -

mole Hl-g-̂ 1 0.10 mol/L^l ^?fl ^ l^s}^cf . o]njj

^ ^-3]y l^ 1 : 55. *>sa^.

emulsion-i: ^l|2:*|-7l ^ « H kerosene(Junsei Chem. Co. 1-g-)

4 mineral oiKSigma Co.)^r -fr7l^o.S.«l-Ji ? f l ^ * ^ ^ S . ^ 4^1 4 ^ -

HLB(hydrophile - lipophile - balance)^:•%: ^ l^ fe Arlacel 83, Span 60,

Span 80, Tween 80, Tween 85(ICI Americas, Inc.)^ 57} x]s]

surfactant^ ^[-%-^SSi^. 4-^i Aov r̂°HAi kerosene^ mineral oil f-°fl A

^ 1 ^ € acqueous solution^- ^*>-b

-A1?1^A1 5,000 rpm^ mechanical

stirrer^ 3^1 A -§•<?]• 7ov^ S ^ A ] ^ ^ s)f^ emulsion^- ^12:^1-^4. °}*H

s\ kerosene A acqueous solution ^ surfactant 4 ^ - g - ^ u]•§:-§•

emulsion^ AA?} ^ 3 ^ 1 &v^ ^ ^ ^ ^12: ^ 2 ] -

<y^xi emulsion^

O.S oil -S-ofl £5£]JL SI^ ^r-§-^ droplet^

^«fc^ 2 liter -g-^S) ^ T 1 # B } ^ 3 -g-7)ofl

emulsion^2ioj|A-l A > ^ - ^ ^ J ! } ^ - ^ oil-§r 1̂1-f Jl heating mantle S. 18

^ emulsion-i: 4^

200
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Precusors

Bi(N03)3-5H20
Pb(N03)2
Sr(N03)2
Ca(N03)2-4H20
Cu(N03)2-3H20

Oil Phase

Kerosene

Aqueous Solution

XRD

Surfactant

Tween 85, Span 80

Emulsifying

Ultrasonic Treatment

Emulsion Drying
by Hot Kerosene

fashing h Filtration

Drying

Raw Powder

SEM

Emulsion
Characterization

180"C for 2 hours

by toluene washing

100TC for 24 hours

Particle Size Analyser DT-TGA

Fig. 3-38. Schematic diagram of emulsion-drying Bi-2223 phase

powder preparation.
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4-8-€ oil?! kerosene^- nitrate^-g-3]

4-8-tb

kerosene^- ^

0.07 pm?!

100 t

-fr«fl7Vi

Fig. 3-394 £ £

toluene °)1 s]^*l-^ i

(whatman GF/F)

244

(4)
3.7] SEM^-

DTA-TGA

810°C

31 «}

£-iMr 500°C£Hl4 5 4

s. 244 ^r-i-^ *7lf^ofl

XRD pattern^S.

§]-JL 4#<:>1 lcm?!

730°C°114

1/13

43-
4

•§• 12, 24, 48, 72, 100

Ar

f XRD patternA^ 2:4*1-551

10 gauss^l

(5) 31

(7\)

surfactant-i- emulsion^
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CJZJD

G

n L I

A: Dropping Funnel
C: Thermometer
E: Cooling System
G: Glass Bead
I: NOx Gas Reactor
K: Heating Mantle

B: Mechanical Stirrer
D: Emulsion

F: Aspirator
H: Hot Kerosene
j : NaOH Solution
1^ Magnetic Pump

Fig. 3-39. Schematic diagram of hot kerosene drying apparatus.
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3H *\A 4.%^ 1 4
emulsion ^ ^ 2 ^ - ^ H " ^r &&4. ° f l y l ^ - i : f-«M kerosene4

mineral oil-ir -fi-7l#o.3. Sj-JL 4-g-^i 57H f ^ s ) surfactantl-4

«-u]ull- ^3J-A1^7>^>H emulsion^: af l i^H-^ 1 4 .kerosene -

4 Span 80, Tween 85 surfactant!- A>-§-?> ^-f°ll y 1 ^ 3 <

emulsion^: * H S ^ 4 . " 1 ^ ^ emulsion ^ l S ^ ? i ^ 4 ^ £ s ) -^

kerosene : acqueous solution : surfactant = 70 : 20 : 10 ?1 ^ ^ °1] A1

^ ^ ^ 1 l̂?>iflofl £-5} 7} «S<H4*1 ^^r ^ i ^ 1 4 ^ emulsion^.^ 4

4 4 0 ] emulsion!-0!! tfltb droplet 3.7]!- -̂4)-

^ Fig. 3-404 ^"4. Tween 85 surfactant-* 4

-8-tb emulsion^ ^-f BJS droplet 3L7]7f 3-4 Mm^S.^ ^ ^ s } 3"

^?V £1711- X]^JL 5U-§•-§: ^ # « r ^ J i Span 80 surfactant^ ^-f ^ ^

^ t 3.

emulsion ^ l i ^ l ^-§-^1 surfactant^ HLB &M1 oq-ef emulsion tvpe°l

Tl^s l J i oj^nv ^ ^^ofl-M^. xf-g-si surfactant^] ^^1^*1 S.^- W.-'O

type emulsionol ^ 3 } - 5 } $ ^ Span 80^ ^ - f a . 4 Tween 855} ^ ^ 7 j -

ci ° J ^ ^ ^ ^ 2 } W/O type emulsion^: 4 ^ ^r 51 Si 4 . M °1 eJl ^

emulsion-l: ? i i « } ^ ^«H^1 ^ - ^ ^ 37] 2f ^^v^ . S E M A ^ ^ E ^ I ^ | } -

Fig. 3-414 ^ 4 . Tween 85 surfactant^] 7^^- m m o]t\$\

^-n
s
vol ^<H^^-4 , Span 804 ^-f^ l^r emulsion droplet

^21-4 7
E

Vol lUm «1^S] ^ «gx>l;ol -g -^^ ejAV .̂ 7 ^

-i- °^ 41 Si Si 4 . ^ ^ emulsioni^^l droplet 3.7](Fig. 3-40)4

<8*l-3.7l7l- lum

i f e Tween 85 surfactant
l g ^ A\£t\<%^. Fig.

3-42 ofl-H -̂ Ao^°flAi ^ ^ ^ 1 ^ - ^ 4 ^-7l

%V*H ^- DTA-TGA ^ - ^ 1 4 ° 1 4 . 2701
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Fig. 3-40. Optical micrographs of W/O type emulsion prepared by (a)

using the Tween 85 and (b) using Span 80.
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(b)

Fig. 3-41. SEM micrographs of the BSCCO powders dried at room

temperature using (a) Tween 85 and (b) Span 80.
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Temperature CC)

Fig. 3-42. TG/DTA curves for BSCCO powder dried at room

temperature using Tween 85 surfactant.
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^ . ^ 870°C ^IH^I melting °1 * H

7} ^ # 5 l $ } 4 . 400°C ^ - ^ H ^ l ^ I ^ l - g ^ 2201^

625°C 4 710°C ^-5°)1^21 - S i ^ - S - i - ^

.S. ^ - ^ ^ 4 . a ^ 780°C sf 810°C -f^-

2212^ ^ ^ i ^ t l : 7ASL3. $q^r ^ $14. o] s| *V ^ ^ ^ TGA

. TGA ^r^° l l^ 2701 - 9 - e ^ ^ ^ ? 1 ^ 1 ^ ^ 30 %

Fig. 3-43 -£• 500°C <̂ |>H 5^1 ?>

-§-7l^o|l>H 24^1^} « > i ^ ^-^fil XRD pattern ^ - ^ ^ ^ ^ 1 4 . 730°C

fe 2201^1 *\£r^ Hl^-SH Ca2PbO4l- «1

6.^ 81

0°C si ^-folMfe - v ^ ^ 2212Aov l̂ ^S^-i- ^-Hf^j-i- ^- ^ 54tf.

Ar ^-^71*}O]]A^ AJ-^^OJ- £3} .^ AjAlsfc^a. ^ 4 840Tc

<+i^-«?J-* 1/13 atm.

* ^r
pattern ^-^ l 4 ^ r Fig. 3-44^ ^-cf.

°1 2223 JL-&AoVol ^^lAoVolAtAH t ^ e l A j ^ o i ^ o i ^ ^ ^ - ^x> 2212^

^ ^ i s H 48̂ 1 a °lAov l̂

el
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• 2223 phase
O 2212 phase
* 2201 phase

10. 20. 30. 40 50. 60. 70.

Fig. 3-43. XRD patterns of the BSCCO powders calcined at various

temperatures for 24 h in air. (a) 730t r (b) 750t , (c) 7701, (d) 790X:,

and (e) 810'C.
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• 2223 phase
o 2212 phase

10 20

29

Fig. 3-44. XRD patterns of the sintered BSCCO specimens with

various holding time at 840°C in 1/13 oxygen partial pressure, (a) 12

h, (b) 24 h, (c) 48 h, (d) 72 h, and (e) 100 h.
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nitrate # ^

°1 olf-^^luL nitrate r̂«fl̂ r3E.7V carbonated

600-700 °C -&J£^<HH UoH^HS-ofl 4 ^ 2:^

^ M r̂ &&£ 3 ° . ^ W ^ . 840°C 72

Ih(ooioj/(Ih(ooio)+Ii(oo8)) ( Ih : 2223 phase, Ii : 2212

phaseH°fl $

Fig. 3-45 alHS. # i l ^ ^ J l Sicf. 12̂ 1 ?}, 24^1^1,

^ ^ ^ ^ 1̂ tail -f-g-ol ^*> # ^

fe tail°l &°) 108 K i ^ zero *

y 010^4 ^ ^ F i g

A S . ^ 2212Aov4

2212

. Fig. 3-46^r oi

V^1 1 0

gauss^ 7.}7}^-%: ?d°]^ ^ ^^ofl a}-^ field cooling^ zero field

coolingAov3MH ^^-^-5) ^ ^ - i - # ^ ? t ^jsl-o|t|-. ^ l -S]-^ 6 ) 108K -?-

Meissner effect^]

80K -̂ -eofl

°1^4 <̂  ̂  ofl

XRD

2212

(6) 7J-
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120 140

Temperature (K )

180

Fig. 3-45. Resistance-temperature curves for sintered specimen with

various holding time at 840°C in 1/13 oxygen partial pressure.
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40 60 80

Temperature ( K )
100 120

Fig. 3-46. Magnetic susceptibility-temperature curves for sintered

specimen with various holding time at 840T) in 1/13 oxygen partial

pressure.
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Emulsion drying method uoVl£Mi

Bi(Pb)-Sr-Ca-Cu-O^l i?lS.sfl S-g-g-

emulsion^: a f l ^ M ^sfl Aj-g-sJ surfactant^!

solution^] A}^^ %•

emulsion 4^^d^$\
^ 3.71 fe lum °}t\$)

oi!4 acqueous

840°C 1/13 atm.

108 Kt-

o)*V BSCCO

(1) ^ ~̂

Bi 31 S 3 J E -5

(jc) 1- ?>fe ^

4 [2,73]. oje-l^.

current lead, busbar ^

6 A/cm2^ - f 3X106 A/cm

18,000 A/cm2,

Larbalestier [5]

2223

(Tc)

-g-
Ag/Bi-2223

Bi-2223
oi A o | [ 7 4 ]

- A 1 « .

[5,13,75], Grasso ^ [75]

46,000 A/cm22] Jc

2223 A
o
v^-
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^ Jc 7\ sj-g-sH ti]*)] sufl °]# ^4fe ^ 4 1 - iuLtb 4 514

Lelovic ^ £ [13] * } « ^MIlS ^ ^ H Jcl- ^ 3 $ ^ 4

AS^-Ei ^ 10 //m -r-^s] &£ i ^ £ f ^ i.ixio5 A/cm2

£ £ Jc»

fe 2223 # s ] ^ £ 2 f texture, 2223

(connectivity), ol^

[73]. ^-

^ ^ - ^ ^ ̂ «

^ Bi-2223 -a^fi) ^

planetary ball milM-

3.71

3.7)7}

[49].

2223 og^l-s] H

(2)

Ai^flo] ^ ^ 2 - ^ 0 ] Bi1.89Pbo.41Sr2.01Ca2.23Cu3.03Oy 71- s l i ^ - Bi2O3,

PbO, SrCO3, CaCO3, CuO ̂ 2) ^ ^ # ^ ^ < L > ^ 1 - S-'Sr-i- ^ ^ ^ «-

Z1O2 ball S. 24 Al̂ V %

12 A ] ^ 800°C o|)^ 8

V, 820°C 4M 8
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grinder *

planetary ball mill ^ °l-§-5M 0-48

lfe °fl?M~^ Dfl^5. sfJl ^ 2 mm

ZrO2 ball # 4-§-*rS34. £31 3 * s ] ^ ^ - s ] ^jj-l- x-<d 2)^

^-^"^ 738°C, 6
toiT ^ A>4I ^-^7] §l-oiiA-] degassing ^ e ) l - s|^-A5.^1 carbon

4.2 mm °J ^

5:?iS core
(sausaging effect)^- «o

v^l*f3L^ tfl^ 10%
mm 7} | iill^xl ?l^-§>^cl-.

10% 133 Ml«1H *^ l - ^4 . °1^7fl ^ 1 ^ ^ ̂ # tape

si ^Mlfe 180 ŷ m, ^^lfe 2 mm £ 4 . °1 #$9 840°C ^ ^ofl^

50-200 Al?> .̂o> <i*ie)l- ^A^l-ojji ^ 7 l ^ ^ - ^ ^ standard four

point probe «<W1 ^«fl # W & 4 . SEft <i^e) ^ ^ tape si ^ ^ i

XRD 1- ^ ^«-*rSl^.^ 2223

[76].

Volume fraction of 2223 (%) = —; ^ ^ S x 100 (3-1)
1 urn "*• -f /«0iQ

^7lA^ iL008 ^. 2212 -S-fil (008) ^°)1 cut}- X-̂ Jd S l ^ # ^ , IHOWO

2223 Aovsl (0010) ^°fl

(3) ^ 4 ^ J l #

S r ^ ^-^^l ^ ^ ^ ^ ^ - ^ Fig. 3-47(A)

2212 #o] trW&JL Ca2PbO4 9J CuO ^-°1 ol

-1:4 ^Sl-7]- 4 4 4 ^ ^ 1 {ooi} ^ojj sflig-s]̂ - ^^U-^iroi 4

7l«I*K7 ^JA^ Bi-0 ^ 4 4^- Bi-0
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OH

u

10

2G (degree)

Fig. 3-47. XRD patterns of as-calcined (A), 8 h (B), 24 h (C), and 48

h (D) milled powders.
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v a n d e r W a a l s £ ^ 1 5 . °]*T-°]z\ SW {001}

[77]. £4fl Al#ol 48 A ^ H

Fig. 3-47(D) 3.-^1 «& ^ Si 4 . Fig. 3-48

£ 48 * m ^o> -̂ifl̂ V £!}-§- j=^ ^ j . ^ n j ^ o . ^

« | A 1 0 0 n m

3l°-*\ Fig. 3"48(B)

Fig. 3-49

3^5. 16 *]<

1"°1 t f l - ^ ^

[78]. Seibt J§-

°1 2223 °d*H

degassing *| x

<#-§- 200 ppm

180 ^ m <y -

*1£ * # 1 ;
^ , ^ ^-^

fe ^-^

^ ^ " H"

L -R-71

^ [79]

M l - SS<

a ^ i - •>

lAl^°fl 4-c- *}± ^-^^i <ŷ f
a ^ : ^ 4 - $*}• 3.717f 5.5 / /m

K Fig. 3-50 ^ « l - i ^ s ] -g-^

^"i"§" i i ° l j l AI-^L1-!" •§"ifl?}' -

I 1 jam Ml-21^ -g-^jsl • y^ f ^

-§-nfll- -f-t!- •^•^l-b carbon $\
s tiV-il] ^cl_ CY\ A-1 "TI] o l ">fJ "7I y(A ^s
=* Kj on or^-H 1 >̂ H i--f -^ 1 x I '̂ -i -.•.~

Auger electron spectroscopy

1̂ ^ £ H ^^fl^l 7̂11 ^ i ^ -
r^f A i TIT ̂ ^ ° f l ^ 1 ^ carbon ^

sl-stfetfl ^ ^ ^i f l l̂̂ Jo,!

3:^^" 4 SI Si 4 .

degassing ^ 5] §1-Jl ^ :n-^-o1]

*J|2:«rSi4. Fig. 3-51 £- #m

f2 ] JC ^ a f l - M-EJ-HH ̂ O ] 4 .

f Jc aol ^ ^ ^ ^ ^
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3.71 ^S)-# H-Et'fl

°1H 1.8 //m =L5.

J-J4 24 1̂?> ^-^?1:
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S. ^ 1 ^ ^ ^ AI-5-4-
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^ £ 1 37fl ^-^Al

^ - ' S ^ ^^Sl-^71
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r 840°C°fl^i 50-200



Fig. 3-48. TEM micrograph (A) and diffraction pattern (B) of 48 h

milled powder.
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Milling time (h)

Fig. 3-49. Average particle size of BSCCO powder as a function of

milling time.

- 250 -



5 jjm

Fig. 3-50. SEM micrographs of as-calcined (A) and 24 h milled (B)

powders.
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Fig. 3-51. Critical current density of Ag/Bi-2223 tapes as a function

of milling time.
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Jc 7} ^7}*}^ 3 £ °H'4 3.7}
i -g- £,§. - ^ 4 F ig 3_

(Fig. 3-52CA)) °flfe 10-20/im, 1
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^ € ^ S!14. ^nJ- o } ^ Sato ^^r [49] <>1*>>8-̂  37)7}

2223
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Fig. 3-53. Volume fraction of 2223 phase in Ag/Bi-2223 tapes as a

function of milling time.
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Fig. 3-54 fe- *}i 3 * 3 -g-^4 24 *m ^
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^ - ^ ^ 4OO'C«fl>H 5

. Fig. 3-55 r a 1

^ 2201 4 °l^Aov^-S.

Fig. 3-54(B)5] DTA ^-

4 . Wong-Ng "§-£: [81] BSCCO

43-tr 3:4tb 4 Slfe»Hl 400oC°ll^ I*i2lt!r 3-f ^-5]^^-Ei 2201,

CaO, Cu2O ^%°] Mfg^r iLJL«|-$i4. °11-^ DTA
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^ 3 7-2,7} Aĵ Tfl ^ ^

-i-i: ^°d-i- 1 ^ SI4. Finnemore ^ [82] 650°C ol*l-fi) ^ ^
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Fig. 3-54. DTA curves of as-calcined (A) and 24 h milled (B)

powders.
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Fig. 3-55. XRD patterns of as-calcined (A) and 24 h milled (B)

powders after annealing at 400°C for 5 h.
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Bi ?fl
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(1) -H ~̂

Ag/BSCCO -9^51 Jc°ll 7}% €• <a^-§- D)^lfe ° J ^ S . ^ f e 2223

(texture), 2223 ^ 4 ^ ^ < ^ 1 ^ (connectivity), °]
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^ 200 ^l^^Ml <i^5lt} ^ 2223
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Ai^fl^ ^ ^ i ^ o l Bi1.89Pbo.41Sr2.01Ca2.23Cu3.03Oy 7]- s l s . ^ - Bi2O3

PbO, SrCO3, CaCO3, CuO -§ -^ ^ s j - 1 - ^ - ^ ^ -

ô  ^ ^ °fl^:^-* " 1 1 1 ^f^ ZrO2 1-1 24

^ ^D
a

v-i: ?i2: ^- 700r°fl^ 12 ^ ^ 800°C ofl-H 8

*S«}Jl 800°C, 820TC, 840TC, 855r°fl^ 8

4 . °1 nfl 4 « r i ^ ^ f̂ 1 1̂?> ^ ^

0~24

2 mm

ZrO2 -i-l- ^-8-«|-Sl4. ^-^fl^ ^ ^ v ^ 738°C, 6 torr
A1 ^7l (degassing) ^ 5 i# ^^-©.S.^ ^ 4 i i ^ ^ r
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£ core

(sausaging effect)^- *g-^l*r^-4 ^ ^ 10%

^^1 10% ^ ^
} ^ 180 ^m, ^°lfe 2 mm 8 4 . °1 ^^fll- 5 cm
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Fig. 3-56 ^r ^ ^ ^}± ^rS.1- 800°C^-Ei 855°C 4^1 £ 3 H ^ 1 2:7]

2212 tf«l ^ ^ - g - ol^JL $X°-°1 Ca2PbO4 af CuO

840°C ^ 855°C°fl^ « r4 i^ £ ^ £ - ^]7}-^ ^ ol5]oj] 2223

Ca2PbO4 ij- CuO S] cotol ^^H^fe ^ ^ - i - ^ - ^ 4 . 3 ^

2223 Aov^ o ^ ^

tf|7H ^ - ^ S . ^l^ft #4*11*] t ^ e l i7loil 2223 ^°-

*fl 840TC°1H 0-3000 min 4^1

. Fig. 3-57 £ °1 Aj^i-oiiA^ <g

2223 ^ ^ € ^ ^ = # M-M ^°14 . 1̂l7Ml TJ-f S ^ S 74

^°)1 2223 -y-ol ^ ^ « r ^ l ^rSftia 3 M ^ . ^ 500 min 4 ^ 1 ^

(induction period) 7 r ^ ^ ^ 4 . ^ i 7 l ^-^o|) 2223 ^^1 ^*fl«rfe-
^rJL 1 ^ 5 ] 2:71 oflS. 2223 ^ ^ °cH

£•£ 7j3f^ 2223

nucleation and growth 71 -̂ofl sjsfl o^^

# 2212 A
OH OJ]Aov4 ^:-§-«H 2212 °JA> ^14 <?«^OI]A |̂ Afls.^- 2223

-2-3. ^ # ^ 4 f e ^ J 0 ! ^ AJ-^°l7r nucleation and growth
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Fig. 3-56. XRD patterns of the powders calcined at various

temperatures.
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Fig. 3-57. Phase conversion as a function of annealing time for the
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[84].

/ = l-exp(-Ktn) (3-2)

1 £•§:, K £• «t-g- Aov^, t ^ *]#, n £ Avrami

^ n &°] °-} 0.8

[85,86] ° |*H13o

ol^cf(two-dimensional diffusion controlled). ° 1 ^ BSCCO

« ° 1 c HoHHl Hl3f| a-b

Fig. 3~58 ^ 800°C ^ 855TC°fl^ ^ - i ^ - ^-^"S. ^]3:*> #*!)!• 84

ofl-H 200 ^]?> -§•<?> ^ ^ B l t b A l ^ ^ D ] ; | ^ f q-Ef>a 3 H 4 . 80

ofl'H « l - i ^ ^ - ^ S . A)3z& ^^fls] ^ - f 2223 °J4S] 3.7]7} 15-20

Urn ?1 ti}1^ 855TCofl̂  « |-i tb ^ ^ V S . Xfl i^ ^ ^ H ' H f e ^ 10

«a4 a.711- ji^itl-. Fig. 3-57°11 q-Ef^ *W% ^±£5^7

7] ^-^ofl ci ^ ^ <^sl 2223 *W ^^*1-Trt11 olfe ^ ^ ^ 2223

2223^ Aov^iol7f nucleation and growth

^^77>x] *||<y.̂ i 2223S] ^ ^ o ] 7l^S.^r disproportionation

mechanism [87,88], dissolution-precipitation [62], layer by-layer

insertion [89-91], mobile liquid droplet mechanism [92] -§• "fl-f cf<^^

^ E H S J i J l ^ J i ^fec-fl ^ ^ - ^ nucleation and growth £ ^

intercalation mechanism^! ^ ^tfg. ^-^-€ ^r $ i4 . Intercalation 7}=f-

^ 2212 °J4°fl Ca/Cu-0 layer 7} #<$$<>) ^ j ^ 2223 2. ^ o ) € 4 f e

^}A^ ^-4 ^ 4 ^ n l ^ ^ - °l-§-^ n H ^ S ^-#4- f̂-̂ fl * °J*H1 2212
Sr 2223 ^ o l "S-^^^r ^ ^EflS] ^ 3 : 1 - ^ . ° ] o . S ^ o] ^o>^-

[90,91]. 3 ? Finnemore ^ ^ [82] 1*1&) ^7lofl 2212

. -g-g-HU ci -f^*> ^ ^ ^ ^ ^ - ^fe- 2212

^ intercalation-!: f-sfl 2223^^ ^
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Fig. 3-58. SEM micrographs of the polished and etched surfaces of

the Ag/BSCCO tapes fabricated from the powders calcined at (a) 85

5°C and (b) 800°C.
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O] 50
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7} 2223 S.S1 «̂>17> fz} ^^§Vfe 2212^ ^ o
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^ 2223
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Fig. 3-59. Critical current vs milling time for the Ag/BSCCO tapes

sintered at 840 °C for 50 h.
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Fig. 3-60. Critical current vs milling time for the Ag/BSCCO tapes

sintered at 840 °C for 200 h.
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B i1.S9P b<U1S r2.01C a2.23C U3.03OX

precursor powder

CIP
(cold isostatic

pressing)

r

Fig. 3-61. Flow chart of experiment.
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Bi : Pb : Sr : Ca : Cu = 1.89 : 0.41 : 2.01

2.23:3.03 $] <#°1£- #yl7}- s ) £ S . Bi2o3> PbO, SrCO3,

fl-S-SH Z r o 2

4- ^(calcinat ion)

700 "C, 800 ° C , ^ e | i 855 ^ A

Planetary ball milling-!: °fl !&•§.-§- ^-^-§-^113. § H 24^1 ?>

Ag/Bi-2223

<*o]^ *-igo} ^<a^j. ^ ^ " g s ! 7f*j ^ ojs.^- 200

CIP(cold isostatic pressing)!- * } ^ -S-^fl^Bfl^ ^-l-^cf. ^

fl7lf^ 800 r i ^ i 24^1 ?>-§.o> ^-71 (degas)^ e|

6 mm̂  ^^(Ag-tube)^l ^JL

CIP

H ^*H°1^(swaging)*
^(drawing)* ^ ^ ^ - ^ 1 , ? 1 ^ 1 ^ ^ ^ # i -§ -£ - 10 %

5 mm, 3 mm l̂̂  600 °C°)1^ 30^-^r

Ag/Bi-2223 ^^fll-

7.2 mm, M]^ 5.2 mmS] -^^^1 ^^ f i l Ag/Bi-2223 #A 197fl

Fig. 3-62-(a)4 -̂©l * # - § : *V ^ ^ ^ 0 ) ^ 4 o]^-^- #4]A}

Bi-2223

1 nim<y 99.9 %9\ -£^*fl I87fl! Fig. 3-62-(b), (c), (d)£f
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( 1 f n m >

BPSCCO
Ag sheath

Ag/Bi-2223 mono
core filament

^—^ Ag tube
Ag wire ( O D = 7 - 2 m m . I D = 5 2 m m )

Fig. 3-62. Schmetic diagram of filament stacking of (a) 19-filamentary

wire, mono filamentary wire with core positioned at (b) center region,

(c) middle region, and (d) side region.
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(Sf) A

10 %, ° ^ ^ ^ i 1 ra/^H

180 jMn7l- £l£^- §f^cf. Dll ^ ^ ^ 1 ^ 4 >M£-ir

^• t - i : «F^4. ^ S f # S^S] ^^17]- xflojs} A 1 ^ ^ ^ 3,7]

°d-^(groove rolling)^- §><̂  ^ ^ ^ ^ ^ 7 f ^

nj, o )^ ufn]^ cfTflir 1-2]^ HO mm?] 2 ^

rolling)4- 4

Image Analyzer

-(width strain, %) = (wrwo)/wox 100(%)

^-, wo : £*§#

^^1:(thickness strain, %) = (ti-to)/to><100 (%)

t, : ^$-2] ^n, to : ^ ^ ^ i l | ^ ) 1

(3) ^ 4 9J i #

Figure 3-63^r 3 ^ 1 mm4̂ 1 1̂%V 1̂ 194] UA Bi-2223

Ag/Bi-2223 -?

10lfe 5J-I: -i-
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, 2 0 0 ^

Fig. 3-63. Cross sectional micrographs of the (a) 19-filaments

Ag.Bi-2223 wire and (b),(c),(d) mono filamentary Ag/Bi-2223 wire

with different core position.
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4fl zj-^s] S°H

2. S^l-t ^ 3M Fig. 3-64°14.

Bi-2223

.. Lee ^[97]^: Bi-2223 1^°1 325

fragments^, crush^^- SEMnH^^-i- f-«fl ^ ^ ^ ^ 4 . ol5J^r ̂ ^ 1 "

^ crushing^ sliding^ ^ ^ l ^ ^ , 7d°)*&%, ̂ -^JL ^ U < W H Bi-2223

^S: ^m\Sr ^ K±7\ ^ ^ H $i^-^ 3 * ] £ 4 . Bi-2223

crushing^ sliding^ Ag/Bi-2223^-^- ^

mode°fl ^ ^ ^ ^ . S s ] # ^ ^°14 . 1 ^
billet H^JL/SL^ roll a^°fl^5] Tj^ol] ttj-s)-

Blumental-g-[98]s)

Jl/5Eir Bi-2223

Ag/Bi-2223

si 53 ^-4 ^^- ^ A ^ 7]tfl^cf. ^ 4 Fig. 3-64^^
S] AV3^# S ^ # 4 tape^ ^ ^ ^ i ^ ^ ^

Blumental-§-[98]s] ^ 4 ^ - «l:a3H ^ ^ ^
o.^ 4 | £ o l | 5l#5f^ Bi-22235

€• -8-3(stress)

Ag/Bi-2223

- 276 -



width strain(thickness strain) (%)

Fig. 364. Cross sectional view of 19 filamentary Ag/Bi 2223 tape

which was computer scanned. Inscribed values are width strain

and thickness strain of the oxide cores respectively. Thickness

strain was parenthesized.
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stripps
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Fig- 3-65. Cross sectional micrographs of mono filamentary

Ag/Bi-2223 tapes with different core position.
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Fig. 3-66. Width strain of oxide core vs width strain of tape

in the mono-filamnetary Ag/Bi-2223 tapes.
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Fig. 3-67. Width strain with thickness strain of mono filamentary

Ag/Bi-2223 tapes.
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Fig. 3-68. Thickness strain of core as a function of thickness strain

of whole tape in mono-filamentary Ag/Bi-2223 tapes.
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(4) 1€-

Ag/Bi-2223

^ 4 . Aî fl
. Ag/Bi-2223 19-9

. Ag/Bi-2223 i^S.-id^6!!^ Pressing^

(1) ^ € •

^ s l 0 ! current lead, busbar, flexible cable conductors, magnet

-8-°1 7j-^«|-7fl s)SJ4.[104] <=>]#

PIT (powder-in-tube)^[54]

PIT ^x^c-g- *y%°]& Ag/Bi-2223^i^fl°fl*\ °J ̂ l^^-1i£.(critical

current density, Jc)S^r ^-^fil # ^ 2 : ^ 3J ^ £ , *l-^^?i, 7] Tfl ̂  7>
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^Ao\ (BiPb)2Sr2Ca2Cu3Ox(Bi-2223) 1 ^ 1 - ^ ^ ^ f l ^ (grain

alignment), textured£, £ 3 3 * 1 ^ ^ M ? ! ^ tKweak l ink) ,

fe texturing^ W 1 I ! O 1 #-£M?l ^ M H 7]-
^o]^ 41 o^o.^, csjnfl 71 Tflaj 7f

O.S. «a-^l(rolling)^4 S^1AJ(pressing)1^ -§-©1 $14.

Jet- -fr*m ^ Sl^iHl, ol^r 'i
od4 wfl̂  ^ textrure7>

(microcracksH
-i- ^ 4 . Han ^

Grasso ^

45} ^

(2)

Bii.89Pbo4iSr2.oiCa2.23Cu3.o30x̂  ^ - ^ i ^ - l - SS .^ - Bi2O3, PbO, SrCO3,

CaO, ZL^JZ. CuOSl -iVSj-l-i-a- ^ , ^ i , ^-iflt!- ^ «f^(calcination)

1- sj-^cf. ^ f i f e ^ 7 ] ^ 700 °C, 800 °C, 855 °C°)1^ AA 12^1?},

ball milling^- 24*1?}
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£•*}••§- CIP(cold isostatic pressing)!- f-*M 3 3 4 mm̂  ĝ-

^ - i - S ^ ^^-«>^- H i t ^Tlsfl ^7) you ^ 7 j ^ 800 °C

24 Al^^o> t^eKdegassing)!- *rxt4. tfi:<H*! # 7 f l i N 4 £

(outer diameter, O.D.) 6 mm, ^ (inner diameter, I.D.) 4 mm 3}

tubeW ^ £ * , ^(wire)^Bfl^ ^^7}

(swaging) ^ ?l^-ir sj-^o.^ OI^-A]^ ^2j #4 i4-£ ^ 10 %

5 mm<J2f 3 mO*} nfl 600 "C*H|-H 30 ^-?

3]^ 1 mn^xl oi^-i: S^tf. ^11- Bflol

1-71 ^*fl 3js-<y-«g(flat rolling)^- ^Al5f^A^ W*l(reduction/pass)

^r 10 %£. *\^ 3 ^ -̂̂ 17> 180 ^1, ^-°1 ^ 1.87 ram^ ^^fl

fll- ^°1 50 iiiffl̂  #711 ^2} ^"71^ 840 r°fl>H 50

, sintering)!- *V59^. ^ ^ ^ ^^fll-^- ^ si 7>^

i-axial pressing)^: * f ^ i °11- 4^1 840 r ° l l ^ 50

1^(Optical microscope,

diffraction, XRD)^-^, ^ M ^ r t M ^

(Scanning Electronic Microscope, SEM)^:#, ^i(vickers hardness,

Hv)#^, zie^JL S^4^:^}^(with 1/N/cm criterion)^:

(critical current, Ic)#^-i

(3) ^ 4 ^ J l #
^ ^ ^ 4 i ^ ^ i A f̂lo} X R D ^ - ^ 1 ^ Fig. 3-69

^-ol Bi-22237> ^ ^ - 0 ] ^ ^ . ^ Bi-2212 ^ 714

3.4

1- Fig. 3-70^1 4 4 ^ 5 ^ 4 . 7f^«y-^ 50-500
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Fig. 3-69. XRD patterns of (a) R, (b) R+H, (c) R+2H, and (d)

R+H+P+H tapes (R: as-rolled, H: sintered at 840 °C for 50 h in air,

and P: pressed with 600 MPa).
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Fig. 3-70. Width strain of Bi-2223 core vs uni axial

pressure for the Ag/Bi-2223 tape pressed with various

pressures.
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Fig. 3-71. Hardness vs pressing pressure for the Bi-2223 core

of the Ag/Bi-2223 tape pressed with various pressures
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Fig. 3-72. Ic (77K, 0 T) vs pressing pressure of the tape pressed

with various pressures.
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Fig. 3-73. Surface SEM micrographs of Bi-2223 core of the

Ag/Bi-2223 tape pressed with (a) 500Mfe, (b) 600MRa, (c) 800Mfti

and (d) lGRa.
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annealed at 840°C for 50h in air after pressing with various

pressures.
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Fig. 3-75. Ic( 77K, 0 T ) vs annealing temperature for the low

temperature annealed tape. Tape with Ic = 4.6 A was pressed

with a pressure of 300 MPa and then annealed for 30 min at the

annealing temperature.
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Fig. 3-78. High magnification of Fig. 3-77.
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Fig. 3-81. I-V curve of Ag/BSCCO tape. Heat treatment was

conducted at a reduced oxygen atmosphere of PO2=0.076 atm.

Specimen was annealed at 815 °C for 24 h, rolled to 150 //m and then

heat treated again at 820 °C for 50 h.
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Fig. 3-82. I-V curve of Ag/BSCCO tape. Heat treatment was

conducted in air atmosphere. Specimen was annealed at 8451 for 50

h, rolled to 150 /zm, heat treated at 845t for 50 h, rolled to 130

and then finally annealed at 845 "C for 50 h.
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Fig. 3-84. I-V curve of a 40 cm long Ag/BSCCO tape. Heat treatment

was conducted at a reduced oxygen atmosphere of PC>2=0.076 atm.

Specimen was annealed at 8201: for 24 h, rolled to 150 /*m, heat

treated at 815^ for 100 h, rolled to 130 //m and then finally annealed

at 820 r for 50 h.
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Fig. 3-85. I-V curve of a 40 cm long Ag/BSCCO tape. Heat treatment

was conducted at a reduced oxygen atmosphere of PO2=0.076 atm.

Specimen was annealed at 8201 for 24 h, rolled to 150 //m and then

heat treated at 815T: for 100 h.
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Fig. 3-86. I-V curve of Ag/BSCCO tape. Voltage drop was measured

with the distances of 1 cm and 150 cm.
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Fig. 3-88. Schematic drawing of cassette roller.
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Fig. 3-89. Cross sectional views of as-drawn wire with 9-filaments

and rolled tape with 36-filaments using cassette roller.
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Fig. 3-90. Cross sectional views of as-rolled multifilamentary tape

with 9-filaments. Cold reduction was made using 2-D control roller at

KfK.
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Fig. 3-91. I-V curve of a multifilamentary Ag/BSCCO tape with 12

filaments. Heat treatment was conducted in air atmosphere. Specimen

was annealed at 835t for 50 h, rolled to 150 //m, heat treated at 83

5*C for 100 h, rolled to 140 //m and then finally annealed at 8351C for

50 h.
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Fig. 3-94. Fabrication procedure for thermal stacking bond of long

tapes by using continuum pressure of powder.
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Fig. 3-95. Vessel of powder and pressing flange.
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Fig. 3-96. Distribution of powder size.
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Fig. 3-97. Variation of packing density with the applied pressure on

powder surface.
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Fig. 3-98. Shape of the assembled tape after thermal bonding of the

tape of 3 pieces.
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Fig. 399 . Cross sectional view of bonded tapes after thermal bonding

at 600t for 5 h.
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(1) cfl^i^- -^?I Ag./BSCCO conductor

*)-̂ r conductor^

conductor s] ^ - f ĥ
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Fig. 3-102. Various shapes of the assembled tapes.

- 343 -



20 40 60

Current (A)

6 0

Fig. 3-103. Transport current versus shunt voltage of the stacking

assembled high-Tc superconducting conductor in DO4 probe method.

- 344 -



4-9

7V

(3) Current lead
3-104^ & ^ ^ 1 - f-«r<^ Ag/BSCCO

current lead

rolling 7>^-^ t]]o]^i-^- ^7fl n>€-^. pressing^-^

!:4. #4) t l l ^ S l - ^ 600°C

pressing ^ %*{$$ ^ - ^ ^ ^ ^ . S . ^

3 )^ current lead^ ^ ^ f e 5 mm, ^-^r 8 mm, ^ ° 1 ^ 10 cm

FRP

I7fl

S. -f- 60 Ampere^) #ff-# -f-^i^- 41 9X^ current lead
o l^s1 ^%HH ^ ^ Ag/BSCCO ^ ^ i £ ^7fll: ol-g-sl-cx} current

lead 3, 4 - § - ^ 4 ^ , M ^ l ^ H l tfltb ^ * ^ ^ f l ^ 3 7 | ^ ^Efll- 4-g-a}
^ 7 ) nfl^-ofl ^ O .

Ag/BSCCO Ji^r ^ ^ £ ^ ^ 1 - current
-g-g- 7>^^o]

5.

- 345 -



Fig. 3-104. Shape of the current lead fabricated by using Ag/BSCCO

superconductor.

- 346 -



$1°]°\ # 4 . -g- ^ 4 1 * 1 Sr AiTfl ^13: ^8°fl o}^ oj.<gi

^ 2 : 1 - ^̂ L> ^ 1 1 - Ad^l ^ ^14^}^ -^^ 3:7] ^-^

220,000 A/cm2

o) *}<#£[ 3.7}

] ^ fl^ 1 V £ ^^^1^1 texturing^]

- ^ ^ SI Si 4 .

emulsion drying

BSCCO 7(| i ^ S ^ l l ^-^-g- ^-^*rS5l4. °lnHsl ^ ^ emulsion^-
surfactant^ -̂ -7

1 ^ J ^ ^ ) lpm

-O-^ 840°C ^-£<Hl^i 50^1 ?>
od7)l^r3Efe 108 K

Billet ^-°d^ ^r ^-«.

Core^l ^ - ^ ^ ^ 5 L * cfl^ 30% 7}-^ ^

^| 130pm(Core ^ ^ : 45pm), ^- 5.24mm pressing

34A, J c ^ 16,700A/cm2(77K, 0 T ) ^ # ^ 5 ] &

5] I c ^ ^JL 7.2A, Jcfe ll,000A/cm2(77K,

si Si 4.
Powder-in-tube ^ ^ ^ ^ - «flltt powder-in-powder

« 4 . PIT ^ ^

- 347 -



A.

Si4.

# 7\7\ î-BJI-g-̂
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Fig 4-1 Spherical coordinate system.
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Table 4-1. Technical specifications of

precise superconducting magnet

center field

field inhomogeneity

field instability

operating current

number of shims

liquid helium hold time

4 T

10 ppm / 50 mm dsv

0.1 ppm / hour

130 Ampere

9-12 EA

30 days
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Fig 4-2 Schematic drawing of field generating main coils and

end-side compensate coils

a = a2jal, y =

•r
o:S0000^

m
z

Fig 4-3 Thick solenoid, nomalized coordinates.
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Table 4-2 Specifications of NbTi superconducting wires.

location

sain coil ( 3 parts )

end compensate coil

shia coil

wire
diaaeter

1 an

0.85m

0.3 m

No of
filaaents

60
36

210

18

critical aapere
at 7,6,5 T

408 518 630
230 282 342

330 430 530

36 47 57
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Fig 4-4 The winding machine for solenoidal coils.
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Fig 4-5 Bobbins for field generating main coils and end-side

compensate coil.
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Fig 4-6 A main superconducting switch being wound with

superconducting wire.
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Fig 4-7 A shunt resistor preventing the system.
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0. 4 ohm
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3

t

^ 4

r

shuntZ

0.1 ohm

s

r l

(D © 0) 3) © ® ©

Q) : Connection of wires.

Fig 4^8 Schematic circuit daigram of main magnet system without

shim coils.
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Fig 4-9 Test equipments : power suppliers and the voltmeters

for liquid He lever meter and a hall probe.
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Fig 4-10 The magnetic field deviations measured by hall probe along

the Z-axis in persistent mode of 4.02T.
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\2Al
3 zx+\2B\ zy+15A2
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Fig 4-11 A Z directional shim bobbin which has Z and Z2 terms.
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Fig 4-12 x-term shim coils are wound with temporary fixtures.
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Fig 4-13 x-term shim coils are wound with a superconducting switch.

- 380 -



§]-7fl

71

SI4.

-te- NbTi ^ ^ £ ^r4-S-^: 7^°1 20

NbTi

^30mm°fl tflSfl sandpaper^

5 mm* soldering^M °
. Soldering ^-^ $• ^-t-g-^^.S. ^fl^*l ^-^vfl^cf. NbTi

^ 20-30^-^1

- 381 -



waterH

^ soldering tb ̂ £ o ] **1 & ^ ^ 20mm*j51

niobium ^ejoltLi- i^j- ^eflAj

% 4-14 G-^
4 414! ^2}^ -^ S^^s ] NbO2-^sl
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Fig 4-14 A Superconducting wire joint.
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Fig 4-15 Assembled Magnet system for second operating test.

- 384 -



o] 17 m m o] x] ZL% *£€• ^ ZL^ *1 oi] NMR probe •§: 3 *1 *1 ?1

^ , X tg-4 y %

4-16 ^ 4-17 ofl i<^lfe 471^ - deviation ̂ -

z= 4.3A, z2=3.7A, x=-1.82A, y=-0.37A S. iL=a^ 3- f £ £ • #
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Fig 4-16 The magnetic field deviations measured by NMR probe

along the Z-axis in persistent mode of 4.04T corrected by

shim coils.
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Fig 4-17 The magnetic field deviations measured by NMR probe

along the circumferential direction in persistent mode of

4.04T corrected by shim soils. Measuring points are on the

line of Zc=10cm, R=1.7cm.
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Fig 4-18 Field stability with time
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Table 4-3. Specifications of double pancake

module for 0,1 HTS coil.

Turn

Total

Inner diameter : 40 mm

Outer diameter : 85 mm

Thickness : 6 mm

density : 30 layer/ cm ( 0.15mm

layer of DPC : 67 layer/single x 2

Total length of wire : 28 m

insulator )

- 134 layer
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= J a Ka,0) (4-9)

10 A 91 3 - f J= 9.9 x 106

Bo = 0.11 T

0.1 T i £ # £ #i^|iiol=.l- *H*l-*r7l ^«fl^1^ ^ 140 m
^7fl ^ 1 ^ batch ^•a^ols l TJ -̂ ^ 200-250 m ^ S .

4-19 ^

double pancaked ^^ -&>^4 . ^^1 f1 ^1°1^

-I- aov^1^7l ^«H Ai^fll- #±r roll Si ^ ^ ^

mm ^ S . 5 . *M roll °1] <d |̂7V ^ 7fl^ ^ ^ . ^

roll °

^ , ^ roll $ &B)7\ <%7)} 0

roll ij- insulator roll AA 1
roll o,?\3L I/Us] <ŷ ) ron s. ^^ s )o ] ^cf.

roll «H| >«d̂ Sr insulatorl- A A A°} ¥ ^ ^

insulator 1- ^ ^ roll 1̂ ^*]-^cf . o]nfl double pancake

^r <# ^># -̂«>> ¥^r ^ , °1 roll ^ ^ ^ roll

#Sr£-^ « r ^ 4 . * layer 7}

roll •§: #4?\ QX9X& roll # i ?13 ^^r

layerl- ^ ^ ^ ^ 4 .
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Fig 4-19 Winding fixture for double pancake coil.
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roll °1H ^<H ^o] ^-3)- ^ 4 . c»l«fl ^-^-°1 ^ s ] ^ ^ - î <d roll

! Mylar sheetl- ^ %• v)?\ 7^0} ^-fe

epoxy resin I S . t l ^ ^ 3XM 70°C S. ^

4-20 £ 3 H H >H#^ BoVl3AS ^ - S € ^ ^ double pancake

PIT 'gOLS. ^|2:€ 44] M^fl l - 4-§-^F^ 0.1 T
double pancake
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Fig 4-20 Wound double pancake module coil.
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Fig. 5-1. (a) Cross section of Bi-based monofilament wire, (b) A

specimen for measuring the critical current of wire and the

resistivity of sheath materials.
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heater

Fig. 5-2. (a) Cross section of Bi-based multifilament wire, (b) A

specimen for investigating the stability of superconducting

wire.
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Vaccum vent
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Fig. 5-3. Schematic of a cryocooler with a vacuum chamber system.
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Fig. 5-4. Temperature dependency of critical current for Bi-based

superconducting wire.
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Fig. 5-5. Normalized electrical resistivity vs. temperature plots

referenced], • : measured under critical current,

measured above critical current)
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Temperature (K)

Fig. 5-6. Voltage drop response vs. cooling temperature within a 20

mm segment. The specimen was initially at 43 K carrying

9 A.
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20 30
Time, sec

Fig. 5-7. Voltage trace recorded during the normal zone occurrence (1

: voltage trace of the first segment in wire, 2 : voltage trace

of the second segment in wire, H : heater voltage drop of

arbitrary scale)

Heater operating time (a) 6 sec, (b) 10 sec, (c) 15 sec, (d) 25

sec
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Fig. 5-8 Experimental setup for levitation force permanent magnet

above cryocooled YBCO bulk superconductor.
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Fig. 5-9 Levitaion force of permanent magnet above cryocooled YBCO

superconductor at different temperatures in case of zero field cooling

(position 0 corresponds to the distance of 5 mm between

superconductor and permanent magnet).

-permanent magnet: 0.29 T surface field strength, 5 mm ID, 17 mm

OD, ring shape

-YBCO superconductor^ 38 mm Dia, 20 mm height
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Fig. 5-9 Continued.
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Fig. 5-10 Dependence of repulsive force of permanent magnet above

the cryocooled YBCO superconductor on temperature in case of zero

field cooling.

-permanent magnet: 0.29 T surface field strength, 5 mm ED, 17 mm

OD, ring shape

-YBCO superconductor: 38 mm Dia, 20 mm height
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Fig 5-11 Dependence of magnetization of melt-processed YBCO

superconductor on temperature.
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Fig. 5-12 Attractive force on permanent magnet above cryocooled

YBCO superconductor at different temperatures in case of field cooling

(position 0 corresponds to the distance of 5 mm between

superconductor and permanent magnet).

-permanent magnet: 0.29 T surface field strength, 5 mm ED, 17 mm

OD, ring shape
-YBCO superconductor: 38 mm Dia, 20 mm height
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Fig. 5-13 Experimental setup for damping measurement in YBCO bulk

superconductor and permanent magnet system at 77 K.
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oscillator with attached magnet with no superconductor in

place and with superconductor Nl.
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¥\g. 5-15 A plot of dissipation as a function of the amplitude of

magnet vibration for different YBCO sample. The numbers

indicate the values of the exponent in the fitted power law

function.
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Fig. 5-16 A plot of dissipation as a function of the amplitude of

magnet vibration for empty magnet and for magnet with

attached copper foil. The numbers indicate the values of

the exponent in the fitted power law function.

- 429 -



si\tft z)X\ xj-̂ ofl eddy current loss 7}

Nb-Fe-B ^ | - ^Mf- f-sj-*] & ^ ferrite 4 *}^±

7}A)CJ eddy current 7} ^7)*] &£-£- sj-^cf. n ^ 5-17

ferrite ^f^^: A>^-S|-^ ^ - f 7)^7)7} 2.79 , 2.78 ^^1 7]

3) 3 $\ ? H ^esl-fe- 5i-i- # ^ Sl̂ f. # ^ « l ^ ^ S ] ^ eddy

current loss 7} # 0 ] ! - ^ ^^•«rfe- ^-SMHM tfl«fl

hysteresis loss 5]

eh

bulk s| damping loss 1-
A ^ damping 3L^7f 3£-§- <& 41 5USi4. ac loss

- ^--ytl- ^ 4 ac loss fe
eddy curent loss ^^S. ^r^^-JL $!-§--§•$!-§--§•

eddy current loss

4. i

A.

. 1960^

- 430 -



1000

100-

to

a 10^

• sample N1
• sample N3

100 1000

amplitude of magnet vibration, urn

Fig. 5-17 A plot of dissipation as a function of the amplitude of

magnet vibration when non-contacting ferrite magnet is

attached to the oscillator. The numbers indicate the values

of the exponent in the fitted power law function.
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Fig. 5-18 Heat flow in a LHe cryostat
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Fig. 5-19 Wide-neck cryostat for 0.5 MJ SMES testing
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3. 5-1. 0.5MJ SMES

LHe vessel ^ j ^ :

&°] •

Cryostat outside *1 ^

LN2 vessel %• '•

640 mm
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: 800 mm

2518 mm

40 mm
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5-2. 4-8-3

LHe latent heat :

Cp :

LHe area :

LN2 area :

black factor :

support area/length :

He accomodation factor :

N2 accomodation factor :

Plandtle coefficient :

Vacuum gas pressure :

Vacuum heat transfer :

Vacuum layer thickness :

neck area :

neck length :

20.6 J/g

6.0 J/g K

4.14 m2

4.49 m2

0.3

0.012

0.6

0.6

0.78

1.0E-6 N/m2

0.009 W/mK

0.025 m

0.0045 m2

0.5 m
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S. 5-3. 0.5MJ SMES

: 0.25 W

: 0.039 W

. : 0.0004 W

neck f-̂ V ^ £ ^ ^ : 3.2 W

^ £ ^ : 3.49 W

LHe £ ^ : 4.88 liter/hour
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S. 5-4. 0.5MJ SMES 5L°i
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A ^*11 A H

&!*•£; ^12:^71 $]

VQ surfactant^ -fM'

~s\°^ emulsion

•1-̂ 4-. °Hsl 3
drying uJ-^°

^3 emulsion-i-
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r *r 51514. ° H ^ •y^l^-S.^ 108 K
51 ° H ^^"y- ^ ^ ^ Billet *<t<$-& •& ^*L

oreS] #<33 ^s.% tij\^ 30%

fl 130pm(Core ^r1^: 45jJm), # 5.24mm pressing

34A, Jc^r 16,700A/cm2(77K, 0T)S ^ 3 5 T 5 i 4 . ^& 33]

7.2A, J c ^ ll,000A/cm2(77K,

Powder-in-tube ^ ^ cj.^^- sfll*}- powder-in-powder ^-i-

514. ^ - ^ ^ - i - °l-8-«fl

^ . ^ £«• 47) ^BII-8-O.S.

40x50 mm2 3.71^ E } - ^ ^ ̂ S ^ ^ c f . ^ ^ £ ^ 1 E}^S] 7.}y)

^ 0.5 gauss°1H ^ 200^-S ^ ^ s ] 5 i 4 .
Etching, pressing, annealing ^ ^ r ^ ^ Ag/BSCCO

7r 80%

etching^

-g- ^ 5J

5 cmS ^ ^ * M ^-^r Al^ofl^^- 1.9 A

90 cm $] ^1 l̂̂ fl tU<>l=o)|4fe- ^ 0.9 A (500 A/cm2)
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pancake

54 AS. # ^ s ] ^ 4 . o| «^-§- ol-g-sH * 60 A 2}
5Ufe current lead ^ l ^ g - * H 4 ^ 8 4 . a. Al*flf.-§. H ^ ^ FRP

74 A^fli- ^c^ ^71

bore7l-

, 1 ^ 139
quench SH 4.01 Tesla °fl

(shim)

deviation •&

S°l z= 4.3A, z2=3.7A, x=-1.82A, y=-0.37A S. i l ^ 7J^- z ^ * 4

e} 5 cm^^Hl^i lOppm o]«).^ ^ ^ £ 1 - <^ -̂ ^r^^-^-M-, z=2.5cm,

r=1.7cm 3]*}°\}M ̂ cfl 30 ppm

5 A]#351 471 ̂ - i- #=S* ^ ^ 71 £1 4
oflAj ^|Al^ 0.1 ppm/ hour 21 6>^3E#

PIT ^ OLS. ^1^€ 44) ^ ^ i ^ l - Af-g-^H 0.1 T

double pancake 3^21 ^A} 71^-g- a4« ! - j i 4

Bi Tfl 3-£

$ #^>^4 ^ l 23 K , 43 K

^-ofl U]«f| of 7«11i 4 Wfl

21 ^71-1- SLSatK ^ 1 ^ - ^ ̂ 2 1 «1^*OV^ 80 K ol^ofl^fe- 99.99 %

(ratio)
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43 K

3. ^ 4 ^ 1 4 4 J # * H *9?fl^^-s] 75%, ^ 9A £) 3-ff-i- -f-eH heater
s. 5.7 w ^ <y^^<y 13 i ^ t ^ ^ 4 # # £ <m<>) f^

sharing <>1

20-40 K S.

^-g-*l 4-8-

YBCO

80 K- 85 K <3^HH # ^ € ^ 3 ^ ^ ^ « 1 7 J" i^J i SI A

°X^ <£ ̂  5 U 4 .

bulk S] damping loss

^- A o v ^ ^ - ^ - ^ damping 3L^7l- q•%••%; Q ^ ft&L^. ac loss

t v ^ 7 l ^ l - 3-«S$ ^ ^ ac loss fe

^ S . eddy curent loss

! ©l̂ ofl 5]ail 4A1 4^°fl eddy current loss

4 i

-8-8-°fl

SMES ^ S } - ^ , MRI -§-

tfl #
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7}. 3.-&3L*\& ^ f lS ] aj|2: ^ ^ *J 7}

-: 1996.7.21 -1997.7.20

Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O,
Tl-Ba-Ca-Cu-0

•§••§• Bi(Pb)-Sr-Ca-Cu-0 (2223)

Powder-in-tube

fe PIT IJ-^AS. ^^r Jc #•§- ^ ^ 2223

.2.5. Jc

(Sausage JL-4), ^ ^ i i core^
^ ^ ^ 2:71 §-^«a^fi1 3:^, &S., 3.7)

flux flowM- flux

4 4 1 - ^ ^ 7 1 3*fM-& flux pinning center-i

-8-51*11 f A S ^ 7f^5>cf. d^Bl ^ ^ JCS} 71711̂

S-S. 2223 ^ ^ i £ ^7])fi] 7fl^-i- fl«U-Hfe- (1)

, (2) 7}-?^^ ^ £*M43S1 £^r ^ ^ , (3)
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, (4) flux pinning

- f ^ 2223

Ag7> 2:

l - ^ ^ ^ - l - COV( Coefficient of

variation in thicknes),

^ 4 CIP( Cold Isostatic Pressing )*g°-S. *V ^ - f CIP^-^5.

0.2 mm

fl ^ 27% ,

°lfe CIP

- ^ ^ I f e -^<LH1 0.0233°fl>H 0.0073

3.25 o)M 1.0 m m l € «fl4^1 (15 f̂sfl ?lW-^^# 7)^) a

^ ^ ^ . 4 , ^ ^ ^ ^ i ^ f e ^^M 0.720 <H1Â  0.200 mmS #

(12 ^f^l •a-^^^-i- 71^) ^T^O] o.0222o)]^ 0.0073

^^£(flatness)7>

It^r ^ ^ £ 7 } J2.*l^ ^7|-5]5i^-i- ^- ^ ^ ^ 4 . ol
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1.0 mml #±V<q ^A COV
0.0511S. ^71-̂ l-Jl, ol^o^ -S^Sl^r

0.2 mini *B^ofl 4 ^ COV <y4fe 0.0857S.

o.s. ^-^*1 ^-ih^l-^71 nj|€-ol4. Sausage

fe- Sausage^ ^^-6: ? ^ 4 3 i U; r̂ Si4.

M-. Bi-Sr-Ca-Cu Oxide

: 1993.7.21 -1994.7.20

Michel-S-°1 JiaLtb Bi-Sr-Cu-0

Bi-Sr-Ca-Cu-0 i ^ S ^ l ^ Bi2Sr2Can

n=l °̂  nfl oj7fl^ri 20K 2) Bi2Sr2CuiOx(2201)( n=2 ^ nfl 6JT11-&£ 85K

2] Bi2Sr2Can iCun0x(2212), n=3 °i H oj7l]^r£ 110K 2]

x (2223) 4 7fl2) ^ A £ ^ M 4 . °1 ^ 2212^4 2223

2223
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2223S. * H AZ.-sM ^\^^r U^ofM 22127]-
22234 - i - ^#^ l -o l ^ * } 4 . 7}# ££• ^7fl^:£-i- # ^ 2223s;
7V ^^1 °J:A^ 4^>H 2223 ^°4^^ ^r^sife ^

n e m 2223 Aov^ ^ 7 j ^ f e

^ 22231- ^ l i ^ «fl 2223^1

2223^ *fl^°l] *S-«fl7> £ ] ^ 22121- oxygen

coulometric titration^^^- 4-§-«H ^ ^ ^ ^ i ^ 0 ^ 0

Bi-Sr-Ca-Cu-0

JL 2223

^r invariant reaction^

. s «.E^ invariant reaction^:

o^T^ potentiometer-!- ^>-§-*f°i D:±2] titration^r

. Working electrode^l negative DC viasl- ^ ^ ^ ^ #•%••%•

YSZ1- ^sfl

2212̂ 1

=.^ 2212fe ^^-0 .5 . ^sfl^-l: ^ ^ SI Si 4 . °1

2.1x10 3 atm

2223^ 850°C latin

^ i^ - o 0-° l ^ ^ r ^-H 2212̂ 1 ^AoVol ^ ^ s l ^ ' H ^Tfl 22237>

4 . 4 e M 22127V » i ^ ^^s luL \+ ^ofl 222371- ^ ^ ^ ^ ^ ^ r ^ 2223

#*£$ ^ - ^ ^ 4 , ^ ^ 1 2 : ^ * 2223^ ^
, 2 2 1 2 ^ <g^-i- sj^f^A^ ^ ^ * V 2223
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2212̂  # £ 3 « ° ) 7>̂ *>t|- 2223̂  °

? r ^ H £ £ 7 £ 4 £5L^ #^°>M- i£W3 22233

°1 7Br̂ -& t T 5A4. °) £ ^ 4 1 - melt growth

22127V

BiOis-SrO-CaO-CuO

quaternary phase diagram "^^ ^•^ - i - l - i - ^l-g-^H 2212^

^ # ^ Bi2Sr04 + SrCaCuOs +

^fe- Bi2Sr04 + Sr2Cu03 + Ca2Cu03°14. ^ ^ ^ ^ - 6l-8-^: 2223^ *

<*} tfl^ ̂ - ^ ^ ^ a f S . ^ - E l , 2223^" ^^<^1 Ji^r *\<&<%*\ 7 } ^ ^ - ̂ }

. Tape cas t ing^ <>]•%•& SL^S.^^1 X\)

: 1994.7.21 -1995.7.20

-8- 7BM
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melt growth, QMGCQuenched Melt Growth)

-8-8-^°il
4 . 4 e M ^- ^ T 1 ^ cfl^2j x\s. |̂2:ofl ^^-*V tape casting

Tape casting^ ^^*> slurryl- ^|2:«r7l

er^ ^ ^ - « 1 ^ ^ 4 ^ ^ ^ - ^ , slurry^l ^

IPAGso-propyl alcohoDl- %7\^#^. Slurry^2:1-

^, ball mills; S ] ^ ^ £ , aejjL ^ | 3 : ^ slurry^] degassing^

°1 ^°\}^\ degassing^- green tape^l f-^°ll €• ^ ^ - i - n l ^ l i tape

casting^ ^^-^-^-^1 3.A] ^--f £ 4 . ^1^€ slurryl- tape caster* °l-g-

« H poly-ethylene «l^^°fl tape casting«r$4. ^l^^l tape# ^ ^ ° 1

s]^l &£-^ *Sl«r^ ?i2:^1^4. ^12:^ green tape^ ^ ^ 1 - &7}*]?]

7] ^3)| tapet- Q&& 5- 2000

Binder!- i ^ t t tapel-

pellet^ 7j-x]

^-f hot zone

Tape casting^ ^lS-1-

hot zone^] ^ £ # 1150TCS. « H °i

jc 7f 350 A/cm2 5. 7̂11 # ^ s l S i 4 . hot zone

1175TC, 1215 °C5L ^^^\ ^*^5L*}?d TJ^- tape casttb
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- IS* -

Us

zr

R-fc-R-

^IS IQ-8-8-

|blo la^-

0ZT966T- I2AS66I

tofo^

-g- '
%00T ^

klbaSI8 'a008 I - ^ I Y -R- JSBO 9dB?

tefr'k feUfc ^



#7|3 #713

^713^-

-i- 7M171-

Coulomb

314.
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: 1994.7.21 -1995.7.20

oj

AC

fe- SQUID ^-J2.

regulation-^! 4 - § - ^

HjS) ^ 7 ) ^ - 1 - ^^Al^fec-fl^ ^ ^ ^ 7 r*l

^- current regulation ^ ^ ^ I J S . cf-E- «>M-^ field regulrationH
o
v

feedback*!-^

. 471 ̂ S-i- sHM^i ^ Stlfe- a 4€- IJ-^AS. i ^ i s . 1 -^^ AC47]

^ ^ ^ ^ 2 1 4 ^ iMr H 6>S1 471 ^-tr

2-5.3. 0} $££ o]^.t}^ ^% field

regulation 4i4» W r̂ Si 4. °l^?fl ^^i^f l l - oj-g.̂ - field

regulatori4-l- 7l#^ regulation I^ofl ^7>S 4-§-^4^ 471^3)
4

AC 471
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DC ^}7)^ol ^g]jL olofl ^7>S. AC *>
l^°lM ^ s j f e AC * r 7 | # ^ . g . ^

DC ~ lKHz^ ^ 4 ^ ^^°fl^i ^^«j-g[cf.
4 7 ) ^ ^ M}7]7\ ^

0 5 g a u s s ^£.oflA]^ 100

98.2%, lKHz°1Hc- 99.7% 7f^5) ^7)^o] ^>sj^4.

^ 4 ^ > 100

zero field cooling^ ^-T- ̂ r^S-J^V 4 120

7} Si A > 4 ^ H field cooling^ ^ ^ U T T 4 lKHz°11^ 4 4 ^ 1 4 . field

cooling si Tj-o-sf Zero field cooling £•¥• AC47l^ ^3fl3l4i

4 4 ^L7}-4TI1 °lfe critical state models)

^ o | ^l-S-^-4. 44^1 Al^-7> field cooling^
fe 4 fiuxon ^ - i - ^ o . ^ 1-JL^^r -̂-¥- 4

^ 471^"

•H'S AC *}7 4 4 }
zero field cooling^ ^ - ^ l f e ^ ^ ^SJ-1- ^>^1*V^ *V7fl^^-7)- ff-j± A]

AC

fe field cooling^- 4 ^ ^--8-olH.S.
: &l^-xf7l^-ol HC271-
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JiL-f- ^ 10 Kgauss4*l ^ W r f e *l*HH *r-8-€ *r 5tl4. DC %
^j-uj A C

: 1994.7.21 -1995.7.20

^ ^71 . 9)g.. 32.

g-g-^

melt growth, QMG(Quenched Melt Growth)

-8-8-$4)

A]s.
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*15. pulling ^ £ t 0.00083 mm/h^ "11-f ^eMl

Y B a C u O ^ ^ l l - ^U-^]7l7l ^Sfl S^«l-7fl ^l^^l Y2BaCuO5,

BaCuO2 ^ -^ ^ CuO ^JS.-g-iM- ^tM> ^ slurry^ aV-

^- ^ 5cm zJ°l3. ^-5}A-] Af-g-s-VSIcf. - ? ^ ^ ^ S . f e hot

schedule* ^ s f ^ l ^ 4 .
U^l^^^l- 90 - 92

jC7l- 200 - 450 A/cm2^

r € A/cm2s] ^ ^ ]C7\

45 A )̂ lAovJ5.S Jc^r > 5700 A/cm2

lcm

211 °d^l- £i*l-5S4. 211 °d
^ 123 AlS.1- dipping*}-

^ ^ ^ 4 2 ° ^ turrvLMl
211 *M ^^r^r *>̂ 1 ^*fl S^fi] turn?}-

88 - 93K^ Hint3 ^Tfl #^s]Si^-M- Jcfe 5 0 - 3 5 0 A/cm2

\ A ) ^ ^r SI Si 4 . A}£-2\ A t t pulling^
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1.45 mm/h5. 3L$*)?)3L hot

^ <9?l|̂ :3E.fe- 91.5 - 92.5K5. tf#*l ^ ^ A M - «a?fl^-W-^£fe- 5 - 2 8 0

A/cm2 S. * t e Als.1- <*Jig-$ ^^-Al^l ^ ^ ofqef JL^- ̂ ^ A]

a j . ^ o

1993.7.21 -1994.7.20

JL

A/cm2

S)uL

106 A/cm2 °)^2) Jc» ^ " ^ -f^rtl- 5 :^5 . ^ ^ *L°]5L 9X°.v) o|

^ A 5 . bulk

Ag p l a t e d i YBaCuO^?i£

buffer layers ^ 1 3 : ^
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buffer)!-

YBaCuOi-&^?i£ yj-^-i- -g-g-31-71 ^ tb ^ ^:?flS. Si7l^ ^°fl YSZ

buffer layerl- ^ 1 ^ ^ ^ n ^ - § - 2:^«VaL ^^
JL7.} f)-Cf.

l ^ f l ^ 1 ^ ^ 4 torr, Y^I ^ # 10

^ ^ 1 ^ 1 4 . 700°C

^-^ , 700°C ofl>Hfe (111)4 (002)

(002)

^-^-^r (111), (002),

random^Tfl q-Efvfl^c}. ^A>^x | -^n)^ 2j-^-^4 75

YZS ^ ^ ^ r °d^7j- a - ^ ^ c~# HJ-^^S. ^ tifl'I^

. °lfe Dfl-f ^.fl-tb ^ 4 5 . YSZ

YBaCuO^-^-5]

(111)

Yttria7i- ^

10 ~ 15%°^ ^ YZS

r 5.v^ U^V ^ yttria

4 4^o) ^1*3^^1 4 ^ (002)̂ ^1
j f e 0 0 2

Ag

(Hi) ^ ^ (002) #0] ^

si Si 4.
^ ^ i i ^1^-2] ^ 1 ^ 1 - ̂ sfl ^sj) av-g-si: <y-ej.g- 4torr^, 7l

700°C, ^ i ^ « a - i - 0.0126
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LaAlO3(100), MgO(lOO), SrTiO3(100), YSZ(IOO) 3vi3-i- 4-8-«rSjl4.
^ 4-8-3 7l^s] f^fHl :£7fl 6jo| 87 ~87.3K-£

^#^T - f M ^ Si(lll)

Tc.onset^ 90K5. ^^-g-

# f-«(l c ^ HflU^-i- ^"^ YSZ buffer layer ^ YBaCuO^
CVD

1996.7.21-1997.7.20

44
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^ LEROY S0MER4^ LS80L5_Eit-
fe^l TIME°1 M^ ^ M SPICE PROBE

TIME

4! 3 5.

: 1995.7.21-1997.7.20
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^sfl Normal Mode Analysis^ System

Dynamics Analysis!- ^*S

2) ^%-Sr f - t t ^ 1 ^ ^ -^
^ 4 Afojofl ^ 1.7-15.1%^

3)

4) Assumed-mode method^- Lagrange's equation-^-
FESS1 «V^^^- 3 - , ^ ^

5)

: 1994.7.21-1997.7.20
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71*1)

20

^ ^ S i f e ^ ^ 2 : 1 - -£31*M1 ^ 1 ^ 4 . ^ ^ S ] f e ^
$) 3.7} ^ JL^\<^ i-^Sl-l- 31

K YBCO

: 1994.7.21-1995.7.20

Y1.eBa2.3Cu3.3Ox 4r^afl# ^ 7 ] -g-^7l<4 xVi ^-^7lo)lAi q-z]- -g-g-

^ i ^ -8-8-̂

211 <a*r!:-§. S ^ - ^ H &vxr 123, ^ 211

free region A ^ ^ « > ^ 4 . ^7} &$\ 7]<$*]£_*)• ^± &%7)<q*\ 123 Aov

A>4i7f U - ^ ^ ^ 7 ] nfl̂ -ofl A)-^ £$)7l°)H -§-•§"

71^-1-4 211 free region <>] ^ ^ £ ] ^ 4 .

1 4 ^ AS. 123 ^$] -8-8- ^°fl ^ v ^ t t ^ i ^ YBaCuO ^ ^

•¥-°fl 7 l ^ - # 4 211 free region^- ^ A d A 1 ^ 4 . ^ i ^ : ^ ^ ^ 123

YBaCuO

Y1eBa2.3Cu3.3Ox 4 (99)Yi.8Ba2.4Cu3.4Ox - (DCeO2
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. Y1.6Ba2.3Cu3.3Ox

211 free region s] ^ ^ ° 1 3*03*1 S&v<iH £ € • ^ l ^ l

211 free regional &%s\ $X4. (99)Yi£Ba2.4Cua4Ox - (DCeO2

foflfe- S & * ) $ # o ) H Yt6Ba2.3Cu3.3Ox

211 free region*]- ^^-71 ^ o ]

^ ^ 7l^g-4 211 free region 4\

SÊ V 7 1 ^ 4 211 free region ^ £ ^ ^ l ^ f e

4 . ^- 'S^^lAi 7B^-^ ^-^7) ^ s H - ol-g-^H 7 1 ^ 4 211 free region

r 211 ^-iL7l- ^ S r J L ^T^-7l^^- i^ -«V^ ^fe-

:<£-£: ^r 3XA) n ^ ^Dvl 4 ^ 4 >̂Hl YBaCuO

1993. 7. 21-1994. 7.20

44^4.

cm2

A ^ A ^ -8-SS 4-8-^ r̂ Si^cfl,
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06/cm2YBCO ^ ^ S . ^ 1 ^ ^ - ^ ^ ^ ^ ^ ^ 3-fofl^- 77K<H1̂ 1 106/cm

MgO(lOO), SrTiO3(100), LaAlO3(100)
epitaxial^ ^ 1̂̂ 1 fe ^-fofl^. O J ^ J

° 1 ^ epitaxial^!
low angle boundaryl- o]^-6\ M.A§^\ x\is}7}

^ MgO ^ 1 ^ 7l^oj| Y B C O i ^ t ^ ^ - i - sputtering

epitaxial^ ^^- i < ^ ^ ^ 4 . £^- MgO M ^ 7l^^ojl SrTiOs

epitaxial^^^: ^ # * ] - ^ 4 . ^ s M MgO

MgO 5Efe SrTiO3 ^-|-

SrTiOs #
Cflsfl

tflsfl

BSCCO 2 : ^ £ rod
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2. ^-

YBa2Cu307-y

*! 63335S

fe- YBa2CU307

YBazCusOr-

1. Y(thd), Ba(thd), Cu(thd)!- %_£.£- AV-g-sM 0.5 -100 torr

2. Y(thd), Ba(thd), Cu(thd) € ^ 7><i^r£l- -zj-z}- 110-150°C, 240-27

0oC, 110-150°CS. «VJL, ^V4I^- Ar 3Efe -fr*^7l*l|fil «1( O2/(Ar or

inert gas)!- 0.5 - 5, JSL^^S. 650 - 9001 «b-§-^:^ °^4: 0.5 -100

torr, ^ 4 # £ 100 - rc/min ^ f e ^ 4 ^ 400-600XT 3. ^ i ^ - ^ 7l <1

^ M 1 ^ ^ ^ YBa2Cu307y

3. Y, Ba ^

YBa2Cu307

l v ^ 1 1 ^ ^ 1 ^- AH-i- 245 - 350°C
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YBa2Cu307 y

4. *fl 3 3 N $ H ^S.^717}- £ . * H 5.^*}7] * H Y2O3, BaO, BaCO3,

YBa2Cu3O7-y

6. 1̂ H ^ 1 1 H

YBa2Cu307y i ^ 2 : ^ £

7. *fl 1̂ -ofl ^ ^ ^ I CuO ^ Y2BalCulO5s]

YBa2Cu3O7y

YBa2Cu3O7-x( x= 0 - 0.25 )31^ :5 :^S .^^4 n

-^-^ 91422Jl

epitaxial YBa2Cu3(>7-y ^

•«?}••§-
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1 nfl̂ -ofl y(yhd),

Ba(thd), Cu(thd)^-^

^-S^l YBaaCuaOr-y

YBa2Cu307

2. *fl , a
W & v i ^ i 750°CJi4 ^ ^ - ^£(550°C - 750°C

YBa2Cu307 » i

3. 1̂ 1%H1 Si<H>H, ^ 2:?l̂ «>fl>H MgO(lOO), SrTiOsdOO),

LaAlO3(100), YSZ(IOO), AkOsdOO), poly-crystalline A12O3^

YBa2Cu3O7y i ^ S ^ I ^ - ^ - i - ^ |2 :^- i - ^-^^.S.*}

^ f^ YBa2Cu307v

^13:*!: ^-JL^^^AS. ^7% ^ ZL

US patent 5,429,791

- ^ # ^ 150210-1994
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94-8703

Bi2O3l SrCO3( or SrO ), CaCO3 (or CaO ), CuOt-

(Bi,Pb)2Sr2Ca2Cu3O8 i ^ £ A c v 4 ^ 2 ^ 1 : ^

^•^ - i - pellet^ EflS n J -^4 . pellets ^

pellet-i- ^l

2. ofzflis} ^^oj) ô sfl ^ f l i ^ ^ - ^ ^ 5 . 4^-^H; * 7 ] ^ o l l ^ pbO,

Bi2O3> SrCO3( or SrO ), CaCO3 (or CaO ), CuO-t

pellet^ Bfl^ ° > ^ 4 . pellet^

1-g-̂ -

69478^
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YBCO

. Function generator

switching « H #-§- Sj^^l^cf. Function

generator $1 ^ -§ -^1 4 ^ 3 ^ 7 1 - ^7}^z±. ^A)O)}^*] <$ 7 5 0 0 0

rpm

-y. »g-^o.s. Bi

fetfl -& ^ - ^ ^ ^ f e i7|fi1 ^-^-l- #w.ofl ^ -^1^ - nfl press*

f. 1000Kg/cm2

fe porel-

94-110213:
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1-10 m

4.
5.3,

2-3 mm, ^-^|7|- 0.1-0.2 mm

5

press

P I T

94-24515S

fe damping

damping

•I: ^r

76765^
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014.

l - 3-5*1 *M1*M BiPbSrCaCuO-Ag
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3.
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Characteristics of magnet vibration above the high-7c

superconductors
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Since the discovery of the high-7"c oxide supercon-
ductor, many researchers have tried to find new
fields of application of these interesting materials.
Although one of the most attractive properties of the
superconductor is zero electrical resistance, its beha-
viour in a magnetic field is also attractive for many
applications. Some workers have already developed
and demonstrated a prototype superconductor bear-
ing and levitated a heavy weight above superconduc-
tors [1,2]. Recently, a large magnetic levitation
force was obtained with oxide superconductors
prepared by special techniques [3-7) introducing the
non-superconducting flux-pinning site into the
superconducting matrix. The oxide superconductors
fabricated by such techniques exhibit a large repuls-
ive and attractive force compared with those pre-
pared by the solid-state sintering method. However,
the mechanical behaviour of the magnet in the
magnet-superconductor system has not been stu-
died in detail, and many points still remain to be
clarified for mechanical applications such as a
superconductor bearing and flywheel system.

In this work the vibration behaviour of a perman-
ent magnet was studied in three different systems:
the magnet above the YBaCuO superconductor
prepared by the quasi-melt process, and having the
flux-pinning effect and showing the fishing phen-
omenon (hereafter called the magnet-YBCO sys-
tem); the magnet above the BiPbSrCaCuO super-
conductor prepared by the ordinary sintering pro-
cedure and showing Meisner effect only (hereafter
called the magnet-BSCCO system); and the magnet
above the magnet for reference purpose (hereafter
called the magnet-magnet system). The frequency,
period and damping behaviour of the vibrating
magnet were investigated by using a piecewise linear
method. The forces exerted on the magnet during its
quasi-static state in those systems were measured
and analysed to explain the vibration.

The details of the sample preparation procedures
and superconducting properties of the YBCO and
BSCCO specimens used in this study can be found in
[4] and [8], respectively, and only brief summaries
are given here.

The BSCCO (Bit wPbo^Sr,.^Caj.ojCujMO,) spe-
cimen was fabricated from Bi2O3, 24 h and then
ground and pressed into a disc shape and finally
sintered at 850 °C for 200 h in air.

In the case of the YBCO (ViI^Ci^O,) speci-
men, Y2O3, BaCOj and CuO were the starting
materials and calcining was done twice at 930 °C for

1562

24 h. After grinding, pressing and sintering at 940 °C
for 24 h in air, the specimen was heat-treated by the
quasi-melt process as follows: rapid heating to
1050 °C with a short hold of 10 min followed by
cooling to 1010 °C at a rate of 40 "Ch"1, and slow
cooling from 1010 to 960°C at a rate of 3°Ch~!

followed by 48 h annealing at 450 °C. The size of the
two types of specimens was the same: 21 mm in
diameter and 4 mm thick.

The superconductivities of the prepared speci-
mens were checked by the four-probe a.c. method
and 7C was 102 and 93 K for the BSCCO and YBCO
specimens, respectively. The YBCO specimen pre-
pared by the quasi-melt process was suspended by
permanent magnet,' showing the so-called fishing
phenomenon, by the flux-pinning effect of the
non-superconducting particles trapped in the 123
superconducting phase.

To examine the vibrating behaviour of the magnet
in the given systems, we used a similar type of
apparatus to that used by Moon et al. [9], and Fig. 1
shows a schematic diagram of it. The small disc-
shaped permanent magnet was attached to the end
of the thin slab-type cantilever which was connected
to the height-adjustable stage. The field strength of
the sumarium-cobalt type magnet used was 0.25 T
on the flat pole surface and it was 7 mm in diameter
and 3 mm thick. The distance between the magnet
and the substrate (cooled superconductor or another
magnet) was measured by a laser displacement
meter and the force exerted on the magnet by the
substrate was estimated by measuring the bending of
the cantilever with a strain gauge attached to the
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Elastic
beam

Cu

Supercon-
ductor
Liquid N2

x-y
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Moving
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Figure 1 Schematic diagram of the force versus displacement
measurement apparatus.
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Compact Swelling in Bh.4Pbo.6Sr2Ca2Cii3.6O,, During the Formation oi
High-7c Superconducting Phase

Chan Joong Kim and Suk-Joong L. Kang*
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Dong-Yeon Won
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Compact swelling in Pb-doped Bi-Sr-Ca-Cu-O superconduc-
tor has been studied by observing the effects of the size of
calcined powders, volatilization of materials, and sintering
of high-r, (2223) powders. The bulk density increases at the
early stage of sintering, for about 20 h, and then decreases.
Oensification occurs when the low-7", (2212) phase and a liq-
uid phase exist, whereas dedensification occurs with the for-
mation of the 2223 phase regardless of the presence of the
liquid. Gas evolution from specimens does not appear to be
responsible for compact swelling. Compact swelling is ex-
plained by anisotropic growth of thin, platelike 2223>grains
in random orientation. When 2223 grains grow in a pre-
ferred direction, compact swelling is suppressed. (Key
words: lead, doping, superconductors, growth, swelling.]

I. Introduction

UNIQUE sintering problems have been encountered in the
preparation of bulk Bi-Sr-Ca-Cu-O superconductors.'"s

These problems are typified by the extremely sluggish forma-
tion of the high-7", superconducting phase, Bi2Sr2Ca2Cu}Oio
(2223 phase), and compact swelling during sintering.

The high-T, superconducting phase is known to form by
reactions between the low-7"c superconducting phase (Bi2Sr2-
Ca.CujO, (2212 phase), which forms readily at the calcina-
tion stage) and other second phases.3'5 These reactions are
extremely slow and usually require a small amount of lead
doping for bismuth to enhance the reactions and annealing of
the compact for a few hundred hours.1'3 Recently, however,
enhancement of the formation of the 2223 phase has been
reported by control of the sintering atmosphere (especially
the oxygen partial pressure) and powder preparation (by a
freeze-drying method7). Almost complete formation is pos-
sible in 30 h, although the kinetics are still slow compared to
reactions in other ceramic systems.

Compact swelling, on the other hand, appears to be a more
complicated problem in the system. The green compact
shrinks only at the initial stage of sintering and then expands
during prolonged sintering for the formation of the high-7*c
phase.2-1 As a result, the sintered density after complete for-
mation of the 2223 phase is, in general, lower than the green
density;4 the specimen shows a very porous structure and a
low critical current density, / , , of 1 to 10 A/cm2.8 Since low / ,
is the major impediment to the application of the bulk high-r.
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superconductor, the nature of compact swelling should be
understood for the fabrication of superconducting wires and
tapes. In previous investigations,23 compact swelling was be-
lieved to be related both to formation and growth of the 22-1
phase because the swelling occurred during its formation '
and to volatilization of materials with high vapor pressure
such as bismuth and lead. Nevertheless, the phenomenon nas
not been systematically observed and seems to be not *cl!
understood as yet.

In the present investigation, compact swelling and 7?-i
phase formation have been measured and explained n
Pb-doped Bi-Sr-Ca-Cu-O. The effect of the size of the
calcined powders, volatilization of the low-melting-point ma-
terials, and resintering of 2223 powders have been systemati-
cally observed.

II. Experimental Procedure

Specimens were prepared from Bi2O3, PbO, SrCO3, CaO.
and CuO powders of 99.9% purity. Proportioned powders
were mixed in an alumina mortar using a pestle. The moiar
ratio of cations in the starting materials was (Bi: Pb): Sr: Ca:
Cu = (1.4:0.6):2:2:3.6. The mixed powders were calcined
at 830°C for 24 h in air and then air cooled. The calcined
powder was crushed in an alumina mortar and ball-milled in
ethanol for 24 h using alumina balls. Scanning electron
microscopy (SEM) showed that the average particle sizes of
the as-crushed and the ball-milled powders were about 40 and
10 jtm, respectively. Powder samples (l.S g) were uniaxially
pressed at 200 MPa into cylindrical pellets 10 mm in diameter
and about 4 mm in thickness. The pellets were sintered at
840° to 860°C for various limes up to 200 h in air and then air
cooled. Some specimens were placed on platinum pots, and
both were sealed in quartz tubes. The atmosphere in the
quartz tubes was Ar:O2 = 98:2, which has been reported
to be an appropriate atmosphere for the formation of the
2223 phase.'

Phases present in the samples were identified by powder
X-ray diffraction (XRD) using CuAfor radiation. The relative
volume of the 2223 phase to the 2212 phase was assumed to
be equivalent to the (115) peak intensity ratio of the two
phases. Microstructures were observed on the fracture sur-
face of samples.

HI. Results and Discussion

Figure 1 shows the variation of the bulk density with sinter-
ing time for specimens prepared from as-crushed and ball-
milled powders. Both powders reveal a similar density-time
dependency: an increase in density up to about 20 h and then
a decrease. During prolonged sintering for the formation of
the 2223 phase, the density becomes even lower than the
green density, showing severe dedensification and compact
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Metal oxide (MeO = CdO, CeO2, Cr2O3, Nd2O3, Sb2O3, UO2 and ZrO2)
addition in YBaCuO prepared by partial melt processing
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In general the YiBa2Cu3O7_>, high-Tc supercond-
uctor prepared by the conventional solid-state reac-
tion method using powder forms reveals a low
critical current density (/,.) of 1-103 A cm"2 and
poor mechanical properties [1-3] . The low Jc has
been found to be generated from the weak-link
property of grain boundary, phase inhomogeneity,
amsotropic current flow in a crystal and microcracks
due to the orthorhombic-to-tetragonal phase transi-
tion. Meanwhile, the samples prepared by the
liquid-phase processings showed high Jc exceeding
104 A cm"2 at a magnetic field of 1 T [4-6] . The
crucial point in obtaining the high-/,, material is the
proper control of the microstructure of the YBaCuO
system, which is characterized by aligned large
Y,Ba2CujO7_r (123 phase) grains [4, 5] and disper-
sion of the non-superconducting particles such as
Y2BaiCu,O5 (211 phase) in the 123 matrix [6]. In
addition to the Jc, the poor mechanical properties of
the oxide superconductor are also a critical problem
to be overcome for practical application. Recently
several metal or metal oxide additions in YBaCuO
superconductor have been reported to be effective
for increasing Jc and the mechanical properties
without serious degradation of the superconducting
transition temperature (7"c) [7-12]. Among these,
silver or silver oxide addition in YBaCuO improves
the weak-link property of the grain boundary [7] that
is an obstacle for the current path, as well as
increasing the deformability [8] and flexibility [9,10]
of the oxide superconductor. In the case of ZrO2

addition, the fracture toughness increases by forma-
tion of the finely dispersed ZrBaO3 particles in 123
matrix [11,12]. Thus, it is meaningful to find
non-poisonous dopants with a superconducting
phase, since this may improve the current-carrying
and load-bearing properties of the oxide supercon-
ductor. In this letter we report the effects of metal
oxide (MeO = CdO, CeO2 , Cr2O3, Nd2O3, Sb^Oj,
UO2 and ZrO2) addition on the superconductivity of
YBa2Cu3O7_y prepared by partial melt processing.

The superconducting 123 powder used in this
study was prepared by the conventional solid-state
reaction method of Y2O3 , BaCO3 and CuO powders
of 99.9% purity. The proportioned powders were
mixed well in an alumina mortar with a pestle,
calcined at 910-930 °C for 24 h in air and then
furnace-cooled. The calcined cakes were crushed,
mixed with 5 wt % MeO powders, pressed uniaxially

into pellets and then sintered at 940-950 "C for 24 h
in air. The partial melt processing performed for the
presintered pellets is similar to the method reported
in [5]. The presintered pellets were maintained at
1050 °C for 0.5 h, cooled to 980 °C at a rate of
50 "Ch"1, cooled again to 980 °C at 3 °C h"1 and
then held for 10 h. In order to form the orthorhomic
123 phase the pellets were cooled slowly to 450 °C,
held for 24 h and then air-cooled. The phases
formed after calcination and partial melt processing
were identified by the powder X-ray diffraction
(XRD) method using a CuKal target. Microstruc-
tures were investigated for the polished surface of
samples by optical polarized microscopy. The resis-
tance-temperature (R-T) curve of samples was
obtained by the four-probe method with silver paste.
A Vickers hardness test was carried out for samples
mounted with epoxy resin. Indentations were made
on the polished surface at a constant load of 100 g
for a peak-load contact time of 5 s.

Fig. 1 shows the temperature-resistance curves of
the MeO-added YBaCuO prepared by the partial
melt processing. All of the samples except the
Cr2O3-added sample revealed superconducting tran-
sition at above the liquid-nitrogen temperature of
77 K, and the Cr2O3-added sample showed a semi-
conducting behaviour down to 77 K. The zero-
resistance temperature (T e , R = 0 point) of the

60 100 120 140 160
Temperature(K)

ISO 200

Figure 1 Temperature-resistance curves of the MeO-added
YBaCuO prepared by partial melt processing.
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We have investigated the angular dependence of the resistivity and the
critical current density in the magnetic field for YBa2Cu3O7_ i thin
films. Angular dependence of the magnetorcsistivity is found to follow
a sin2 <t> form expected for the Lorentz-force-driven flux motion model,
although when the magnetic field is applied parallel to the direction of
grain or twin boundaries, the resistivity drops are observed depending
on the sample. In the angular dependence of the critical current
density, asymmetry is observed with respect to <t> = 180°, which may be
due to surface pinning at the interface between the film and the
substrate. However, its angular dependence is explained by the simple
flux motion model in spite of asymmetry.

THE ANOMALOUS broadening of the resistive
transition in magnetic fields has been commonly
observed in high Tc superconductors. This behaviour
has been quite successfully explained by thermally
activated magnetic flux creep or flux flow phenomena
[1]. However, some recent experiments [2-5], which
measure the magnetoresistivity for different orien-
tations of transport current and magnetic field,
particularly on thin films of high Tc superconduc-
tors, have raised a question of the interpretation
based on flux motion. A difference of the resistivity
for H \\ I and H X / has not been detected, indicating
that the Lorentz-force does not play a role in this loss
mechanism. In contrast, similar experiments on
YBa2Cu}O7_« single crystals [6] show the presence
of flux motion effects in a form of an excess angular
dependent resistivity superimposed on an angular
independent resistivity. In this paper, we present
careful measurements of angular dependences of the
resistivity and the effective pinning energy U<a on the
relative orientation of transport current and magnetic
field in two YBa2Cu3O7_4 thin films. We have carried
out these measurements to see whether the angular

* Author to whom all correspondence should be
addressed.

dependent resistivity is observed even in thin films of
YBa2Cu3O7_4. The results show a distinct angular
dependence of the resistivity on the relative orien-
tations of current and magnetic field, supporting the
Lorentz-force-driven flux motion model. Addition-
ally, we have also measured the angular dependence
of the critical current density in the magnetic field to
investigate the effects of flux motion on the critical
current density.

The YBajCu3O7_4 thin films were prepared on
(100) SrTiOj substrates by the chemical vapor
deposition method described elsewhere [7]. The films
were predominantly oriented with the c axis normal
to the substrate plane and the film thickness was
about 0.5/im. The resistivity and the critical current
density were measured by using a four-probe d.c.
technique on a bridge 100/im wide and 500 ftm long,
which was patterned by photolithography and
chemical etching using phosphoric acid. The measur-
ing current of the resistivity was 100 jiA and Jc was
determined using an electric field criterion of 1.0/iV/
cm. The transport current was applied parallel to the
a{b) axis and the magnetic field generated by a
superconducting solenoid was applied perpendicular
to the c axis. The misalignment of the ab plane with
respect to the magnetic field was less than 0.5°, which

695
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Since the discovery of the high-7% superconductor
[1], many studies have been developed to elucidate
the mechanism of the superconductivity. Systematic
substitution of impurity elements for the copper site
provides a way of understanding the nature of the
superconductivtiy of the high-7"c superconductor.
Partial substitution of transition metals such as iron,
cobalt and gallium for copper site induced the
orthorhombic-to-tetragonal phase transition, result-
ing in the linear decrease of the superconducting
transition temperature with the impurity content
[2-6]. Meanwhile, the complete substitution of
rare-earth elements such as gadolinium, holmium
and neodymium, etc. (except cerium, praeseo-
dymium and promethium) for yttrium site was
reported to reveal the good superconducting pro-
perty of Tc *= 90 K as well as the stabilization
of the orthorhombic superconducting phase
(YBa2Cu3O7_y; 123 phase) [7-9]. PrBa2Cu5O, does
not show superconductivity in spite of the formation
of the orthorhombic phase. In the case of the partial
substitution of praeseodymium for the yttrium site,
the flux-pinning potential of YBaCuO increases by
the introduction of non-superconducting lattice sites
of praeseodymium atoms [10]. In addition, partial
substitution of cerium for yttrium site was reported
to decrease Tc with the suppression of the 123 phase
[11]. Until now, systematic study of the effect of
cerium on the superconducting properties and
crystal structure in the YCeBaCuO system has been
rarely done. In this letter we report the orthorhomic-
to-tetragonal phase transition induced by the addi-
tion of CeO2 in Y u B a ^ C u u O , and its related
micTostructures.

YuCe^anCu, !Or (0 < x < 0.5) samples were
prepared by the conventional solid-state reaction
method of Y2O3, BaCOj, CuO and CeO2 powders
of 99.9% purity. The proportioned powders were
mixed well in an alumina mortar with a pestle,
calcined at 910-930 °C for 24 h in air and then
furnace-cooled. The calcined cakes were crushed
and then pressed uniaxially into pellets under
300 MPa. The pellets were sintered at 940-950 °C
for 24 h in air, slowly cooled to 450 °C and then held
for 24 h. The phases formed after calcination and
sintering were identified by powder X-ray diffraction
(XRD) using a CuK d target. Microstructures were
investigated by optical polarized microscopy for the
polished surface of samples. The temperature-
resistance curve of samples was obtained by the
four-probe method with silver paste.

Fig. 1 shows the temperature-resistance curves of
YI2CeJtBa21Cu31Oy ( 0 < x < 0 . 5 ) samples. All of
the samples showed a zero-resistance temperature
(7"c, R = 0 point) at above liquid-nitrogen tem-
perature (77 K). The unadded sample showed a Tc

of 90 K, whereas the CeO2-added samples showed a
lower value than that of the unadded sample. The
transition width from normal to superconducting
state became wide with increasing CeOi content. 7"c

decreased to 82, 81.5, 79, 78.5 and 78 K as the CeO2

content increased to 0.1, 0.2, 0.3, 0.4 and 0.5,
respectively. The decrease of Tc with CeO2 content
was not less serious than that of the transition-metal
substitution for the copper site [3] of the YBaCuO
system.

The powder XRD patterns of Y12CexBa21-
Cu3iO, (x=0.l, 0.2, 0.3 and 0.4) samples are
shown in Fig. 2. It can be seen in the samples with
x = 0.1 and 0.2 that the peaks of the orthorhombic
123 phase are observed together with those of
Y2BaCuO5 (211 phase) and BaCeO3. The peak
intensity of the BaCeO3 strengthened with increas-
ing CeO2 content. As the CeO2 content increased,
the orthorhombic-to-tetragonal phase transition oc-
curred. This indicates that a limited amount of
cerium was introduced into the 123 phase which led
to the phase transition, but a large amount was
converted into the BaCeO3 form. The increase in
the formation of the BaCeO3 with CeO2 content
clearly explains why the CeO2-added YBaCuO
retained the good superconductivity above 77 K in
spite of the large addition of x = 0.5. The tetragonal

6 0 140 160 18060 100 120
Temperature (K)

Figure I Temperature-resistance curves of CeOj-added Y| iCe,
Ba, ,Cu, ,O, (x = ( • ) 0, (O) 0.1, (D) 0.2, ( • ) 0.3, (A) 0.4 and
(A)0.S).

346 - 507 - 0261-8028 ©1992 Chapman & Hall



Microstructure, microhardness, and superconductivity
of CeC>2-added Y-Ba-Cu-0 superconductors
Chan-Joong Kim, Ki-Baik Kim, Gye-Won Hong, and Dong-Yeon Won
Superconductivity Research Department, Korea Atomic Energy Research Institute, P.O. Box 7,
Daedukdanji, Daejon, 305-353, Korea

Byoung-Hwan Kim and Chun-Taik Kim
Department of Physics, Han Nam University, 313 O-jeong Dong, Daeduk Gu, Daejon, 300-791, Korea

Hong-Chul Moon and Dong-Soo Suhr
Department of Materials Science and Engineering, Choongnam National University, Daeduk Science
Town, Daejon, 301-764, Korea

(Received 6 March 1992; accepted 8 May 1992)

The CeOi-added Y - B a - C u - 0 oxides were prepared by two different processes,
the conventional solid-state reaction process and the partial melt process using
powders, to examine the effect of the dopant on microstructure, microhardness, and
superconductivity. In the solid-state reacted sample, most of the added CeO2 was
converted to a form of BaCeO3, but some might enter into the 1-2-3 phase, resulting
in the orthorhombic-to-tetragonal phase .transition that accompanied the disappearance
of twin structure in 1-2-3 grains. In the partially melted sample, however, the phase
change was not observed up to 5 wt. % of CeC>2. All the added CeC>2 in these samples
was consumed to form only BaCeO3 which was finely dispersed in large 1-2-3 grains
during the peritectic reaction stage. The zero resistance temperature (Jc) of the solid-state
reacted sample gradually decreased with increasing CeC>2 content due to the phase
change and the formation of BaCeO3, whereas the Tc of the partially melted sample
was nearly constant regardless of CeO2 content up to 5 wt. %, owing to the separation
of the second phase from the 1-2-3 superconducting phase. Microhardness of the
partially melted sample increased with increasing CeC>2 content. The strengthening
effect appears to come from the composite system where the fine BaCeOj particles are
dispersed in a 1-2-3 matrix.

i. INTRODUCTION

Although many studies have been carried out to
improve superconducting and other related properties,
with the aim of making practical application of high-
TV oxide superconductors, low critical current density
(Jc) and poor mechanical properties still remain as
critical problems to be overcome in this field. The
current-carrying capacity and the load-bearing property
of YiBa2Cu3O, (1-2-3 oxide) closely depend on the mi-
crostnictures determined by the fabrication process. The
important factors affecting the properties were known
to be composition inhomogeneity, presence of a liq-
uid phase at grain boundaries, anisotropic current flow
in a crystal, and microcracks induced by the phase
transition from tetragonal to orthorhombic during low
temperature annealing in oxygen atmosphere. Recently,
improved fabrication methods involving the liquid phase
technique1"3 have been reported to be effective in in-
creasing yc, while metal or metal oxide additions4"18

improve mechanical properties of Y - B a - C u - O oxide
without serious degradation of the superconducting tran-
sition temperature (Tc). Among them, silver or silver

oxide addition in Y - B a - C u - O oxide increased Jc *iv
removing the weak-link property of grain bounaanes;u

as well as improving microhardness and flexurai
strength,5'8-9 whereas the ZrO2 addition increases fracture
toughness by forming the finely dispersed BaZtO,
particles in a 1-2-3 matrix.6-17 Furthermore, second
impurity phases such as Y2BaiCu10s,4 BaSnO3,

13"'5

and BaTiOj16 were reported to be a possible flux
pinning medium in the Y - B a - C u - O superconductor,
which rendered resistance to the high magnetic field.
Thus, searching for a nonpoisonous dopant with the
superconducting phase will be very meaningful work,
since it may improve the Jc and mechanical properties
of the oxide superconductor up to a practical level.

Most of the rare earth elements (RE) except cerium
and praseodymium have been widely reported to form
the 1-2-3 superconducting phase (RE^aaC^O,) with
a high Tc of about 90 K.19-20 These elements can be
completely and partially substituted for each other be-
cause of their similar valance state and ionic radius.
In the case of the CeC>2-doped Y - B a - C u - O system,
however, Tc decreased with increasing CeO2 content and
the formation of a second phase was observed,2'122 sug-

J. Mater. Res., Vol. 7, No. 9, Sep 1992 © 1992 Materials Research Society 2349
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in the textured 1-2-3 regions of partial-melted Y-Ba-Cu-O oxide

Chan-Joong Kim, Ki-Baik Kim and Dong-Yeon Won
Superconductivity Research Department, Korea Atomic Energy Research Institute,
PO. Box 7, Daeduk-Danji, Taejon 305-353, South Korea

Received 26 March 1992

By annealing tetragonal Y-Ba-Cu-O in air, the oxygen diffusion process in the textured region of 1-2-3 plates was investigated
by use of an optical polarizing microscope. The oxygen diffused region was identified by observing the orthorhombic phase near
cracks containing twin structure and the tetragonal phase, the crack-free region. The thermal cracks formed by rapid thermal
processing offer good diffusion paths for oxygen atoms in the textured region. The transformation stress from the tetragonal-to-
orthorhombic phase results in the formation of microcracks along the cleavage plane of the Y-Ba-Cu-O oxide. In addition to the
thermal cracks, the transformation cracks are though to be effective oxygen diffusion paths in the textured 1-2-3 region. This
result is comparable to that for polycrystalline Y-Ba-Cu-O oxide where oxygen diffusion paths are regions of open porosity and
high-angle grain boundaries.

1 Introduction

I; is well known that the superconducting behavior
ot y,Ba2Cu3Ov (1-2-3) is sensitive to the oxygen
ontent [ 1 ]. By cooling the oxide in an oxygen at-

mosphere from 900-9 50° C, which is the usual sin-
tering temperature for this system, the high-temper-
ature tetragonal phase transforms to the low-
temperature orthorhombic phase due to the one-di-
mensional oxygen ordering along the Cu( 1 )-O chain.
In order to stabilize the orthorhombic phase, low-
temperature annealing at about 500° C is generally
carried out in an oxygen atmosphere. The oxygen
diffusion into the 1-2-3 phase results in a gradual in-
crease in Tc with increasing the oxygen content. In
polycrystalline Y-Ba-Cu-O, made by the conven-
tional sintering method, oxygen atoms diffused into
the 1-2-3 grains through open porosity and grain
boundaries [2,3). This result can be easily observed
by the investigation of the optical twin image near
the oxygen diffused region under polarized light.
Meanwhile, the Y-Ba-Cu-O samples prepared by
liquid-phase techniques which involved the peritec-
tic reaction, show a different microstructure com-
pared to the conventionally sintered sample. This

microstructure is characterized by large textured 1-
2-3 grains and a pore-free structure. Furthermore,
the high-angle grain boundaries are not observed in
the textured-grain regions. In spite of the absence of
open porosity and the grain boundaries, the time
needed to obtain a Tc of 90 K is shorter than that
normally expected, although it is longer than that for
conventionally sintered samples. Until now, no sys-
tematic study has been reported so as to understand
the mechanism of oxygen diffusion in textured Y-
Ba-Cu-O. This paper reports the results of our study
of the diffusion process of oxygen atoms in the tex-
tured 1-2-3 region of partially melted Y-Ba-Cu-O.

2. Experimental procedure

The 1-2-3 powder used in this experiment was
made by the solid-state reaction of Y2O3, BaCOj and
CuO powders of 99.9% purity. The powders were
mixed and calcined at 900 "C for 24 h in air. The cal-
cined powder was crushed in an alumina mortar with
a pestle. The crushed powder was uniaxially pressed
at 300 MPa and isostatically pressed into a cylin-
drical pellet. The pellet was sintered at 95O°C for 24

268 O167-577n/92/$05.00© 1992 ElsevierScience Publishers B.V. All rights reserved.
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YBaCuO films were prepared on a MgO(100) single-crystal substate at 650°C by a chemical vapor deposition method.
The films were fabricated at various oxygen partial pressures of 0.516 Torr, 0.121 Torr, 0.0126Torr and 0.009 Torr.
Superconductivity above liquid nitrogen temperature (7"c0 = 87 K and 7"CO,«, = 91 K) was obtained for the film prepared
at 0.0126 Torr. Jt(77 K, 0 T) was measured as 3 x 10'A/cm!. A two-dimensionally well-aligned microstructure was ob-
served for the film prepared at 0.0126 Torr.

KEYWORDS: YBaCuO, oxygen partial pressure, chemical vapor deposition, MgO substrate, superconductor

Since the superconducting YBaCuO films by chemical
vapor deposition (CVD) method was reported by Berry
et at." and Yamane et at.,2' many intensive studies have
been conducted to enhance 7"C(>77K) and yc(>104

A/cm2) of the films and to lower the deposition tempera-
ture of the films.

Recently, it was found that the deposition temperature
for preparing YBaCuO films by CVD was lowered by in-
troducing active oxidants such as N2O plasma, N2O and
O3. Tsuruoka et at.1* firstly succeeded in preparing a
YBaCuO film showing superconductivity above 77 K at
the growth temperature of. 650°C by using N2O. Ohnishi
et o/.4> also reported that YBaCuO film with a Tc of 75 K
was fabricated at 650°C on MgO substrate by CVD using
Oj. Kanehori et at.* also reported that YBaCuO film was
fabricated at S80°C by microwave plasma-enhanced
CVD using O2. More recently, Kanehori et at.** suc-
cessfully prepared a YBaCuO film with a high Jc at 580°C
by using N2O plasma.

Very recently, Yamane et at." reported that the
YBaCuO film with a Tc of 84 K and Jc of 104 A/cm2 was
prepared at the temperature of 65O°C on SrTiOj
substrate by using O2 as an oxidant. Single-crystal SrTiO]
has been known as the best substrate for YBaCuO thin
films with high Jc and sharp resistive transitions.
However, its large dielectric constant makes it unsuitable
as a substrate for electronic applications.

In this work, YBaCuO films were preapared on
MgO(100) single-crystal substrates at 650°C under low
oxygen partial pressures by a CVD method. The
microstructural and electrical changes of the films were in-
vestigated by scanning electron microscope (SEM) and
X-ray diffraction (XRD) observation and by measuring
electrical resistance.

The source materials used were beta-diketone chelates
of Y(thd), Ba(thd) and Cu(thd) (thd=2,2,6,6-
tetramethyl-3,5-heptanedionate) (Strem Co., Ltd.).

*K. Kanehori, N. Sughii and K. Miyauchi: Proc. MRS fall meeting
(I989JM7-172.

"K. Kanehori, A. Tsukamolo and N. Sugii: Proc. 3rd Int. Symp. on
Superconductivity, Nov. 6-9, Japan (1990) p. 869.

These chelates were evaporated at 126-232°C. The
source vapors of Y, Ba and Cu were transported into the
hot zone by Ar gas (250 seem) and O2 gas (5-250 seem)
was introduced separately. The CVD reactor was of the
hot-wall type."

Deposition of YBaCuO films was performed on
MgO(100) substrates placed normal to a gas stream at
650°C at a reduced pressure of 4 Torr. Deposition time
was 30 min. After deposition, the films were cooled to
400°C at a cooling rate of 15°C/min and held for 30 min
at an oxygen pressure of 760 Torr. The deposition rate of
the film was about 1 /un/h.

X-ray diffraction (XRD) data were obtained to ex-
amine the structure of the films. The microstructures of
the films were observed by scanning electron microscopy
(SEM). Electrical resistance was measured using an ac
four-probe method. Critical current density (Jc) was
measured on a bridge patterned with a thickness of 0.5
jim, a width of 1 mm and a length of 2.5 mm by utilizing
a direct tranport method. Critical current density was de-
termined from the I-Vcurve with a 0.1 /iV/cm criterion.

The temperature dependence of the resistance of the

90 100 110 120 130 140 150

TEMPERATURE(K)

Fig. I. Temperature vs electrical resistance for the Alms prepared on
MgO(IOO) substrates at (a)/>

Ol=0.5l6Torr, (b)POl = a.\2\ Torr and
(c) POl=0.0126Torr. Deposition temperature was 65O°C.
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Preparation of Superconducting YbBaCuO and
YBaCuO Films by Chemical Vapor Deposition at
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ABSTRACT

YbBaCuO and YBaCuO films were successfully prepared at 650°C

by chemical vapor deposition method using O2 as an oxidant.

YBaCuO and YbBaCuO films, which were prepared at the oxygen

partial pressure of 0.0126 Torr and 0.0229 Torr

respectively, showed superconductivity above liquid

nitrogen temperature (Tc0 = 81.5-87K ). Both of YBaCuO and

YbBaCuO films showed c-axis oriented structure with a large

c-axis parameter of c = 11.7 ~ 11. 8 A .

INTRODUCTION

Since the discovery of the high Tc oxide superconductor by

Bednorz and Mueller X1, many intensive studies were conducted

to find a new superconductor with higher Tc. Thereby, new

high Tc superconductors of YBaCuO 2|, BiSrCaCuO 31 and

TIBaCaCuO 4) have been found. On the other hand, the

preparation techniques of the films of those

superconductors have been great interest due to its

applicability to microelectronics.

Recently, the methods such as laser ablation, evaporation,

sputtering, molecular beam epitaxy (MBE) and chemical vapor

deposition (CVD) have been successfully used to fabricate
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In order to investigate microstructural variation by 2-1-1 addition in partially melted
Y - B a - C u - O , a specimen resulting from 2-1-1 added to 1-2-3 was heat-treated
through the peritectic temperature. Microstructure was observed on the directionally
solidified region near the interface of the two samples. The 2-1-1 addition results in a
homogeneous microstructure where no remnant liquid phase is present. It reduced the
1-2-3 plate thickness, as well as suppressed the formation of microcracks due to the
tctragonal-to-orthorhombic phase transition or the thermal contraction during cooling
from the peritectic temperature. The formation of microcracks induced by the phase
transition seems to be closely related to the process of oxygen diffusion into a sample.
We discuss the formation of microcracks in terms of the oxygen diffusion along the
plate boundaries and of the thickness of 1-2-3 plates. The decrease in the plate thickness
and the fine dispersion of 2-1-1 particles contribute suppression of the formation of
microcracks and their propagation.

!. INTRODUCTION

Since the discovery of high-7"c superconductors,
many fabrication techniques have been developed to
ncrease critical current density (Jc) of Y - B a - C u - O

oxide up to a practical level. The promising techniques,
i.e., melt-texturing processes,1"* involve the peritectic
xaction of BaCuO2 + CuO + Y2BaiCui05 (2-1-1
phase) — YiBa2Cu3Ox (1-2-3 phase). Bulk samples
produced by these methods exhibit high Jc, exceeding
iO4 A / a n 2 even at several tesla. A key microstructure in
getting the high Jc is an alignment of 1-2-3 plates normal
to the c-axis. Other typical microstructures result from
the peritectic reaction of trapping 2-1-1 particles in a
textured 1-2-3 matrix. Because the 2-1-1 addition to the
1-2-3 composition was reported to increase Jc,* much
effort has been devoted to understanding the effect of
the 2-1-1 phase on Jc and microstructure.5"13 Murakami
et al. showed that the Jc of the Y - B a - C u - O system
increased with increasing 2-1-1 content.5 They proposed
that the interface between 2-1-1 particle and 1-2-3 matrix
acts as a flux-pinning center.8"10

Jin et al., however, reported that there was no re-
markable difference in Jc between the 1-2-3 and 2-1-1
added 1-2-3 systems, even in the case of the fine disper-
sion of 2-1-1 particles of submicron size.6 In addition,
McGinn et al. reported in a zone melt-textured sample
that Jc was degraded by the 2-1-1 addition.7 Several

microstructural aspects concerning the 2-1-1 addition
have been demonstrated in melt-textured samples.6"9 The
benefit of 2-1-1 addition is that it produces homogeneous
microstructure, as well as suppresses the formation if
microcracks,6 which is one of the important factors
affecting Jc. Besides these findings, the thickness •>>'
1-2-3 plates is reduced with increasing 2-1-1 content"-
and depends on the particle size of 2-1-1.* However,
these observations were obtained for the textured re-
gions with a different crystallographic orientation8 or
estimated by a quantitative analysis for several textured
regions.6 In order to clarify the effect of 2-1-1 addition
on the microstructure of Y - B a - C u - O , it is desirable
to investigate the microstructure on the same crystallo-
graphic plane because the microstructural characteristics
of Y - B a - C u - O can be varied with crystal orientation.
The aim of this paper is to investigate the microstruc-
tural variation by 2-1-1 addition in partially melted
Y - B a - C u - O where the 1-2-3 sample was bonded with
2-1-1 added to 1-2-3 sample. We present our results,
observed near an interface region between two samples
that were directionally grown.

II. EXPERIMENTAL

The 1-2-3 and 2-1-1 powders used in this exper-
iment were prepared by the conventional solid-state
reaction method of Y2O3, BaCO3, and CuO powders of

J. Mater. Res., Vol. 8, No. 4, Apr 1993 O 1993 Materials Research Society 699
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Korea
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1. Introduction

Superconductivity research in Korea was firstly carried out by a research

group in Seoul National University(SNU), who fabricated a small scale

superconducting magnetic storage system under the finantial support from

Korea Electric Power Company(KEPCO). But few sicentists were involved on

superconductivity research until the oxide high Tc superconductor was

discovered by Bednorz and Mueller u.

After the discovery of YBaCuO superconductors operating above the

boiling point of liquid nitrogen( 77K ) 2I, Ministry of Science and Technology(

MOST ), Korea, recognizing the importance of high Tc technology, donated a

special fund for the superconductivity research to universities and government

supported research institutes. Scientists engaged in this project organized

"High Temperature Superconductivity Research Association( HITSRA )' to

achieve the project goal efficiently. Its major functions are to coordinate

research activities on high Tc superconductivity and to distribute research
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Abstract

Magnetic hysteresis characteristics and the microstmcture related to oxygen diffusion were investigated for the melt-textured
Y-Ba-Cu-O domain with/without BaCeO3 addition. For appropriate oxygenation time, an anomaly, which seems to be due to
the flux pinning by oxygen deficiency, is observed at an intermediate magnetic field of the magnetization curves. The magnitude
of the anomaly was remarkably reduced with increasing oxygenation time in the BaCeO, added domain but still remained in the
undoped 1-2-3 domain in spite of a prolonged oxygenation time. A microstructural investigation showed that the domain with
fine BaCeOj dispersion was more easily transformed into the orthorhombic phase than the undoped 1-2-3 domain. We discussed
the variation of the magnetization characteristics in relation with the microstructure concerning oxygen diffusion.

1. Introduction

It has been reported that the second-phase addi-
tion in a high-rc superconductor, e.g. Y2Ba,Cu,O5 (2-
1-1 phase) in Y-Ba-Cu-O oxide, provides beneficial
effects i.e., it:1

(1) improves the critical current density (7C) as a re-
sult of the formation of possible flux pinning sites such
as the interface between Y,BaiCujO7_,, (1-2-3 phase)
and 2-1-1 particles [1-3] or the microstructural de-
fects near 2-1-1 particles [4],
(2) allows the formation of homogeneous micro-
structure to occur by removing the remnant liquid
phase due to incomplete peritectic reaction [ 5,6 ] ,
(3) increases fracture toughness by the dispersion of
2-1-1 particles in a 1-2-3 matrix [7],

* Corresponding author.

(4) suppresses the formation of microcracks in-
duced by the tetragonal-to-orthorhombic phase tran-
sition or thermal cooling from the sintering temper-
ature [5,6], and
(5) enhances oxygen diffusion into the supercon-
ducting body when the sample was annealed in oxy-
gen atmosphere [1].

The characteristics of a textured 1-2-3 domain
which is prepared by melt-texture processing is simi-
lar to single-crystalline Y-Ba-Cu-O except for the
presence of microstructural defects such as Ba-Cu-
O liquid located at low-angle grain boundaries and
the dispersion of 2-1-1 [8-10]. Because there is no
effective diffusion path in the textured domain, it is
expected that the oxygen diffusion into the interior
of the domain is quite difficult. In our previous stud-
ies, it was found that plate boundaries near trapped
2-1-1 particles [6] and microcracks [11] formed by

O921-4534/94/$O7.O0 © 1994 Hsevier Science B.V. All rights reserved
SSDI0921-4534(94)00009-5
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The alternating magnetic field shielding efficiency of a YBCO tube was measured in a static field of up to 1 kG,
bearing the possibility of its application as a field regulator in mind. The shielding efficiency is higher when the
sample is field-cooled than when it is zero-field-cooled, as predicted by the critical state model. In the case of
field cooling, the tube still shields about 25% of ac field of 1 kHz even in 500 G dc field. Shielding efficiency
monotonously increases with increasing frequency from 10 Hz to 1 kHz.

KEYWORDS: superconductor, high Tc superconductor, magnetic shielding, NMR, field regulation

1. Introduction

Magnetic shielding is one of the most practical applica-
tions of high Tc superconductors. Since the first discovery
of a high Tc superconductor, magnetic shielding prop-
erties of variously shaped samples including disks,1"*'
tubes,5"10' and bowls11'12' were measured and theoreti-
cal explanations were proposed.13'u' Most of these works
were focused on the shielding efficiency in low fields be-
cause the critical field Hci of these materials is low com-
pared to ordinary superconductors. The shielding of a
SQUID magnetometer from external magnetic field is one
example of applications in low field.2-n'12' As static field
increases beyond Hci, the field starts to penetrate into a
type-II superconducting tube, but the field in the hole of
an infinitely long tube still remains zero until the shield-
ing critical current becomes nonzero throughout in the
tube. If the static field increases further, the field in
the hole is no longer zero, however, the tube still re-
tains the shielding capability for a small superimposed
ac field. ls'16> Moreover, it is theoretically expected that
almost all of the ac field can be shielded for static field up
to HC2 if the sample is field-cooled. One of the useful ap-
plications of this ac shielding by high Tc superconducting
tubes in high static field is the automatic field regulation
in NMR.

The three most important specifications of a magnet
used in scientific researches such as NMR, are the max-
imum field, field homogeneity, and stability. Supercon-
ducting magnets are preferred nowadays because their
maximum fields are much higher than those of perma-
nent magnets or electromagnets, and they are superior
to electromagnets in terms of stability. However, elec-
tromagnets are still used widely because they are less
expensive than superconducting magnets and allow easy
variation of fields. Field variation is necessary in NMR
spectrometers for the measurement of any physical quan-
tity as a function of frequency. It is not easy to produce a
field as stable as that required by high-resolution NMR,
using electromagnets. For example, 100 A dc supplied to
a magnet should be regulated within 100 /*A to achieve
1 ppm stability.

The field of electromagnets is usually regulated by two
methods: that is, current regulation and field regulation.
In the first method, the current supplied to a magnet is
monitored and kept constant by an electrical feedback

circuit. In the field regulation method, magnetic field is
measured by a small NMR probe and the change of reso-
nance frequency is detected to regulate the power supply.
Another possible method of field regulation is to use the
magnetic shielding property of superconductors. Super-
conducting rings or tubes can play the role of a passive
field regulation device since they tend to keep the field
inside constant. If superconductors are used as an aux-
iliary field regulation device in addition to conventional
ones, the field stability can be increased by several or-
ders. Therefore, the combination of electromagnets with
superconducting tubes can have advantages of both a su-
perconducting magnet and an electromagnet, that is, easy
field variation and stability.

To estimate the field regulation capability of supercon-
ducting samples, ac field shielding efficiency should be
measured in a static field. The response of type-II su-
perconductors to small ac fields which are superimposed
on a static field has been investigated to obtain infor-
mation on the flux density profile inside the samples.17'
This technique has also been used to study the high Tc

superconductors.18"20' In this work, we measured the field
regulation capability of YBCO tubes in static field up to
1 kG. Although the field inside a YBCO tube starts to in-
crease rapidly for external field around 10-20 G, 2 'u ) field
regulation effect does not disappear in fields far beyond
this value.

2. Experimental

YBCO superconducting tubes were prepared by the
sintering technique. The starting powders of Y2O3,
BaCOj, and CuO were mixed at a cation ratio of
Y:Ba:Cu=l:2:3, and calcined twice at 920°C for 12 h
with intermediate grinding. The calcined premixture was
pressed into a cylindrical shape under uniaxial pressure
of 1,000 kg/cm2. The pressed sample tube was sintered
at 930°C for 24 h.

The sample tube, with inner and outer diameters of 1.0
and 1.8 cm, respectively, and length 1.8 cm, is mounted
in a liquid nitrogen container. At the center of the tube, a
solenoid pickup coil with diameter and length both 0.5 cm
is placed, as shown in Fig. 1. Liquid nitrogen is free to
evaporate in air so that the temperature is kept constant
at 77 K. A pair of helmholtz coils outside the container
generates alternating magnetic field which induces a volt-
age at the pickup coil. The diameter of the coil and the
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Abstract

Trapping behaviour of second phase (Y2BaCuO3 and BaCeO,) particles was investigated in undoped and BaCeOj-added Y
Ba-Cu oxide prepared by the melt-texture processing. The segregation of second phase particles with a typical pattern is observr i
in both samples. The YjBaCuO, and BaCeOj particles were trapped in the interior of textured YBa 2Cu,O 7_, domains and in
the liquid phase remained at the high angle grain boundaries where textured YBa2Cu3O7_y domains met. The segregated pattern
varied with a crystallographic orientation of the grown YBajCujO7_, domain. This segregation appears to be related to the
growth mechanism of the Y3a 2CujO 7_, domain from the melt

1. Introduction

It is well known that microstructural modification
of Y-Ba-Cu oxide is important to obtain high criti-
cal current density (/c) at high magnetic fields [ 1 -
3]. Melt-processed Y-Ba-Cu-O bulk materials con-
sist of large textured YBa2CujO7_y (1-2-3) domains
where a number of Y2BaCuO5 (2-1-1) particles are
trapped as a result of incomplete peritectic reaction.
The current-carrying properties of Y-Ba-Cu-O su-
perconductor are known to be influenced by the size
of the trapped 2-1-1 particles. Murakami et al. [4]
reported that the Jc of a sample with fine 2-1-1 parti-
cles is much higher than that of a sample without 2-
1 -1 particles. The authors proposed that the sharp in-

terfaces between the fine 2-1-1 particles and the 1-2-
3 matrix, which contains no crystal defects, can be
effective flux pinning sites in this material [ 5,6 ] . Ac-
cording to Wang's observation [ 7 ] , on the other hand,
stacking faults were found near the trapped 2-1-1
particles. The density of stacking faults, which may
also act as flux pinning sites, varied with the crystal
orientation of the trapped 2-1-1 particle. The inter-
face parallel to the c axis of the 1-2-3 matrix contains
more stacking faults than that normal to the c axis.
These results indicate that the control of the size, the
trapped orientation and the distribution of 2-1-1 is
very important in improving the current-carrying
properties of the Y-Ba-Cu-O system.

One of effective methods in refining the particle

0167-577x/94/$07.00 C 1994 Hsevier Science B.V. All rights reserved
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Growth behavior of 211 particles in the Y-Ba-Cu-O system
was investigated using CuO and CuO + BaCuO melts. The
inhibiting effect of Sn on the growth of 211 particles was not
as great for the specimen heat-treated using CuO + BaCuO
melts. Fast growth of 211 particles was observed in the CuO
melt at high temperature (1100°C), whereas the growth of
211 particles was extraordinallv suppressed by the addition
of Sn to the CuO melt. I t is believed Ihat Sn is an effective
element for Ihe refinement of 211 particles in the Y-Ba-
Cu-O system but that additional Ba nullifies Ihe refinement
effect of the Sn.

I. Introduction

THE melt process, which was first developed by Jin el al.,'
has the advantages of fabricating a highly magnetized

V BaCu-O specimen because of its large crystal size and the
presence of fine 211 particles which act as flux pinning centers.
Recemly. Murakami el al.2 have succeeded in preparing a large
Y-Ba-Cu-O crystal with a diameter of 5 cm. More recently.
Mukakami el o/.,' have reported that the crystal orientation of
he Y Ba-Cu-O crystal, fabricated by melt-processing/melt-

gt..wih (MPMG).can be successfully controlled by using a fur-
nace having a temperature gradient in two directions.

Development of the highly-magnetized Y-Ba-Cu-O crystals
makes it possible for mechanists to construct superconductive
rotating systems, such as a high-speed motor and a flywheel,
using these materials. Murakami el al.* have reported that the
finer the size of the 211 particles, the higher the magnetized
force of the Y-Ba-Cu-O crystal fabricated by MPMG. There-
fore, it is very important to control the size of 211 particles in
the Y-Ba-Cu-O system. Il has been recently reported Ihat Ihe
addition of a small amount of Pt, Sn, Ce, etc. ,5" inhibits the
growth of 211 particles, and Pt is the most effective element for
ihe inhibition of 211 particle growth. However, it is still unclear
how these elements act as inhibitors to the growth of 211
particles.

In this work, the effects of melt composition on the growth
behavior of 211 particles were investigated using two different
melts: CuO and BaCuO + CuO. The diffusion path of the ele-
ment used for panicle growth was changed. The effect of Sn
addition on the growth behavior of 211 panicles was investi-
gated for both of the melts.

I I . Experimental Procedure

High-purity (99.9%) Y,O,. BaCOj. CuO. and SnO, powders
were used. A starting powder with a nominal composition of
Y:Ba:Cu = 1:2:3 was prepared for the BaCuO + CuO melt.

M. MuraLam—contributing editor
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and a starling powder with a nominal composition of Y:Ba:Cu
= 2:1:1 + A (A = 0.2. 0.4, 0.6. and 0.8) was used for the CuO
melt. The Sn-added specimen was prepared by adding 0.1
rnoWr SnO,. Different powders, with the compositions Y.Ba-
Cu,BO,. Y;Ba,Cu.,,O,- arid Y ;Ba,Cu,6O , were prepared to
investigate the growth behavior of 211 particles for various Ba
and Cu content (Fig. 1). Mixed powders with appropriate com-
positions were calcined at 93O°C for 24 h. pelletized at a pres-
sure of 98 MPa. and then sintered at 950°C for 24 h.

Sintered specimens were heat-treated at 1100°C for 24 h and
(hen air quenched. Both polycrystalline and single-crystalline
MgO were used as substrates to investigate the effects of sub-
strate on the behavior of 211 particle growth.

Microstruclure was observed using polarized-light optical
microscopy and scanning electron microscopy (SEM). X-ray
diffractometry (XRD)>was used to investigate the structural
changes of powders with a size <75 u.m.

I I I . Results and Discussion

Figure 2 shows the microstructure of the specimens which
were prepared using different substrates of polycrystalline and
single-crystal line MgO Heat treatment was conducted at
1100°C for 48 h. Figure 2 shows that the 211 particle size was
large for the specimens prepared using the polycrystalline MgO
substrate. It was observed that the melt was much more fluid for
the specimen prepared using a polycrystalline MgO substrate.
Because of the lever rule, the volume fraction of 211 particles
was increased when the melt went out from the specimen

CuO

YOt BaY.O. Bajr.O. Ba.Y.O-, BaO

Fig. 1. Phase diagram of Y-Ba-Cu-O system at 850° lo 950°C. A, B.
C. and D denote Y.Ba,Cu,.,O. (A = 0.2. 0.4, 0.6. and 0.8). Y.Ba.-
Cu, .0 . Y,Ba,Cu,,6,. and Y,Ba,Cu,hO,, respectively.

2223
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Abstract

Microstructure related to the peritectic reaction was investigated in melt-textured Y-Ba-Cu-O. It was found that Y2BaCuO5

particles dissolved in the peritectic reaction rim formed at the interface between YBa 2 Cu 3 0 7 _, crystal and Ba-Cu-O liquid
phase. Y2BaCuO, morphology was a blocky shape in the liquid phase while it was changed to a round shape in the textured
YBa2Cu,O7_, crystal through an irregular shape due to inhomogeneous dissolution of Y2BaCuOs particles. By way of dissolu-
tion, one Y2BaCuO5 particle was divided into several particles. The refinement process of Y2BaCuO5 is discussed in terms of the
dissolution process of Y2BaCuO3 and its morphology.

1. Introduction

Non-superconducting r^BaCuOs (2-1-1) parti-
cles have been a research object for flux pinning of
the YBa2Cu3O7 _, (1 -2-3) superconductor because it
was reported that the critical current density (Jc) of
Y-Ba-Cu-O increases by addition of 2-1-1 phase [ 1-
3 ]. The Jc of a sample containing fine 2-1-1 particles
was much higher than that of a sample without 2-1-1
particles [ 1 ] . The interface between the trapped 2-1-
1 particle and the 1-2-3 matrix was proposed to be an
effective flux pinning site of 1-2-3 phase [2 ] . The in-
terface was quite sharp and therefore there was no
defect near the 2-1-1 particles. On the other hand,
microdefects were observed near the trapped 2-1-1
particles [4]. Stacking faults, which may also act as
flux pinning sites, were inhomogeneously distributed
around the 2-1-1 particles. The interface parallel to
the c-axis of the 1-2-3 crystal contains more stacking
faults than that normal to the c-axis. These results in-
dicate that the control of the morphology and size of

2-1-1 particles is important in improving the critical
current properties of 1-2-3 phase.

During melt-texture processing, large YBaaCusC^-,,
(1-2-3) crystals form by the peritectic reaction of
Y2BaCuOj (2-1-1) phase and Ba-Cu-O liquid [5-
7 ] . When heating 1-2-3 powder to the peritectic tem-
perature of the Y-Ba-Cu-O system (near 1000"C),
1-2-3 phase decomposes into 2-1-1 and Ba-Cu-O
liquid phase. As the mixture of 2-1-1 and the liquid
is slowly cooled from the peritectic temperature to
the temperature at which the 1-2-3 phase is thermo-
dynamically stable, 1-2-3 crystals grow from the liq-
uid [ 8 ] . At this stage, some of the 2-1 -1 particles are
trapped in the interior of the formed 1-2-3 crystal be-
cause the growth rate of 1-2-3 grains is not in accord-
ance with the dissolution rate of 2-1-1 particles in the
liquid. Due to the incomplete reaction, some amount
of a liquid phase, which corresponds to the amount
of the trapped 2-1-1 particles, is also trapped in the
1-2-3 matrix or remained at the crystal boundaries
where the reaction finishes. Therefore, the size and

OI67-577x/94/$O7.OO © 1994 Elsevier Science B.V. All rights reserved
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Abstract

Influence of the grain size of the YBaiCujOy., phase prior to melt processing on the particle size of Y2BaCuO5 was investi-
gated in melt-processed Y-Ba-Cu oxides. The YBa2Cu3O7_, powder compacts with various grain sizes were prepared by sinter-
ing at 880, 910 and 930*C. When the YBa2Cu3O,_ r sample of fine grain size was melt-processed, fine Y2BaCuO5 particles were
produced in the Ba-Cu-O liquid phase while coarse Y2BaCuOs particles were present when the coarse-grained YBa2CujO7_,,
sample was used. After the peritectic reaction, the trapped Y2BaCuOs particles within the YBa2Cu3O7_, domains are finer. The
production of fine Y2BaCuOs particles appears to be due to the increased grain boundary area associated with small grain size
of the 1-2-3 phase, which then provides more decomposition sites for YBa2CujO7_rgrains and nucleation sites for the formation
of YjBaCuOs particles.

1. Introduction

The addition of Y2BaCuO5 (2-1-1) to
Yl^CtijC^..,, has been one of the important re-
search subjects regarding producing Y-Ba-Cu-O su-
perconductors with high critical current density (/c)
[ 1-6] and load-bearing properties [4] . Although the
flux pinning mechanism of the 2-1-1 particles is still
under discussion [5,6], the improved homogeneity
of the melt-processed microstructure is considered to
contribute partly to the increase in /,. [3,7 ] . The par-
ticle size and the morphology of 2-1-1, which signifi-
cantly affect the critical current properties [ 8,9 ] , can
be controlled by small additions of second phase-
forming oxide such as PtO2 [9-12] or CeO2 [13].
The additives inhibit the grain growth of 2-1-1 parti-
cles as well as changing their growth morphology, i.e.
making the particles more anisotropic during peritec-
tic decomposition of the 1-2-3 phase into 2-1-1 and
Ba-Cu-O liquid phase [ 12,13 ].

An alternative method to refine the 2-1-1 particles
is the modification of heating cycles concerning grain
growth of 2-1-1 [14]. In order to produce the tex-

' tured structure where 1-2-3 grains are aligned normal
to the c-axis, a 1-2-3 powder compact is, in general,
heated above the peritectic temperature of the Y-Ba-
Cu-O system (1000°C), held at this temperature for
the decomposition of the 1-2-3 phase into 2-1-1 and
the liquid phase and then slowly cooled to the tem-
perature at which the 1 -2-3 phase is formed [15-17].
Among the heating cycles, lowering the holding tem-
perature or shortening the holding time at the (Ba-
Cu-O liquid+2-1 -1) stage take place, so that the Os-
wald ripening growth of the 2-1-1 particles can be
suppressed to some extent [16]. In addition, the
heating rate from room temperature to the peritectic
temperature can also affect the size of a 2-1-1 parti-
cle. When the 1-2-3 powder compact is heated rap-
idly to the peritectic temperature, the resulting 2-1-1
particles are much finer compared to those prepared

0l67-S77x/94/S07.00 © 1994 Elsevier Science B.V. All rights reserved
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Abstract

Entrapment of Ba-Cu-O liquid phase during the growth of a 123 domain was investigated in the melt-textured Y-Ba-Cu-O
oxide. From the microstnictural examination of the growth front of the 123 domain, it is found that liquid phase is entrapped in
the channels between adjacent 123 platelets formed ahead of the 123 domain, owing to the anisotropic growth of the 123 platelet,
the difference between the growth rate of the 123 platelet and the dissolution rate of 211 in the liquid phase, and the inhomogc-
neous distribution of 211 particles at the perilectic reaction front. Dissolution of 211 particles in the reaction region, which
supplies an yttrium source to the liquid channels, allows the entrapped liquid phase to solidify to 123 phase. After the peritectic
reaction, the liquid channels turn into plate boundaries containing residual liquid phase as evidence of the entrapment. Isolation
of the entrapped liquid phase from the yttrium source (211 particles) by the solidified 123 phase appears to be responsible foi
the presence of the residual liquid phase.

1. Introduction

When Y,Ba2Cu3O7_r (123) powder compact is
fabricated by melt processing involving heating cycles
near the peritectic temperature and subsequent slow
cooling to the temperature where the 123 phase forms,
large 123 domains grow from a mixture of
YiBa^i^O, (211) and Ba-Cu-O liquid phase [ 1-
3 ]. Owing to the incomplete peritectic reaction, some
211 particles are observed to be trapped within the
large 123 domains [4]. The growth rate of a 123 do-
main from the liquid is controlled by the dissolution
rate of 211 particles ahead of the growing 123 do-
main [ 5,6 ] . Because the growth rate of a 123 domain
is not perfectly coincident with the dissolution rate
of 211 phase into the liquid phase, the 211 particles
ire trapped in the interior of the 123 domain. Fur-

thermore, the inhomogeneous reaction surroundings
near the trapped 211 particles and the anisotropic
growth of the 123 platelet at the growth front of the
123 domain cause the liquid phase to be entrapped
in the channels between the 12 3 platelets [ 7-9 ] .

In the melt-textured microstructures, with the
trapped 211 particles, various microdefects such as
microcracks and platelet boundaries are observed as
linear traces parallel to the a-b direction of the 123
domain [ 10 ]. In the early investigations [ 11,12 ] , the
traces were considered as grain boundaries between
individual 123 platelets with a similar growth direc-
tion. The number of platelet boundaries in the 123
domain is influenced by both the volume fraction and
the particle size of 211. A sample prepared with 211
addition has more plate boundaries compared to a
sample with no addition (10,12]. At a constant
amount of 211, moreover, the number of plate

* Corresponding author.
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The formation of BaCeO3 and its effects on microstructure were studied in
sintered/melt-textured Y - B a - C u - O oxides containing 5 wt. % CeO2 and various
amounts of Y2BaiCuiC>5. The added CeO2 was converted to fine particles of BaCeOj
near 930 *C, which is the conventional sintering temperature for Y - B a - C u - O .
YjBaiCuiOs and CuO are formed as by-products of the reaction between CeC>2 and
YiBa2Cu307-> phase. The CeO2 addition reduced the particle size of Y2Ba,Cu,O5
which was trapped in the YiBa2Cu3O7-y matrix after the melt-texture growth. During
the peritectic decomposition stage of YiBa2Cu3O7-,, phase into Y2BaiCu,O5 and liquid
phase, the morphology of the decomposed Y2Ba1CuiO5 was changed from a blocky
shape in the undoped sample to an acicular shape of high anisotropy in the CeO2-added
sample. The formation of the highly anisotropic Y2Ba1Cui05 particles appears to be
responsible for the refinement of Y2BaiCu|O3 particle after the melt-texture processing.

I. INTRODUCTION

A number of studies have been carried out for the
microstructural modification of high-7c Y1Ba2Cu}O7-y
(1-2-3) superconductor because the current-carrying
properties highly depend on the characteristics of its
microstructure. For example, grain alignment to the
direction of current path showed high critical current
density (Jc) exceeding 104 A/cm2 at high magnetic
fields.1"3 The weak link property of the grain boundary,
which is a main barrier for the current transport, can
be eliminated through the alignment of superconduct-
ing grains normal to the c-axes of the crystal. With
the aligned microstructure, the addition of second
impurity phases, such as Y2BaiCu1O5,4 BaSnO3»
BaTiOs,7-8 and PtO2,910 into the Y - B a - C u - O system
has been reported to increase Jc further by allowing
the formation of a homogeneous microstructure, in-
creasing defect density near second particles, and/or
refining the Y2BaiCui05 (2-1-1 phase) particle, which
is considered to be a flux pinning medium for the
1-2-3 phase. Although the mechanism for the high Jc

due to the second phase additions is not yet clearly
understood, the defects near the second phase particles"
or the interface12 between the second phase and the

superconducting matrix is thought to contribute to the
high Jc.

Recently, we have added various metal oxides to a
melt-textured sample to find an effective second phase
that improves current-carrying and load-bearing prop-
erties of the Y - B a - C u - O superconductor.13 Among
them, CeO2 addition was found to form a very fine
dispersion of second phase in a 1-2-3 matrix with-
out serious degradation of the superconducting tran-
sition temperature (Tc) by applying the melt-texture
processing,M-15 although Tc decreased gradually with
increasing dopant concentration when a sample was
prepared with CeOj addition by the solid-state reaction
method.13'16 The dispersed second phase formed by the
CeO2 addition was identified as BaCeO3 and its particle
size was much finer than that of the 2-1-1. l s Furthermore,
Ogawa and Yoshida reported that the CeO2 addition in
Y - B a - C u - O increased Jc by refinement of the 2-1-1
particle size.17 The Jc of the sample with 1 wt. % CeO2

was 15000 A/cm2 at 77 K and 1 T, which is twice
that of the CeO2-free sample. However, no systematic
study on the related microstructure to Jc has been done
in the Y - B a - C u - O system prepared with CeO? and
2-1-1 addition.

1952 J. Mater. Res., Vol. 9, No. 8. Aug 1994 O 1994 Materials Research Society
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Abstract

Microstmctures related to the 2-1-1 morphology, and the effect of PtO2H2O and CeO2 additions on 2-1-1 refinement were
examined in melt-textures Y,Ba2Cu3O7_, and Y,4Ba2.3CujjO7_r systems. It is found that the characteristics of 2-1-1 nucleation
and growth is considerably affected by the additives and the microstructure prior to peritectic decomposition. In the Y|Ba2Cuj07_r

system, without an additive, block-like 2-1-1 particles are produced when the 1-2-3 phase was decomposed into 2-1-1 and a Ba-
Cu-O liquid phase. PtO2-H2O addition changes the 2-1-1 shape to be highly anisotropic while CeO2 addition reduces the 2-1-1
size as well as making it anisotropic. In the Y^Ba^Q^.jC^, system where excess 2-1-1 particles are present prior to melting,
the excess 2-1-1 acts as a grain-growth inhibitor for the 1-2-3 phase at the sintered state and thus results in a fine-sized 1-2-3 grain
structure which provides nucleation sites for formation of the 2-1-1 phase. Also, the excess 2-1-1 particles appear to act as
heterogeneous nucleation sites for the decomposed 2-1-1. Without the additives, equiaxed 2-1-1 particles are produced while
with additives, fine granular or plate-like 2-1-1 particles are produced. The resulting 2-1-1 shape is fairly dependent on the shape
of the 2-1-1 particles formed at the sintered state, indicating the heterogeneous nucleation of the 2-1-1 on the prior 2-1-1.

1. Introduction

It is known that melt processing of YBa2Cu3O7_>

(1-2-3) utilizing the peritectic reaction is the most
promising method for producing bulk-type super-
conductors with a high critical current density (Jc)
[1-3] . The key parameter in achieving a high Jc is
the alignment of superconducting 1-2-3 grains in the
direction of the current flow. By aligning supercon-
ducting grains to the c-axis, the weak-link problem of
a high-angle grain boundary, that is the main barrier
of the current flow, was solved to some extent. In ad-
dition to this, it has been realized that Y2BaCu05 (2-
1-1) addition to the textured 1-2-3 microstructure is
effective in further increasing Jc [4,5 ] . In produces a
homogeneous 1-2-3 microstructure by removing-the
residual liquid phase due to the incomplete peritectic

reaction [6 ] and by suppressing the formation of mi-
crocracks induced during the heating cycles [6,7].
Moreover, 2-1-1 addition acts positively in improv-
ing current-carrying properties [4,5], although the
details of its flux pinning mechanism is still under
discussion [7-11 ].

Until now, many research works have been carried
out to establish the correlation between 2-1-1 incor-
poration and Jc [7-15]. As a result of the efforts, it
has been widely realized that fine-sized 2-1-1 parti-
cles dispersed within a 1-2-3 phase are attributed to
the increase of flux pinning of a 1-2-3 phase
[ 5,12,13 ]. In contrast, Jc decreased when coarse 2-1 -
1 was incorporated [11]. According to systematic
work [ 12 ] on the relation of the 2-1-1 volume and Jc,
JQ is dependent not only on the size but also on its
volume fraction; Jc reached a maximum at 20% 2-1-

0921-4534/94/$07.00 © 1994 Hsevier Science B.V. All rights reserved
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Vbstract. The usefulness of a (001) MgO single crystal as a reaction-barrier
naterial for melt processing was examined by investigating the microstructure near
he interface between the MgO and melt-textured Y-Ba-Cu-O superconductors.
I is found that there is no reaction among a (001) MgO single crystal and phases
>roduced during peritectic decomposition/reaction, and no wetting of a Ba-Cu-O
quid phase on the (001) surface. After melt processing, the Y-Ba-Cu-O/MgO
iterface was clean except for the presence of a semi-continuous CuO-based
quid layer at the interface. Furthermore, the used MgO plate was easily
eparated from the melt-textured sample because of no chemical/physical bonding
>etween two materials. Therefore, it can be used repeatedly. A (001) MgO single
rystal is recommended as a good supporting plate or a crucible material for
abrication of Y-Ba-Cu-O single crystal and bulk superconductor using melting
echnique.

I. Introduction

:or the practical application of bulk Y-Ba-Cu-
) superconductor such as a flywheel and bearing
ystem, a large-sized sample having a strong flux
tinning force is needed. The bulk superconductor
s, in general, fabricated by melt-processing using
he peritectic reaction between a Ba-Cu-O liquid
lhase and Y2BaCuOs (2-1-1) [1-3]. The resulting
nicrostructure consists of large textured YBa2Cu3O7_r

1-2-3) domains of a few mm to a few cm in
ize, retaining a strong levitation force for an applied
nagnetic field of a permanent magnet [4]. The bulky
amplcs are prepared on a ceramic plate or in a
container. One of the problems encountered in preparing
he large Y-Ba-Cu-O superconductor using melting
echniques is the degradation of superconductivity by
he introduction of impurity elements from the used
ontainer, the supporting plate, or the reduction of
uperconducting volume by reaction of these materials
jid the superconducting phase. As a crucible or

supporting plate for Y-Ba-Cu-O, a polycrystalline
eramic material such as AJjCb, ZrOj, SiC, TiOj [5 -
] and YjBaCuOj [8] has been used. Unfortunately,
ven at low temperature below 1000 °C, most of the
•olycrystalline ceramic materials react with 1-2-3 phase
o form a non-superconducting reaction layer at the

interface. The main phase formed by the reaction is Ba-
bearing compounds such as BaZrO3, BaSiO4, BaAJ2O4

and BaTiO4 because of high reactivity of barium [5,6,9].
In addition to the reaction, owing to the wetting of the
liquid on the plate, the liquid phase flows out of the
compact into the used supporting plate and thus it leads
to losing of the mass. The loss of the liquid phase
causes the overall composition of the compact to shift
on the tie line toward the 2-1-1 composition and hence
2-1-1 inclusions are excessively formed. When one
uses a 2-1-1 plate as a supporting plate for the melt
processing, the degradation of superconductivity due to
the reaction can be reduced to some extent However,
it does not prevent the flowing-out of the liquid from
the sample and thus non-uniform 2-1-1 distribution
develops from one part of the sample to another. Thus
searching for a dense and non-reactive material to 1-
2-3 phase will be of importance in fabricating bulk Y -
Ba-Cu-O superconductor. Also this material will be
used as a crucible material for making a highly pure
YiBa2Cu3O7_, single crystal.

Recently, our research group found a good reaction-
barrier material, i.e., a (001) MgO single crystal [10-
13]. By using this material as a supporting plate for
melt texturing of Y-Ba-Cu-O, we have successfully
prepared a fairly sound and large-sized superconducting
Y-Ba-Cu-O without any reaction and contamination by

«53-2048/94/110812+05$19.50 © 1994 IOP Publishing Ltd
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Magnetization of oxygen-deficient Y-Ba-Cu-0 domain prepared by
melt-texture processing
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The microstructure of melt-processed Y - B a - C u - O
oxide is characterized by the large textured
Y1Ba;Cu3O7_), (1 -2 -3) domains and the dispersion
of ¥288,01,05 (2-1-1) particles in the textured
domain and the formation of plate boundaries near
the dispersion. It was found that the plate bound-
aries [1] and microcracks [2] formed by the
tetragonal-to-orthorhombic phase transition or
thermal shock offered diffusion paths for oxygen
atoms. However, trie amount of the diffusion path in
the textured domain is relatively small compared to
sintered Y - B a - C u - O , where high angle grain
boundaries and open porosity are diffusion paths
[3,4]. The lack of diffusion path makes it difficult for
oxygen atoms to diffuse into the melt-processed
samples.

According to the magnetization results [5] of the
1-2-3 crystal grown from Cu-O flux, the oxygen
deficiency acted as a strong flux pinning site for the
applied magnetic field and it appeared as an anoma-
lous second peak at an intermediate magnetic field.
This phenomena was also observed in the melt-
powder-melt processed sample, where different
amounts of 2 -1 -1 were externally added with the
aim of improving critical current density (/c) [6,7].
The anomaly was more remarkable in the undoped
1-2-3 domain than in the domains with 2 -1 -1
addition. Despite the prolonged oxygenation, the
anomaly still remained in the undoped 1-2-3 crystal
[5]. This was because the second phase addition
enhanced the oxygen diffusion into the interior of
the melt-textured domain and thus fewer oxygen
vacancies were formed in the domain with 2 -1 -1
addition as compared to the undoped one. When
considering the practical application of the melt-
processed body with and without second phase
addition, optimum oxygenation conditions will be
controlled with its microstructural characteristics. In
this study, the effect of the oxygen deficiency on the
magnetization hysteresis characteristics was investi-
gated. We present our magnetization results
obtained for the single crystalline 1-2-3 domain
prepared by melt-texture processing.

The 1-2-3 powder used in this experiment was
commercially available product supplied by SSC,
Inc. The particle size of 1-2-3 powder was stated to
be 2-5 /an. The powder was uniaxially pressed into

a pellet using a steel mould. The pellet was sintered
at 940 °C for 5 h in air and then air cooled. Tit-
sintered pellet was placed on a (001) MgO single
crystal substrate and heated rapidly to 1040 °C, at
which temperature 1-2-3 phase is decomposed to
2 - 1 - 1 and B a - C u - O liquid phase, held for 0.5 h.
cooled to 1010 °C at a rate of 40 "Ch"1, cooled again
to 980 °C at 1 °C h"1 and then air cooled. During me
slow cooling stage, large 1-2-3 domains were
formed by the peritectic reaction of 2 -1 -1 and the
liquid. The melt-textured sample was crushed in an
alumina mortar so as to produce single crystalline
1-2-3 domains. The domains were annealed in
flowing oxygen at 450 °C for 72 h. A magnetization
curve was obtained from 77 K to 20 K for the 1 -l-~<
domain (dimensions of 2.75 mm x 2.75 mm x
0.8 mm) and up to 2 T by using a vibration sample
magnetometer. The microstructure of the melt-
textured domains was investigated for a polished
surface by optical polarized microscopy.

Fig. 1 shows the magnetization curves of the
melt-textured 1-2-3 domain measured at different
temperatures (77, 60, 40 and 20 K). The magnetiza-
tion was measured for the applied magnetic field (H)
parallel to the c-axis because the anomaly was
reported to be remarkable for this direction [8]. The
domain was annealed in flowing oxygen at 450 °C for
72 h. This short oxygenation period was aimed to
introduce oxygen deficiency in the domain. It can be
seen that the magnitude of the magnetization differ-
ence &M[= M -(-M)] increased with increasing
magnetic field, reached a maximum at 1 T and then
decreased. The value of AM at the peak point is
similar to that at 0 T. Such an anomalous magnetiza-
tion was first reported in an oxygen deficient singie
1-2-3 crystal grown from Cu-O flux [5]. Daeumiing
et at. [5] proposed that this anomaly could be
attributed to flux pinning induced by oxygen vacan-
cies for the applied magnetic field. The observed
anomaly in our sample also appears to be caused by
the oxygen deficiency because the performed oxy-
genation time (72 h) is not enough for full oxygen-
ation. As seen in Fig. lb , the anomalous magnetiza-
tion behaviour is also observed in the curve
measured at 60 K. The overall shape of the magnet-
ization measured at 60 K is different to that
measured at 77 K. The magnitude of AAf increased

0261-8028 © 1994 Chapman & Hall - 524 - 1703
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Effects of Melt Chemistry and Platinum Doping in the Refinement of
Y2Ba1Cu1Or Particles for the System Y-Ba-Cu-O
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Effects of melt chemistry and platinum doping in the
refinement of Y2Ba,Cu,Or(211) particles were investigated
for the system Y-Ba-Cu-O. The shapes of the 211 particles
in the present study changed from needlelike in a (CuO +
BaCuO) melt to nearly spherical in a CuO melt. Platinum
plays a small role in the growth inhibition of 211 particles.
Barium atoms clearly had no effect on the role of Pt in
refining 211 particles, and Pt was found to affect the
refinement as an elementary atom rather than as part of a
i't-related compound. The main role of Pt in the refinement
process for the system Y-Ba-Cu-O seems to lie in changing
the interfacial energy of the 211 particles.

I. Introduction

THE melt process, first developed by Jin el al.,' is advanta-
geous in fabricating YBaCuO specimens with high magne-

tization because it results in large crystals as well as fine 211
particles, which supposedly act as flux-pinning centers.
Recently, Murakami el al.1 succeeded in preparing a YBaCuO
crystal with a diameter of S cm. More recently, these same
researchers1 reported that the crystal orientation of a YBaCuO
crystal fabricated by their melt-powder-melt-growth (MPMO)
method had been successfully controlled by using a furnace
with the temperature gradient in two directions.

The development of high-magnetization YBaCuO crystals
enabled technicians to construct superconductive rotating sys-
tems such as high-speed motors and flywheels using these
materials. Murakami el al.' found that finer particles resulted in
higher magnetization force for the YBaCuO crystal fabricated
by MPMG. It is, therefore, imperative to control the size of the
211 particles in a YBaCuO system. Not long ago, it was
reported that adding a small amount of an element such as Pt,
Sn, or Ce'"7 decreased the size of 211 panicles and that Pt was
the most effective element for inhibiting 211-particle growth.
The mechanism by which these minor elements act as growth
inhibitors in the 211 particles, however, remains unclear.
Because Pi does have the strongest effect among all these
elements on the refinement of 211 particles, it has been espe-
cially investigated by many researchers. Ogawa el al.1 recently
proposed that Pt during refinement acts as an elementary atom
or as part of a Pt-related compound by providing nucleation
sites for the 211 particles. The specific role of Pt in 211-
particle refinement, however, is still undefined, due to a lack of
fundamental and systematic studies on the subject

Quite recently, Lee el al.* investigated the effects of melt
composition on the growth behavior of 211 particles by using
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two different melts, CuO and CuO + BaCuO, and thereby
concluded that a small number of Ba atoms nullified the effect
of Sn in the refinement of 211 particles. In the present work, the
role of Pt in the refinement of 211 particles was investigated by
observing microstructural changes in YBajCujO,, Y2BaCu l6Or,
and Y2Ba2Cu!6Or compositions with and without Pt. To clarify
the stage at which Pt affected particle refinement, annealing
was interrupted and Pt added at an intermediate stage of heat
treatment.

II. Experimental Procedure

High-purity (99.9%) Y2O5, BaCO,, CuO, and PtO2 powders
were used in the present work. For the (CuO + BaCuO) melt, a
starting powder with a nominal composition of Y:Ba:Cu =
1:2:3 was prepared; for the CuO melt, a starting powder with a
nominal composition of Y:Ba:Cu = 2:1:1.6 was used. A
Pt-doped specimen was prepared by adding 0.5 wt% PtO,. The
composition Y2Ba2Cu24Oy also was prepared to investigate the
effect of the Ba atom on the growth behavior of 211 particles.
Mixed powders with appropriate compositions were calcined at
930°C for 24 h, pelletized under a pressure of 98 MPa, and then
sintered at 950°C for 24 h.

The sintered specimens were heat treated at 1100°C and air-
quenched. A single-crystal MgO substrate was used to avoid
loss of the melt during heat treatment. All the heat treatments
were conducted in air. To clarify the stage at which Pt partici-
pates in the refinement, a Pt-doped specimen was prepared by
crushing, Pt doping, repelletizing, and annealing an undoped
123 specimen that had been pretreated at 1100°C for 24 h (i.e.,
1100°C for 24 h, crushing, Pt doping, repelletizing, 1100°C for
24 h, crushing, Pt doping, repelletizing, 1100°C for 24 h more).
The microstmcture was observed using a polarized optical
microscope and a scanning electron microscope (SEM). Com-
positional analysis of phases was made using an electron probe
microanalyzer (EPMA).

III. Results and Discussion

Figure 1 shows optical micrographs of Y,BajCu,O, speci-
mens with and without Pi that were prepared using a single-
crystal MgO substrate. Heat treatment was conducted at 1100°C
for 24 h. Clearly, the 211 particles were large in the specimen
containing no Pt, whereas they were slim and long in the
Pt-doped specimen. The particle refinement caused by Pi addi-
tion showed good agreement with results reported elsewhere
(see, for example, Ref. 5). However, it should be noted that the
growth of 211 particles was suppressed in width but grew in
length with Pt present. The aspect ratio of 211 particles was
2 0 - 1 0 0 and 5—10 in the specimens with and without Pt,
respectively.

Figure 2 shows SEM micrographs of Y ,Ba ,Qi u O, speci-
mens with and without Pt(0.5 wt%) and 0.5 wrt& Pt-doped

1980
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Abstract

The crushing and the recovery of superconducting grains during thermomechanical treatment were investigated for
Ag/BSCCO composite prepared by the powder-in-tube method. It was observed that the platelet Bi-2212 and Bi-2223
grains were crushed into small fragments of submicron size. It was observed that two types of grain having wavy and
straight boundaries existed for the specimen annealed at 840°C for 25 and SO h. It seems that the grain recovery proceeded,
at the intermediate stages of grain growth, in two ways: the coalescence between neighboring grains having small-angle
grain boundaries and grain growth consuming the neighboring grains consisting of high-angle grain boundary. It is
considered Ibal the wavy grain boundaries were straightened through the grain growth process via the intermediate process
of grain coalescence.

1. Introduction
i

Since Hikata et al. [1] succeeded in fabricating a
high critical current density (J c) Ag/Bi-2223 super-
conducting composite, many intensive studies have
been made to enhance the current carrying capacity
of this composite. From the viewpoint of power
applications of high-7c superconductors, Ag/Bi-
2223 and Ag/Bi-2212 [2] composites have a great
potential due to their excellent current carrying ca-
pacity, moisture-resistance and the simple fabrication
techniques as a long wire.

* Corresponding author.

Recently, some fascinating results have been re-
ported by several groups [3-5]. Sato et al. [3] suc-
cessfully fabricated the prototypes of coils and cur-
rent leads using Ag/Bi-2223 composite. Yamada et
al. [4] reported a high Jc value of > 60000 A/cm2 .
Recently, Li et al. [5] reported a similar Jc > 70000
A/cm2 .

It has been known that the Jc value of Ag/Bi-
2223 composite depends on many experimental pa-
rameters, such as chemical composition, phase con-
tent, particle size of the starting powder, density,
orientation of the Bi-2223 crystal size, volume frac-
tion and the distribution of the various impurity
phases, sheath material, fabricating method, heat
treatment, etc.

0921-4534/95/SO9.50 O 1995 Elsevier Science B.V. All rights reserved
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Abstract

By healing and holding Y, Ba2Cu3O7 _ y compacts above the peritectic temperature of Y-Ba-Cu-O, the decomposition process
of a 1-2-3 phase into 2-1-1 and a Ba-Cu-O liquid was investigated. Two different samples of a fine-grained and large domain
1 -2-3 sample were used so as to understand the effect of grain boundaries and internal defects within the domain on the 1-2-3
decomposition, respectively. In both samples, decomposition initiates at the sample surface and then goes on toward the center
of the sample. In case of the fine-grained sample, the grain boundaries of the 1-2-3 phase act as dominant decomposition sites
for a 1-2-3 phase and therein 2-1-1 particles nucleate. In case of the domain sample, tdgether with 1-2-3 domain boundaries,
high energy-state sites within 1-2-3 domains such as a I-2-3/prior 2-1-1 interface, microcracks also act as the decomposition
site. These results indicate that providing many decomposition sites for a 1-2-3 phase is a key way to yield fine 2-1-1 particles
during incongruent melting.

1. Introduction

The melt-texture growth (MTG) technique, which
has first been developed by Jin et al. [ 1 ] , is well known
to be the most promising technique for fabrication of
the high critical current (Jc) Y-Ba-Cu-O supercon-
ductor. This technique utilizes a peritectic reaction of
Y2BaCuO5 (2-1-1) and a Ba-Cu-0 liquid phase to
develop a textured YBa2CuJO7_>, (1-2-3) microstruc-
ture. Since then, several modified MTG techniques,
such as quench-melt growth (QMG) [2] , melt-pow-
der-melt growth (MPMG) [3] , powder-melt process
(PMP) [4] and liquid-phase processing (LPP) [5]
have been developed with the aim of achieving a higher
Jc. As the first heating cycle of the melt processing, a
precursor powder is heated above 1000° C which is a
peritectic temperature of the Y-Ba-Cu-O system and
then held for an appropriate time so as to obtain a

* Corresponding author.

092M534/95/J09.50 © 1995 Elsevier Science B.V. All rights reserved
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mixture of 2-1 -1 and the liquid phase. Then the partially
melted mixture is slowly cooled down to the tempera-
ture where 1 -2-3 phase is formed. During cooling plate-
like 1-2-3 grains are formed to be aligned normal to the
c-axis. By aligning 1-2-3 grains to the direction of cur-
rent travel, the weak-link problem of the grain bound-
aries is reduced to some extent.

In addition to the aligned 1-2-3 microstructure,
embedding fine 2-1-1 inclusions within the 1-2-3
matrix appears to increase Jc further by improving the
1 -2-3 microstructure [ 6,7 ] and /or by introducing flux-
pinning sites [8]. In order to gain a fine 2-1-1 distri-
bution, which is a key parameter to obtain a
homogeneous microstructure, the nucleation and
growth kinetics of 2-1-1 in the liquid phase should be
controlled. Among the ways to reduce the 2-1-1 size,
optimization of the heating cycles related to the peri-
tectic decomposition of a 1-2-3 phase [5,9] and addi-
tion of an impurity element such as PtO2 [ 10-12] and
CeO2 [ 13,14] are known to be effective. Besides, con-
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Abstract

Phase formation and texture development of BSCCO grains were investigated in Ag/BSCCO/MgO/Ag composites Ag/
BSCCO/MgO/Ag composites were fabricated using the powder-in-powder method. It was observed that the BSCCO powder
was almost fully converted into the 2223 phase at the Ag/BSCCO interface whereas partially at the MgO/BSCCO interface
Strong texture with the c-axis of the 2212 and 2223 phases normal to the tape surface was developed at the interfaces of Ag/
BSCCO and MgO/BSCCO. It was considered that the formation of the 2223 phase is closely related with the interaction between
silver and BSCCO core. The results of this research seem to suggest that silver did not play a significant role in texture
development of BSCCO grains.

1. Introduction

Among high-7"c oxide superconductors (7"c > 77 K),
(Bi.Pb)SrCaCuO superconductor has several advan-
tages such as high Tc, high Jc, moisture resistance, grain
alignment by deformation, etc. Oxide materials are hard
to fabricate in appropriate form due to their high brit-
tleness. Therefore, there were many intensive investi-
gations to develop a fabrication method for the
application of this oxide superconductor.

Since Hikata et al. [1] succeeded in fabricating a
high critical current density (yc) Ag/Bi-2223 super-
conducting wire, intensive research has been made to
increase its Jc value by controlling the processing par-
ameters such as chemical composition, phase content,
particle size of the starting powder, density, orientation
of 2223 crystallites, size, volume fraction and the dis-
tribution of the various impurity phases, fabricating
method, heat treatment, etc. Recently, several groups

0167-577x/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSD/01 67-5 77* ( 9 4 ) 0 0 2 6 5 - 7

reported some fascinating results using Ag/Bi-2223
composites. Sato et al. (2] fabricated prototypes ot
coils and current leads using Ag/Bi-2223 composites.
More recently, Yamada et al. {3] reported a high
Jc > 60 000 A/cm2 and Li et al. [4] reported a similar
yc>70 000 A/cm2 using the same material and the
same processing technique. This Jc value is high
enough to apply this composite for superconducting
coils, current leads, power cable, etc at 77 K. However,
there has been little effort to elucidate the effect of each
of the above processing parameters on the supercon-
ducting behavior.

Silver metal was selected as a sheath material due to
the low reactivity with BSCCO superconductor. It has
also been known that the addition of silver to Bi-2212
and Bi-2223 core materials improves the strain toler-
ance of Ag/BSCCO composite [51. It has been
reported that the processing temperature of Ag/
BSCCO composite is relatively lower than bulk
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Abstract. The growth behaviour of a Y123 crystal was investigated in a
melt-textured YoTsLa^sBajCusO?-,, specimen in which La had been substituted for
V. A x-shaped pattern, which is likely to be related to the crystal orientation, was
observed. The concentration of Y and La atoms varied gradually from the centre to
the surface of the grains. The growth pattern of a La-doped Y123 crystal, which is
very similar to the annual rings of a tree, was explained by a solubility difference
between Y and La atoms in a melt that in turn led to the different formation
'emperature of a La-doped Y123 crystal.

1 Introduction

Since (he discovery of Y—Ba-Cu-O superconductors with
a high Tc > 77 K [1], many intensive studies have
performed in order to elucidate the mechanism of high-7"c

superconductivity experimentally as well as theoretically.
On the other hand, the applications of high-7"c materials
have been of great interest to scientists. The development
of the melt process has shown the possible applications
of a bulk Y-Ba-Cu-O for high-speed rotating systems,
flywheels, permanent magnets and so on operating above
77 K.

The melt process, which was first developed by Jin
el al (2], has the advantage of fabricating a highly
magnetized Y-Ba-Cu-O specimen because of its large
crystal size of Y|Ba2CujO7_,. (Y123) and the presence
of fine Y2Ba|Cu|O5_y (Y2U) particles which provide the
flux pinning centres. Therefore, the control of the growth
of Y123 crystal and Y211 particles have been intensively
investigated by many research groups [3-8]. Huge Y123
specimens have been successfully fabricated by utilizing
directional solidification [3], seed techniques [4] and double
gradient furnaces [5]. The reduction in the size of Y21I
particles was most effectively achieved by doping a small
amount of PtO2 [6], CeCh [7] and Sn2O, [8]. However, the
mechanisms of the growth of Y123 crystal and the reduction
in size of the Y211 particles still remain to be investigated.

Yoo el al [9] recently successfully fabricated a melt-
processed NdiBa2CuiO7-y (Ndl23) bulk superconductor
under a reduced oxygen partial pressure. The melt-
processed Ndl23 is characterized by a high magnetization
at 77 K with the anomalous double peaks in the M-H

curve even though it contains no fine second phase
particles. More recently, Saitoh el al [10] reported that
a small amount of Pt addition resulted in the refinement of
Nd<Ba2Cu2O5_y (La422) and Sm211 particles in the melt-
processed Nd-Ba-Cu-O and Sm-Ba-Cu-O specimens but
the reduction in size of the Y211 particles was not so
successful as with the Y-Ba-Cu-O system.

Very recently, we investigated crystal growth in the
Y|_j, La, Ba2CujO7_y samples prepared by a melt process
and found interesting growth behaviours. In this work, we
report the growth behaviour of a Y123 crystal in a melt-
textured Yo.7;Lao.2sBa2 CujCb-y specimen in which La had
been substituted for Y. The growth mechanism of the Y123
crystal in a La-doped Y-Ba-Cu-O system is suggested.

2. Experimental

High-purily (99.9%) Y2O3, La2Oj, BaCOj and CuO
powders were used. The starting powder with a nominal
composition of Y:La;Ba:Cu = 0.75:0.25:2:3 was prepared.
The calcination was conducted at 900 "C for 48 h in air with
an intermediate grinding.

Pellets were prepared by a cold isostatic pressing.
Green pellets were heated to 1100 °C at a rate of 100 °C h"1,
held at 1100 °C for 1 h and then cooled to 800 °C at a
rate of IO°C h~'. Heat treatment was conducted in air.
Oxygenation was carried out at 450 °C for 24 h in flowing
oxygen.

Microstmctures were observed using a polarized optical
microscope and scanning electron microscope (SEM). X-
ray diffraction (XRD) data were obtained to investigate the
structure of crystals. A qualitative chemical analysis of the

0022-3727/95/102104+04$19.50 © 1995 IOP Publishing Ltd
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Abstract

A superconducting joint between Ag/BSCCO tapes has been fabricated by using a combination of etching, pressing and an-
nealing techniques. The joined area, fabricated with a load of 10 ton, showed 80% current carrying capacity of the tapes without
join-interface. lc of the joined area in the low-field region drops more quickly with magnetic field than the unjoined area. It is
considered that the lower magnetic resistivity of/c and /c degradation in the joined area resulted from the heterogeneous defor-
mation in the joined area. The joined area was mechanically weak.

1. Introduction

Among the high-71,. oxide superconductors (7"c> 77
K), (Bi, Pb)SrCaCuO superconductor has the ad-
vantages of moisture resistance and grain alignment
by deformation, in addition to high Tc and Jc. Since
Hikata et al. [ 1 ] succeeded in fabricating a high crit-
ical current density (7C) Ag/Bi-2223 superconduct-
ing wire, much research has been carried out to in-
crease Jc by pontrolling the processing parameters,
such as chemical composition, phase content, parti-
cle size of the starting powder, density, orientation of
2223 crystallites, size, volume fraction and the distri-
bution of the various impurity phases, fabricating
method, heat treatment, etc. Recently, several groups
have reported some fascinating results using Ag/Bi-
2223 composite. Sato et al. [2 ] fabricated prototypes
of coils and current leads using this composite. Ya-
mada et al. [ 3 ] reported a Jc of > 60 000 A/cm2 and
Li et al. [4] reported a Jc greater than 70 000 A/cm2

using the same material and the same processing

technique. This Jc value is high enough for use in coils,
current leads and power cables.

However, many other problems need to be solved
before the Ag/BSCCO superconducting tape is to be
used for practical application. For example, suitable
techniques must be established for joining between
Ag/BSCCO tapes and wires. In fabricating a super-
conducting magnet, joints between superconducting
wires are necessary. Joints between superconducting
wires have to satisfy mechanical, thermal and electric
requirements depending on the specifications of the
magnet to be fabricated. Poor joints may lead to the
breakdown of the magnet system due to supercon-
ductive quenching or mechanical failure. Recently,
Tkaczyk et al. [5] thermo-mechanically fabricated
superconducting joints between Ag/Bi-2223 tapes
which showed approximately half the current capac-
ity of the tapes themselves. Shibutani et al. [6] and
Hayashi et al. [7] also succeeded in joining Ag/Bi-
2212 tapes which revealed almost the same level of Ic

as in the unjoined part. However, it is rather surpris-
ing that there are only a restricted number of reports

* Corresponding author.
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Abstract. With YBa2Cu3Sno,07_, and Y2BaCu,aSn01O5W specimens, the effect of
SnO2 addition on the 211 phase growth is investigated. The addition of SnO2 is
considered to make the nucleation of the 211 phase occur favourably.

In order to study the effect of SnO2 addition on 123 phase growth in the
Y-Ba-Cu-O system, a 0.1 SnO2-added 123+Sn compact is coupled with the
SnO2-free 123 compact(s). The 123 phase forms in the surface region of the
123+0.1 Sn compact and grows toward the interior of this compact and toward the
SnO2-free 123 compact(s). It is considered that the addition of SnO2 and faster
cooling in the surface region than in the inner region of the sample make the
nucleation of the 123 phase occur favourably in the surface region of the 123+0.1
Sn compact.

1. Introduction

Jin et al [1] first developed a melt process called
melt-texture growth (MTG), which has the advantages
of fabricating a high-magnetization YBaCuO specimen
because of its large crystal size and the presence of fine 211
particles which are supposed to act as flux-pinning centres.
Salama et al [2] developed the liquid-phase processing
(LPP) method, which resulted in large oriented 123 grains in
the form of stacked plates. Murakami et al [3] reported that
the crystal orientation of YBaCuO crystals fabricated by the
quench powder-melting process (QPMP) was successfully
controlled by using a furnace having a temperature gradient
in two directions.

Development of the high-magnetization YBaCuO
crystals made it possible for mechanists to construct
superconductive rotating systems such as high-speed motors
and flywheels by using these materials. Murakami et al (4]
reported that the finer the size of 211 particles the higher
the magnetization force of the YBaCuO crystal fabricated
by QPMP. Therefore, it is very important to control the size
of 211 particles in the YBaCuO system. Recently, it has
been reported that the addition of a small amount of Pt, Sn,
Ce etc [5-8] decreased the size of 211 particles. However,
few studies have been carried out on the effect of those
additives on the growth of 123 phase.

In this work, the effects of SnO2 addition on the growth
of Y2BaCuO5 and YBa2Cu3O7_j phases in the Y-Ba-Cu-
O system are studied.

2. Experimental details

Y2O3, BaCOj, CuO and SnO2 powders with a purity of
99.9% were used for the preparation of the samples with
nominal compositions of Y:Ba:Cu = 1:2:3, Y:Ba:Cu:Sn
= 1:2:3:0.1, Y:Ba:Cu = 2:1:1.8 and Y:Ba:Cu:Sn =
2:1:1.8:0.1. Mixed powders with appropriate compositions
were calcined at 930 °C for 24 h (twice for the study on
the effect of SnO2 addition on the growth of YBa2Cu3O7-j
phase), pelletized with a pressure of 1 ton cm"2, and then
sintered at 950 °C for 24 h.

In order to investigate the effects of SnO2 addition
on the growth of Y2BaCuO5 phase. YBa2Cu3O7_j and
YBa2CujSno IO7_J specimens were prepared by quenching
in air after treatment on MgO single-crystal substrate at
1100 °C for 1 h, 6 h, 24 h or 48 h. Y2BaCui IO 5 + J

and Y2BaCui.gSno.iO;+j specimens were also prepared by
quenching in air after treatment on MgO polycrystalline
substrate at 1100 °C for 24 h.

For the study on the effect of SnO2 addition on the
growth of YBa2Cu3O7_j phase in the Y-Ba-Cu-O system.

0953-2048/95/010020+05S19.50 © 1995 IOP Publishing Ltd
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In order to understand the formation mechanism of the Y^BaCuO; fr?e region,
microstructures concerning iin.ongruent melting and peritectic reaction were studied
in melt-textured Y-Ba-Cu-O oxides. It is found that spherical pores form during
incongruent melting of the YBa2Cu3O7-,, phase into Y^BaCuOs and a Ba-Cu-O liquid
phase. As the melting goes on, liquid phase flows into the pores and then produces
spherical liquid pockets containing a few Y2BaCuO5 particles. During slow cooling
of the sample from the peritectic temperature to the temperature where YBaiCiijO?-,
phase is formed, the liquid pockets are converted into YBa2Cu3O7_v phase containing a
few YjBaCuOs particles. Sometimes, remnant Ba-Cu-O liquid phase is present at the
center part of the Y2BaCuO5 free regions due to the incomplete peritectic reaction. It is
concluded that formation of spherical pores during incongruent melting of
is responsible for the formation of the Y2BaCuO5 free regions.

I. INTRODUCTION

Reliable electrical and mechanical properties should
be achieved for the practical applications of melt-
processed Y-Ba-Cu-O material. For this, it is
necessary to produce homogeneous microstructure. Ad-
dition of Y2BaCuO5 (2-1-1) particles to YBa2Cu3O7-,
(1-2-3) is quite effective in removing impurity phase
such as microcracks induced by the tetragonal-to-
orthorhombic phase transition and residual liquid phase
due to incomplete peritectic reaction.1-2 Furthermore,
it increases fracture toughness by making the 2-1-1/
1-2-3 composite3 as well as improving critical current
density by providing possible flux pinning sites.4"6 This
indicates that nonuniform 2-1-1 distribution can lead to
local degradation of mechanical and current properties
in the regions containing no 2-1-1 particles, because
the properties depend on the 2-1-1 content and its
particle size.5

According to the recent microstmctural investi-
gations for melt-textured Y-Ba-Cu-O samples,7""
2-1-1 particles are nonuniformly distributed within
1-2-3 domains. Two different nonuniformities in
2-1-1 distribution were observed within the melt-
textured 1-2-3 domain. One is the segregation of 2-1-1
particles with a special pattern that consists of tracks of
2-1-1 particles. The overall shape of the 2-1-1 tracks is
an X-like form and varies with crystallographic plane.
Sometimes it includes square 2-1-1 tracks in the center
part of the pattern.78 The 2-1-1 segregation is considered
to be formed due to the 2-1-1 particle interaction at the
growing 1-2-3 domain during the peritectic reaction of
Ba-Cu-O liquid with 2-1-1 particles and to the growth

habit of 1-2-3 domain.710 Another nonuniformity ;s :he
formation of 2-1-1 free regions which are surrounded
by 1-2-3 regions containing many 2-1-1 particles.''1'
An interesting fact is that the shape of the 2-1-1 free
regions is a sphere form and residual liquid phases
are often present in the center of the regions.910 This
indicates that the formation of these regions is close! v
related to the microstructures developed during the
peritectic decomposition/reaction of the melt processing
Such nonuniform 2-1-1 distributions may be harmful to
current-carrying and load-bearing properties of me it-
processed 1-2-3 material and should be solved for the
practical applications.

This paper is aimed toward understanding the forma-
tion mechanism of the 2-1-1 free region in the
melt-processed Y-Ba-Cu-O system. We present
microstructural evidence for formation of the 2-1-1 free
regions by observing the microstructural sequence for
the peritectic decomposition and reaction.

II. EXPERIMENTAL PROCEDURES

Y|.6Ba2.3Cu3 3O7->, powder used in this study was
prepared by the conventional solid-state reaction method
of Y2O3, BaCO3, and CuO powder (99.9% purity).
The powders were weighed and then mixed by a ball-
milling technique in acetone for 24 h. The ball-milled
powder was dried in air, calcined at 850 °C for 30 h in
air, calcined again at 880 *C for 20 h with a repeated
grinding for every 10 h after cooling in air, and then air-
cooled after final heat treatment. The calcined powder
was crushed by mortar milling, uniaxially pressed in a
steel mold, and then isostatically pressed into pellets.

J. Mater. Res., Vol. 10, No. 9, Sep 1995 © 1995 Materials Research Society 2235
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Abstract

A growth shape of the melt-textured Y B a ^ ^ O j , (1-2-3) domain was constructed with two- and three-dimen-
sional shapes of the local parts of the 1-2-3 domain. The 1-2-3 domain has a polygonal shape with a square pyramid
consisting of stepped terraces at the top and a tetragonal columnar body. X-like linear traces are observed on the
surface of the 1-2-3 domains, which often meet at the corners and the center of, the plane. The melt-textured 1-2-3
domain is believed to be a single-crystalline body including some microstructural defects such as microcracks,
entrapped liquid phase and Y2BaCuO5 inclusions.

I. Introduction

Among the fabrication processes of
YBajGijO,, (1-2-3) oxide superconductors, the
melt-texture growth technique [1] is known to be
the most promising one which produces the su-
perconducting material with high critical current
density (7C) exceeding 104 A/cm 2 even at the
high magnetic fields. This process utilizes the
peritectic reaction of the Ba-Cu-O liquid phase
and the non-superconducting Y2BaCuO5 (2-1-1)
phase. Via the peritectic reaction, the large 1-2-3
domains of a few mm-cm in size are formed in
the sample [1-3]. Within the 1-2-3 domains, many
1-2-3 platelets are aligned normal to the c-axis of
the crystal. Alignment of the 1-2-3 grains pre-
vents the formation of high-angle grain bound-
aries, which causes the low Jc, and thus allows a
large current flow to the current travel direction.

* Corresponding author.

For the practical applications of the melt-tex-
tured Y-Ba-Cu-O material, enlargement of the
textured 1-2-3 domain or enhancement of the
directional growth of the 1-2-3 platelets to the
current travel direction is essential. Therefore,
many studies have been carried out to clarify the
mechanism of the peritectic reaction and the
growth of the 1-2-3 domain [4-9]. As a result of
these efforts, the internal microstructure of the
melt-textured 1-2-3 crystal and growth morphol-
ogy of the local part of the growing 1-2-3 domain
were understood to some extent. Under condi-
tions of slow cooling or slow growth rate, the
growth front of the 1-2-3 domain is, in general,
faceted [5,8], while many plate-like 1-2-3 grains
form with a random orientation as the growth
rate becomes fast. Until now, however, there has
been no report on the growth shape of the melt-
textured 1-2-3 domain. Moreover, it is not clear
whether the 1-2-3 domain is a single crystalline
body or only a stack of the many 1-2-3 platelets.
Therefore, understanding the overall shape of the

0022-0248/95/$09.50 O 1995 Elsevier Science B.V. All rights reserved
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Melt-textnred YBa2CujO, superconductor containing fine Y2BaCu05 inclusions (a few hundreds nanometers in
size) was prepared by using of attrition-milled YBa2Cu3O,/Y2BaCuO5 powder with 1 wt% CeO2 addition. It is
found that the combination of the CeO2 addition and the mechanical milling of the powder mixture is effective in
reducing Y2BaCu05 size. The critical current density (Jc) of the sample containing fine Y2BaCu05 is higher than
that of the sample containing coarse Y2BaCuOo. Jc for tf//c-axis of Yi sBa2 4Cu3 ,Oy with coarse Y2BaCu05 was
1.1 x 10' A/cm2 and 0.56 x 104 A/cm2, while Jc of Yi 8Ba2 4Cuj.4O, with fine YjBaCuOj was 2.0 x 10' A/cm2 and
1.16 x 10* A/cm2 at 1 T, 2 T and 77 K, respectively.

KEYWORDS: Y-Ba-Cu-0 superconductor, melt-texture growth, attrition milling, CeO2 addition, Y2BaCu06 dispersion,
critical current density

1. Introduction
Y2BaCu0s (Y211) addition in the superconducting

YBa2Cu3O, (Y123) matrix has been a research subject
in melt-processed Y-Ba-Cu-0 superconductors,'""" be-
cause of its possible flux pinning role.'1 Many studies
supported the beneficial effects of Y211 on flux pin-
ning, although the flux pinning mechanism of the Y211
addition is under discussion; possibilities include flux
pinning by the Y123/Y211 interface21 or by imperfec-
tion sites generated near Y211 inclusions.5) In contrast,
some studies671 reported that there is no beneficial
effect of Y211 on flux pinning of Y123. Jin et al. con-
trolled the Y211 volume and Y211 size so as to see the
size effect of Y211 on ./«." But they did not obtain a
remarkable increase in Jc even in a sample with Y211
about 8000 A in size. The Jc values of the samples con-
taining fine Y2^ 1 were similar to coarse Y211 are simi-
lar each other. In the case of the zone melt-textured
Y123 sample, Jc with coarse Y211 particles was lower
than that of the undoped Y123 sample.71 Results sug-
gest that there is a critical volume fraction and the size
of Y211 for improving current carrying properties of
the Y123. In addition to the current-carrying proper-
ties of Y123 phase, Y211 is beneficial in improving
mechanical properties by making a Y211/Y123 compo-
site material."'

The aim of this study is to investigate the effect of
Y211 size on Jc of melt-textured Y123. By combination
of CeO2 addition as a Y211 refiner and mechanical
crushing of the'starting powders to control nucleation
sites for Y211, melt-textured Y123 samples containing
fine Y211 were prepared. The Jc of the samples with
fine and coarse Y211 was estimated by magnetization
hysteresis measurements at 77 K up to 2 T.

2. Experimental

YJOJ, BaCOi, and CuO powder were weighed to a
composition of YnBa2 <Cuj <OB (Yl .8). The powder mix-
ture was ball-milled in acetone for 10 h and then dried

in air. The dried powder mixture was calcined in air at
880°C for 50 h, with a repeated crushing for every 10 h
by means of a mortar and pestle. Powder X-ray analy-
sis showed that Y123 and Y211 phase were formed in
the calcined powder. The powders used in this experi-
ment were the as-calcined Y1.8 powder and the Y1.8
powder attrition-milled with 1 wt% CeO2 addition for
1 h in acetone. In the former case, it is expected that
coarse Y211 are produced while in the later fine Y211
particles will be produced because CeO2 is known to be
effective in reducing Y211 size.121 Moreover, CeO2 is
cheaper than PtO2 and the refinement effect is similar.
In addition to this, the attrition milling is expected to
also reduce Y211 size because the surface of the fine
Y123 precursor provides more nucleation sites for
Y211 during incongruent melting of Y123 into Y211
and the liquid phase.13' The two different batches of the
calcined Y1.8 powder were uniaxially pressed into
pellets in a steel die and then isostatically pressed in an
oil chamber. The pellets were placed on (001) MgO sin-
gle crystal and then conventional melt-texture heat
treatment followed. The reason why we used (001)
MgO substrate is that there is no wetting of the liquid
phase on the substrate and reduced reaction between
the two materials.14' This limits mass loss by fluid flow
during incongruent melting. The pellets were rapidly
heated to 1050cC in air, held for 1 h at this tempera-
ture, cooled to 1010°C at a rate of 40°C/h, cooled to
970°C at a rate of 1 °C/h, and then cooled to room tem-
perature at a rate of 100°C/h-

The melt-textured samples were crushed with an alu-
mina mortar and a pestle so as to separate single-crys-
talline Y123 domains from the melt-textured samples.
By this technique, slab-type Y123 domain samples
were obtained. For the transformation of the
tetragonal phase to the orthorhombic phase, the Y123
domain samples were annealed in flowing oxygen at
400-600°C. The oxygenation process was carefully con-
trolled because insufficient annealing may result in ex-
cess of oxygen vacancies in the Y123 lattice. Some-
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Abstract. A new process yielding fine Y211 particles in melt-textured Y-Ba-Cu-O
was developed by combining attrition milling of Y123-Y211 powder and CeO2
addition prior to the partial melting. Beneficial points of the attrition milling are as
follows: (1) it allows uniform distribution of the Y211 refiner (CeOj.) in the
Y123-Y211 powder mixture, (2) it produces nanocrystalline Y123 powder with large
surface area per unit volume which increases the possibility of Y211 nucleation
during incongruent melting and (3) it controls the number and the size of Y211
particles preformed at the calcination/sintering stage from the off-stoichiometric
powder of Y1.8 composition. The Y211 particles of the melt-textured Y123 sample
which was prepared from the attrition-milled powder were of submicrometre scale
and their distribution was quite uniform. The critical current density {Jc) at 77 K of
the melt-textured Y1.8 sample containing fine Y211 (less than 1 (im) was
2.0 x 104 A cm"2 and 1.16 x 104 A cm"5 at 1 T and 2 T, respectively, which is
twice the Jc of 1.1 x 10' A cirr2 (at 1 T) and 0.56 x 10* A cm"2 (at 2 T) of the Y1.8
sample containing coarse Y211 (~ 5 /xm in average size).

1. Introduction

The low critical current density (Jc) of the oxide
superconductors which arc fabricated by the conventional
ceramic processing method comes from the weakly linked
grain boundaries and anisotropic current flow in the crystal
[1]. Together with the poor mechanical properties of these
materials, the low Jc has been considered to be one of
the critical problems to be overcome for the practical
application of the oxide superconductors.

Recent development of a new fabrication technique
involving partial melting and slow cooling, the so-called
melt texture growth (MTG) process, made it possible to
improve the current carrying property of the Y-Ba-Cu-O
superconductor up to the practical applicable level [2]. The
slow cooling at the partially molten state leads to alignment
of the superconducting grains normal to the c axis. As a
result of the alignment, a Jc could be achieved as high as
10* A cm"2 even in magnetic fields along the current travel
direction.

In addition to the grain alignment, Y2BaCuOs (Y211)
embedded in YBa^CujOj (Y123) superconducting phase

appears to further improve the Jc of this material [3].
Although the exact flux pinning mechanism of Y211 is
still under discussion [4,5], it is widely accepted that
both flux pinning and mechanical properties of the Y-Ba-
Cu-O oxide superconductor are improved by fine Y211
embedding [6-8]. The main reason for the improvement is
the formation of homogeneous microstructure [9] and/or
generation of microstructural defects which may be the
possible flux pinning sites [5].

For achieving better flux pinning properties in this
system, the particle size of Y211 should be reduced as
much as possible, as well as controlling the Y211 volume
and the distribution within the superconducting matrix. The
number and the size of Y211 particles trapped within the
melt-textured Y123 matrix can be varied by controlling
the composition of the starting material or an external
addition of Y211 to Y123 powder prior to melt processing.
In fact, the characteristics of the starting Y123 powder
[10-13] and the heating cycles concerning the incongruent
melting [14] significantly affect the fine Y211 yield. Our
previous reports [12,13] and other works [10,11] reported
that fine Y211 particles were yielded when fine Y123

0953-2048/95/080652+08$19.50 © 1995 IOP Publishing Ltd
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Abstract

A high-magnetization La 123 specimen with finely dispersed second-phase particles was successfully fabricated by a melt
process under a reduced oxygen partial pressure. The dispersion of the fine second-phase particle was obtained by adding
Y211 particles to the Lal23 specimen. The melt-down and the crack propagation were effectively suppressed in a
melt-processed specimen wilh Y211 addition. The magnetization of the La 123 specimen was clearly enhanced with Y2! 1
addition. It is considered that the Y211 addition introduced extra flux-pinning centers in the La 123 specimen.

1. Introduction

Since the discovery of YBaCuO superconductor
with a high 7̂  > 77 K [l], many intensive studies
have been done lo elucidate the mechanism of high-7c

superconductivity experimentally as well as theoreti-
cally. On the other hand, the application of high-7c

materials has been of great interest to scientists. The
development of the melt process have shown the
possibilities of applying bulk YBaCuO for a high-
speed rotating system, flywheel, permanent magnet
etc. operating above 77 K.

The melt process, which was first developed by
Jin et al. [2], has the advantage of fabricating a
highly magnetized Y-Ba-Cu-0 specimen because

' Corresponding author.

of its large crystal size of ^ B a j C u j O ^ , (Y123)
and the presence of fine Y ^ a ^ O , . , (Y211)
particles which provides the flux-pinning sites.
Therefore, the control of Y123 crystal and Y211
particle growth has been intensively investigated by
many research groups [3-8]. A huge Y123 specimen
has been successfully fabricated by utilizing the di-
rectional solidification [3], seed technique [4] and
double thermal gradient furnace [5]. The refinement
of Y211 particle was most effectively achieved by
doping a small amount of PtO2 [6], CeO, [7] and
Sn2O3 [8].

Recently, Yoo et al. [9] successfully fabricated a
Nd,Ba 2Cu 30 7_ I (Ndl23) bulk superconductor
showing high magnetization at 77 K using the melt
process under a reduced oxygen partial pressure. The
melt-processed Ndl23 is characterized by a high
magnetization at 77 K with the anomalous double

O921-4534/95/$O9.S0 O 1995 Elsevier Science B.V. All righls reserved
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Abstract

The influence of precursor composition (YBa2Cu30, and Y, 6Ba2 3Cu3 3OX) and a procedure of PlO2 • H2O addition on
Y2BaCu05 morphology was investigated in melt-textured Y-Ba-Cu-0 oxides. It is found that the 2-1-1 morphology
sensitively depends not only on the composition of the starting material but also on, the adding procedure of PtO2 - H2O
powder. In YBa2Cu3OI, coarse/plate-like Y2BaCuO5 particles are produced, while fine/equiaxed 2-1-1 particles are
produced in Y, 6Ba23Cu33Ox . On the other hand, needle-like 2-1-1 particles are produced when 1 wt.% PtO2 • H2O was
added to Y2O3-BaCO3-CuO while granular 2-1-1 particles are produced when PtO2 • H20 was added to YBa2Cu,O,-
Y, BaCuO5 powder. Y2BaCuOs morphologies developed from precursors with/without PtO2 - H2O addition are discussed
on the basis of the growth behavior of Y2BaCuOs particles at the reaction stages (the solid-state, incongruent melting and
peritectic reaction) of melt-texture processing.

1. Introduction

Melt-texture growth (MTG) processing [1] is
known to be the most promising technique to pro-
duce Y-Ba-Cu-O superconductors with high criti-
cal current density Uc) exceeding 104 A/cm2 at
high magnetic fields. This technique consists of two
major reaction routes of incongruent melting of
YBa2Cuj07_y (1-2-3) into Ba-Cu-0 liquid phase
and Y2BaCu05 (2-1-1) and the peritectic reaction of
the two phases to form textured 1-2-3 grains. In
order to obtain fine-scaled 2-1-1 particles after MTG
processing, which is believed to be beneficial to the
mechanical [2] and transport properties [3] of 1-2-3
superconductors, 2-1-1 nucleation during melting and

' Corresponding author.

the growth kinetics in the liquid phase should be
systematically controlled. Between the two parame-
ters, the number of 2-1-1 nuclei, which are formed as
a result of the decomposition of the 1-2-3 phase, is
closely related to the characteristics of the precursor
material, especially to the type of the used phase and
the particle size [4-7]. Our previous works [4,5] and
other studies [6,7] showed that fine 2-1-1 particles
were produced when fine 1-2-3 powder having a
large surface area was used as starting material for
melt processing while coarse 2-1-1 particles were
yielded when using coarse 1-2-3 powder. This is due
to the initiation of melting at the high-energy-state
sites such as free surface and 1-2-3 grain boundaries,
and to the nucleation of 2-1-1 near the melt [4,5].

In addition to this, optimization of the heating
schedule related to congruent melting and the peri-
tectic reaction also reduces the size of 2-1-1. For

0921-4534/95/$09.50 O 1995 Elseviet Science B.V. All rights reserved
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Abstract. The formation and growih behaviour ot the Bi-2223 phase was
investigated by sintering a mixture ol BiouCuouO,, SrjCuOj, Ca2Cu03, CuO and
PbO at 850 :C. The mixture was partially melted at 770 °C because of the eutectic
liquid from Bi0a2Cu0.uO,,. The liquid phase was unable to directly synthesize the
Bi-2223 phase from the mixture. Instead, it enhanced the formation of the Bi-2212
phase with large grains. Then the Bi-2223 phase seemed to form both at the grain
boundaries and on the free surfaces of Ihe Bi-2212 phase and grew along the ab
planes of the Bi-2223 phase with the dissolution of the Bi-2212 phase, resulting in
larger Bi-2223 platelets than those in the conventional process which requires the
calcination of a mixture of BijOj, SrCO3, CaCO3t CuO and PbO. This new mixture
also enhanced the transformation rate from the Bi-2212 phase to the Bi-2223
phase. Our results indicated that the formation of the Bi-2212 and Bi-2223 phases
was a consecutive reaction and larger Bi-2223 platelets could be prepared by
sintering at 850 'C with a mixture of intermediate compounds in the
Bi(Pb)-Sr-Ca-Cu-O system.

1. Introduction

Since the discovery of Bi-system superconductors by
Maeda et al [1], many efforts have been made to stabilize
and (o isolate the high-7"c Bi-2223 phase. Because the
formation rate of Bi-2223 phase is slow, it is very
difficult to synthesize a specimen having a Bi-2223 single
phase. To solve the problem, several processes have been
developed such as the addition of PbO J2] or Ca2Pb04

[3], composition control by the addition of excess Ca
and Cu [4], long-time sintering [S], the use of fine and
homogeneous powders by liquid chemical methods [6-9],
sintering under low oxygen pressure [10] and the two-
powder process [11]. However, all the processes require
a long-time sintering to form a pure Bi-2223 phase. In
order to develop die process conditions, it is desirable to
understand systematically the formation mechanism, the
reaction kinetics and the growth mechanism of the Bi-2223
phase.

Until now, several mechanisms have been suggested:
disproponionauon reaction [5,12], precipitation from the
partially melted phase [13], intergrowth [14], dissolution-
precipitation process [IS] and mobile liquid droplets [16].
Although many studies have focused on the formation of
the Bi-2223 phase, ihey still leave room for further study

to explain all of the cases. In particular, the effect of the
Bi-2212 phase on the formation of the Bi-2223 phase has
yet to be clarified.

A conventional bulk sample is prepared by calcining
at 800 °C and by sintering in the range 830-880 °C. The
Bi-2212 phase forms at the stage of calcination. At the
sintering stage. Bi-2212 phase is converted to Bi-2223
phase. This shows that Bi-2223 is a more stable phase than
Bi-2212. When the sample with a conventional precursor
is sintered without calcination, the components with low
melting temperature form a liquid phase at the initial stage.
The liquid flows down from the bulk sample and reacts with
the alumina substrate- Therefore, the composition control
of the bulk sample becomes impossible.

To solve this problem, intermediate compounds such
as SrjCuOi and CajCuO) which are stable at 850 °C were
selected. Because the reaction rate would be very slow
due to the intermediate compounds, the eutectic in the
BiiOj-CuO system was used to add a Bi component and
to promote the reaction efficiently by partial melt. PbO
was used to stabilize the Bi-2223 phase and to maintain
the partial melting. In. this paper, we synthesized the
Bi-2223 phase by sintering at 850 °C with a mixture
of Bio.82Cuo.i8O,, SrjCuOj, Ca2CuO3, CuO and PbO,
and investigated the effect of Bi-2212 on the formation

0953-2048/95/070552+O6$19.50 © 1995 IOP Publishing Ltd
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Nonuniform distribution of second phase particles
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Segregation of second-phase panicles within Y|Ba2CujO7-y domain was investigated
in melt-textured Y-Ba-Cu-0 with metal oxide (CeC>2, SnO2, and ZrO2) addition. It
is found that coarse particles (Y2Ba|CU|O5) are trapped with a special pattern in the
interior of Y|Ba2Cu3O7-) domain, while fine BaCeC>3 and BaSnO3 particles are present
within the remnant liquid-phase region. During the growth of Y|Ba2CujC>7-y domain,
fine particles appear to be pushed out of the advancing Y|Ba2Cu3O7-,/liquid interface
toward the liquid phase. The particle segregation that occurred during peritectic growth of
the Y|Ba2Cu3O7-y domain was explained in terms of the Uhlmann-Chalmers-Jackson
theory based on the particle interaction at solid/liquid interface.

I. INTRODUCTION

It is well known that the alignment of
O7-, (1-2-3) superconducting grains normal to the c-axis
is quite important to obtain high critical current density
(Jc) of the Y-Ba-Cu-O oxide.1 By way of the grain
alignment, the weak-link problem of grain boundary
of high-Tc superconductors appears to be solved to
some extent.1"3 In addition, dispersion of Y2BaiCuiOs

(2-1-1) within the textured 1-2-3 domain is required
to further increase current-carrying properties of the
melt-processed 1-2-3 sample.4 Although the exact flux-
pinning mechanism due to the 2-1-1 addition is still
under discussion,5'* microdefects around the 2-1-1 par-
ticles may act as flux-pinning sites, which results in a
high Jc even at high magnetic fields. Because the defect
density varies with the orientation of the 2-1-1/1-2-3
interface,6 control of the size, shape, and the distribution
of the 2-1-1 particle will be indispensable to produce a
high-Jr Y-Ba-Cu-O superconductor.

Recently, quite interesting phenomena related to 2-
1-1 distribution were observed in the melt-textured 1-2-3
samples.7'8 The microstructures of the samples showed
nonuniform distribution of 2-1-1 particles within the 1-
2-3 domain. The trapped 2-1-1- particles tend to make
tracks along certain crystailographic planes, and thus
the shape of the 2-1-1 track varied with a sectioned
plane of the 1-2-3 domain.7'8 On the other hand, the
2-1-1 distribution was examined in the melt-textured
sample prepared from the well-mixed 1-2-3 powder with
20 wt. % 2-1-1 powder by the ball-milling technique,8

because the segregation might occur due to improper

mixing of the starting powder. Contrary to our nor-
mal expectation, however, similar segregation patterns
were clearly observed in this sample. Moreover, such
a nonuniform 2-1-1 distribution was observed even in
melt-powder-melt growth (MPMG) 1-2-3 sample where
the starting powder precursor was prepared by means of
pulverizing techniques for uniform mixing.9 From these
experimental results, it was realized that segregation is a
general problem that can occur in all melt-processed 1-
2-3 samples involving peritectic reaction and is closely
related to the growth mechanism of a 1-2-3 domain.
Thus, systematic studies to understand the mechanism
of the particle segregation are required so as to prevent
the nonuniform microstructure of the melt-processed 1-
2-3 sample and to produce a reliable superconducting
material.

This paper is aimed toward understanding the segre-
gation behavior when two different second-phase parti-
cles are present, i.e., the 2-1-1 particle that takes part in
the peritectic reaction and other second-phase particles
that are inert for the reaction. Also, the size effect
of the second phase particles on the segregation was
investigated. We describe the particle segregation in
terms of particle interaction at the 1 -2-3/liquid interface.

II. EXPERIMENTAL PROCEDURES

The 1-2-3 powder used in this experiment was
prepared by the conventional solid-state reaction method
of Y2O3, BaCO3, and CuO powders of 99.9% purity. The
powder mixture of 1-2-3 composition was ball-milled
for 24 h in acetone solution. The ball-milled powder

J. Mater. Res., Vol. 10, No. 7, Jul 1995 © 1995 Materials Research Society
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Abstract

Microslructures near the domain boundary were investigated in the YBa2Cu3O7_r(Y123) samples melt-textured in air
atmosphere. It is found that the free CuO phase is often observed near the domain boundaries of the Y123 samples, probably
due to the variation of the composition of the finally solidified liquid phase. Also, the effect of excess CuO on the
microstructure of the domain boundary was investigated in the Y123 melt-textured with 5 wt.%-20 wt.% CuO addition.
When the amount of the CuO is small, CuO phase exists as a discrete form at the domain boundaries. As the CuO content
increases, spherical CuO pockets and large CuO pools containing unreacted Y211 panicles are developed. In addition, the
CuO addition changes the growth morphology of the Y123 domain; from a planar mode to a Y123/CuO cellular structure
with increasing CuO content.

1. Introduction

The melt-textured growth (MTG) technique [1] is
known to be the most promising method to produce
YBa2Cu3O7_y superconducting materials with a high
critical current density (Jc). Via the peritectic reac-
tion between Y2BaCuO3 (Y211) and a Ba-Cu-0
liquid phase at the partially molten state, large sin-
gle-crystalline Y123 domains are produced in the
samples [1-3]. Owing to the inconsistency between
the dissolution rate of the Y211 and the growth rate
of the Y123 during the peritectic reaction, the Y211
and the liquid phase are frequently trapped within
the growing Y123 domains [4-6]. As the entrapment
of the Y211 leads to incomplete peritectic reaction,

' Corresponding author.

the liquid phase remains unreacted mainly at the
domain boundary of the Y123, which may be a
barrier for current flow between adjacent Y123 do-
mains.

On the other hand, it has been reported that
various possible reactions which can induce the com-
positional variation of a starting material occurred
during fabrication of the Y123 material [7-11]. The
main cause of the composition variation is the bar-
ium loss due to the reaction of the Y123 phase with
the used substrate, crucible materials [12-14] and
atmospheric CO2 in air during calcination and sinter-
ing of this material [15-17]. The composition varia-
tion may affect the peritectic reaction and growth
kinetics of the Y123 during MTG process via the
change of the melt chemistry. For example, the CuO
addition to the Y123 lowers the melting point of the
Y123 [10,18] and it thus allows the formation of the
textured Y123 structure even below the peritectic

0921-4534/95/$O9.50 O 1995 Elsevier Science B.V. All rights reserved
SSD1 0921-4534(95)00593-5
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Abstract. Melt-textured YBa2Cu3O7- r (Y123) containing fine particles of
Y2BaCuO5 (Y211) has been prepared from Y123/Y211 powder that was attrition
milled with 1 w1% CeO2 addition, and the microstructure has been examined. Fine
and spherical Y211 particles (less than 1 /itn in size) are found to be
homogeneously dispersed within the melt-textured Y123 domain. Many
dislocations are observed to be formed around the trapped Y211 and the
Ba(Ce, Zr)O3 inclusions, which were formed as a result o( CeO2 addition and ZrO2

introduction from the ZrO2 jar and ball used for attrition milling. CuO stacking faults
were also observed around the trapped Y211; these were initiated at the
Y123/Y211 interface and extended into the Y123 matrix. Each stacking fault has a
lenticular shape, with a width of a few tens of nanometres and a length of a few
hundred nanometres, and the faults developed along the [100] and [010] directions
of the Y123. The formation mechanism of the stacking fault was discussed
together with the formation of the platelet structure (the elongated Ba-Cu-O
phase) on the basis of an oxygenation-induced decomposition of the Y123 phase.
It is concluded that the prolonged oxygenation heat treatment producing the
tetragonal-to-orthorhombic phase transformation is responsible for the formation of
the platelet structure and possibly for the formation of the stacking faults.

1. Introduction

Since the development of melt texture growth (MTG)
processing (1] which is widely used for fabrication of
Y-Ba-Cu-O superconductors with critical current density
(Jc) exceeding 104 cm"2 at several tesla [1-5], the
microstructure of melt-processed Y-Ba-Cu-O has been
intensively studied with an aim of understanding the flux-
pinning mechanism of the oxide superconductor [6-16].
As a result of these efforts, various microstructural defects
such as transformation twins [12], stacking faults [8, 14-
16], dislocations [11,13] and oxygen deficiencies [17] have
been observed within the directionally grown Y123 domain
and some of them have been proposed as flux-pinning
sites for this material. In addition, incorporation of the
non-superconducting Y2BaCuO5 (Y2II) phase into melt-
processed YBa2CujO7_r (Y123) has been reported to be
effective in further increasing Jc for this material [18,19].

Murakami el al showed that the value of Jt of the melt-
processed Y123 containing fine particles of Y211 was
closely related to the amount of Y211 which was embedded
within the Y123 domain [18]. Lee el al reported that there
is a critical Y211 content and size for obtaining the highest
value of Jc [20].

According to microstructural observations near the
Y211 [6,7], Y123/Y211 interfaces were almost clean
and sharp except for the presence of a thin amorphous
layer; there was no atomic misfit between the Y123
and Y211 and no crystallographic defects were observed.
Therefore, the Y123/Y211 interface was proposed as a
flux-pinning site for this material and this proposal was
supported by another group [16]. In contrast, other
microstructural investigations [8,11,13-15] revealed that
many crystallographic and chemical inhomogeneities were
present at the Y123/Y211 interface. In the YI23 phase
region around the Y211, yttrium was enriched but barium

0953-2048/96/020076+12$19.50 © 1996 IOP Publishing Ltd
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Abstract

Ag/Bi-2223 tape with 9 filaments, which were arranged checkerwise, was successfully fabricated by using square
drawing dies. Filament-to-filament superconductive joint between multi-filamentary Ag/Bi-2223 tapes has been fabricated
by using a combination of chemical, mechanical and thermal techniques. The joined area, fabricated with a load of 2 ton,
showed > 75% current carrying capacity of the tapes without join-interface. Incomplete etching of silver sheath resulted in
degradation of lc at the joined area.

1. Introduction

Among the high-Tc oxide superconductors (Tc

> 77 K), (BiJ"b)SrCaCuO superconductor has the
advantages of moisture resistance and grain align-
ment by deformation and anneal, in addition to high
Tc and Jc. iince Hikata et al. [1] succeeded in
fabricating a high critical current density (Jc)
Ag/Bi-2223 superconducting wire, much research
has been carried out to increase Jc by controlling the
processing parameters, such as chemical composi-
tion, phase content, particle size of the starting pow-
der, density, orientation of 2223 crystallites, size,
volume fraction and distribution of the various impu-
rity phases, fabricating method, heat treatment, etc.
Recently, several groups have reported some fasci-

' Corresponding author. Fax: + 82 42 862 54%.

nating results using Ag/Bi-2223 composite. Sato et
al. [2] fabricated prototypes of coils and current leads
using this composite. Yamada et al. [3] reported a Jc

of > 60000 A/cm 2 and Li et al. [4] reported a Jc

greater than 70000 A/cm2 using the same material
and the same processing technique. This Jc value is
high enough for use in coils, current leads and power
cables.

However, many other problems need to be solved
before the Ag/Bi-2223 superconducting tape is to be
used for practical application. For example, suitable
techniques must be established for joining between
Ag/Bi-2223 tapes and wires. In fabricating a super-
conducting magnet, joints between superconducting
wires have to satisfy mechanical, thermal and elec-
tric requirements depending on the specifications of
breakdown of the magnet system due to supercon-
ductive quenching or mechanical failure. Recently,
Tkaczyk et al. [5] thermomechanically fabricated

0921-4534/96/SI5.00 O 1996 Elsevier Science B.V. All rights reserved
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Abstract Optically polarized light micrographs of isothermally melt-textured
DyBa2Cu3O7-j compounds (with 15 wt% Dy2Oa addition) are presented to show
evidence for pattern formation of DyBa2Cu3O5 particles in DyBajCusO/.i grains.
Different types of pattern were observed and were understood as arising from the
crystal growth mechanism of 123 melt-textured materials. In an appendix, the case
of patterns in magnetically textured samples is discussed.

1. Introduction

Much work has been done on the study of the microstruc-
tural features presented by melt-textured YBa2Cu3O7_j and
related compounds [1-5] Such experimental and theoreti-
cal studies have contributed lo a belter understanding of the
growth process of these superconducting materials. Both
Ihermodynamic and kinetic growth mechanisms have been
thought to be responsible for the complex microstructure of
the 123 compounds (6].

The melt-texturing synthesis of 123 compounds is a
peritectic recombination process starting from a liquid
phase rich in Ba-Cu-O and containing solid 211 particles.
The yttrium ions (or (he related rare earth ions) needed
for the growth of the 123 superconducting phase are
provided by the dissolution of the 211 particles in (he
liquid. The latter dissolution is relatively slow with respect
to the peritectic recombination rate process for ihe 123
phase [7]. This leads to the presence of trapped 211
particles distributed in the 123 grains or located at the grain
boundaries (7].

The trapping of these 211 particles was found to be
responsible for the existence of elongated defects or "gaps'
along the CuO2 planes [8.91. The 211 particles also play
the role of intrinsic pinning centres [10]. Their presence
can also dissipate mechanical stresses and thus increases the
toughness of the materials (11,12]. The 211 panicles also

play an important role during the reoxygenation process
needed for the improvement of superconducting properties
[12]. Thus, ihe control of the density, the size distribution
and the spatial distribution of the 211 particles are very
relevant features in the processing of bulk superconducting
123 compounds.

Several synthesis techniques have been explored in
order to obtain small, large, elongated or 211-free particles
including various types of thermal cycles [3] or the addition
nf several oxides like CcO : or BaCeO^!?!- Bi;1^- '!•*'
PtOi [15] in the bulk. Studies concerning the spatial
distribution of 211 particles have been also presented and
have been correlated with ihe growth mechanism of the
123 compounds. Inhomogeneilies in the 211 distribution
and well-defined geometrical structures have been reported
[13.15].

Essentially two types of patterns have been observed in
examining sample cross sections: circular 211-free regions
and 211 panicles segregating in cross-like structures. It
seems that inhomogeneities in the 211 spatial distribution
are common in melt-textured 123 compounds. The
synthesis procedure seems to influence ;he phenomena,
for example, cross-like patterns seem :o be more visible
in samples made with oxide addition [13,15.161. A
quantitative explanation of the formation of such a
geometrically complex segregation has been proposed by
Kim ei al [13} and di'cusscd by Varanasi and McGinn

0953-204a/96/080665*-06S19.50 © 1996 IOP Publishing LW _
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on melt-textured microstructure
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Abstract

The microstructure of YBa2Cu3O6 + jr (Y123)^intered in air was investigated in the temperature range 900 "C-990 "C which .
between the eutectic and peritectic temperatures of the Y-Ba-Cu-O system. It was found that a CuO-rich liquid phase ioime.;
above 930 °C owing to the barium loss during fabrication and eutectic melting. As a result of the formation of the liquid phase,
the shape of a Y123 grain was changed from the plate-like form to a square form when the sintering temperature increased* TT..
shape change of Y123 grains was explained by the formation of the liquid phases having different yttrium concentrations anJ the
variation in lattice parameters of the unit cell with increasing temperature, which change the Y123—liquid interfacial energy
Furthermore, the formation of free CuO phase leads to the formation of Y2BaCuO, (Y211) and the liquid phase. A non-umiori!
rnicrostructure of a mixture of fine Y123 grain structure and the textured Y123 microstructure developed, which seems to tx- J
result of a local peritectic reaction between Y211 and liquid phase. The non-uniform microstructure of the sintered Y123 sampic
significantly affects the melt-textured microstructure regarding Y211 distribution

Keywords: Sintering; Melt-textured microstnicture; Yttrium

1. Introduction

During fabrication of YBa2Cu3O6 + , (Y123) oxide
superconductor by the conventional sintering method
using powders, various chemical and physical inhomo-
geneities can occur [1-3]. The inhomogeneities are, in
general, developed at grain boundaries of Y123.
Among them, the residual non-superconducting phases
of barium carbonate (BaCOj) and Ba-Cu-O liquid
phase are major causes of the low Jc of this material
[4,5]. Barium carbonate (BaCO3), which is frequently
used as a starting material for the powder sintering,
remains owing to its sluggish decomposition rate into
BaO and CO2 gas phase [6]. Meanwhile, the Ba-Cu-O
liquid phase is formed via various reaction routes [6-
10]. The main causes of the formation of the liquid
phase are the barium loss during fabrication [11-13]
and eutectic melting during sintering in air [10]. When
sintering of a Y123 compact in air, barium of Y123

• Corresponding author

0921-5I07/96/JI5.00 O 1996 — Elsevier Science S.A. All rights reserved
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phase reacts with CO2 gas which is included in air and
then produces BaCO3, CuO phase and other second
phases [9,14-16]. The formed CuO phase induces J
peritectic reaction to form Y2BaCuOs (Y211) and liq-
uid phase, so that the melting point is lowered [9],

The composition of Y123 powder can be varied
during calcination of the raw powders in a ceramic
crucible or plate such as alumina and zirconia. Because
of the high reactivity of barium, some of the barium is
lost from the sample via the reaction between barium
and the crucible materials to form BaAl2O4 and
BaZrOj [11-13] and it thus makes the composition of
the remainder barium deficient (i.e. CuO-rich) [9]. This
leads to the formation of the liquid phase. Such liquid
phase and residual non-superconducting phases are a
problem to be overcome in achieving high Jc in the
sintered Y123 superconductor. Although many studies
have been carried out to elucidate the cause ot the
formation of the liquid phase and its influence on J
[4,5,17], no systematic approach to the influence of ihc
liquid phase on Y123 microstnicture has been made
yet.
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Abstract

Defect formation processes during oxygenation were investigated in a melt-processed YBa2Cu3O7_8 bulk superconduc-
ior. Oxygenation at 550°C resulted in a formation of tweed-like twin with some microcracks. Non-uniform phase transition
>ccurred for the specimen annealed at 450°C as well as the microcracking by an oxygen-induced stress. It is suggested that

there was a critical stress, <r, c , where the stress relief mode was changed from twin formation into crack formation. Below
r._c, the stress was relieved by a formation of twins. Above o-,_c, the stress was relieved by a generation of microcracks.

Keywords: Oxygenation; Defect generation; YBa2Cu}O7_, bulk superconductors; Melt process

1. Introduction

Since the discovery of YBaCuO superconductor
with a high Tc> 11 K [1], many intensive studies
have been made to elucidate the mechanism of high
Tc superconductivity experimentally as well as theo-
retically. On the other hand, the application of high
Tc materials has been of a great interest to scientists.
The development of the melt process has shown the
possible applications of a bulk YBaCuO for a high
speed rotating systems, fly-wheels, permanent mag-
nets, etc, operating above 77 K.

The melt process, which was first developed by
Jin et al. [2], has the advantage of fabricating a
highly magnetized Y-Ba-Cu-O specimen because
of the large crystal size of Y,Ba2Cu3O7 .y (Y123)

and the presence of fine Y2Ba,Cu,O5_y (Y211)
particles which provides a strong flux pinning force.
Therefore, the control of the growth of Y123 crystal
and Y211 particle has been intensively investigated
by many research groups [3-10]. Huge Y123 speci-
mens have been successfully fabricated by utilizing
the directional solidification [3], seed technique [4]
and double gradient furnace [5]. The reduction in
size of Y211 particles was most effectively achieved
by doping a small amount of PtO2 [6,7], CeO2 [8]
and Sn2Oj [9,10]. However, the mechanisms of the
growth of Y123 crystal and the flux pinning still
remain a question.

Microstructural observations have often been used
as the basis for supporting the growth mechanism of
123 crystal and the reduction in size of 211 particles.

00167-577X/96/$12.O0 O 1996 Elsevier Science B.V. All rights reserved
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attrition milling and CeO2 addition in
Sm-Ba-Cu-0 systems melt-textured at
oxygen partial pressures of
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Abstract. Sm2BaCuO5 (Sm211) refinement was achieved in Sm-Ba-Cu-O systems
melt-textured at various oxygen partial pressures (Por of 0.001-1 atm) via 1 wt%
CeO2 addition and size control of a precursor powder (a mixture of SmBa2Cu3O7_y

(Sm123) plus Sm211 powder) by means of attrition milling. The resulting Sm211 of
the Sm,gBa24Cu34O7., (Sm1.8) sample melt-textured without CeO2 addition was
as large as a few tens of pm while the Sm211 of the Sm1.8 sample melt-textured
from the attrition-milled powder with 1 wt% CeO2 addition was as small as 1-2 /xm,
with uniform Sm211 distribution. The Sm211 refinement achieved is ascribable to
both the controlled Sm211 nucleation during incongruent melting and the growth
inhibition of the Sm211 in the partial melting state. Furthermore, the Sm211 shape
was changed from equiaxed granular in the undoped sample to anisotropic in the
samples containing CeO2. Effects of oxygen partial pressure on the Sm211 size
and the shape was not significant in either the undoped Sm1.8 sample and the
CeO2-added Sm1.8 sample.

1. Introduction

Since the development of melt-texture growth (MTG)
processing [1] and other modified melting techniques
[2-4], the critical current density (/c) of Y-Ba-Cu-
O superconductors has increased up to a practically
usable level (104 A cm"2) even in high magnetic fields.
The partial melting and subsequent slow cooling allow
superconducting grains to align along the a—b plane of
YBa2Cu3O7_, (Y123) and hence the formation of the angle
grain boundary which is a barrier for current travel is
suppressed. In addition to this, a fine dispersion of a non-
superconducting phase such as Y2BaCuO5 (Y211) within
YBa2Cu3C>7-, (Y123) phase was reported to improve the
]t of this material [5,6]. Around the trapped Y211 within
the peritectically grown Y123 crystal, many microdefects,
dislocations, stacking faults and chemical inhomogeneilies
are present [7-15], which may act as flux pinning centres
of the Y123.

Up to now, no intensive study has been carried
out for melt processing of other RE-Ba-Cu-O (RE:
rare earth element) systems such as Nd-Ba-Cu-O
and Sm-Ba-Cu-O, because it was difficult to prepare
melt-processed NdBajCusO?-, (Ndl23)/SmBa2Cu3O7_y
(Sml23) samples with a sharp superconducting transition.
Due to the similar ionic radii between Nd/Sm and Ba, a
NdI+IBa2-jCu3O7_y/Smi+IBa2_xCu3O7_T solid solution
phase is formed [16-18] and the superconducting transition
temperature (Tc) of the phases decreases. Recently,
it was reported that the high-7"c phase (Tc = 95 K)
was obtained for the Nd-Ba-Cu-O and the Sm-Ba-Cu-O
systems by applying melt processing at reduced oxygen
partial pressures [19-21]. The magnetization curves
of the samples showed a strong flux pinning ability
at intermediate magnetic fields due to the peak effect
[19,21]. It was proposed that the finely dispersed
Ndi+IBa2_ICu3O7_,/Smi+,Ba2_xCu3O7_x solid solution

0953-2048/96/080694+12$19.50 © 1996 IOP Publishing Ltd
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Critical Current Density and Irreversibility Line in Melt-Textured
YBCO with CeO2 Addition*
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We prepared melt-textured YBCO with CeO2 addition in order to enhance flux pin-
ning. SEM photographs showed that Y2BaCuO5 precipitates of about lpm size were
uniformly distributed in YBCO grains. Magnetization hysteresis at various tempera-
tures was measured to investigate critical current density using a SQUID magnetometer.
Critical current density at 77 K in a field of 1 T was about 2 x 104 A/cm2 and increased
by lowering temperature. The irreversibility line determined from the closing points of
the magnetization hysteresis was shifted to high fields. The temperature dependence
of the irreversibility field followed a power law, tfirr oc (1 — T/Tc)

n with n w 1.4.

PACS. 74.60.Ge - Flux pinning; flux creep, and flux-line lattice dynamics.
PACS. 74.60Jg - Critical currents.

Melt-texturing process has been shown to be effective in fabricating dense YBCO
bulk superconductors with good alignment of grains and minimum weak links between grain
boundaries. Moreover, the introducing fine dispersion of Y2BaCu0s(Y211) precipitates in
YBa2Cu307_«(Y123) grains is expected to enhance the flux pinning effect for attaining
high Jc. Since the first melt-texturing growth of YBCO by S. Jin [1], various second phase
additions have been investigated in order to reduce the Y211 particle size and therefore to
enhance the flux pinning effect. A Pt addition has been a good candidate for reducing Y211
size and obtaining high Jc in melt-texturing process. M. Yoshida et al. [2] added Pt and
obtained 1.8 X104 A/cm2 at 77 K and 1 T. N. Ogawa et al. [3] reported that Pt worked
as effective additives for attaining a fine Y211 and they obtained 1.8 X 104 A/cm2 at 77 K
and 1 T. C. Varanasi et al. [4] investigated the effect of PtO2 additions on SLMG process.

Recently, we have found that CeO2 addition in melt-texturing process is also effective
for reducing Y211 size and attaining high Jc value in melt-textured YBCO superconductors
[5]. Moreover, CeO2 is less expensive than Pt, but the refinement effect is similar. In this
paper, we report an investigation of the critical currents and irreversibility lines in the CeO2

added to the melt-textured YBCO sample.

* Refereed version of the contributed paper presented at the 1995 Taiwan International Conference
on Superconductivity, August 8-11, 1995, Hualien, Taiwan, R.O.C.
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Abstract

Melt-textured NdBa2Cu3O7_y (Ndl23) superconductor containing fine Nd4Ba2Cu2O10 (Nd422) panicles was prepared
by using NdL jBa^Cuj^O, (Ndl.8) powder attrition-milled with 1 wt% CeO2 addition. The effect of the CeO2 addition on
the size reduction of the Nd422 was remarkable and similar as those observed for Y2BaCuO, (Y211)/Sm2BaCu0<
(Sm211) in the Y-Ba-Cu-0/Sm-Ba-Cu-O system. The Nd422 particles were finely dispersed within the melt-texturea
Ndl23 matrix with a narrow size distribution of a few microns. Superconducting transition temperatures (7"c) of the Ndl23
and the Ndl.8 samples melt-textured in an oxygen partial pressure of P(O2) = 0.001 atm were as high as 95 K.

Keywords: Size reduction; Nd4Ba2Cu2O10; Melt texture growth; CeO2 addition; NdBa2Cu30, superconductor

1. Introduction

Addition of a non-superconducting inclusion phase
to the oxide superconductors is known to improve
the mechanical properties [1-3] and flux pinning
ability [4,5] of the superconducting phase. In the
melt-processed Y-Ba-Cu-O sample, the Y211 in-
clusions, which are frequently trapped during peritec-
tic growth of YBa2Cu3O7, were reported to be a
good material to improve the above properties [3-5].
Around the inclusion phase, various types of mi-
crodefects such as dislocations, stacking faults and
chemical inhomogeneity are present [6-11], which

* Corresponding author.

may be the flux pinning sites in YBa2Cu3O7. The
defect density seems to be dependant on the size and
amount of Y211 [11]. This implies that the size
reduction of Y211 is one of the key ways to increase
the flux pinning ability.

The melt growth technique for NdBajCujO,.^
(Ndl23) in the Nd-Ba-Cu-O system was recently
established by Yoo et al. [12] via the heat treatment
at reduced oxygen partial pressure. Tc of the melt-
processed Ndl23 sample was as high as 95 K and
the magnetization hysteresis curve showed strong
flux pinning at intermediate magnetic fields due to
the peak effect [12-14]. The Nd-Ba-Cu-O system
is, therefore, considered to be more useful than the
Y-Ba-Cu-O system in applications at high mag-
netic fields [13].

00167-577X/%/J12.00 Copyright C 1996 Elsevier Science B.V. All rights reserved.
Pll S0167-577X(96)00108-5
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Formation of Pores and Y2BaCuOs-Free Regions during
Melt Processing of V^Sa^Ci^C),

Ho-Yong Lee'
Department of Materials Science and Engineering, Sunmoon University, Chungnam 536*40, Korea

Chan-Joong Kim and Gyc-Won Hong

Superconductivity Research Laboratory, Korea Atomic Energy Research Institute, Taejon 305-600, Korea

The formation of spherical pores and regions free of
Y.BaCuO, (2-1-1) has been studied by melt processing
V, ,Ba, J C U J J O , in two different atmospheres (air and oxy-
gen). When the sintered Y^BajjCUjjO, specimens are
melted at 1050*C, many spherical pores form in the melted
specimens. During the subsequent cooling, Ihe pores are
filled by liquid flow and finally solidified to Y.BaCuO.-free
regions. Melt processing in an oxygen atmosphere produces
more ports and regions free of 2-1-1 than in air. Because
peritectic melting of YBa,Cu jO,_, in an oxygen atmosphere
produces more oxygen gas than that in air, the formation of
the pores and Y,BaCuO,-frte regions Is suggested to be
attributed to the? oxygen evolution during the peritectic
melting of YBa,Cu3OT_,.

I. Introduction

• " P H E addition of Y,BaCuOj (2-1-1) particles to a super-
1 conducting YBa,CUjO,_, (1-2-3) phase is well-known to

improve the electrical and mechanical properties of melt-
processed Y-Ba-Cu-O superconductors.'' The effect of the
2-1-1 addition depends on the distribution of 2-1-1 particles
within a 1-2-3 domain, as well as their content and size.
Because nonuniform distribution of 2-1-1 particles within 1-2-3
domains may induce local degradation of the properties of
Y-Ba-Cu-O superconductors' the degree of uniformity in the
2-1-1 distribution is, thus, one of Ihe important factors to
determine the characteristics of melt-processed Y-Ba-Cu-O
superconductors. In recent microstmctural investigations on
melt-processed Y-Ba-Cu-O superconductors with excess
2-1-1,*"" however, the distribution of 2-1-1 panicles within
I -2-3 domains is not uniform, because of the presence of spher-
ical regions without 2-1-1 particles. The spherical regions with-
out 2-1-1 particles inside 1-2-3 domains are designated "2-1-1
free'' regions." Because local degradation of Ihe properties may
be expected to occur in the 2-1-1 free regions, it is required to
suppress the formation of 2-1-1 free regions during melt
processing.

Recently, Kim and co-workers"" studied the formation
mechanism of 2-1-1 free regions during the melt processing of
Y, t B a u C u , j O , . After the peritectic melting of a 1-2-3 phase,
spherical pores formed in the melted specimens. During the
cooling process, the pores were filled with liquid and finally
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solidified into the 2-1-1 free regions. Thus, the previous investi-
gations'"1 showed that the pores in the melted specimens were
transformed to 2-1-1 free regions in the melt-processed speci-
mens. However, Ihe reason why the pores formed during Ihe
peritectic melting has not yet been understood. To suppress the
formation of 2-1-1 free regions and, thus, produce Y-Ba-Cu-O
superconductors with uniform 2-1-1 distribution, understanding
the reason for the pore formation during the peritectic melting
is, therefore, necessary.

The equilibrium oxygen content or the value of > in YBa,-
Cu,0 ,_ , is directly related to the oxidation state of copper,
which depends on the annealing temperature and the oxygen
partial pressure (/><,,) in the annealing atmosphere."'" The
reduction of copper ions in YBa,Cu,O7_, decreases its equilib-
rium oxygen content and, thus, produces oxygen gas from it.UM

Wong-Ng and Cook15"17 have reported that the copper reduction
during the melting of Y-Ba-Cu-O oxides also produces oxygen
gas. Because oxygen evolution during the melting may produce
spherical pores in a liquid matrix, the oxygen evolution can be a
direct cause of the pore formation during the peritectic melting.
Therefore, in this study, the effect of Ihe oxygen evolution on
the formation of pores and 2-1-1 free regions during the rack
processing of Y, ,B»j ,Cu, ,O, is investigated. After the sinter-
ing of Y, tBa r ,Cu, ,O,, the sintered specimens are respectively
melt-processed in two different atmospheres of air ( p o , = 0-2)
and oxygen (pOi = 1). The volume fractions of pores and 2-1-1
free regions in each specimen are measured, and the amount of
oxygen gas evolved during the peritectic melting of YBa,Cu,O,_,
also is estimated.

II. Experimental Procedure

The powder of Y, ,Ba, 5Cu, ,O, composition was prepared by
the conventional solid-state reaction method of Y,O,, BaCO,,
ind CuO powder (>99.9 wr% in purity). The Y,Oj, BaCO,,
ind CuO powders were mixed to give a Y:Ba:Cu molar ratio of
1.6:2.3:3.3 by wet-milling for 24 h in ethyl alcohol using a
polyethylene bottle and ZrO, balls. The dried slurry was cal-
cined at 900°C for 30 h in an oxygen atmosphere with repeated
grinding every 10 h. The calcined powder was ground in an
AI,Oj agale mortar and lsostalically pressed under 200 MPa
pressure to disks 10 mm in diameter and 5 mm in height. The
powder compacts were sintered through two steps of presin-
lering at 940°C for 20 h in an oxygen atmosphere and sintering
u980"Cfor20hinair.

After the two-step sintering, the following heat treatments
were conducted in air and oxygen atmospheres. The sintered
specimens were placed on a single-crystal MgO substrate,
pushed into the hot zone (98O°C) of a tube furnace by a sample
pusher at 50°C/min, held at 980°C for 3 h, heated again to
105CTC at 2O0°C/h, and held at 105CC for 30 min. The heated
specimens were subjected to two different thermal cycles:
quenching and melt processing. In the quenching process, ihe
specimens held at 105O°C for 30 min were quenched to room
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Non-uniform phase transition in a YBazCu307_o bulk superconductor
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Superconductivity of high Tc oxide superconductors
are closely related to the oxygen content [1] which
accompanies the variation of hole concentration and
the superconducting-to-normal transition temperature
(Tc). Therefore it is necessary to optimize the
oxygenation treatment in order to obtain a good
quality specimen. It takes a long time for full
oxygenation [2], during which some microstructural
changes and variations of electrical properties occur.
For practical applications of oxide superconductors,
processing-induced macroscopic defects such as
thermal cracks may be harmful because they interupt
the current path and cause weak mechanical proper-
ties. On the other hand, there have been many
reports that the properties of a bulk oxide super-
conductor are improved by introduction of induced
defects such as dislocation [3], stacking faults [4],
second phase particles [5], twins [6], and atomic
defects [7, 8].

The melt process, which was first developed by Jin
et al. [9], has the advantage of fabricating a highly
magnetized Y-Ba-Cu-O specimen because of its
large Y|Ba2Cuj07-y(YI23) crystal size and the
presence of fine Y>Ba|CuiOs-y (Y211) particles
which provide a strong flux pinning force. Moreover,
it has been shown that less oxygenation time is
required for a melt-processed specimen than that for
a single crystal specimen. Kim et al. [10] reported
that cracks which were induced thermally and due to
the phase transformation from tetragonal-to-othor-
hombic phase, offer good diffusion paths for oxygen
atoms. They also suggested that the cracks devel-
oped along the boundaries of Y123 plates formed
during crystal growth. Recently, Diko et al. [11]
suggested that the planar defects are microcracking
which was generated by the stress induced by a
tetragonal-to-orthorhombic phase transition and the
difference in thermal expansion coefficients between
1 2 3 and 2 1 1 phases. More recently, Lee et al. [12]
showed that oxygenation occurred inhomogenously
and thereby microcracks were generated. In other
words, microcracks are not a preferential path for the
diffusion of oxygen atoms in a melt-processed Y123
crystal. However, in previous work [12], an air-
quenched specimen was used and therefore the effect
of thermally-induced cracks could not be discussed.

This work aims to show more evidence of the
stress-induced oxygenation and crack generation
process through direct observation of the micro-
structural changes during oxygen anneal.

High-purity (99.9%) Y2Oj, BaCO3, CuO, and
CeC>2 powders were used for the present experiment.

A starting powder with a nominal composition of
YrBa.Cu = 1.6:2.2:3.2 was prepared with the addi-
tion of 0.5 wt% CeC>2. The mixed powder was
calcined at 880 °C for 24 h three times with
intermediate grindings, and pelletized using a cold
isostatic press. Pressed green pellets were placed on
single crystal MgO substrate and heated to 1050 °C
at a rate of 100°C/h, held for 30 min, cooled to
1010 °C at a rate of 10 °C/h, slowly cooled to 950 °C
at a rate of I °C/h and then quenched in a liquid
nitrogen bath.

In order to investigate the oxygenation process,
the quenched specimen was polished and annealed at
450 °C for periods of 30, 90, 150 and 300 min in air.
Optical micrographs of the specimen were obtained
with optically polarized light.

It is well known that the phase transition from
tetragonal-to-orthorhombic structure (T-O phase
transition) is accompanied by oxygen diffusion into
the 12 3 matrix, thereby resulting in stress buildup.
Diko et al. [11] also pointed out that the stresses due
to the thermal and elastic mismatch between 1 2 3
matrix and 2 I 1 particles are generated by cooling to
low temperature; i.e. the low temperature anneal for
oxygenation is a more complex process than has
been imagined before.

Fig. 1 shows the microstructures of specimens
oxygenated for 30, 90, 150 min at 450 °C in air. It
can be seen that thermal cracks are present for the
specimen quenched into a liquid nitrogen bath.
Straight microcracks were developed as the oxygen-
ation anneal was prolonged. It can also be seen that
crack lengths are short at an early stage and
propagate along a preferred crystallographic orienta-
tion. Nakahara et al. [13] reported that the (001)
plane is both the slip and cleavage plane of the Y123
crystal. Fig. 2 shows a high magnification micro-
graph of Fig. 1. The dark area represents an oxygen-
rich orthorhombic phase, and the bright area is a
.. .Otetragonal phase [10]. Thermal cracks are distin-
guished from those microcracks due to phase
transition because they show less orientation-depen-
dence. This is supported by the fact that there are
thermal cracks in different directions. The diffusivity
of oxygen increases with annealing temperature
whereas oxygen solubility decreases with holding
temperature. This means that the diffusion of oxygen
atoms into Y123 becomes more difficult as the
annealing temperature is decreased although the free
energy for capturing oxygen atoms is increased. This
means that the extent of volume contraction, which
in turn evokes a stress buildup in the Y123 crystal, is
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Abstract

In order to understand the formation mechanism of the planar defects of a Ba-Cu-O platelet and a CuO stacking fault of
melt-textured YBa2Cu3O7_ r (123), two different types of 123 samples containing Y2BaCuO5 (211) inclusions (a tetragonal
and orthorhombic samples) were prepared by melt-quenching heat treatment and/or subsequent annealing in oxygen
atmosphere, and the microstructures were examined. In the tetragonal samples which are high-temperature non-supercon-
ducting phases, no remarkable defect formation was observed either around the trapped 211 inclusions or in the 123 matrix.
After annealing of the tetragonal samples in oxygen atmosphere for the transformation of the tetragonal phase to the
superconducting orthorhombic phase, meanwhile, various types of defects were observed such as dislocations, stacking
faults, twins and the BaCuO platelets. Particularly, the planar defects of the CuO stacking faults and the BaCuO platelets
were found to nucleate mostly at the 123/211 interface and then to grow toward the interior of the 123 matrix. In the sample
with shorter oxygen annealing time, the formation of the planar defects was limited in the vicinity of the trapped 211 while
in the sample with longer annealing time, they extended to the whole 123 matrix. It is concluded that the formation of the
planar defects of the melt-processed Y—Ba-Cu-O is attributed to the low temperature annealing in oxygen atmosphere for
the tetragonal-to-orthorhombic phase transformation.

1. Introduction

Analyzing the melt-processed microstructures of
Y-Ba-Cu-O samples, various types of microdefects
are observed within the superconducting 123 matrix
[ l - l l ] . These are a transformation twin, a disloca-

* Corresponding author. Fax: 4-82 42 862 5496.

tion, a trapped 211 inclusion, a residual liquid phase,
a microcrack, a stacking fault and a BaCuO platelet.
The presence of these defects in the superconducting
123 matrix is very important to the practical applica-
tions of this material, since some of them may act as
flux pinning sites of the 123 phase [5,6]. The defect
density should, therefore, be controlled to an opti-
mum value, together with understanding of the for-
mation mechanism. Among them, the formation
mechanism of some defects has been well clarified

092I-4534/97/SI7.00 Copyright O 1997 Elsevier Science B.V. All righis reserved.
Pll S0921 -4534(97)00010-5
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Abstract

Among various oxide superconductors, melt-processed YBa2Cu,O75 (Yl.:

superconductor reveals a superior levitation property due to the presence of many flux pinr•:. .

media such as twins, dislocations, Y124 (YBa2Cu408) stacking faults and so on, which \-

mainly concentrated around the trapped Y211 inclusions. In order to understand the formau i

nature of the Y124 stacking faults, microstructures of the melt-textured Y123 samples with

various oxygenation heating cycles were examined. It was found that no Y124 stacking fauU

was observed around the Y,B'iCuOs (Y211) in a tetragonal Y123 matrix. After the oxygenation

process, the Y124 stacking faults and Ba-Cu-O platelets are formed mainly at the Y123/Y21 !

interface and extended into the Y123 matrix and developed along the [100] and [010] direction

of the Y123. The defect density depends on oxygenation time, which indicates that che

tetragonal-to-orthorhombic phase transformation is attributable to the formation of the platelet

structure including the Y124 stacking faults. © 1997 Academic Press Limited

1. Introduction

The characteristics of the Y124 stacking fault present in the melt-textured Y123 body

0749-6036/97/OA0063+07 $25.00/0 © 1997 Academic Press Limited
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Superconductivity Research Department, Korea Atomic Energy Research Institute, P.O. Box 7, Daejon, 305-353,

'Korea Standard Research Institute, P.O. Box 3, Daejon, 301-304

Abstract The CeOr-added Y-Ba-Cu-0 oxides were prepared by the partial melt process involving the

peritectic reaction, liquid + 2-1-1 phase -» 1-2-3 phase, to investigate the effect of the dopant on mi-

crostructure and superconductivity. During the peritec reaction, all the added CeOj was converted to

BaCeOi particles which were finely dispersed in large 1-2-3 grains. Superconducting transition tempera-

ture(T,R = 0 point) of the partial-melted samples was as high as 90K regardless of CeOi content up to 5

wt%, which is owing to the separation of the second phase from the 1-2-3 superconducting phase.

CeO,# Y-Ba-Cu-0
CeO,fe

1-2-3 i ^

90K »1-*5.S. "I-?-

1. Introduction

Most of the rare earth elements(RE) except
cerium and praseodymium have been known to
form the 1-2-3 superconducting phase(REiBa2

CuA) which reveals high Tc of about 90K.1-"
These elements can be completely and partial-
ly substituted each other because of their simi-
lar valance state and ionic radius. In the case
of the CeOz-doped Y-Ba-Cu-0 system, howev-
er, Tc decreased with increasing CeO* content,
and the formation of second phase was ob-
served,'4) suggesting that there is no solubility
of cerium in 1-2-3 phase. The reason why ce-
rium was not soluble in 1-2-3 phase was ex-
plained in term of the different valance state
of Ce+4 from Y+1, Ba+l Cu+> and Cu*2. This

BaCeO,

fact can be available in designing a supercon-
ductor-nonsuperconductor composite which
may improve critical current density and me-
chanical properties of the oxide superconduc-
tor.

In the present paper, effects of cerium oxide
addition in Y-Ba-Cu-0 oxide prepared by the
partial melt process have been investigated.
Reaction between dopant and 1-2-3 phase,
characteristics of microstructure and supercon-
ductivity were observed by resistivity-temper-
ature curve, AC magnetic susceptibility,
magnetizaton hysteresis curve, x-ray diffrac-
tion(XRD) analysis and scanning electron mi-
croscopy (SEM).
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Establishment of Preparation Conditions for High-Tc Superconducting
Y^a-Cu-0 Thin Film by Chemical Vapor Deposition

Joanrtihik Park, Ik-Joon Cho, Oron-Yeon* Kin,

Hee-Gyoan Lee*, Dong-Yean Won*, and Hyunrtihik Shin

Dept of Chetn. Eng., Chonbuk Nati Univ., Chonju 560-756, Korea

•Korea Atomic Energy Research Institute, Daejun 302-353, Korea
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R 8f : $%$ 7\$1\* * ^ % j i * i>?! i ^ - 4 * microelectronic *i*\s\

3. H4- a ^ A ^ i Y-Ba-Cu-0 « W * ^ i f - ^ s . ' H Y(thd)fc Ba(thd),^ Cu(thd),s|

" i ^ MgO(lOO), YSZ(IOO), 5rTiO,(100)4 4 ^ ^ SrTiO, 7)^o< sV^^shB* *^l

W K M * ? H M 4 ^ - a * 9 ^ ^ i *7^sfs[4. cj^Tj MgO(lOO), YSZ(IOO), SrTO,(100) 7 | * *M ^ « r « Y-Ba-

Cu-0 ^D-t-8: ^ ^ ^ i »l^fr£(Tc .« -=87~89K. TC.«.=85~86K) »1̂ «H|>H i ^ i - y * i+eWSU1* 4 ^ ^ SrTiO,

Abstract: The superconducting thin films have shown a growing possibility for practical application in microelectronic

fields in recent years. In this study, the high Tc superconducting Y-Ba-Cu-0 thin films were prepared on various sub-

strates by chemical vapor deposition method using organic metal chelates of Y(thd)j, Ba(thd),, and Cudhd), as source

materials. The deposition reactions were carried out on single cryslalline MgO(lOO). YSZ(IOO), SrTiO,(100), and poly

cryslalline SrTiO] substrates. Deposition thickness of thin films was linearly increased with the increase of deposition

time. It turned out that the Y-Ba-Cu-0 thin films on MgO(lOO), YSZ(lOO), and SrTiO,(100) single crystal substrates

showed superconductivities above liquid nitrogen temperature(Tc aM«=87~89K, TC.».=85~86K), but the one on poly-

crystalline SrTiO, substrate did not

1.-M £

1986«d £-t\^ IB1\A "a^^iSj J.G.BednorzSr K.

A.Muller[l]7V KJJiF,
«i*\ 30K o j ^ A±%

1987«d Chu f [ W H

^ i * ^-c- La-Ba-Cu-O*|
f- i ^ i ^ - 1 - Ih^* «l-f,
S)*H Y-Ba-Cu-O?d<H|>H
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The Dependance of Magnetic Force Between Permanent Magnet and High
-Tc Superconductor on the Thickness of YiBa2Cu30x Superconductor

(Woo-Gon Kim • Ho-Jin Lee • Gye-Won Hong • Son-Chili Kwon
Dong-Yeon Won • Hyo-Sang Choi • Byoung-Sung Han)

Abstract-The dependance of magnetic force between rare-earth permanent magnet and high-Tc
superconductor on the thickness of YiBa2Cu30x superconductor prepared by Quasi-Melt Process
(QMP) was investigated. In order to discover the magnetic properties of superconductor, the
magnetic interactive force between a magnet and superconductor was measured by moving the
magnets, 1800G and 2800G in surface magnetic field, toward/away perpendicularly to surface of
superconductors of different thicknesses. The magnetic interactive force on permanent magnet
increased linearly at a initial stage and then approaches nonlinearly asymptotic value up to the
thickness of 10mm. The magnetic force was almost same, even the thickness of superconductor was
more than 10mm. This suggests that there is a critical thickness of superconductor, above which the
external magnetic field can not penetrate the full thicknes of specimen. The magnetic force cycle
showed hysteretic behavior due to flux pinning, and the repulsive force was much greater than the
attractive force. The force cycle by field cooling process was measured and compared with that of
zero-field cooling process.

1. M

77K °]'e)-sl -£5.0114 i ^ J 4 ^ " ^ 3l—•£. Moon, Murakami-s-c-
L-g:i^iiit)|7> 7)1 <£!& o}dH 4_ [6~9]

[1.2]

*1 <^TL°fl4 <y*l3i-S-ISl-5. ^ 4 7 ) 3 - ^ - 1 - *^-£ -8"§*11 (Quasi-Melt-Process, Q M P ) £
-*] j \ 7} ^ 4 < H melt-texture-growth (MTG)>t!, 7Jr Ii*l- I£4, -§-g-4
quench-powder-melt-growth (QPMG), liquid proc-
ess'ti •§-«! 7()a^-sl5^cf[3~5]- o]Q " j - ^ ^ . 5 . ^)| -g- <*}-:jLo||4-c- ir-g-g-'^.S-.S. ^ l i^} - j* l^ -^ Y]

^ ^ 1 ^ 1 ^ (bulk) ^

°J4Sj 37)7} 37]
pinning effect)o)l S\^y 471 Hlii'M0! 3.^ i ' S ~ir

HI ?| £4..&.-!-

W
5E1 1800G, 2800G1

"IE • * : ±Z± ± * K **Ul*f4 Bl±l ie o|| aj.^. ^}-g-^sl ^ ^ - 1 - «l2. ^ £ . 4 5 1 4

: 1992^ 12 H 31 B
4fl 21B 2.
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A Study on the Property Changes According to Surface States of
Substrate in the Preparation of Y-Ba-Cu-O High-Tc

Superconducting Thin Films by Chemical Vapor Deposition

Hyung-Shik Shin, Ik-Joon Cho, Joung-Shik Park, Stfog-Woo Yang,

Hee-Gyeun Lee* and Dong-Yeon Won*

Dept. of Chem. Eng., Chonbuk National University
* Korea Atomic Energy Research Institute

(Received 21 February 1992; accepted 10 December 1992)

as-prepared ^ t | ) ^ MgO(lOO) 7 |#3r 15N HNO,

MgO(lOO) 7|4-i- A^a>^cf. £- ^^-ofH ^ ^ ^ ^ A 5 . Y i i ^ - i = 5 i i «-}D-}-

p-diketone ^°)* ^ ^ § " 4 (h^r 4-8-«r?5l4- 650t ^ - ^ £ . £ 4 0.0126torrSj

Abstract—Since the discovery of superconducting oxides, enormous amount of research has been conducted
on the preparation of high-Tc superconducting films. It is obvious that future microelectronic devices will
require well-crystallized films of smooth surface and uniform structure prepared at substrate temperatures
as low as possible. The high-Tc superconducting Y-Ba-Cu-0 thin films in this work were prepared by thermal
chemical vapor deposition method on MgO(lOO) substrate without postannealing using (3-diketone metal
chelates of Y(thd)3, Ba(thd)2, and Cu(thd)2 as source materials and O2 as a reactant gas. Superconductivity
above liquid nitrogen temperature(Tc.o«« = 90.1 K and Tc.o — 87.3K) was obtained for the film prepared at
650°C and 0.0126 torr. The thin films consisted of Y-Ba-Cu-0 with mostly c-axis perpendicular to the substrate
plane and with i-mall amounts of a-axis normal to film surface.
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Ag/Bi-2223

A study on the process for the preparation of Ag/Bi-"2223 superconducting tapes

by powder-in-tube method

Woo-Gon Kim, Ho-Jin Lee, Dong-Yeon Won, Gye-Won Hong

Korea Atomic Energy Research Institute, P.O.Box 7, Daeduk Danji, Daejun 305-333, Korea

Ag/Bi-2223 J

250^1 ?Vsi

oiii, 24)2) «V

Si214 * ^ ^ 5 f e pressing

1.05 x lO'A/cm'S. cffl- "o-^0)) B! *)) 7}*£ ̂ 9i°.tf, rolling

-g-^^.S.fe 0.78x 10'A/cm2!- ?̂ fe- ti f̂l iT aHiSrSltr- 77fl * 497))°1 -M]-y-g- ?}fe cj- 4] -»H *lj •§• ;<fli

A/cm2^o.n], 497fl tl-y £ rolling'},'-^ 5.3. 0.20 x lO'A/Wf- #fe -!d*fl# ^ i « f S ^ -

Abstract The effects of fabrication method and condition on critical current density of Ag sheathed Bi-

2223 superconducting tapes by powder-in-tube method were studied. The highest critical current density

(Jc) in the whole process was measured in the repeative heat treatment of 250 hour and mechanical

deformation of 2 times. These results are suggested that the high-Te phase at the heat treatment of 250

hour was superior and the good grain alignment at the mechanical deformation of 2 times was analyzed

by XRD pattern. The highest critical current density obtained by pressing method was 1.05 x 10'A/cm2

and 0.78 x 10'A/crn2 in case of rolling method. The multifilamentary wires with 7 and 49 filaments were

fabricated to check the applicability of pressing and rolling method for preparing multifilaments wire.

The critical current density of 7 filaments tapes prepared by pressing showed 0.45 x lO'A/cm2 and 0.20

x 10'A/cm2 for 49 filaments tapes prepared by rolling.

I . AH

r3~5). Bi2Sr2CaJCu30(BSCC0)
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h BSCCO 2L*\S. -a
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Y-Ba-Cu-03HM

Effect of SnO2 addition on the growth of YiBaaCi^Oy-s phase in Y-Ba-Cu-0 system

Dae-Ho Lim*, Myoung-Youp Song*, Hee-Gyoun Lee, Dong-Yeon Won, Gye-Won Hong

Department of Materials Engineering, Chonbuk National University

'Korea Atomic Energy Research Institute, Daeduk Science Town, Taejun

Sn°l ^7}^ 123 +
coupM % £ a j s . ^ ^ HOO'

123 + Sn >& % 4 2)

^ 123-y-ol

Abstract In order to investigate the effect of SnOz on the growth of 123 phase in Y-Ba-Cu-0 system,
O.lSn-doped 123 + Sn compact was coupled with Sn-free 123 compact by placing the former on the
latter. In case of the coupled samples which were held at 1100'C for 24hr and then at 970"C for lhr,
123 phase grew from the surface of O.lSn-doped 123 + Sn compact toward the inner of Sn-free 123
compact. In case of the coupled samples which were held at 1100°C for 48hr and then at 970*C for lhr,
it was not the 123 phase but Ba-Y-Sn grains that were observed. Ba-Y-Sn grains with a shape of bar
was composed of Ba ; Y : Sn = 5 ; 3 I 2, approximately.

1. M *
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Y2Ba,Cu,O5>S-fi1

A Study on the Growth Behavior of Phase in Y-Ba-Cu-0 System

Dae-Ho Lim*, Myoung-Youp Song*, Jong-Hyun Park,
Hee-Gyoun Lee, Dong-Yeon Won, and Gye-Won Hong

Korea Atomic Energy Research Institute, Daeduk Science Town, Taejun

'Department of Materials Engineering, Chonbuk National University

1100iC°fM
MgO MgO

^ . ^ MgO MgO

^-^ 0.6mol CuO7> . Y2Ba,Cu,

37)1

Abstract In order to investigate the growth behavior of Y2BaiCui05(211) particles in

(123), 123 samples were quenched in air after heat treatment on polycrystal and single crystal MgO

substrates at HOÔ C for various periods. 211 grains grew with the increase in holding time. The growth

of 211 grains was faster on the polycrystal MgO substrate than on the single crystal MgO substrate. In

the samples with the compositions of 211 + xCuO(0.2<x<0.8), the growth rate of 211 grains increased

with the increase in CuO content. In the sample with x = 0.6 the largest 211 grains were observed. 211

grains in the YjBaiCui tSno iOs+t samples were distributed very finely and homogeneously. The retarding

effect of SnOj addition on the growth of 211 grain appeared more pronounced in a CuO melt than in a

melt.

1. M £
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#ft

The Effect of Initial Packing Pressure on the Diametral Ratio
and Critical Current Density of Ag-Sheathed

Bi- Based Superconducting Wires

• mm** • &m** • &mi6% • mm-t*
(Woo-Gon Kim • Ho-Jin Lee • Chan-Joong Kim • Ki-Baik Kim • Sun-Chill Kwon

Gye-Won Hong • Dong-Yeon Won • Hyo-Sang Choi • Byoung-Sung Han)

Abstract-The effects of initial packing pressures on the diametral ratio of the silver clad to the
superconducting oxide core and the critical current densities(/c) of Ag-sheathed Bi-2223 supercon-
ducting wire samples prepared by powder-in-tube method were studied. ,The diametral ratio of inner
core to outer clading(Z)i/Z)o) abruptly decreased in the initial stages of drawing process (reduction
ratio, R=2.2) and slowly decreased in the later stages ordrawing process. When the initial packing
pressures of the specimens were low, the diametral ratio was measured small because of insufficient
packing densities of superconducting oxide core in those specimens. The thickness of the Ag cladding
decreased non linearly according to the reduction ratio(/?). The specimen prepared with the initial
packing pressure of 1000kg/cm2 and undergone the repeated pressing and the heat treatment three
times showed the highest Jc value of 5700A/cm2 which is much higher than that of 1300A/cm2

obtained in the specimen packed with no initial packing pressure and the same after treatment. The
repeated pressing and heat treatment showed large positive effect on Jc increase. The critical current
densities of the specimens greatly increased when heat treatment time was longer than 250hours.

Key Words: Critical Current Density, Initial Packing Pressure, Reduction Ratio
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Y-Ba-Cu-O/BaCeO3

Magnetization Characteristics of Melt-textured Y-Ba-Cu-0 with BaCeO3 Addition

Chan-Joong Kim, Hai-Woong Park, Ki-Baik Kim and Gye-Won Hong
Superconductivity Research Laboratory, Korea Atomic Energy Research Institute
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Abstract Influence of BaCeO] addition on magnetization characteristics of melt-textured Y-Ba-Cu-0

superconductor was investigated. Fine BaCeOi particles were dispersed within the superconducting 1—2

—3 matrix by means of the solid-state reaction using powders and melt-texture processing. Magnetiza-

tion hysteresis curves for the single-crystalline 1—2—3 samples were obtained by using a vibration sam-

ple magnetometer, at temperature of 77K, 60K, 40K and 20K and at the magnetic field from 0 to 2

Tesla. In the undoped 1—2—3 sample and the sample containing 5 wt% BaCed addition, anomalous

magnetization behavior, which is characterized by a second peak at an intermediated magnetic field, was

observed at 77K. The second peak shifted toward higher magnetic fields when temperature was lowered

to 60 K. In the samples containing more than 10 wt.% BaCeOj, however, the secondary peak effect dis-

appeared. The variation of magnetization behavior due to the addition of BaCeQi is discussed with the

microstructure related to oxygen diffusion.
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Characteristics of Bi(Pb)-Sr-Ca-Cu-O Superconductor Wire
Fabricated using the Billet Insertion Method

Gun-Eik Jang, Jae-keun Yoo and Gye-won Hong

Superconductvity Research Dept., Korea Atomic Energy Research Institute
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Bi(Pb)-Sr-Ca-Cu-O3l

vibration and ramming *JH ^ ^ , ^7>} ^"tf-^ "l-JMH -g - !^ &*d "i^-^ ^-^}^1, &u£ billet
billet "J-^4- •&• ^-.y. Ml -g-^^ - f^ ^ i s f ± ^ i core^ cJ«S^

30% 7V̂ = ^7l.A|^o_^, 840°C 200 l̂7d- <i*1^t> - ^ i 130 um(core ' i ^ : 45 (im), ^- 5.24 mm pressing
#<S A | ^ £ ] i c ^ a ) a 34A, Jc-fe- 16,700A/cm2(77K, 0T)5. *^s]5jcf . 331 <y-<8tr ^ ^ A | ^ O ) k ^ g^ 12\,
Jc-t 11,000 A/cm2(77K, 0T)5. ^ £ } # < 4 - ^ * X-ray AJ^-§- -f-*M Jl-g-^-gr -&-̂ -iL Ml̂ l core ^ U J f ^ - ^ . 4 ^
4-^-iLSl- i=<di core-Hl ° d ^ * A)^ f-g-'Hl^ ci^- ^ ^ ^ ^ j o ] S H 3 4 -

ABSTRACT

During Bi(Pb)-Sr-Ca-Cu-0 superconductor wire fabrication, the effect of the initial packing density on the
final characteristics of superconductor wire was systematically studied. To increase the powder packing density
with uniform distribution of superconducting core, a billet insertion method processed by CIP was applied
instead of the commonly used vibration and ramming method of powder insertion into silver sheath. Compared
with the vibration and ramming method, the billet insertion technique processed by CIP cause the 30% incre-
ment of powder packing density as well as the uniform cross sectional area of core distribution. The short
specimen with 130 urn (core thickness '. 45 um) and 5.24 mm width, processed at 840°C for 200 hrs, shows
maximum 34A for Ic and 16,700 A/cm2 for Jc measured at 77K and 0T. Also the sample rolled 3 times shows
maximum 7.2A for Ic and 11,000 A/cm2 for 77K and 0T. Based on X-ray experimental results, the formation
of Bi-2223 and texture were significantly well developed at the interface between the superconducting core
and silver sheath as compared with those of the interior area of superconducting core.

Key words: Powder-in-tube, Vibration and ramming, Billet, Powder packing density
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Preparation of Superconducting YbBaCuO and
"YBaCuO Films by Chemical Vapor Deposition at
650°C.

Hee-Gyoun Lee, Soon-Dong Park, Chan-Joong Kim, Gye-Won Hong,

In-Soon Chang and Dong-Yeon Won

Korea Atomic Energy Research Institute

P.O.Box 7, Daeduk Science Town, Taejon, 305-606, Korea

ABSTRACT

and YBaCuO films were successfully prepared at 650°C

by chemical vapor deposition method using O2 as an oxidant.

/BaCuO and YbBaCuO films, which were prepared at the oxygen

partial pressure of 0.0126 Torr and 0.0229 Torr

respectively, showed superconductivity above liquid

nitrogen temperature (Tc0 = 81.5-87K ). Both of YBaCuO and

YbBaCuO films showed c-axis oriented structure with a large

c-axis parameter of c = 11.7 ̂ -11.8 A .

INTRODUCTION

Since the discovery of the high Tc oxide superconductor by

Bednorz and Mueller u, many intensive studies were conducted

to find a new superconductor with higher Tc. Thereby, new

high Tc superconductors of YBaCuO 2I, BiSrCaCuO 3> and

TIBaCaCuO 41 have been found. On the other hand, the

preparation techniques of the films of those

superconductors have been great interest due to its

applicability to microelectronics.

Recently, the methods such as laser ablation, evaporation,

sputtering, molecular beam epitaxy (MBE) and chemical vapor

deposition (CVD) have been successfully used to fabricate
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Current Status on the Superconductivity Research in

Korea

Dong-Yeon Won and Hee-Gyoun Lee

Korea Atomic Energy Research Institute

P.O.Box 7 Daeduk Science Town

Tajeon, Korea

1. Introduction

Superconductivity research in Korea was firstly carried out by a research

group in Seoul National University(SNU), who fabricated a small scale

superconducting magnetic storage system under the finantial support from

Korea Electric Power Company(KEPCO). But few sicentists were involved on

superconductivity research until the oxide high Tc superconductor was

discovered by Bednorz and Mueller n .

After the discovery of YBaCuO superconductors operating above the

boiling point of liquid nitrogen( 77K ) 2 \ Ministry of Science and Technology(

MOST ), Korea, recognizing the importance of high Tc technology, donated a

special fund for the superconductivity research to universities and government

supported research institutes. Scientists engaged in this project organized

'High Temperature Superconductivity Research Association HITSRA )' to

achieve the project goal efficiently. Its major functions are to coordinate

research activities on high Tc superconductivity and to distribute research
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Preparation of YbBaCuO Film on Various Substrates by
Chemical Vapor Deposition at 650 °C

HEE-GYOUN LEE1, SOON-DONG PARK1, YOEN-SU KIM2, HYUNG-SHIK SHIN2,
GYE-WON HONG', IN-SOON CHANG', and DONG-YEON WON'

'Korea Atomic Energy Research Institute, Daeduk Science Town, Taejun, 302-353, Korea
department of Chemical Engineering, Chonbuk National University, Chonju, Korea

High Tc YbBaCuO film( Tc0 > 80K ) was successfully prepared on various substrates by CVD method
using molecular oxygen as an oxidant. The deposited 123 phase showed c-axis oriented structure
with a large c-axis lattice parameter with c = 11.706 — 11 .826 A - It was observed that the formation
of 123 phase accompanied 132 phase as well as BaCuO and CuO. It is very noticeable that Yb2O3

was also deposited with 123 phase in YbBaCuO system.

KEY WORDS: YbBaCuO superconductor, phase formation, lattice expansion

Since the discovery of the high Tc oxide superconductor by Bednorz and Muellerp], many intensive
studies were conducted to find a new superconductors with higher Tc. Thereby, new high Tc
superconductors of YBaCuO[2], BiSrCaCuO[3] and TIBaCaCuO[4] have been found. On the other
hand, the preparation techniques of the films of those superconductors have been great interest due
to its applicability to microelectronics.
Recently, the methods such as laser ablation, evaporation, sputtering, molecular beam epitaxy (MBE)
and chemical vapor deposition (CVD) have been successfully used to fabricate the oxide
superconductor films. Among these techniques, CVD method, which is a very promising method due
to its high productivity and simplicity, has been used to fabricate the YBaCuO films with a high Tc and
a high Jc[5]. We succeeded in fabricating YBaCuO films with a high Tc and a high Jc( Tc,0 = 87, Jc >
104A/cm2) by CVD method at low temperature (650 °C) by controlling the oxygen partial pressure[6].
It is well known that a variety of LnBaCuO (Ln = lanthanide element) show a superconductivity (
except Ln = Ce, Pr, Pm and Tb ) above 77K as well as YBaCuO and have the same crystal structure
with YBaCuO. However most of the researches on the film fabrication were carried out for a Yttrium
based 123 system and very limited investigations were carried out for other Lanthanide based 123
system. Especially, there are no report on the preparation of LnBaCuO films by CVD method.
In this work, a YbBaCuO, which has been known to have lower 123 phase formation temperature
than YBaCuO[7], was preapared on single crystal substrates by chemical vapor deposition method.
The formation of Yb-Ba-Cu-0 compounds and the electrical changes were investigated by X-ray
diffraction (XRD) observations and by measuring electrical resistance of the films.

Source materials used were beta-diketone chelates of Yb(thd), Ba(thd) and Cu(thd) (thd= 2,2,6,6-
tetramethyl-3, 5-heptanedionate) ( Strem Co., Ltd. ). These chelates were evaporated at 126- 232"C.
The source vapors of Yb, Ba and Cu were transported into the hot zone by Ar gas and O2 gas was
introduced separately. The oxygen partial pressure was controlled by changing the Ar/O2 ratio using
mass flow controller(MFC). The CVD reactor was a hot-wall type[8].
Deposition of YbBaCuO films was performed on various single crystal substrates placed normal to a
gas stream at 600 °C, 650 "C and 800 °C at a reduced pressure of 4 Torr. The oxygen partial
pressures were 0.0229 Torr and 0.274 Torr at the substate temperatures of 650 "C and 800 °C,
respectively . Deposition time was 30 min. After deposition, the films were cooled to 400°C at a
cooling rate of 15°C/minand held for 30 min in an oxygen pressure of 760 Torr. The deposition rate
of the film was about 0.5 /an/h.
X-ray diffraction (XRD) data were obtained to examine the phase formation of the deposited films.
Electrical resistance was measured using an ac four-probe method.

The temperature dependence of the electrical resistance of the YbBaCuO films , which were
prepared on MgO(100) substrate at various experimental conditions, is revealed in Fig.1. It can be
recognized that the superconducting transition starts at the temperature of 85-87.5 K ( TconMI) and
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MICROSTRUCTURE OF MELT TEXTURED Y-Ba-Cu-O WITH CeO, ADDITION

Chan-loong Kim. Ki-Baik Kim, Dong-Yeon Won, and Gye-Won Hong

Superconductivity Research Laboratory, Korea Atomic
Energy Research Institute, P. O. Box. 105, Yusung, Taejon,

305-600, Korea

ABSTRACT

Microstrucrure concerning segregation of second phase particles were investigated
in melt-textured Y-Ba-Cu-O with/without CeO2 addition. Segregations of second phase
particles are observed with two different patterns, i. e., x-type segregation and formation
of 211-free region. This phenomena was discussed with the interaction of 211 particles at
the solid/liquid interface.

INTRODUCTION

One of important problems encountered in preparing high magnetization Y-Ba-Cu-
O materials is non-uniform distribution of 211 particles within the melt-textured domain.
Recently, it was reported that 211 particles are segregated with a special pattern within
the 123 matrix [1-3). This appears to be closely related to the growth mechanism of 123
domain and thus efforts to solve this problem will provide helpful informations in
understanding the growth mechanism of 123 domain and trapping mechanism of 211 in
melt-processed Y-Ba-Cu-O systems. In this study, the segregation mode of second phase
particles was investigated in the melt-textured Y-Ba-Cu-O with/without CeO2 addition.

EXPERIMENT

The 1-2-3 powder used in this experiment was prepared by the conventional solid-
state reaction method of Y 2Oy BaCO, and CuO powder of 99.9% purity. The 1-2-3 powder
was mixed with CeOj powder. The 1-2-3 powder was mixed with an appropriate amount
of BaCeO,. The powder mixtures were blended in an alumina mortar with a pestle and
then uniaxially pressed into pellets in a steel mold. The pellets were sintered at 950"C
for 5 h in air and then air-cooled. The sintered pellets were placed on a (001) MgO single
crystal substrate and were heat treated near the peritectic temperature with a cooling
rate of 1 °C/h to 980°C Microstructure of melt-textured samples was investigated for an
polished/etched surface by an optical and scanning electron microscopes.

RESULTS and DISCUSSION

Figure 1 shows optical microstructure
of (a) pure 123 sample and (b) sample with 1%
CeOj addition which was prepared by melt-
texture growth ( MTG ) method. It can be seen
in both samples that the 211 particles are
trapped with x-type pattern within 123
sample. Such 211 segregations were already
reported in pure 123 and sample with second
phase addition [1,2]. Systematic investigation
for various sectioned planes of the domains
showed that the segregation pattern has a
crystallographic relation in the 123 domain.
Another noticeable feature is that 211
particies in the CeO2 added sample are more
fine than those of the undoped sample. This is
due that the CeO2 addition changes the
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P.O. Box 105, Yuseong, Taejeon, 305-600, Korea

'Korea Standards Research Institute
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1. introduction

Superconductivity research in Korea was firstly carried out in the late

70s by a research group in Seoul National University (SNU), who fabricated a

small scale superconducting magnetic energy storage system under the financial

support from Korea Electric Power Company( KEPCO). But a few researchers

were involved in superconductivity research until the oxide high Tc

superconductor was discovered by Bednorz and Mueller.1'

After the discovery of YBaCuO superconductor operating above the boiling

point of liquid nitrogen( 77K )Z), Korean Ministry of Science and Technology(

MOST) sponsored a special fund for the high Tc superconductivity research to

universities and national research institutes by recognizing its importance.

Scientists engaged in this project organized "High Temperature

Superconductivity Research Association(HITSRA)" for effective conducting of

research. Its major functions are to coordinate research activities on high Tc

superconductivity and organize the workshop for active exchange of information.

During last seven years the major superconductivity research has been carried

out through the coordination of HITSRA. The major parts of the Korea's

superconductivity research program were related to high temperature

superconductor and only a few groups were carrying out research on

conventional superconductor technology, and Korea Atomic Energy Research

lnstitute( KAERI) and Korea Electrotechnology Research lnstitute( KERI) have

led this research.
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Magnetization and microstructure of melt-textured Y-Ba-
Cu-0 with BaCeO3 addition

CHAN-JOONG KIM, KI-BAIK KIM. and GYE-WON HONG

Superconductivity Research Laboratory, Korea Atomic Energy Research Institute, P. O. Box. 105,
Yusung, Taejon, 305-600, South Korea

ABSTRACT

Influence of BaCeO, addition on magnetization and microstructure of melt-textured Y-Ba-Cu-O were
investigated. Fine BaCeO, inclusions of 0 • 20 wt.% were successfully dispersed within the melt-
textured YBa,Cu,O,., matrix without any interaction with the phases which are formed during melt
texture processing. In the case of the undoped sample and the sample with small BaCeO, addition of
5 wt.%, anomalous magnetization hysteresis, which is characterized by the secondary peak at the
Intermediate magnetic field, is observed, indicating that the microdefects such as oxygen deficiency or
stacking faults are dominant flux pinning site. In the case of the samples with 15 wt.% and 20 wt.%
addition, magnetic critical current density monotonicalty decreases with increasing magnetic field.
Conclusively, there Is no contribution of fine BaCeO, addition on flux pinning of Y-Ba-Cu-0
superconductor. >

KEYWORDS : Y-Ba-Cu-O superconductor, BaCeO, addition, magnetization, microstructure

With 685 Figures, Including 1 in Color
INTRODUCTION

The addition of second inclusion phase to Y-Ba-Cu-O superconductor is known to improve critical
current density (Je) by providing possible flux pinning sites (1-3], although exact llux pinning
mechanism by the second phase addition is still not clear. Among inclusions, Y,BaCuO, ( 2-1-1 )
addition allows formation of homogeneous microstructure [4] as well as flux pinning site of the indusion/1 -
2-3 interface [5]. In case of BaTiO, addition, current properties increases by the addition and the
increased number of micodefects near the Ba,TiO, panicles, which were formed by the interaction
between 1-2-3 phase and added BaTiO, phase [3] was proposed as a flux pinning medium. Although it
has been widely accepted that inclusion-superconductor composite system is effective in increasing
fracture toughness and related properties to the practical application. Its role as a flux pinning medium
is not clear. This work Is aim to ekidadate the effect of second phase inclusion on critical current
property of Y-Ba-Cu-O system. We prepared BaC»O,-YBa,Cu,O,, composite superconductor by melt-
texture processing. The influence of BaCaO, on rnicrostructure and superconducting properties of
melt-textured Y-Ba-Cu-O oxide was investigated. We present our magnetization and microstructural
results obtained from the YBa,Cu,O,,-BaCeO, composites.

Springer

EXPERIMENTAL PROCEDURE

The 1-2-3 powder used in this experiment was prepared by conventional solid-state reaction process
of Y,CL, BaCO, and CuO powder. The particle size of 1-2-3 powder was estimated as 2-3 urn from the
SEM micrograph. The 1 -2-3 powder was mixed with BaCeO, powder of various amounts from 0 to 20
wt.% which was prepared from a mixture of CeO, and BaCO, powder at 950 *C in air. The powder
mixtures were uniaxialty pressed into pellets using a steel mold. The pellets were sintered at 940*C
for 5 h in air and then air-cooled. The sintered pellets were placed on a (001) MgO single crystal
substrate and heated rapidly to 1040'C where 1-2-3 phase is decomposed to 2-1-1 and Ba-Cu-0
liquid phase, held for 0.5 h, cooled to 1010 'C at a rate of 40*C/h, cooled again to 9S0'C at 1 "C/h and
then air-cooled. The melt-textured samples were crushed in an alumina mortar so as to get single
crystalline 1 -2-3 domains. The domains were annealed in flowing oxygen at 450 °C lor 72 h.
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ABSTRACT

During the peritectic melting of YBa2Cu3Oot * phase into Y2BaCuC>5 and a Ba-Cu-O
liquid, many spherical pores are observed to form. After the pore formation, liquid flow
into the pores occurs and then produces spherical liquid pockets containing no
Y2BaCuO5 particles. After the completion of melt-texturing process, the liquid pockets
are transformed into a YBa2Cu3O^ + x phase containing no Y2BaCuO5 particles, i.e.
Y2BaCuO5 free regions in YBa2Cu3O6+x domains. The formation of Y2BaCuO5 free
regions appears to be due to the spherical pores formed by oxygen gas evolved during the
peritectic melting.

KEYWORDS: spherical pore, liquid pocket, Y2BaCuO5 free region, oxygen gas evolution

With 685 Figures, Including 1 in Color

INTRODUCTION

There has been a number of recent studies on the fabrication of textured YBa2Cu3O 0 + x

(1-2-3) superconductors using various melt-processing techniques. These melt-textured
1-2-3 superconductors are formed via a peritectic reaction between Y2BaCuO5 (2-1-1)
and an yttrium deficient liquid phase. Since the electrical and mechanical properties of
melt-textured superconductors are well known to depend strongly on their microstructurc,
it is necessary to understand how these processes affect their final microstructure and
properties.

Addition of 2-1-1 particles into 1-2-3 domains has been known to be quite effective in
improving critical current density by providing possible flux pinning centers and
removing microcracks induced by the tetragonal-to-orthorhombic phase transition and
residual liquid phase due to incomplete peritectic reaction. These results indicate that
uniform distribution of 2-1-1 particles in 1-2-3 domains is essential in order to improve
electrical and mechanical properties. However, the recent microstructural investigations
for melt-textured Y-Ba-Cu-O oxides [1-4] have shown that there are 2-1-1 free regions
surrounded by many 2-1-1 particles.

In the present investigation the formation mechanism of the 2-1-1 free region in the melt-
textured Yi 0Ba2.3Cu3 j O r is studied Since the 2-1-1 distribution within 1-2-3 domains
may depend strongly on the melting process above the peritectic temperature,
microstructures of mixture of 2-1-1 particles and an yttrium deficient liquid above the
peritectic temperature and microstructural sequence during the solidification of 1-2-3
from the melt are observed.

Springer
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Superconductivity Research Laboratory, *Nuclear Fusion Group,

Korea Atomic Energy Research Institute

P.O.Box 105, Yusung, Taejeon, Korea 306-600

Abstract

Superconducting magnet have been considered as the best tool to realize the fusion reactor

having the concept of energy generation. KAERI is proceeding the basic research about

replacing the PF-6 coil in KT-2 by a superconducting coil. As the first step, a precise

superconducting magnet of 4 Tesla was designed and fabricated. In spite of small scale, many

kind of technics were needed such as a design of field, a shimming of field, and a jointing of

superconducting wire. After correcting the field, the maximum field inhomogeneity along the

z-axis within 5 cm was below 10 ppm, and the field instability was lower than 0.1 ppm/hour.

1. Introduction

The confinement of high temperature plasma by high magnetic field is one of the key

technology in developing nuclear fusion, and the necessity of superconducting magnet

increases as the feasibility and applicability of the nuclear fusion increases. The use of the

normal electric magnet using normal conductor such as copper is limited because of its high

electric power consumption exceeding generating electricity and impossibility of continuous

operation. The tokamak type thermonuclear fusion reactor is regarded as the most feasible

reactor type and the effectiveness of superconducting magnet is increased as the size of the

reactor increases.

Superconductor shows perfect electrical conductivity below its critical transition

temperature(Tc). The Tc of the conventional metal-base superconductor is in the range of 2" -

20 K and it is very difficult to keep the system at such a low temperature. Therefore the

application technology of the superconductor were closely related to the development of

cryogenic engineering technology. The most popular superconductors used for fabricating high

field supercnducting magnet are NbTi and NbjSn. In order to generate very high magnetic field

using electromagnet made with normal conducting material such as copper, it is needed to

supply very high electricity and large amount of coolant water to dissipate the resistive heat

generation in normal conductor. Also it is very difficult to obtain stable magnetic field. But in

case of superconducting magnet relatively small electricity is required to cool the magnet

below its critical temperature and for initial magnetization of the coil Therefore the

superconducting magnet is regarded as only choice for future commercial fusion reactor which

can produce more electric power output than input electricity.

Korea atomic energy research institute has been performing basic study to develop the
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Bi(Pb)-Sr-Ca-Cu-Q Superconductor Powder
Preparation through Microemulsion Drying Method

G. E. Tang. J. K. You, J. C. Chang', H. J. Lee, I. H. Kuk and G. W. Hong
Superconductor Research Lab., Korea Atomic Energy Research Institute

P. 0. Box 105 Yuseong, Daejon, Korea, 305-600
"Department of Inorganic Materials Engineering, Hanyang University

Haengdang-dong, Sungdong-gu, Seoul, Korea, 133-791

ABSTRACT

Emulsion drying process technique was applied to obtain high purity of
Bi(Pb)-Sr-Ca-Cu-0 powders. By carefully controlling the synthetic variables such
as mixing ratio between concentrated acqueous solution and emulsifier, the present
technique proves the usefullness to obtain the nearly 110 K superconducting single
phase.

INTRODUCTION

It was well known to prepare Bi(Pb)2Sr2Ca2Cu30'io-T with conventional
ceramic-processing technique such as solid-state reaction Was extremly difficult".
Furthermore recent results"' indicated the carbon phase after heat treatment
remained and caused transport limitation particularly when SrCOj. CaCO3 are used
as starting materials. Therefore many efforts have been focused on the carbon-free
precursor preparation with nearly single phase of high Tc phase(2223) by wet
chemical methods. Presented here is one of the synthesis method by microemulsion
drying process. This technique involves the addition of a water-in-oil type
microemulsion to a hot oil bath which causes rapid evaporation of the aqueous
phase, leaving solid precursor particles dispersed in the oil phase. The purpose of
this study is to demonstrate the possibility to get the high Tc(2223) phase by
microemulsion technique.

EXPERIMENT

To prepare the high purity of
BHPbhSrzCaECusOio-r precusor
powders, first, acqueous solution was
prepared by dissolving Bi(NO3)a,
Pb(NO3)z. Sr(NO3h, Ca(NO3h, and
Cu(NO3>2 in a nitric acid and distilled
water in the molar ratio of
Bi:Pb:Sr:Ca:Cu=1.84:0.34:1.91:2.03:3.06
as reported by endo et al41. Emulsifier
agent was dissolved into the oil. To
make microemulsion acqueous
solution was slowly dropped into the
mixture of emulsifier and oil while
stirring. After the emulsion was
prepared, precursor raw powders
were obtained by addition of the
microemuision into a hot kerosen
while temperature was kept at
170-180 TJ. Finally, the dried powder
was calcined in air from 730 £ to 830
XI for 24hrs. The schematic diagram
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A PARAMETRIC STUDY ON THE CROSS-SECTION SHAPE OF
SUPERCONDUCTING CORE IN PRESSING A CIRCULAR

CROSS-SECTIONAL DRAWN WIRE

H-J Lee. K-S Seo*. G-E Jang, I-H Kuk. and-G-W Hong
Superconductivity Research Lab. Korea Atomic Energy Research Institute,

P.O.Box 105, Yusung, Taejon, 305-600, Korea
* Transport System Research Department, KAERI

ABSTRACT

The powder-in-tube method is composed of several mechanical work processes to make
plastic flow in the silver sheath and the superconducting core. After pressing a round drawn
wire, the contour of core in the flat transverse cross-section occassionally shows nonunifonn
deformation. The commercial computer code was used for two-dimensional numerical analysis
of the plastic flow in the superconducting wire during the lateral pressing. The Drucker-Prager
yield criterion was employed to model the superconducting powder. When the friction was
sufficiently high between the press surface and the silver sheath, the deformation in the mid
of superconducting tape was calculated very large. Then, the mid of deformed
superconducting core was narrower than the location of about a quarter of the tape width
from a side.

INTRODUCTION

The powdcr-in-tube(PIT) method has been considered as a proper method to fabricate the
applicable superconducting wire. A drawing and pressing/ rolUng is needed to make the
texture in the superconducting core, whose final form becomes the flat cross-sectional tapefl].
During the pressing or rolling of the drawn wire, a nonunifonn plastic flow in the
superconducting core may occurs by the severe change of the transverse cross-section. The
nonuniformity of cross-section may decrease a critical transport current in the wire. In this
study, the nonunifonn plastic flow during the pressing of drawn superconducting wire was
numerically calculated by using a commercial stress analysis code named ABAQUS [2]. The
friction between the press surface and the sheath of wire was suggested as a parameter
governing the plastic flow of transverse cross-section.

MODELING OF PRESSING THE DRAWN WIRE

The specimen to be numerically analyzed is assumed to be prepared by conventional PIT
method. The partially reacted precursor powder of BSCCO was packed into silver tube, and
drawn through a series of round dics[l]. The outer diaxnter and inner diameter of drawn
wires are 2.0mm, and 1.2mm, respectively. After drawing, the wire is assumed to be heat
treated at 600 °C (3hr) to anneal the silver sheath. The solution domain of plane strain
condtion, which is assumed as a quarter of the whole domain because of the geometric
symmetry, was meshed with 4 node rectangular elements to calculate the plastic flow during
the pressing. During the calculation, rezoning of solution domain was performed because of
severe element distortion. Unknown properties of BSCCO powder were chosen in the
simmilar granular materials. The purpose of this study was a analysis of the nommiform
plastic flow with the variation of friction between the press surface and the sheath.

The sheath metal was assumed that yielding occurs according to the Von Mises criterion.
And the extended Drucker-Prager yield criterion was used for the granular superconducting
materials. Toe influence of a ayarostaac stress component on yielding is introduced by
inclusion of a additional term in the Von Mises expression, m ABAQUS code, Eq(l) was
suggested when the yield stresses in Biaxial tension and compression are the same[2].
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ASCTPDY OF THE GROWTH OF LARGE GRAIN YBCO BY SEEDED
FmJBTECTIC SOLIDIFICATION

fUa>and DJL Cardwell
DKixa Supvmnductivity, Uainnity ofCmmbndg; Mtdwgley Rotd, Cambridge, CB3 OHE, UK

"Or iparitectic growth of large (rain TBCO by a leeding techniqua haa been itudied in detail uiing
tknaMl analysis. X-ray diffractometry, acanning electron microacopy, energy duperaive X-ray ana-
(aw amd eicctroa probe niero-aaalyaia. The melting point of the growth interface at the
Sett..™Y,B«JCUJOT-< aeed ia dependent on the concentration ratio of Sm to Y, which variea between
- a N D *C at the aeed to - 1 0 U *C away from it. Preferential nudeation and growth of YBCO occun
faaa lltin aead aa a reault of epitaxial cryitalliiation of the isterfacial layer aa the temperature ia de-
eaaaBcct Solidification of YBCO occun eimultaneoxuly along the [100] and (0101 lattice directions,
i«¥rti<iTea am to the formation of a facet plane exhibiting four-fold symmetry. Further growth of
aCOteaolta in the formation of growth facet linea parallel to the (1001 and (0101 lattice directions.
BuLfjular growth fronta were identified on a microscopic scale for growth more than a few mm away

~ m aead, due apparently to a variation in the local YiBaCuOt distribution. A significant vari-
i mieroatructure) with proximity to the seed waa observed aa a consequence of this growth

I

8

LB4.09
METHOD PRODUCING FINE Y,BaCuO, AND CRITICAL CURRENT
DENSITY OF MELT-TEXTURED Y-Ba-Cu-O SUPERCONDUCTOR

Chun-JoonfT Kim, Ki-Baik Kim, Hai-Woong Park and Gye-Won Hong
Superconductivity Reitarch Laboratory, Korta Atomic Energy Rtstarch Institute, P. O. Box
10S, Yusung, 305-600, South Korta

Y,BaCuOj (2-1-1) addition in the superconducting YBa,CujO (1-2-3) matrix Is known
to be beneficial In flux pinning and other properties. Two possible flux pinning
mechanism were proposed for 2-1-1 addition: (1) flux pinning by the 1-2-3/2-1-1
Interface 111 and (2) by Imperfection sites generated near 2-1-1 Inclusions I2|. Compared
to coarse 2-1-1. fine 2-1-1 dispersion Is considered to be effective In Increasing defect
density or Interfaclal area. We developed new process to refine 2-1-1 In melt-textured
Y-Ba-Cu-O system. Key ways of these process are the addition of CcO, as a 2-1-1
refiner and attrition milling of a mixture of 1-2-3/2-1-1 powder prior to melt texture
growth. The attrition milling effectively Increased surface area of 1-2-3 powder which
controls nucleatlon of 2-1-1 during perltectlc melting |4|. The CeO, addition led to the
change of 2-1-1 morphology as well as suppressed grain coarsening of 2-1-1 In the
liquid phase [31. By this process, quite fine 2-1-1 inclusions ( less than 1 |im ) were
dispersed within the melt-textured 1-2-3 superconducting matrix.

Magnetization property was
compared between two Y1.8
samples containing fine and coarse
2-1-1 particle. Figure I shows
magnetization hysteresis curves for
H / / c - a x l s of Y1.8 sample
containing fine 2-1-1 (less than 1
nm In size) and coarse 2-1-1 (5 ^m In
size). As can be seen in figure, the
magnetization hysteresis loop of the
melt-textured Y1.8 sample
containing fine 2-1-1 Is larger In size
than that of the Y1.8 sample with
coarse 2-1-1. It Is likely that the
magnetization difference In two
samples Is Induced only by the size
difference of 2-1-1 trapped within
the 1-2-3 matrix.

Fig. 1. M-H curves of Y1.8 samples

Magnetic J , of the samples were calculated by using Beart's critical model for a
rectangular sample of J t » 20&M/a(l-a/3b). In the case of the sample containing
coarse 2-1-1. J Is 1.1 x 10' A/cm 1 and O.S6 x 10* A/cm1 , while J, of the sample
containing line 2-1-1 was 2.0 X 10* A/cm1 and 1.16 x 10* A/cm1 at 1 and 2 T and 77 K.
respectively. This result Implies that fine 2-1-1 dispersion Is effective In Improving
critical current density of 1-2-3 phase, whatever Its flux pinning mechanism Is. The
mlcrostructure and detail processing parameters obtaining fine 2-1-1 will be discussed.
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IN KOREAN HANARO RESEARCH REACTOR
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ABSTRACT

A conceptual design of a 4 K irradiation test facility has been conducted in support of the
International Thermonuclear Experimental Reactor (ITER) magnet development program. A
new research reactor designated as HANARO at the Korea Atomic Energy Research Institute
has a Cold Neutron Source (CNS) port that is identified to be suitable for the fast neutron
irradiation of metals and insulation materials for superconducting magnets at 4 K. A 40 hours
of irradiation at full power will produce 2.5x10^ n/cm^ of the ITER magnet design neutron
fluence with energy above 0.1 MeV. A material testing laboratory of Irradiated Materials
Evaluation Facility (IMEF) that is located next to HANARO has been equipped with 77 K
test machines and fracture analysis microscopes for radioactive specimens which can be
upgraded for 4 K test without any intermediate warming. CNS radiation spectrum
determined by Monte Carlo method is found to be more favorable for metal irradiation-than
for insulation materials with absorbed gamma dose that is 7-10 times the fast neutron dose.
A lead-shielded irradiation capsule design with a 1 cm diameter specimen in 3 cm cold-bore
diameter and 18 cm height will require about 120 watt cooling capacity at 4.6 K.

INTRODUCTION

The ITER magnet system is designed based on superconducting magnet technology [1].
Fast neutron and gamma radiation from D-T fusion can degrade materials integrity and the
magnet reliability during operation. Organic insulation materials that are extensively used in
toroidal coils are known for its susceptibility to ionizing radiation. Over the ITER lifetime,
fast neutron fluence for magnet design activities was has been reduced from 1019 to 1018 and
finally to 2.5xlO17 n/cm2-sec in order to limit the radiation damage in insulation matenals[2-
4]. Metallic structural materials and Nb3Sn superconductors are more resistant
Nevertheless effects on their properties after 4 K irradiation have never been verified for
advanced cryogenic structural alloys.

Most of available low temperature irradiation test data are from liquid hydrogen (20 K)
or liquid nitrogen (77 K) environments^]. Due to significant thermal annealing effect at
these temperatures 4 K irradiation tests on the FTER magnet materials have been conducted.
The shutdown of Low Temperature Neutron Irradiation Facility(LTNIF) at ORNL left FRM
of Technical University of Munich as the only available facility for 4 K irradiation test with

- 584 -



ruURTH EURO CERAMICS - Vol. 6 - pp. 401-406
High Tc Superconductors
Edited by A. Barone, D. Fiorani, A. Tampieri
© Gruppo Ediloriale Faenza Editrice S.p.A - Printed in Italy

SYNTHESIS AND SUPERCONDUCTIVITY OFY211-ADDED
Nd123 BULK SUPERCONDUCTOR PREPARED BY A MELT
PROCESS
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M.-Y. Song***

Superconductivity Research Laboratory, Korea Atomic Energy Research Institute,
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" Department of Materials Engineering, Chonbuk National University, 644-14, 1-ga
Deogzin-dong, Deogzin-gu, Chonju 560-756, Korea

ABSTRACT

Nd.Ba2Cu307 (Ndl23) bulk superconductor with a Tc > 77K was
prepared by a melt process under a reduced oxygen partial
pressure! PO2 = 0.01- atm). The addition 'of Y^ajCUjO^ (Y211)
particles suppressed the generation of the micro cracks during
jxygenation and resulted in dispersion of Y211 fine particles.
The addition of small amount of Pt resulted in the reduction of
the size of Y211 particles. The addition of Y211 and Pt enhanced
the flux pinning force in a melt processed Ndl23 specimen.

INTRODUCTION

Since the discovery of YBaCuO superconductor with a high Tc >
77K/1/, many intensive studies have been made to elucidate the
mechanism of high Tc superconductivity experimentally as well as
theoretically. On the other hands, the application of high Tc
materials have been of great interest to scientists. The development
of the melt process have shown the possibilities of applying
bulk YBaCuO for a high speed rotating system, flywheel, permanent
magnet etc. operating above 77K.
The melt process, which was first developed by Jin et al./2/,
has the advantages of fabricating a highly magnetized Y-Ba-Cu-0
specimen because of its large crystal size of YjBajCUjO.,.̂  (Y123)
and the presence of fine YjBajCUjO,,̂  ( Y211 ) particles which
provides the flux pinning sites. Therefore, the control of Y123
crystal and Y211 particle growth has been intensively investigated
by many research groups/3-8/. Huge Y123 specimen has been
successfully fabricated by utilizing the directional
solidification/3/, seed technique/4/ and double gradient
furnace/5/. The refinement of Y211 particle was most effectively
achieved by doping a small amount of PtO2/6/, CeO2/7/ and
Sn2O3/8/. However, the mechanisms of the growth of Y123 crystal
and the refinement of Y211 particles are still remained as a
question.
Recently, Yoo et al /<?/ successfully fabricated a Nd, Ba: Cu^ 0, (
Ndl23) bulk superconductor showing high magnetization at 77K
using melt process technique under a reduced oxygen partial
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Crystallograhic Orientations of the Y2BaCuC>5
Pattern in melt-textured Y-Ba-Cu-O oxide

Chan Joong Kim, Ki Baik Kim, Hai Woong Park, II Hyun Kuk and
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ABSTRACT

Crystallographic orientations of the Y211 tracks which were trapped within the

melt-textured Y123 domains were determined from the orientation relationship

among the Y211 pattern, <110> twin traces and microcrack. Analyzing the

orientation of the two dimensional Y211 patterns which were observed on

various crystallographic planes of the Y123, the three dimensional shape of the

Y211 pattern was inferred as follows: (1) only one x-type Y211 pattern is

included within one Y123 domain, (2) rectangular or square Y211 track is

located inside of the x-type Y211 pattern, (3) three sets of the diagonal Y211

tracks meet with the corners of the Y123 domain. The rectangular Y211

pattern lies on (100), (010) and (001) planes while the diagonal Y211 tracks lie

on (110), (110), (011), (011), (101) and (101) planes of the Y123 domain. The

planes which the Y211 tracks are located are considered to be the boundary

planes where local growing parts of the Y123 domain impinged each other.

The formation mechanism of the Y211 pattern are discussed on the basis of

the anisotropic growth behavior and the shpae of the Y123 domain.
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CRYSTALLOGRAPHIC ORIENTATIONS OF Y,BaCuOs
PATTERN IN MELT-TEXTURED YBatOu3O7 OXIDES,
Chan-Joong Kim. Ki-Baik Kim, Il-Hyun Kuk and Gye-Won
Hong, Korea Atomic Energy Research Institute, Korea.

Crystallographic orientations of the linear Y211J
segregation in the melt-textured Y123 domains were
determined from the orientation relationship among the Y211
tracks and <110> twin traces and microcrack on the polished
surfaces. Common features of the Y211 pattern are af
follows: (1) only one x-type Y211 pattern is included withit
one Y123 domain, (2) rectangular Y211 tracks are located at
the center of the x-type Y211 pattern, (3) three sets of th
diagonal Y211 tracks always meet with the corners of thi
Y123 domain, and (4) one set of the diagonal Y211 tracks art
the same in orientation as the <110> twin directions. ThJ
rectangular Y211 tracks lie on (hOO), (OkO) and (001) planej
while the diagonal Y211 tracks lie on (110). (110), (Oil), (0111
(101) and (101) planes of the Y123 domain. The planes of
which the Y211 tracks are located are considered to be thi
boundary planes where cellular Y123 grains impinged eacl
other. The formation mechanism of the Y211 pattern arjj
discussed on the basis of the growth behavior of the Y12c
domain.
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Filament-to-filament joining of multi-filamentary
Ag/Bi-2223 superconducting tapes

Hee-Gyoun Lee, Il-Hyun Kuk, Gye-Won Hong

Superconductivity Research Lab. Korea Atomic Energy Research Institute, P.O. Box
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Eon-A Kim* and Kwang-Soo No*

*Dept. of Electronic Materials, Korea Advanced Institute of Science and Technology,
Yuseong Gu, Taejeon 305-702, Korea

Wilfried Goldacker**

** ITP, Forschungzentrum Karlsruhe, Postfach 3640, D-76021 Germany

A superconducting joint between multi-filamentary Ag/Bi-2223 tapes has
been fabricated using a combination of chemical, mechanical and thermal
techniques. 9-filaments Ag/Bi-2223 tape having well-defined cross section
was prepared for joining by using a rectangular drawing die. Exact
filament to filament matching for joining was successfully achieved by
adopting a combination of chemical etching and mechanical grinding. The
joined area, fabricated with a load of 2 ton, showed more than 75% of
current carrying capacity of the tapes without joint interface. Incomplete
etching of silver sheath resulted in the degradation of Ic at the joined area.
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Formation mechanism of microcracks in a melt-processed

crystal
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Institute, P.O.Box 105, YuSung Gu, TaeJeon 305-600, Korea

ABSTRACT

Defects formation processes during oxygenation were investigated in a melt
processed YBa2Cu3O7-a bulk superconductor. Oxygenatipn at 550°C resulted in
a formation of tweed like twin with some microcracks. Non-uniform phase
transition occurred for the specimen annealed at 450 °C as well as the
microcracking by an oxygen-induced stress. It is suggested that there was a
critical stress, crt-c where the stress relief mode was changed from twin
formation into crack formation. Below (jt-c . the stress was relieved by a
formation of twin. Above ot-c the seress was relieved by a generation of
microcracks.
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FORMATION~MECHANISM OF MICROCRACKS IN A MELT-
PROCESSED YBIJCVJO^ CRYSTAL, Hco-Gvoun Lee. Korea
Atomic Energy Research Institute, Superconductivity Research
Laboratory, Taejon, Korea; Jong-Jin Kirn, Chong-tuk National
University, Department of Materials Engineering, Chonju, Korea;
Il-Hyun and Gye-Won, Korea Atomic Energy Research Institute,
Superconductivity Research Laboratory, Taejon, Korea.

Formation process of microcrecks, which interrupt
the current fi,ow normal t o the basal plane of
YBa,Cu,O,_« superconductor,, was i n v e s t i g a t e d in a
mel t -proces ied YBa,Cua07Hl bulk "superconductor.
Oxygena'tion at 550 • C ^ e s u l Z e d in a fofmaEioTi or
tweed-like-twin with sc*e microcracks. Non-uniform
phase transition occurred for the specimen annealed
at 450 °C as wel l as. the nicrocracking by an
oxygen-induced s t r e s s . v Microstructural changes
during oxygen anneal were d irec t ly observed from a
pol ishes , surface . Non-uniform phase t r a n s i t i o n ,
which was induced due t o ' a non-uniform oxygen
diffusion, occurred in the pol ished surface and
microcrac'k were; generated along the oxygen r ich
plane. -It i s suggested that there was a c r i t i c a l
s t r e s s , o\_, where the s t r e s s r e l i e f mode was
changed from twin formation into crack formation.
Above O(^, the s t re s s was rel ieved by a generation
o f microcracks and, below o ^ , the s t r e s s was
rel ieved by a formation of twin. The inhomogenous
oxygen diffusion was explained by a s t res s e f fec t . '

See Full MRS Meetings Information on the MRS Homepage:
/ ., Jittp://www.mrs.or3
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Formation mechanism of the defects around the Y211
trapped within melt-textured Y123 domain

Chun-Joong Kim'. Yi-Sung Ltt'\ Hyun-Soan Park'. ll-Hyun Kuk' and Gyc-
Wnn Hong'

'Superconductivity Research Laboratory, P.O. Box 105. Yusung. Taejon. 305-353, Korea
:Dcpunment of metallurgy. Sung Kyun Kwan University. Suwoon. Kyunygi-<Jo. Korea

For the practical application of bulk Y-Ba-Cu-O superconductor, tlux pinning

ability of the superconducting phase should increase. Melt-processed YI23

superconductor contains a lot of defects such as twins, dislocations. YI24

sucking fuults bounded by partial dislocations and Ba-Cu-0 platelets which

are concentrated around the trapped Y2II inclusions. The YI24 stacking

faults and Ba-Cu-0 platelets were initiated at the Y123/Y211 interface and

extended into the Y123 matrix and developed along the [100] and [010]

direction of the YI23. In order to understand the formation mechanism of the

delects, the microstructure of the Y123 suinple with various oxygenation time

periods was investigated. It was found that defects density varies with

axygenation time period. Prolonged oxygenation heat treatment for the

tetragonal-to-orthorhombic phase transformation is responsible for the

formation of the platelet structure and the Y124 stacking faults.
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Defect Around (he Y2II lnclu\um Trapped within th< Mill-

fcilurid VI2J Domain and ilt Formation Mechanism
GYCWON IIOMJ. KI-QAlK KIM. IL-HYUN KIK. CHANJOONG

KIM. Y1SI:NO LEE" and HYfN-SOON P ARK"
Korea Ai»mic Eneru> Research Institute. TjeJcon. KOREA

For deielapinu !l> wheel energy storage device and other jpphcauon
techniques usini: HTSC bulk the VBCO uxide superconductor having
hiuh magneiic leviution farce ii greatly necessoi> and melt texturing
is the reuariled as the best way 10 produce n Our receni results »l the
melt iL'xiurinu experiment stumed that the u\)i;cnaiion cnndition
uifccied the mucnetic properties of the YBCO samples \CT\ much We
observed the microstruciurcs around the V2II inclusion trapped uiihin
Ihe melt-textured Y l i j domain io understand the formation
mechanism or ihe defect such as chemical and structural
inhomoyenctiies. dislocations. YI24 stacking faults. Ba-Cu-0 pUtcLts
and compositional deviations. The microsiructures of the YI23
samples heat treated in various oxygcnaiion conditions were
investigated. The YI24 slacking fault and Ba-Cu-O platelei structure
developed ilont the [100] and[0IQ) direction on the a-b plane of the
Y123 The formation mechanism of the Y124 stacking fault and ihe
Ba-Cu-0 platelet structure during the letrauonal-io-onhorhombic
phase change of the Y123 phase was discussed on ihe basis of the
oxygcruiion-induced decomposition mechanism.

*SungKyunKwan University, Suwon, KOREA
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LEVITAT1ON FORCE OF MELT-TEXTURED YBa2Cu306+x CONTAINING

Y.BaCuO* INCLUSIONS WITH OXYGENATION TIME

Chan-Joong Kim, Il-Hyun Kuk, Gye-Won Hong, Yi-Sung Lee* and Hyun-Soon Park*

Korea Atomic Energy Research Institute,

P.O. Box 105, Yusung, Taejon, 305-353, Korea

*Department of metallurgical engineering, Sungkyunkwan University,

Suwon, 440-746, Korea

t

influence of oxygenation time on the magnetic levitation force of melt-textured

YBa2Cu3O6+x containing YiBaCuO5 inclusions was examined by zero-field

cooling(ZFC) and field cooling(FQ method. In the case of zero-field cooling,

repulsive force showed higher value *lw field cooling case, while the attractive

force showed higher value in field cooling case. Levitation force of the

melt-textured YBa2Cu3O6+x superconductor was sensitive to the oxygenation

time. The force increased with increasing oxygenation time showing saturated

value after an appropriate heating period, which depends on the sample size and

the flux density of the magnet used. Prolonged heating led to the formation of

large microcracks and* was more significant in case of large sample. The

characteristics of the levitation force of the melt-textured samples was closely

relevant to the microstructure, i. e., the superconducting volume fraction and the

defect density within the superconducting phase.

1. INTRODUCTION

Zero resistivity is one of the most attractive properties of the

superconductor ; besides, the behavior of a type II superconductor in a magnet

field is also attractive because of high magnetic force. The oxide high-Tc

superconductors can prevent magnetic flux peneration and thus a permanent

magnet can be levitated above the superconductor and vice versa [1]. This

levitation is actually realized not only by the repulsive force but also by the
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RE211 (Y2BaCu05 Sm2BaCu05 Nd4Ba2Cu2010) refinement in

the melt-textured RE-Ba-Cu-0 superconductors

Chan-Joong Kim, Ki-Baik Kim, Il-Hyun Kuk and Gye-Won Hong

Superconductivity Research Laboratory, Korea Atomic Energy Research

Institute, P.O. Box 105, Yusung, Taejon, 305-600, Korea

Abstract

Size reduction of RE211 (Y2BaCuO5 Sm2BaCuO5

second phase particles was achieved in the Sm-Ba-Cu-0 system melt-

textured via 1 wt.% CeO2 addition and size control of a precursor

powder by means of attrition milling. The RE211 particles trapped within

the melt-textured RE123 sample with no addition was as large as a few

tens of microns while the particles in the sample melt-textured from the

attrition-milled powder with 1 wt.% CeO2 addition was as small as 1-2

jbtr\, with uniform Sm211 distribution. The achieved RE211 refinement

is attributable to the controlled RE211 nucleation during incongruent

melting, the growth inhibition of the RE211 in the partial melting state and

the RE211 shape change
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GG13.1
INFLUENCE OF MILLING CONDITION ON THE PHASE
FORMATION AND Jc of Ag/Bi-2223 SUPERCONDUCTING
TAPES, Hee-Gyoun Lee, Weon-Ju Kim, Jae-Keun Yoo, Gye-Won
Hong, Korea Atomic Energy Research Inst, Superconductivity
Research Lab, Taejon, SOUTH KOREA.

Ag/Bi-2223 superconducting tapes were prepared by
using the powder3 with different milling condition.
The p a r t i c l e s i z e of the calcined powder was
reduced with milling time but a prolonged treatment
led to the amorphisatlon of the powder. Maximum
volume fraction of Bi-2223 phase in a Ag/Bi-2223
tapes was obtained with a proper mill ing condition
whereas further mil l ing resulted In a decrease of
Bi-2223 phase. It i s shown that the volume fraction
of the Bi-2212, Bi-2223, PbCa,O, phases in a starting
powder directly Influenced the formation of Bi-2223
phase ana the current carrying capacity of Ag/Bl-?.?.73
superconducting tapes.
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9:30 am INVITED
EFFECT OF PARTICLE SIZE REDUCTION ON THE MICROSTRUC
TURE EVOLUTION AND CRITICAL CURRENT DENSITY OF A|
Bi-2223 TAPES: Weon-Ju Kim, Jae-Keun You. Ho Jin Lee, Hee-Gyou
Lee, Gye-Won Hong, Superconductivity Research Laboratory, Korea Atomi
Energy Research Institute, P.O. Box 105, Taejon 305-600, Korea

The effects of the particle size of precursor powder on the microstructure an
Jc of Ag-shcathcd Bi-2223 tapes were investigated. The calcined powder wit
overall composition of Bi, ,,Pba4lSr2 (̂ Câ jjO^ was milled for various time
using planetary ball mill. The transport property of the tapes was found t
depend strongly on the particle size of the precursor powder. Enhanced reat
tivity of the milled powder facilitated the formation of 2223 phase and n
suited in an increase of Jc. Excessive milling, however, led to the amorphisatio
of the powder and degraded the electrical property of the tapes.
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3Ge-12
Stress-induced Superconducting Transition in a Melt-
processed YBa,Cu,O7J Bulk Superconductor
Hee-Gyoun Lee. Il-Hyun Kuk and Gye-Won Hong,
Superconductivity Research Laboratory, Korea Atomic Energy
Research Institute, P.O. Box 10S, Yusung-gu, Taejon, 305-600,
Korea.

Microstructural, crystallographic and magnetic observations were
made for a melt-processed YBa2Cu3074 bulk superconductor
which was oxygenated at 450°C for Sh in air after quenching in a
liquid nitrogen bath from 970°C. Microstructural observation
showed than an alternating microstructure of orthorhombic and
tetragonal YBa2Cu307^ phases was developed by insufficient
oxygenation. XRD analysis with fine scanning step of 0.01° and
temperature dependence of AC susceptibility indicated the
presence of the superconducting phases which were characterized
by different oxygen content and various superconducting
transition temperature. Superconducting transitions at 3SK and
48K were observed in a melt-processed YBa2Cu307_s bulk
superconductor. The development of alternating microstructure of
orthorhombic and tetragonal YBa2CujC>7.g phases was explained
by a stress-induced phase transition which attributed to the
superconducting transitions at various temperatures.



Position Dependence of the Deformation State of Ceramic Core in

Ae/Bi-2223 Tapes

Hee-Gyoun Lee, Weon-Ju Kim, Ho-Jin Lee and Gye-Won Hong

Superconductivity Research Laboratory, Korea Atomic Energy Research

Institute. P.O. Box 105. Taejon 305-600 Korea

Min-Hyung Lee and Hyun-Soon Park

Dept. Metallurgical and Materials Engineering, Sungkyunkwan University,

Suwon, Korea

Deformation behavior of Bi-2223 ceramic core in a Ag/Bi-2223 composite,
which is crucial for obtaining high critical current density, has been
investigated for the Ag/Bi-2223 composites where the Bi-2223 filament
was located at different position in silver matrix. For the cores located
at the mid-plane of tape, thickness strain and lateral strain were large.
For the cores located near to tape surface, thickness strain and lateral
strain were minimized. In a 19-filamentary Ag/Bi-2223 tape, the
deformation state of Bi-2223 core was less dependent on core position. It
has been observed that the deformation behavior of ceramic cores was
very dependent on the core position in silver matrix as well as the
existence of the neighboring ceramic cores.
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ROLE OF CeO7 ADDITION ON THE SIZE REDUCTION OF RE211 (Y^BaCuOs.
SrmBaCuOs and Nd4Ba?Cu2O<) IN MELT-PROCESSED REBaCuO OXIDES

Chan-Joone Kim. Ki-Baik Kim, Il-Hyun Kuk and Gye-Won Hong
Superconductivity Research Laboratory, Korea Atomic Energy Research Institute, P.O.
Box 105, Yusung, Taejon, 305-600, South Korea

ABSTRACT

Influence of CeO2 addition on the size reduction of rare earth 211 second
phase particles was studied in melt-processed RE-Ba-Cu-0 (rare earth element) oxides.
The roles of CeO2 addition on RE211 refinement are as follows : (i) it produces
additional RE211 prior to the peritectic melting via the reaction to form BaCeOj and
subsequent pi peritectic reaction, (ii) suppresses the RE211 growth in the partial melting
state of RE211 plus liquid phase and (iii) changes the morphology of RE211 to an
acicular form.

INTRODUCTION ^

Y2BaCuOs (Y211) addition to melt-processed YBaCuO oxides provides
various beneficial effects: (i) it improves critical current • density (Jc) due to the
formation of the possible flux pinning site such as YBa2Cu3O7-y (Y123)/Y211 interface
[1] or the microstructural defects around Y211 particles such as dislocations and CuO
stacking faults [2], (ii) allows the formation of homogeneous microstructure by
removing the remnant liquid phase which is often entrapped within the Y123 matrix as
a result of inconsistency between dissolution rate of Y211 and the growth rate of a
Y123 phase [3], (iii) increases fracture toughness by making fine Y1211 dispersions
in Y123 matrix [4], and (iv) suppresses the formation of microcracks caused by the
tetragonal-to-orthorhombic phase transition or thermal shock [1]. The size and the
morphology should be controlled to have more Y211/Y123 interface because the
defects are present mainly around the trapped Y2I1 particles and its density varies with
the crystal orientation of the Y123 matrix. The most effective way to reduce the
Y211 size is an addition of impurity elements such as PK>2 [5] or CeO2 [6]. In the
early works, the PtO2 addition has been widely used as an additive for Y211 refining.
It reduces the Y211 size as well as changes the morphology to more acicular shape
but its price is very expensive. On the other hand, CeO2 is much cheaper than PtO2
as well as the size reducing effect is also remarkable. Particularly, the combination of
the CeO2 addition and attrition milling for the precursor powder yielded submicron
sized Y211 particles and as a result, Jc was twice that of Y123 sample without addition
[6]. This process was successfully applied to other rare earth systems such as Sml23
and Ndl23 and similar size reduction was achieved [7, 8].

EFFECTS OF CeO2 ADDITION

Formation of Y211 prior to incongruent melting

During heating of a mixture of CeO2 and Y123 powder to the peritectic
temperature, CeO2 reacts with a Y123 phase and then forms BaCeOs.

YBa2Cu3O7-y + CeO2 -+ BaCeO3 (1)

The formation of BaCeOa makes the composition of the remainder Ba-deficient, i. e.,
off-stoichiometric composition on Y123 toward the Y123-Y211-CuO triangle in the
ternary phase diagram, which leads to the formation of free CuO phase. Then, the
CuO phase reacts with a Y123 phase and results in the pi pseudo-peritectic reaction
which was reported to occur at 940 °C in air and 965 °C in O2 [9].
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Microstructural Changes of Platelet Grain during the
Thermomechanical Treatment in Ag/Bi-2223 Composite

Hee-Gyoun Lee, Sun-Chil Kwon and Gye-Won Hong

Superconductivty Research Deaprtment, Korea Atomic Energy Research

Institute, P.O.Box 105, Yousung, 305-600, Korea -

Jong-Jin Kim and Myoung-Youp Song

Dept. Materials Engineering, Chonbuk National University

Abstract

The crushing and the recovery of superconducting grains during the

thermomechanical treatment were investigated for Ag/BSCCO composite

prepared by powder-in-tube method. It was observed that the platelet Bi-2212

and Bi-2223 grains were initially cracked under a pressure of about 1 ton and

crushed into small fragments at a pressure higher than 3 tons. After heat

treatment, two types of grains with and without pore were observed. It seems

that the grain recovery proceeded through two ways of the coalescence between

neighboring grains having small angle grain boundary and the grain growth

consuming the other grains consisting of high angle grain boundary.
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Magnetization hysteresis characteristics and microstructure
of melt-textured Y-Ba-Cu-O superconductors

Chan-Joong Kim, KhBaik Kim and Gye-Won Hong
Korea Atomic Energy Research Institute

Magnetization hysteresis characteristics were examined in
melt-textured Y-Ba-Cu-0 domain. Anomalous magnetization, which is
characterized by a secondary peak at an intermediate magnetic field, were
observed at 60K and 77K. The secondary peak shifted toward an higher
magnetic field when temperature is lowered. The peak effect seems to
be due to the flux pinning of oxygen vacancy.

1-2-3

CuOflux-f <»1-S-*H H i « - 1-2-3 ^ ^ ^ o | cflt> T H H ^ - S ^ T 1 [6H
flux pinning

[71. 37H-O1 Slfe- ̂ ^ 1-2-3

] ej^c]- [6-8]. o)^ 2-1-1

2.
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Conceptual Design Analysis of Cold Neutron Source Port in KMRR
for 4K Irradiation Test

GyeWon Hong, ByungJin Chun, WonSeok Park and IlSoon Whang*
Korea Atomic Energy Research Institute

* Seoul Nationnal University

Abstract

Conceptual design analysis has been made to check the feasibility of using CNS
port in KMRR for 4K irradiation test in support of the International Thermonuclear
Experimental Reactor (ITER) magnet development program and the Korea Multi-
purpose Research Reactor (KMRR) development plan. By preliminary analysis, it
is concluded that the KMRR CNS port can be a valuable position for fast neutron
irradiation of metal specimens in which the presence of high gamma flux is not
critical, but it may be undesirable for insulating material because of high gamma
flux. The result revealed that the CN.S port had to be shielded using lead to leave a
warm-bore diameter of 5.5 cm and a cold-bore of 3 cm and the axial length of the
irradiation capsule limited to about 18 cm, and such configulation required a
cryogenic system with about 180watt cooling capacity at 4.6K.

I. Monte Carlo Analysis Procedure by MCNP

Primary focus of the analysis includes 1) neutron(#/cm2-sec), 2) neutron-to-gamma dose ratio

and 3) heat generation rate of the irradiation capsule. Neutron flux given by existing KMRR

design report was based on energy cut-off of 0.82 MeV. In the ITER design a cutoff energy o*'

0.1 MeV is used. The difference and the lack of gamma data necessitated a new analysis of the

CNS port. Various shielding configuration is also studied during the analysis. The result is used

to determine the number of days to reach the ITER magnet neutron fluence design limit of

1x1018 n/cm?-sec. The absorbed energy ratio is determined for organic polymer specimens

where radiation damage by gamma is significant and hence the spectrum is important. For

metals and superconductor, the gamma does not produce as much damage as in the case of

organic insulation and hence the ratio is not determined.

A Monte Carlo Analysis Code[l], MCNP developed by Los Alamos National Laboratory, was

used for the flux, spectrum and heat generation rate calculation of the Cold Neutron Source

(CNS) position in KMRR. The information is used to optimize between irradiation volume and

cryogenic system size.The geometry of the CNS port is shown in Figure 1. Lead shielding is

maximized in the direction to the core center to minimize the prompt gamma. The cold-bore is

divided into six equal pie-pieces so that an angular distribution of entering particles can be

determined. The KMRR condition assumed in all analyses is as follows;

MCNP analysis of CNS port was done for 3 configulations as shown in Figure 2. In the result it

should be considered that 1) since the neutron flux calculated here is based on the fresh core

condition, it believed to be slightly overestimated compared to the case of the equilibrium core
- 604 -



Proceedings of The Conference on High Tc Superconductivity -Yongpyung '95- Vol. V

Synthesis and Flux Pinning of REBaCuO(RE=Sm, Nd and La) Superconductor

Hee-Gyoun Lee and Gye-Won Hong
Superconductivity Research Laboratory, Korea Atomic Energy Research Institute,

P.O. Box 105, Yusung-gu, Taejon 305-600, Korea

RE123(RE=Sm, Nd and La) compounds with high magnetization are characterized
by the presence of the anomalous peak in M-H curve and the absence of the
finely dispersed second phase particles. The oxygenau'on process, which is
directly related to the peak effect in Y123, is insensitive to the presence of the
anomalous strong flux pinning force and gives little influence on the formation of
the subgrain boundaries which is one of the possible flux pinning centers in a
melt-processed Y123 bulk superconductor. Superconductivity of RE123(RE=Sm,
Nd and La) compounds is strongly dependent on the amount of the RE atoms
subsituted for Ba sites. Compositional inhomogeneity in a melt-processed
RE123(RE=Sm, Nd and La) compounds may result in a magnetic ordering by the
substituted rare earth atoms, a strain from the different atomic size and an extra
oxygen for a charge neutrality which are one of the factors affecting on the
superconductivity of 123 compound.

In order to give farther understanding on the synthesis and the flux pinning of
the melt-processed 123 compounds, recent results on the growth mechanism of
123 grain during melt processing, the enhancement of the flux pinning force by
partial substitution of rare earth atoms with different size and the formation
mechanism of the subgrain boundaries are suggested.
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Characterization of Bi(Pb)-Sr-Ca-Cu-0
Superconductor Powder Prepared by Emulsion
Drying Method

T. K. You. G. E. Jang, J. C. Chang and G. W. Hong
Superconductor Research Lab., Korea Atomic Energy Research Institute

Emulsion drying method was applied to obtain high purity of Bi(Pb)-Sr-Ca-Cu-O

superconducting powders and the powder characteristic and superconductor properties were

systematically investigated Emulsion drying method, one of liquid phase synthetic powder

preparation method has many advantages ; easy to control the chemical stokhiometry and to

fabricate homogenious fine particles.

By carefully controlling the synthetic variables such mixing ratio between surfactants and

oil phase, mixing condition preventing from emulsion separation in terms of time variation, we

could fabricate the Bi(Pb)-Sr-Ca-Cu-0 superconducting powder successfully. The obtained particle

was spherical and sub-micron size and exhibited good particle size distribution. After

heat-treatment, optimum calcination and sintering conditions were confirmed We could obtain

the nearly 108 K superconducting phase at 840 "C for SO hours in optimum sintering condition.

1. INTRODUCTION

It was well known to prepare Bi(Pb)2Sr}Ca2Cu30io.T with conventional ceramic-processing

technique such as solid-state reaction was extremly difficult11. Furthermore recent results2'31

indicated the carbon phase after heat treatment remained and caused transport limitation
i

particularly when S1CO3, CaCCb are used as starting materials.
Many efforts have been focused on the carbon-free precursor preparation with nearly single

phase of high Tc phase(2223) by wet chemical methods. Presented here is one of the synthesis

method by emulsion drying process. This technique involves the addition of a water-in-oil type

emulsion to a hot oil bath which causes rapid evaporation of the aqueous phase, leaving solid

precursor particles dispersed in the oil phase. The purpose of this study is to demonstrate the

possibility to get the high Tc(2223) phase by emulsion technique.

2. EXPERIMENT

To prepare the high purity of Bi(Pb>2SrjCa^U30io.y precusor powders, first acqueous

solution was prepared by dissolving Bi(NOa)3, Pl^NC^, SrfNO^ Ca(NOj)2, and Cu(NO3>2 in a

nitric acid and distilled water in the molar ratio of Bi:Pb:SrCa:Cu-l.84:0.34:1.91:2.03:3.06 as

reported by endo et al4). Emulsifier agent was dissolved into the oiL To make emulsion acqueous
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The Thermal Stability of BSCCO/Ag Composite Tape

Hoon I, J.H. Baik. H.M. Chang, G.W. Hong*, HJ. Lee'
Department of Mechanical Engineering, Hong Ik University

'Korea Atomic Energy Research Institute

The thermal stability of BSCCO/Ag Composite conducting tape at low
temperatures studied analytically. The critical energy of f phase transition was
calculated by estimating the time dependence of temperature numerically. The
critical energy of transition was constant regardless of cooling method and
hundred times larger than that of low temperature superconducting composite.
The critical transition energy from superconducting state to normal state was
maximum when the filling factor — the ratio of cross sectional area of BSCCO
to the total composite - was 0.4. The propagation velocity of normal state region
is constant and independent from various variables and hows very small value
tat is less than one tenth when comparing to that of low temperature
superconducting composite.
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(Design of cryostat for testing high-Tc superconducting composites)

Key words : Cryos«al< * ) £ • * ) . Superconductorti^S-M).

Abstract: A new concept of cooling method Is applied to a cryostat (or testing the characteristics of

hlgh-Tc superconducting composites such as BSCCO/Ag tapes. The testing cryostat should be nble to

provide a space that Is maintained at any temperature between 20 K and 80 K, and that Is accessible

without breaking vacuum Incise of the specimen exchange Because of the requirements, the cryostat

is designed such that the specimen Is surrounded by cold helium gas cooled by a refrigerator. Some

design aspects are quantitatively presented In this paper, Including the thermal stability analysis of the

composites, the calculation of the cooling-load and the cool-down trme. It ts concluded that the gas-

cooling with a commercial (2-staged) CM refrigerator ts quite feasible In both the thermal stability and

the temperature controlierabllity. A detailed design for the cryostat Is completed and the construe Hop

n tmoer progress.
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YBa2Cu3O7 s-

Fabrication and properties of YBa2Cu3O7-s~Ag composite
superconducting wires by plastic extrusion technique

S. D. Park, S. W. Yang, H. S. Shin, C. J. Kim*, G. Y. Hong*
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current density
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1. J. G. Bednorz and K. A. Muller, Z. Phys. B 64 (1986) 189.
2. M. K. Wu, J. Ashburn, C. J. Tomg, P. H. Meng, L. Gao, Z. J.

Huang, U. Q. Wang and C. W. Chu, Phys. Rev. Lett. 58 (1987) 908.
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Temperature Dependency of Critical Current
in a Bi-based Superconducting Wire

cooled by a Cryocooler

Ho-Jin Lee, Hee-Gyoun Lee, Sun-Chil Kwon, Il-Hyun Kuk, Gye-Won Hong

Superconductivity Research Lab, Korea Atomic Energy Research Institute,

P.O. Box 105, Yusung, Teajon, Korea.305-600

Critical current of a Bi-based superconducting wire, whose critical temperature is

above the boiling point of liquid nitrogen, increases when temperature decrease. A

crycooler is expected as a good equipment to cool superconducting systems to 20

K. - 30 K by solid thermal conduction. The cryocooler is simple and convenient to

cool and control the superconducting systems, because the systems with the

cryocooler can be operated in a dry state without cryogenic liquid. The critical

current of the superconductor and the residual resistivity ratio of a sheath material

were measured respectively in the Bi-based superconducting wire cooled by the GM

cryocooler. The critical current measured at 23 K was about 6-7 times higher than

that measured at the liquid nitrigen temperature. The values of residual resitivity

ratio measured from 90 K to room temperature almost agree with the data of a

99.99 % silver in a reference book. Small magnets cooled by the cryocooler are

being studied in KAER1 to appliacate the Bi-superconducting wire to electro-

magnetic systems.

> ) Si Bi-2223

(77.3 K) 01^0)0.3., ^ ^ ^

f. Bi 31 iE^SsflSl °d?fl£:Efe NbjSn » W NbTi s\- £ o .

=1) 08-f ^:«.H, * I^ I 3 -§-§-^1 ^cfl^-5.5. ^ € : «HM^ margin -§• ^

powder-in-tube (PIT) wJ-^# f-*)) km
km

104 A/cm2

A>-g-s)ji o^c).. <ms^ «?-§-^"S., superconducting magnetic energy storage
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Formation Kinetics and Characterization of
YiBa2Cu3Oe+x/Ag Powders prepared by

Pyrophoric Synthetic Technique

Suk-Woo Yang, Hyung-Shik Shin, Gye-Won Hong*, Chan-Joong Kim*

Department of Chemical Engineering, ChonBuk National University

'Superconductivity Research Laboratory, Korea Atomic Energy Research Institute

In order to fabricate a good-quality superconducting body, it is required to use

homogeneous and fine-size powder as a starting materials. Y:O3-BaCO3-CuO

precursor powders with/without Ag addition (20wt%) were prepared both by

pyrophoric synthetic method and mechanical mixing of raw powders. The formation

kinetics of the powder mixtures into Yil^CuaCV, (Y123) phase was investigated

at various temperatures in air atmosphere. The powder prepared by pyrophoric

synthetic (PS) method was more easily converted into a Y123 phase than the

mechanically mixed (MM) powder. The fine size and good chemical homogeneity

of the powder prepared by PS method is attributable to the fast formation into a

Y123 phase. In addition, Ag addition enhanced the formation of a Y123 phase.

1. Introduction
Recent discovery of high-Tc superconductors has generated great interest in the Fields of

basic physics as well as their technological applications. Until now, many methods have been

used to prepare YiBajCusO^, bulk superconductors, i. e., solid state reaction, pyrophoric

synthetic technique (1, 2], spray pyrolysis [3], freeze drying [4] and coprecipitation [5]. Good

chemical homogeneity and using of ultra-fine scaled powder are important in order to fabrication

the oxide superconductor with high critical current density (Jc).

The most common method to fabricate the high-Tc superconductors is the solid state

reaction method using powders. However, this technique does not allow physical and chemical

homogeneity to the oxide superconductors and hence residual non-superconducting phases remain

after calcination and sintering. Pyrophoric synthetic method is known to produce precursor for

high-quality ceramics. This method has the advantage of homogeneous mixing, good

stoichiometric control, the production of submicro-size particles and relatively short processing

times In this study, we report the Y123 formation kinetics of the precursor powders prepared by

the pyrophoric synthetic technique with/without Ag addition.
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Characteristics of Bi(Pb)-Sr-Ca-Cu-O
Superconductor Wire Fabricated using the Billet

Insertion Method

Gun-Eik Jang and *Gye-won Hong

Department of Material Engineering,

Chungbuk National University

*Superconductvity Research Department

Korea Atomic Energy Research Institute

During Bi(Pb)-Sr-Ca-Cu-0 superconductor wire fabrication, the effect of the initial
packing density on the final characteristics of superconductor wire was systematically
studied. To increase the powder packing density with uniform distribution of
superconducting core, a billet insertion method processed by CIP was applied instead of
the commonly used vibration and ramming method of powder insertion into silver
sheath. Compared with the vibration and ramming method, the billet insertion technique
processed by CIP cause the 30% increment of powder packing density as well as the
Uniform cross sectional area of core distribution. The short specimen with 130um(core

! thickness' 45Um) and 5.24mm width, processed at 840 X2 for 200hrs, shows maximum
^34A for Ic and 16,700A/cm2 for Jc measured at 77K and 0T. Also the sample rolled 3
I times shows maximum 7.2A for Ic and ll.OOOA/cm2 for 77K and OT.

Wowder-In-Tube) ?^«1 ^ 3 t ^ ^ 5ft^. PIT

PIT ^-£ «l-g-^<^ -§-g-oj|

104A/cm2

.texture?} i
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Fabrication and properties of Y Ba^iijO^- A g composite
superconducting wires by plastic extrusion technique

Chan-Joong Kim, Ki-Baik Kim, Il-Hyun Kuk and Gye-Won Hong

Superconductivity Research Laboratory, Korea Atomic Energy Research Institute

YBajQi3O7<1 (Y123)-Ag composite superconducting wires were fabricated by the plastic

extrusion method which involves plastic paste making, die extrusion, binder bur-out and

firing process. The as-extruded Y123-Ag wires were so flexible that it can be easily fabricated

into a desirable shape. The current-carrying properties of the wire are dependant of sample

size, sintering temperature and Ag content. Critical current density (Jc) of the Y123 wire with

a large cross section was lower than that of the wires with a small cross section, probably due

to the large self-induced magnetic field. The Ag addition of 10-20 wt.% slightly increased Jc

of the Y123 (at 77 K and 0 T, 140 A/cm2 and 250 A/cm2 for the undoped Yl 23 wire and the

Y123 wire with 20 wt.% Ag addition, respectively), but further Ag addition gave deleterious

effect on J. (180 A/cm2 for 30 wt.%. Ag addition). The decreased Jc of the Y123 wire with

30 wt.% Ag addition is considered to be due to the formation of non-superconducting phase,

Y2BaCu05 (Y211), BaCuO2 and CuO phases via the decomposition of the Y123 phase.

1. Introduction
Metallic current leads such as copper or brass are, in,general, used to supply the current to the

superconducting magnets using liquid helium as a coolant. During the current supplying, ambient heat

is conducted into the cryogenic part through the current leads, owing to the high thermal conductivity

of the metallic current leads. In considering the consumption of liquid helium that is the major portion

of the operation cost of the magnets, selection of the current lead material and its shape design are

very important. Recently, the replacement of the oxide superconductors for the metallic current lead

has been attempted [I-7]. As a result of the many intensive studies, it was proved that the using of the

high-Tc superconductors is effective in reducing the consumption of liquid helium [6, 7], because the

thermal conductivity of the oxide superconductor is quite low as well as no electrical resistance.

Although the critical current density (Jc) of the polycrystalline YBa2Cu,O,^ (Y123)

superconductor, which was prepared by the conventional sintering method, is as low as a few hundreds

A/cm due to the weak link properties of the grain boundaries [8, 9), this property level is enough to be

used as a current lead for the small-scale magnets. Even for the large-scale applications, the large

current can be achieved by applying the melt-processing which aligns the superconducting grains to

the current travel direction [ 10, II].

In order to practically use this material to a current lead, it should be fabricated into a

desirable shape. Among various shape forming techniques for ceramic materials, the plastic extrusion

method is beneficial in mass production. This technique has been applied to (he fabrication of the

Y-Ba-Cu-0 wire with a large cross section (12, 13f The Jc of the extruded wire was as high as -1000
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Effect of Particle Size Reduction on the
Microstructure Evolution and Critical Current

Density of Ag/Bi-2223 Tapes

Weon-Ju Kim, Jae-Keun You, and Hee-Gyoun Lee,
Gye-Won Hong

Superconductivity Research Laboratory

Korea Atomic Energy Research Institute

The effects of the particle size of precursor powder on the microstructure
and Jc of Ag-sheathed Bi-2223 tapes were investigated. The calcined
powder with overall composition of Bii89Pbo.41Sr201Ca223Cu3.03Oy was milled
for various times using planetary ball mill. The transport property of the
tapes were found to depend strongly on the particle size of the precursor
powder. Enhanced reactivity of the milled powder facilitated the formation
of 2223 phase and resulted in an increase of Jc. Excessive milling, however,
led to the amorphisation of the powder and degraded the electrical property
of the tapes.
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(Fabrication and properties of YiBa2Cu3O7-x-Ag high-Tc superconducting wires

by pyrophoric synthetic technique)
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Prepared by Melt Infiltration Process)
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Fabrication of high Tc bulk superconductor and its application, fabrication of
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were carried out for developing superconductor application technologies for electric
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Subject Keywords

(About 10 words)

oxide superconductor, superconducting wire, superconducting

magnet, cryostat, YBCO, BSCCO, powder, PIT method,
flywheel, energy storage device



1997^

1997^

9B 1
Q F1 C

- P^ <Jj> j ' / j

ScrtJ MME ^ 3

H

B

Ht

t

mm
f$tf

% ft

150




