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Abstract

We have studied the microstructure and critical current density ðJcÞ of Gd–Ba–Cu–O and Y–Ba–Cu–O bulk

superconductors. The size of RE2BaCuO5 (RE211) particles trapped in REBa2Cu3Oy (RE123) matrix could be refined

by employing ultra-fine RE211 powder as a precursor, which led to high Jc values exceeding 1· 105 A/cm2 at 77 K in

self-field for Gd–Ba–Cu–O. In the case of Y–Ba–Cu–O, however, the size reduction of Y211 led to inhomogeneous

distribution of Y211 particles, in that the volume fraction of Y211 phase largely decreased near a seed crystal. We also

studied superconducting properties of (Gd,Y)–Ba–Cu–O bulk material fabricated from precursor of Gd123-Y211. The

employment of finely-milled Y211 powders resulted in a dramatic enhancement of Jc values in this system. The

maximum Jc value for (Gd,Y)–Ba–Cu–O reached 2.5 · 105 A/cm2 at 77 K.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The critical current density ðJcÞ of RE–Ba–

Cu–O superconductors is strongly dependent on

the microstructure. The RE2BaCuO5 (RE211)

particles dispersed in the superconducting RE-
Ba2Cu3Oy (RE123) phase act as strong pinning

centers, in that Jc increased with decreasing the

size of RE211 particles. For the size control of
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RE211 secondary phase, we have investigated the

relationship between the size of RE211 starting

powder in RE123/RE211 precursor and the

diameter of the resulting RE211 particles in melt-

textured samples. Our earlier works on Gd–

Ba–Cu–O superconductors revealed that the
employment of fine Gd211 starting powder leads

to the size reduction of Gd211 inclusions dispersed

in Gd123 matrix, enhancing the Jc values for melt-

textured bulk [1,2]. Large single-grain Gd–Ba–

Cu–O samples with excellent Jc properties can

function as strong quasi-permanent magnets [3–6].

The melt-textured Gd–Ba–Cu–O 65 mm in diam-

eter can trap an extremely high magnetic flux
ed.
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Table 1

Gd211 starting powders

Powder Preparation con-

dition

Average particle

size (lm)

Gd211-A Calcination at

1050 �C for 4 h

2.7

Gd211-B Calcination at

900 �C for 8 h

1.0

Gd211-C Ball-milling of

Gd211-B

0.1
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density of 3.05 T at 77 K, when the sample was

fabricated in a reduced oxygen atmosphere [7].

Therefore, we believe that the employment of fine

RE211 starting powder is effective in synthesizing

high performance RE–Ba–Cu–O bulk supercon-

ductors.
In this paper, we report the fabrication of RE–

Ba–Cu–O bulk materials with very fine RE211

particles and their Jc–B properties. We also report

on the properties for the Y–Ba–Cu–O and

(Gd,Y)–Ba–Cu–O bulk materials fabricated with

the employment of finely-milled Y211 powders as

starting materials.
2. Refinement of Gd211 particles in Gd–Ba–Cu–O

bulk superconductors

In this section, we discuss how the size of

Gd211 starting powders affects the microstructure

for Gd–Ba–Cu–O bulk samples. As listed in Table

1, three kinds of Gd211 starting powders with
different particle sizes were prepared from Gd2O3,

BaO2 and CuO powders. The powders of Gd211-A

and B were prepared by the calcination of mixed
Fig. 1. SEM photographs for the polished surfaces of Gd–Ba–Cu–O

(a) Gd211-A; (b) Gd211-B; and (c) Gd211-C listed in Table 1.
powders at 1050 �C for 4 h and 900 �C for 8 h,
respectively. The respective average particle sizes

of these powders were 2.7 and 1.0 lm as deter-

mined by BET specific area measurements [1]. The

Gd211-C was prepared by ball-milling of Gd211-B

using ZrO2–Y2O3 balls in acetone for 2 h. The

particle size of Gd211-C was reduced to 0.1 lm

with this treatment. These Gd211 powders were

added to commercial Gd123 powders in a molar
ratio of Gd123:Gd211¼ 100:40. 0.5 wt% Pt was

also added to the mixtures. The mixed powders

were uni-axially pressed into pellets 10 mm in

diameter and 12 mm in thickness. An MgO(1 0 0)

seed was placed at the center top of the pellet,
bulk samples fabricated using different Gd211 starting powders;
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which was then melt-processed in 99%Ar–1%O2

mixture gas. The pellets were partially melted at

1080 �C for 30 min, slowly cooled from 1000 to

960 �C at a rate of 1 �C /h, and finally cooled to

room temperature.

Fig. 1 shows SEM (scanning electron micro-
scope) photographs of the polished surface of the

melt-textured samples. One can see that the Gd211

particles can be refined by decreasing the particle

size of Gd211 starting powders. In particular, the

average diameter of Gd211 inclusions in the sample

made from the ultra-fine powder of Gd211-C was

reduced to sub-micron level as shown in Fig. 1(c).

The observation of Gd211 particles at the par-
tial melting stage will be informative for under-

standing the difference in the final microstructure.

Thus the samples were quenched to room tem-

perature after melted at 1100 �C for 30 min. Fig. 2

shows SEM photographs of the melt-quenched

samples prepared from the Gd211 starting pow-

ders, Gd211-A and C. The morphology and the

size of Gd211 particles at the partial melting stage
depended on the size of initially-added Gd211

particles. Rod-like Gd211 particles are observed in

the sample made from Gd211-A as shown in Fig.

2(a). In contrast, many fine Gd211 needles were

formed in the sample made from Gd211-C powder

as shown in Fig. 2(b). From these results, it is

proposed that an addition of fine Gd211 powders

increased the number of nucleation sites for Gd211
during the peritectic decomposition of Gd123

phase. This will lead to fine dispersion of the
Fig. 2. SEM photographs for the fracture surfaces of melt-quenched

listed in Table 1.
resulting Gd211 inclusions in the melt-textured

bulk sample as presented in Fig. 1(c).

Superconducting properties were characterized

with the specimens of 1.5 · 1.5 · 1.0 mm3 cut from

the melt-grown blocks. After the specimens were

annealed in oxygen atmosphere at 400 �C for 100
h, the measurements of critical temperature ðTcÞ
and Jc were performed with a SQUID magne-

tometer. DC-susceptibility measurements showed

that onset Tc of all the samples was about 92 K

with a sharp transition. Fig. 3 shows the Jc–B
samples prepared using (a) Gd211-A and (b) Gd211-C powders
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curves at 77 K. It is worth nothing that a large

increase in Jc was achieved with the size reduction

of Gd211. The Jc of the sample with Gd211-C

powder exhibited a high value of 1.3 · 105 A/cm2 at

77 K in self-field. Fig. 4 displays the Jc values at

0.05 T as a function of Vf=d, where Vf is the volume
fraction of Gd211 phase and d is their mean size.

Vf=d corresponds to the effective interface area of

Gd211/Gd123 per unit volume. A linear relation

between Jc and Vf=d suggests that the dominant

pinning in a low field region is Gd123/Gd211

interfacial pinning [8].

Similar approaches to reduce RE211 particle

size were adapted to the other RE–Ba–Cu–O sys-
tems [9]. Fig. 5 reveals the relationship between the

size of RE211 starting powder and the mean

diameter of RE211 inclusions. In the cases of Eu–

Ba–Cu–O and Sm–Ba–Cu–O systems, the

employment of fine RE211 starting powder was

not so effective for the size reduction of RE211

particles in the bulk samples, since the large solu-

bility of these RE elements [10] increases a growth
rate of RE211 particles during partial melting.

However, in the Y–Ba–Cu–O and Dy–Ba–Cu–O

systems, the size of RE211 particles reduced by

decreasing the size of RE211 starting powder like

Gd–Ba–Cu–O.
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3. Fabrication and properties of Y–Ba–Cu–O

superconductor with fine Y211 particles

On the basis of the experimental results for Gd–

Ba–Cu–O, it is evident that the employment of

ultra-fine RE211 powders is very effective in fur-

ther enhancing Jc–B properties. Hence, we at-

tempted the enhancement of Jc for Y–Ba–Cu–O
with an employment of finely-milled Y211 pow-

ders as starting materials.

For the preparation of Y211 starting powders,

the mixed powders of Y2O3, BaO2 and CuO

were calcined at 870 �C for 8 h and then milled

with ZrO2–Y2O3 balls. As shown in Table 2, the

diameter of Y211 powder was reduced down to

0.07 lm with ball-milling. These Y211 powders
Table 2

Y211 starting powders

Y211 powder Ball-milling time

of Y211 starting

powder (h)

Particle size of

Y211 starting

powder (lm)

Y211-A 0 1.36

Y211-B 0.5 0.31

Y211-C 1.0 0.20

Y211-D 2.0 0.11

Y211-E 4.0 0.07



Fig. 6. SEM photographs of Y–Ba–Cu–O samples fabricated

by employing Y211-C starting powder listed in Table 2. Photo

(a) reveals the regions near the seed crystal, and photo (b) the

upper side of the samples.
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were mixed with Y123 powder and 0.5 wt% Pt

in a molar ratio of Y123:Y211¼ 100:40.

The samples 16 mm in diameter were synthesized

with a cold-seeding method in air. Nd123(0 0 1)

bulk seed crystal was placed on the top of the

pellet. The precursor was heated to 1030 �C and
held for 30 min, cooled to 1000 �C in 1h, and

then slowly cooled at a rate of 0.3–0.75 �C/h

to 960 �C and finally cooled to room tempera-

ture. The samples were annealed in flow-

ing oxygen at temperatures at 450 �C for

100 h.

The melt-textured samples were confirmed to

be single-grain except for the sample employing
Y211-E powder, in which many small grains

formed due to undesirable spontaneous nucle-

ation. Fig. 6 shows the SEM photographs of the

regions near the seed and the upper side for the

sample with Y211-C powder. As shown in Fig.

6(b), the size of Y211 particles were reduced less

than 1 lm thanks to the employment of finely-

milled Y211 powder. However, the size reduction
of Y211 led to inhomogeneous microstructure.

When the sample was fabricated by employing

the Y211 powders milled for 1 and 2 h (Y211-C

and D), few Y211 inclusions were found in the

position around the seed as displayed in Fig.

6(a). Such behavior is known as the trapping/

pushing phenomena of Y211 [11,12]. The Y211

particles are pushed out from a solidification
front, when the Y211 particle is fine and the

growth of Y123 crystal is slow (small under-

cooling).

From SQUID measurements, the onset-Tc was

determined to be 90–91 K for all Y–Ba–Cu–O

samples. Fig. 7 shows the Jc–B curves at 77 K for

the specimens cut from the position near the seed

crystal and the upper side area of bulk materials.
In Fig. 7(a), it should be noted that the specimens

made from Y211-C and D starting powders

exhibited the lower Jc values in a low field region

accompanied by a large secondary peak effect.

Similar large peak effect was reported in Y123

single crystals [13] and the melt-textured Y–Ba–

Cu–O, Dy–Ba–Cu–O and Ho-Ba-Cu-O with a

low content of RE211 phase [14–16], which is
presumably ascribed to a spatial variation in

oxygen vacancies. In these samples, a small con-
tent of Y211 particles was probably responsible

for the large peak effect. As shown in Fig. 7(b),
the Jc value of the specimen cut from the upper

side area increased with reducing the size of Y211

starting powder. A large increase in Jc was

achieved in the sample fabricated with ball-milled

Y211 starting powders as well as Gd–Ba–Cu–O.

In particular, the sample made from Y211-C

powder exhibited a high Jc value of 1.1 · 105 A/

cm2 at 77 K in self-field. In the case of the sample
made from Y211-D powder, inhomogeneous

distribution of Y211 particles was more remark-

able. The volume fraction of Y123 phase in the

upper side area largely decreased with the push-

ing of Y211 particles. This leads to lowering of Jc



77 K
H // c -axis

0

1

2

3

4

5

6

0              1              2             3             4             5

Magnetic Field (T)

J c
 (1

04  A
/c

m
2 )

Y211-A
Y211-B
Y211-C
Y211-D

c-axis

Seed

0

2

4

6

8

10

12

0 1 2 3 4 5

77 K
H // c -axis

Magnetic Field (T)

c-axis

Seed

J c
 (1

04  A
/c

m
2 )

Y211-A
Y211-B
Y211-C
Y211-D

(a) (b)

Fig. 7. Jc–B curves at 77 K for the specimens cut from (a) the region near the seed crystal and (b) the upper side area of Y–Ba–Cu–O

bulk samples fabricated from various Y211 starting powders.

562 S. Nariki et al. / Physica C 412–414 (2004) 557–565
value compared with that for the sample made

from Y211-C.
The enhancement of Jc value leads to

improvement in field trapping capability. Hence,

we also fabricated large single-grain Y–Ba–Cu–O

bulk samples with employing Y211-A and C

powders by a hot-seeding method in air. The

trapped field of the bulk samples was measured at

the gap distance of 1.2 mm from the sample

surface [17]. Figs. 8(a) and (b) reveal the contour
plots showing trapped field distribution for the

samples 33 mm in diameter. The field profile for

the sample with Y211-A powder is perfectly

symmetric; in contrast the sample fabricated from

Y211-C powder exhibited some irregularity in the

profile due to the presence of the weak link as

indicated by the arrow in Fig. 8(b). In this sam-

ple, the low content of Y211 particles around a
seed crystal probably caused small crack forma-

tion and a decrease in the Jc value in a low field

region, which resulted in the drop in the trapped

field. To avoid the crack formation, 10 wt% of

Ag2O was added to the samples. Figs. 8(c) and

(d) show the trapped field distribution of the Ag-

added samples. From the contour plot of the

sample with Y211-C powder (Fig. 8(d)), one can
see there is still some disorder in the profile;

however the weak link nature was evidently im-
proved with Ag addition. This sample could trap

a high field of 1.42 T at 1.2 mm above the sample
surface.
4. Jc enhancement in (Gd,Y)–Ba–Cu–O and other

materials

We also investigated the Jc properties

of (Gd,Y)–Ba–Cu–O materials fabricated from
Gd123-Y211 precursors. The fine Y211 powders

listed in Table 2 were mixed with Gd123 powder

and 0.5 wt% Pt in a molar ratio of

Gd123:Y211¼ 100:40. Melt-processing of the

precursor of 20 mm diameter was performed in air

by a cold-seeding method using Nd123 seed crys-

tal. All samples were grown as a single-grain, al-

though ultra-fine Y211-E was used as a precursor
powder.

Fig. 9 shows SEM photographs of the upper

side area of melt-grown (Gd,Y)-Ba-Cu-O. In this

system, the employment of fine Y211 starting

powder was more effective in reducing 211 inclu-

sions. As shown in Fig. 9(b), the size of 211 par-

ticles was reduced down to approximately 300 nm.

Fig. 10 shows the Jc–B curves at 77 K for the
specimens cut from the (Gd,Y)–Ba–Cu–O sam-

ples. The size reduction of 211 particles resulted in
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a drastic enhancement of Jc values. The Jc value of

the sample with Y211-E powder reached 2 · 105 A/

cm2 at 77 K in self-field.

Fig. 11 shows the Jc–B curves for (a) (Gd,Y)–

Ba–Cu–O, (b) (Gd,Dy)–Ba–Cu–O and (c) (Sm,Y)–

Ba–Cu–O. (Gd,Y)–Ba–Cu–O material was

synthesized from the precursor with the composi-
tion of Gd211:Y211¼ 100:20, containing Pt and

CeO2. Melt-processing was performed in 99%Ar–

1%O2 mixture gas. The Jc value reached an

extremely high value of 2.5 · 105 A/cm2 at 77 K,

0.1 T. (Gd,Dy)–Ba–Cu–O and (Sm,Y)–Ba–Cu–O

materials were prepared from the precursors with

the composition of Gd123:Dy211¼ 100:40 and

Sm123:Y211¼ 100:40. These samples also exhib-
ited high Jc values with the employment of ultra-

fine Y211 and Dy211 starting powders. We believe

that the Jc value will further be enhanced by the

optimization of experimental conditions such as

the selection of rare earth elements, the size and

amount of RE211 powder and the growth atmo-

sphere.
5. Summary

For the purpose of size reduction of RE211

particles in melt-textured bulk superconductor, we

employed the ultra-fine RE211 starting powder as

a precursor. We succeeded in enhancing Jc values
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of melt-textured Gd–Ba–Cu–O and Y–Ba–Cu–O
superconductors through the dispersion of fine

RE211 inclusions in the matrix. The values of Jc

for these materials exceeded 1 · 105 A/cm2 at 77 K

in self-field. In the case of Y–Ba–Cu–O, however,

the size reduction of Y211 led to inhomogeneous

distribution of Y211 particles, in which the volume

fraction of Y211 phase largely decreased near a

seed crystal. We also studied the superconducting
properties of (Gd,Y)–Ba–Cu–O bulk material

fabricated from the precursor of Gd123-Y211. The

employment of ultra-fine Y211 powders resulted in

a drastic enhancement of Jc values in this system.

The maximum Jc for (Gd,Y)–Ba–Cu–O reached

2.5 · 105 A/cm2 at 77 K and 0.1 T.
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