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Abstract

The thermal properties (thermal conductivity, thermal diffusivity, thermoelectric power, thermal dilatation, etc.) and
the mechanical properties (Young�s modulus, strength, hardness, fracture toughness, etc.) have been measured at low
temperatures (4–300 K) and under a high magnetic field (0–10 T) for about 50 REBaCuO bulks (RE = Y, Gd, Nd, Sm,
Dy, etc.). We have constructed the database of these properties and opened it on the Web site (thermal properties:
http://ikebehp.mat.iwate-u.ac.jp/database.html and mechanical properties: http://paris.mech.iwate-u.ac.jp/sc-bulk/
database.html). The influence of the species of RE ions, the content, size and dispersion of the RE211 (or Nd422) phase
and Ag particles and the defects distribution on these properties is characterized.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

For the practical applications and fundamental
researches of the melt-processed REBaCuO super-
conductors (RE: rare earth elements), thermal
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properties such as the thermal conductivity, ther-
mal dilatation, etc. and the mechanical properties
such as the Young�s modulus, strength, hardness,
etc. are valuable parameters besides the electro-
magnetic properties such as the critical current
density Jc and the trapped magnetic field BT. The
REBaCuO bulk material is an anisotropic and
complex material, which consists of RE123,
RE211, Ag and Pt. The thermal and mechanical
ed.
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properties depend on the quality and alignment of
the RE123 superconducting phase, and the con-
tent, size and dispersion of the RE211 phase and
added metals. Defects such as voids and cracks
are also the influencing factors, especially, for the
mechanical properties. We have measured the
thermal and mechanical properties at low temper-
atures (4–300 K) and under a high magnetic field
(0–10 T) for REBaCuO bulks, which were fabri-
cated by several companies and institutes. We have
constructed the database of these properties and
opened it on the Web site. In a conventional data-
base for materials, the numerical data and figures
are aligned boringly for each sample. In order to
make the origin of these properties clear and to
elucidate the relation between the samples, we
have constructed the new type database, which is
named as the ‘‘advanced database’’, together with
the data for each sample with a conventional style.
In this paper, we introduce the database for ther-
mal and mechanical properties of HTSC bulks.
The typical origin of these properties is discussed.
2. Experimental

The REBaCuO superconducting bulk samples
(RE = Y, Sm, Nd, Gd, Dy, Ho and (Nd,Eu,Gd))
were fabricated at DOWA Mining Co. Ltd.
(DOWA), Nippon Steel Co. Ltd. (NSC) and Inter-
national Superconductivity Technology Center,
Superconductivity Research Laboratory (ISTEC).
Table 1
Specifications of the bulk samples investigated in this study

Company and Institute RE element (123):(211) = 100:X Ag con

DOWA Y X = 33–40 0–15
Sm X = 10–40 0–20
Gd X = 40 10–15

NSC Y X = 0–33 0
Gd X = 33–50 10
Dy X = 33 0

ISTEC Nd X(422) = 20–30 0–10
Gd X = 50 0–30
Dy X = 5–40 0–10
Ho X = 40 10
(Nd,Eu,Gd) X = 11–43 0–20
Table 1 summarizes the specifications of the bulk
samples investigated in this study. The content of
the RE211 phase (or Nd422 phase) to the RE123
phase was expressed as RE123:RE211 = 100:X.
The Pt powder of 0.4–0.5 wt.% was added in all
the samples.

The thermal conductivity j(T) and thermoelec-
tric power S(T) were measured by a steady-state
heat flow method and the thermal diffusivity a(T)
was measured by an arbitrary heating method un-
der an identical experimental setup with the j and
S measurements [1]. The specific heat C(T) was
estimated from the relation C = j/a. The thermal
dilatation DL(T)/L(300 K) was measured using a
strain-gage method [2]. All the thermal properties
were measured in the ab-plane and along the c-axis
using a Gifford–McMahon (GM) cycle helium
refrigerator as a cryostat between 4 and 300 K.
The magnetic field of up to 10 T was applied using
a cryocooler-cooled superconducting magnet [3].

Tensile, bending and compressive tests were
carried out at the cross-head speed of 0.15 mm/
min by using the 2 kN Shimadzu Servopulser or
the 5 kN Shimadzu Autograph testing machine
equipped with loading jigs. The tensile test speci-
men, 3 · 3 · 4 mm3in size, glued to the aluminum
alloy rods were loaded through the universal
joints. The bending test was carried out using
three-point bending specimen, 4 · 3 · 36 mm3 in
size with the fulcrum span 30 mm. The dimensions
of the compressive test specimen were 3 · 3 · (8 or
12) mm3. The fracture toughness tests were
tent (wt.%) Atmosphere during growth Measuring direction

In air ab and c

In air ab and c

In air ab and c

In air ab and c
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conducted using three-point bending specimens
4 · 3 · 18 mm3 in size containing single edge V-
notch. Indentation tests were carried out by using
the Vickers hardness testing machine equipped
with the GM cryocooler [4].
3. Results and discussion

The database for each sample can be accessed
from the following Web sites: (http://ikebehp.mat.
iwate-u.ac.jp/database.html) and (http://paris.
mech.iwate-u.ac.jp/sc-bulk/database.html). In this
section, we introduce the characteristic ‘‘advanced
database’’ in which the origin of these properties
can be clarified.

3.1. Thermal properties [1–3,5–9]

Fig. 1 shows the temperature dependence of the
ab-plane thermal conductivity jab(T) for various
kinds of bulks with the RE211 contents of
X = 40, adding the Ag2O of 10 wt.%. The thermal
conductivity jc(T) along the c-axis for the Gd- and
Sm-system is also shown. In the previous paper, it
was confirmed for all the RE systems that the
absolute value of jab(T) decreased with increasing
X and increased with increasing content of the
high-thermal-conductive Ag [3,9]. The anisotropy
(jab/jc) in the thermal conductivity can be seen,
Fig. 1. The ab-plane thermal conductivity jab(T) for various
kinds of bulks with the RE211 contents of X = 40, adding the
Ag metal of 10 wt.%.
which is reduced with increasing Ag contents [3].
The temperature dependence and the absolute va-
lue of jab change depending on the species of RE
ion; for the Sm- and Dy-systems, the jab(T)
enhancement below the superconducting transi-
tion temperature Tc and the absolute value above
Tc is fairly small. For the light RE (LRE) element
such as Sm and Nd, a part of the LRE ions
is substituted for the Ba site, thus forming the
LRE1+yBa2�yCu3Oz-type solid solution. The
migration of Sm and Ba decreases in oxygen-
reduced atmosphere but a small amount of the
migration remains. The migration enhances the
phonon scattering in the Sm123 phase, working
as a kind of point-defect-type phonon scattering
centers. On the other hand, for the RE = Y and
Gd systems, jab(T) shows a large enhancement be-
low Tc. The absolute jab(T) value is large with the
negative djab/dT slope which suggests that no
migration of RE and Ba takes place and a good
crystalline RE123 phase can be confirmed from
the heat transport. It should be noticed that, for
the Dy-system, a very small jab(T) can be observed
comparable with the Sm-system. The Dy-system
has been considered to be the non-substituted sys-
tem of Dy ions for the Ba site because the ionic
radius of Dy3+ is large comparable with Y3+. A
sizable amount of the migration of Dy and Ba
may take place or other powerful phonon scatter-
ing centers may be introduced. A detailed investi-
gation is in progress.

Fig. 2 shows the temperature dependence of the
ab-plane thermoelectric power Sab(T) for the same
bulks shown in Fig. 1. In the normal state, the
Sab(T) value for the Y-system is negative, but that
for the Sm-system is positive. Quantitatively, S is
expected to increase in materials with some kinds
of defects because of increasing resistivity q values.
In the YBa2Cu3O7�d phase, the S value continu-
ously changes from negative to positive with
increasing oxygen deficiency d, which also reflects
the q values [10]. In the Sm system, the observed
Sab increases positively with increasing X [3],
which may partly be attributable to the qab(T) in-
crease in the Sm123 phase caused by the migration
effect and/or the increase of the oxygen deficiency
d. The large negative Sab value of the Y-system
suggests that no substitution of Y3+ for the Ba2+

http://ikebehp.mat.iwate-u.ac.jp/database.html
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Fig. 3. The effects of Gd211 contents X on tensile stress–strain
behavior of Gd-bulk (NSC) by stressing (r) in c-axis and
perpendicular to c-axis at RT. Symbols indicate fracture points.

Fig. 2. The ab-plane thermoelectric power Sab(T) for the same
bulks shown in Fig. 1.
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site and the sufficient oxidation (d = 0) should take
place during the fabrication processes [10]. On the
other hand, for the Gd- and Dy-systems, Sab value
is nearly zero. Since the present bulk materials are
a composite system, we cannot analyze Sab(T) at
the present stage. However, it is worth while to
note that the migration effect can be detected by
the Sab(T) measurements, if the oxygen content is
nearly equal.

3.2. Mechanical properties [4,11–20]

Typical stress–strain curves for the Gd-system
with different Gd211 contents (X = 33,40,50) and
10 wt.% Ag2O loaded in the c-axis direction or per-
pendicular to it at room temperature (RT) are
shown in Fig. 3 [11,12]. The latter was almost lin-
ear until the fracture, while the former was not.
This anisotropy is mainly ascribed to the opening
of the pre-existing micro-cracks perpendicular to
the c-axis formed during the fabrication process.
The Young�s modulus (E) for the latter was 100–
130 GPa and that for the former was 35–45 GPa.
It increased with increase of the Gd211 contents
X. The tensile strength in the direction perpendic-
ular to the c-axis was 20–55 MPa and that in the
c-axis was about 10 MPa. The former decreased
with increase of X. The fracture surface observa-
tions clarified that the crack initiates from voids
or sub-grains [13,14]. There was a significant
anisotropy in the Poison�s ratio due to the micro-
cracks; the value for loading perpendicular to the
c-axis were 0.15 for the transverse strain in the
c-axis, and 0.30–0.36 for that perpendicular to it
[11]. The specimen length dependence of the elastic
constants observed was ascribed to the constraints
near the interfaces between the specimen and the
aluminum alloy rods [11].

The compressive stress–strain curves in perpen-
dicular to the c-axis were almost linear, while those
in the c-axis were non-linear; increasing with in-
crease of the applied stress [15]. This can be
ascribed to the closure of the pre-existing micro-
cracks. The E defined from the region of the al-
most linear part of the stress–strain curves (after
the closure of the pre-existing micro-cracks) in
the c-axis was smaller than those in perpendicular
to the c-axis. This is considered to be originated
from the intrinsic anisotropy of the bulk. The com-
pressive strength in the c-axis was higher than that
in the perpendicular to the c-axis. This is ascribed
to the buckling fracture associated with the pre-
existing micro-cracks perpendicular to the c-axis
in the loading perpendicular to the c-axis. Both
of the E and the fracture strength by compressive
test were higher than those by tensile test [15].

The E and strength rf by bending tests of the Y-
and Gd-bulks at RT and liquid nitrogen tempera-
ture (LNT) are shown in Fig. 4 [16,17]. The Y-bulk
(X = 33, Ag: 0, NSC), Y-bulk (X = 40, Ag:
15 wt.%, DOWA) and Gd-bulk (X = 33, Ag:



Fig. 4. The bending mechanical properties of Y33-, Y40-Ag-
and Gd33-Ag-bulks at RT and LNT (see text).
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10 wt.%, NSC) are denoted as Y33, Y40-Ag and
Gd33-Ag, respectively. The E of Y33 and Y40-
Ag at LNT, 148 and 143 GPa were higher than
those at RT, 132 and 136 GPa, respectively. This
temperature dependence coincides with theoretical
ones [11] associated with the inter-atomic distance.
The E at RT was higher than that by tensile test
[12]. This can be ascribed to the behavior of the
compressive stress region induced in a half of the
volume of the bending test specimens. The rf of
Y33, Y40-Ag and Gd33-Ag at LNT, 90, 122 and
96 MPa, were higher than those at RT, 74, 104
and 71 MPa, respectively. The bending fatigue
endurance limits of the Y33 and that of the
Gd33-Ag for 5 · 104 stress cycles at LNT were
about 80% and 70% of rf, respectively [16,17].

The fracture toughness KIc for the bulks ranged
from 1.0 to 2.0 MPa m1/2 [4,18–20]. Although, the
KIc obtained from bending tests and tensile tests
coincided fairly well, those from indentation test
gave underestimation [18]. While the Vickers hard-
ness increased with lowering temperature, the KIc

from indentation decreased and those from
notched specimen increased [4,18,20].
4. Summary

The thermal properties and mechanical proper-
ties have been measured at low temperatures and
under a high magnetic field for about 50 REB-
aCuO bulks. The database of these properties
has been constructed and opened on the Web site.
The influence of the species of RE ions, the con-
tent, size and dispersion of the RE211 phase and
Ag metals and defects distribution on these prop-
erties is characterized in the database. We expect
that the database will be widely used for the prac-
tical application and the basic research for the
REBaCuO bulks.
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