JOURNAL OF MATERIALS SCIENCE 29 (1994) 1527-1532

Novel approaches in the melt-texturing of

Y532CU307_V

R. V. KUMAR, D. J. FRAY

Department of Mining and Mineral Engineering, University of Leeds, Leeds, UK

H. W. WILLIAMS, A. MISSON, J. E. EVETTS
Department of Materials Science and Metallurgy, University of Cambridge, Cambridge, UK

Electrochemically pre-textured samples have been subjected to melt-processing in order to
produce dense and highly textured bulk samples of YBa,Cu;0,_, (YBCO). Full oxygenation
of these samples has been achieved at high processing temperatures of 720°C by
electrochemical titration, in order to increase the superconducting transition temperature to

> 89 K. These samples show a large magnetic hysteresis, and the value of J_ calculated using
the Bean model is in the range 4000-6000 A cm~2 at 77 K and 1 tesla magnetic field, and is
independent of the applied field in that range. In another variation of the melt-processing
technique — referred to as “isothermal melt-textured growth’” — highly textured samples have
been produced by the movement of the solidification front at a constant temperature in an

oxygen activity gradient.

1. Introduction

Prospects for application of high-7,, superconducting
oxides are astounding in several fields, such as power
transmission, energy storage, levitation, magnetic
shielding, infra-red semsors and microelectronics.
Practical application of bulk high-7, ceramic super-
conductors are currently hampered by low values of
critical current density (J,), especially in strong mag-
netic fields. In contrast, it is possible to obtain very
high J, in single crystals and thin films [1,2]. In order
to achieve high J, at liquid nitrogen temperatures, the
bulk superconductor must simultaneously satisfy all
the following criteria.

(i) Optimum oxygen content in YBCO in the entire
bulk sample to achieve maximum T, [3].

{ii) Absence of large grains of second phases detri-
mental to the superconducting properties.

(iii) High density of samples ( > 95%).

(iv) Crystallographic alignment of large grains
parallel to the a—b conduction planes.

(v) Elimination or minimization of weak-link high-
angle grain boundaries in the path of current flow.

(vi) Good connectivity between grains across both
high-angle and low-angle boundaries.

(vii) Incorporation of flux pinning centres in order
to reduce field-dependent deterioration of J, in high
magnetic fields.

Oxygen and phase control in YBCO are normally
achieved by high-temperature sintering ( > 930°C)
and annealing ( < 550°C). In a previous publication
[3], we have reported the use of high-temperature
electrochemical processing for the precise and optimal
control of oxygen content as well as phase control in
YBCO. The electrochemical device consists of both
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coulometric and potentiometric modes and can be
described by the cell represented in Fig. 1. The coulo-
metric part of the electrochemical cell represents an
oxygen pump for varying the oxygen input to or
removal from YBCO, while the potentiometric part
acts as an oxygen sensor for monitoring the oxygen
potential in YBCO. This technique has been success-
fully applied to YBCO for oxygen control at high
temperatures and in the development of phase stabil-
ity diagrams [3].

Furthermore, we also reported significant texture
enhancement in the electrochemically treated YBCO
bulk samples, provided the morphology of the starting
powder is favourable [3]. It was observed that en-
hanced c-axis texture can be obtained in the bulk-
sintered samples of YBCO by the combined effect of
pressure, temperature and electrochemical potential.
The sample is squeezed by a pressure of

° ‘;

Potentiometric
(Pt) ZrO,-based YBa,Cu;0r.5
Solid electrolyte
P) 0%
Coulometric 5 n

Figure 1 The electrochemical cell. V = high-impedance voltmeter
which measures emf in an open circuit; P = potentiostat for applica-
tion of suitable potential or current; C = coulometer for measuring
the amount of oxygen transported through the solid electrolyte;
A = ammeter for measuring the rate of oxygen transported through
the device.
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>12kgmm~2 in the temperature range

700-960 °C, and with oxygen pressures corresponding
to the decomposition of YBCO as indicated by the
‘emf plateaux’. In addition to these conditions, the role
of morphology of precursor powders has proved cru-
cial in determining the response of texture en-
hancement. The best results are obtained for powders
with grains that are platelet-like with high aspect
ratio, and for very finely sized reactive precursor with
the high aspect ratio particles as seed material. The
exact mechanism for the texture formation is not clear.
The following possibilities either singly or in combina-
tion can be considered: (i) liquidus formation due to
decomposition of YBCO which enhances grain
growth anisotropy [4]; (ii) force-induced movement
of YBCO grains in the presence of liquid phase [5];
(iil) decomposition of YBCO (123 phase) to the 124
phase and recrystallization of YBCO with preferred
orientation [6]. Further research is required to elucid-
ate the mechanism of texture formation by this tech-
nique.

In general, it was found that there is a strong
correlation between texture enhancement by electro-
chemical processing and the ability of the material to
exhibit large grain growth in normal sintering. Sam-
ples which exhibit good grain growth during sintering
respond favourably to electrochemical texturing, and
vice versa. Good grain growth was obtained in sam-
ples made of powders with grains that are platelet-like
with high aspect ratios. On the other hand, the densit-
ies of samples with large grains were generally foun
to be unacceptably low. ‘

In this study, YBCO powders from a variety of
sources were used and were characterized for their size
distribution (particle size analyser), morphology (scan-
ing clectronmicroscopy; SEM), chemical and phase
composition (X-ray diffraction; XRD, energy-disper-
sive spectroscopy, EDX, and chemical analysis) and
liquidus temperatures (differential thermal analysis;
DTA) (see Table I). Bulk samples prepared by pres-
sing and sintering were subject to electrochemical
treatment in a cell holder shown in Fig. 2. Oxygen
titration was carried out symmetrically from both the
flat surfaces of YBCO pellet using two identical YSZ
solid electrolytes [3]. The experimental details and the
results are described in [3].

The texture factor of the YBCO samples was calcu-
lated from the XRD intensity ratios I g ¢/I1 1 0, 1 0 3. Of
the sample and a reference powder [7]. The best

TABLE I Properties of precursor powders
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Figure 2 Texture in YBCO (EC).

results were obtained for YBCO powders with coarse
grains and high aspect ratio platelets (I o 6/I1 10,103
= 10 for sample A). Despite achieving good texturing,
transport currents in these samples are very low
(10 Acm™% at 77K . and 1 tesla) due to their high
porosity (20%), which severely restricts the current
paths. However, by seeding fine precursor powders
with coarse particles, it was possible to achieve fairly
good texture in a high density material (saniple F
+ seed).

These results are summarized in Fig. 3, which indic-
ates the combination of texture and density achieved
in the electrochemically (EC)-treated samples. Best
results so far have been obtained by seeding the
powder F with coarse powder A, where bulk samples
with densities approaching 95% have been electro-
chemically treated to obtain reasonably good texture

1006/1110,103=6)'

Powder* Average particle Particle shape Chemical Liquidus
size (um) composition temperature (°C)
A 20 Elongated platelets with Excess Ba and Cu 1038, 990
high aspect ratios

B 5 Ground Excess Ba and Cu 1036, 987

C 2 Uniform spherical particles High in S (0.25%) 1020, 960, 925

D 10 Angular particles High in 2nd phases 1035, 970, 950, 925
E 5 Rod-shaped Excess Ba and Cu 1033, 925

F 3 Mostly globular High in C 1036, 981

* Sample A prepared in this laboratory; sample B prepared by grinding sample A; samples C to F obtained from commercial sources.
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Figure 3 Texture and density in YBCO.

2. Partial melt processing

Samples that are fairly dense as well as reasonably
textured (e.g. F + seed) show improved microstruc-
ture in terms of porosity, grain alignment and connec-
tivity (Fig. 4). These improvements, however, have
translated into only a marginal increase in transport
current densities (360 A ¢cm~?), which indicate that
despite substantial increase in density and texture,
weak-link features have not been eliminated from the
bulk samples. It has been suggested that the only
proven technique for eliminating the severe weak-link
behaviour in YBCO bulk samples is the use of melt
processing techniques [8—-10]. Therefore, we have in-
corporated a partial-melt processing method to treat

Figure 4 Optical microstructure of electrochemically textured

sample (F + Seed) (x 500).

an electrochemically pre-textured bulk sample in or-
der to maximize texture in dense samples, to eliminate
severe weak links and to promote the formation of
flux-pinning centres. One of the advantages of using
pre-textured samples is that a short partial melting
stage is sufficient, in order mainly to melt the un-
textured fine grains, and promote their growth on the
existing habit planes of the large-textured grains. This
greatly minimizes some of the frequently encountered
problems in melt texturing of YBCO, such as chemical
reaction with the substrate and warping of the bulk
sample.

The procedure basically involves a directional sol-
idification process of the YBCO phase from a partial-
melt state. An electrochemically pre-textured sample
is heated in an oxygen atmosphere to a temperature
slightly above the peritectic temperature for decompo-
sition into a CuO-rich liquid and Y,BaCuOj; (Fig. 5),
and slowly cooled at 1°C h~! from about 1035
to 925°C for nucleation and growth of the YBCO
phase, and then rapidly cooled to room temperature,
without the usual oxygenation anneal at temperatures

< 550° C.

Dense bulk samples (95%) with extremely high
texture I, o6/11 10,103 = 60), which easily maintain
their structural integrity, have been produced by this
process (Figs 3 and 6). T, measurements, however,
indicated that the samples were not fully oxygenated
and the values varied in the 79-82 K range.

3. Electrochemical oxygenation

Full oxygenation of very dense samples requires very
long anneals at temperatures < 550°C. In order to
maximize 7,, annealing in pure oxygen atmosphere
must be carried out at temperatures near 400 °C, at
which the kinetics are extremely unfavourable, as can
be seen from the calculations based on diffusion data
(Table II). Furthermore, during such an anneal, it is
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Figure 5 The Y,BaCuO;-BaCuQ, + CuO phase diagram.
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Figure 6 XRD Pattern for a highly textured sample by partial melt processing of EC textured samples.

not possible to monitor the extent of oxygenation, and
usually very long anneals are used.

In a previous publication [3], we have reported the
application of an electrochemical technique of oxy-
genating YBCO, accompanied by the simultaneous
monitoring of the extent of this oxygenation. In addi-
tion, it is possible to create electrochemical variation
of activities covering a wide range of compositions,
not easily attained by the use of gas pressure. Dense
and highly textured samples from this study were
electrochemically oxygenated in less than 3 h at a
relatively a high processing temperature of 720 °C, at
which the benefits of rapid-reaction kinetics could be
fully exploited. By this method the superconducting
transition temperature of the melt-textured YBCO
samples was increased from the 79-82 K to the
89-92 K range.

TABLE II Oxygen diffusion data (atmospheric O,) for dense
MTG samples ( > 95%)

Temperature Time to fully oxygenate to depth d:

10 nm 1 pm 0.1 mm 10 mm
400°C 50 ms 500s 60 days 2000y
600°C 0.005ms 50ms 500s 60 days

T, increased from 79-82K to > 89 K after electrochemical oxy-
genation at 720°C.
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4, Magnetization measurement of
critical current

YBCO sampies were subject to magnetization meas-
urements on an Aerosonic 3001 VSM (vibrating
sample magnetometer) using an Oxford Instruments
flow cryostat to determine the critical current densit-
ies. Magnetization measurements were conducted as
the sample thickness was reduced. According to the
Bean critical state model [11], the difference in mag-
netization (M *—M ) between the increasing and the
decreasing applied field (H) branches is related to
sample thickness d by the following relationship:

M = M*-M~=1J_4d/20 1)
where J.is in Acm™2, M in emu cm ™3 and 4 in cm.
Therefore, the value of the critical current is obtained
from the slope of M—d lines.

The M—d lines for samples prior to melt treatment
have very low J, values as estimated from the slopes
(Fig. 7), indicating the presence of weak links which
greatly diminish the conduction paths. Using the the-
oretical limit of maximum magnetization current, the
characteristic superconducting dimension can be es-
timated to be at least two orders of magnitude larger
than the grain size. This is strong evidence that macro-
scopic currents encompassing a large number of
grains can flow through the sample.
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Figure 7 Magnetization against thickness for samples prior to par-
tial melt texturing.

Rectangular samples of approximately 5 x 3.5 x 1 mm
were cut from the melt-textured and electrochemically
oxygenated sample for VSM measurements. These
samples show a large magnetic hysteresis at 77 K and
exhibit a persistent-current-based magnet-like behavi-
our even after the field is removed (Fig. 8). From the
M-H loops for the electrochemically oxygenated
melt-textured samples, derived as a function of sample
thickness, it can be seen that the Bean critical state is
established, which implies that the supercurrents cir-
culate in the entire bulk sample, and that the weak
links are absent (Fig. 9). The value of J, as calculated
from the Bean model varied from 4000-6000 A cm ™2
at 77 K and 1 tesla field, and is independent of the
applied field in that range.

5. Isothermal melt-textured growth

The variety of melt-texturing techniques reported in
the literature for aligning YBCO grains in a bulk
sample is essentially based on the slow cooling of the
sample near the peritectic temperatures, either with or
without a temperature gradient [8-12]. Growth of
YBCO crystals in a liquid flux leads to the formation
of thin platelets as a result of the faster rate of growth
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Figure 8 Magnetization curve for a melt-textured sample.
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Figure 9 Magnetization against thickness for a melt-textured
YBCO sample, showing fully inter-granular currents.

in the a—b direction than in the c-direction of the
crystal. Slow cooling through the peritectic, especially
in the presence of a temperature gradient, controls the
morphology of the solidification interface to produce
domains of highly textured grains. The different ver-
sions of these reported melt-texturing process are all
carried out at a fixed oxygen pressure, usually at
1 atm.

In a suggested new process, variation of the liquidus
temperature with oxygen activity is exploited for the
growth of aligned crystallites under isothermal condi-
tions. The oxygen pressure has a pronounced effect on
the peritectic temperature. For a change of pressure
from 1 to 0.02 atm, the peritectic temperature de-
creases by ~ 50°C [3, 13]. Decrease in the oxygen
activity is also accompanied by a decrease in the
steepness of the liquidus line between the peritectic
and the eutectic temperature in the Y,BaCuO,-
YBa,Cu;0,_,-3BaCuO, + 2CuO join of the
Y,0;-BaO-CuO phase diagram (Fig. 4) [14], which
creates more favourable conditions for the growth of
large crystals.

In preliminary experiments, highly textured grains
in a bulk YBCO sample were produced by gradually
increasing the oxygen pressure of the gaseous atmo-
sphere from 0.02 to 1 atm, at a constant temperature
of 1030 °C. Highly aligned tracks of crystallites were
produced in the sample, along with a distribution of
discrete particles of 211 as well as 15-20 vol % of the
green phase (22 1). The microstructures obtained for
the isothermally textured samples are similar to those
obtained by the normal melt-textured techniques
(Figs 10 and 11). Both samples show a near-perfect
alignment of the superconducting phase. Polarized
optical microscopic observations clearly indicate the
presence of twins. The textured tracks are at an angle
of 30-50° with respect to the sample axis, indicating
complex heat and mass-transfer criteria governing the
movement of the solidification front under the oxygen
activity gradient. Further work is being carried out to
investigate the application of electrochemical tech-
niques to create the required oxygen activity gradient,
in order to form a track of highly textured super-
conducting phase in a YBCO sample.
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Figure 11 Optical microstructures of isothermally melt-textured YBCO samples ( x 500).

6. Conclusions

A processing route, which optimizes the properties of
bulk samples of YBCO by maximizing the benefits of
coulometric oxygenation, electrochemical texturing
and melt-processing, has been considered, with en-
couraging results.

FABRICATION
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ELECTROCHEMICAL PRETEXTURING AND
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l
(ELECTROCHEMICAL) MELT GROWTH FOR
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GROWTH

!
ELECTROCHEMICAL OXYGENATION

The variation of liquidus temperature with oxygen
activity is exploited in the development of isothermal
melt-textured growth of YBCO, and can be interfaced
with electrochemical cells for developing textured
tracks in a bulk YBCO sample.
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