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Abstract

A uniaxial c-axis pressure has been applied to YBa,Cu;0, (YBCO) single domain during a prolonged oxygenation
experiment up to 72 h. It has been found that, due to this c-axis pressure, the local tensile stress responsible for ab-plane
crack formation can be compensated effectively. The optical microscopy experimental results indicate that there is a
sharp contrast in microstructure between the samples with and without c-axis pressure. The ab-plane cracks in the
sample with c-axis pressure appear to be suppressed. X-ray diffraction results show that, for a 72 h-oxygen anneal, both
samples with and without pressure are well oxygenated with equal orthorhombicity on the polished surfaces where the
microstructures are studied. Also discussed is the mechanism of ab-plane crack suppression by the c-axis pressure.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

In YBa,Cu;O, (YBCO) single domain, ab-
plane cracks inevitably form due to large stresses
induced during the tetragonal (T) to orthorhombic
(O) phase transformation [1-3]. Therefore, crack
formation is inherently a structure-related behav-
ior governed by oxygen diffusion. With these
cracks in the matrix of the crystal, the integrity of
the domain structure is severely altered making its
usefulness limited. For instance, the mechanical
strength of the YBCO single domain is signifi-

* Corresponding author. Tel.: +1-513-556-3100; fax: +1-513-
556-1004.
E-mail address: donglu.shi@uc.edu (D. Shi).

cantly reduced and the materials easily cleave
along the ab-plane cracks. In magnetic levitation,
these cracks interfere with the induced currents;
thus lower the trapped field and levitation force. In
fundamental studies, these imperfections make it
difficult to control the physical parameters that are
needed for modeling.

One of the novel applications is in the RF
wireless telecommunications. The recent develop-
ment of extremely low loss RF components using
high temperature superconductors (HTS) such as
YBCO has succeeded in achieving the extremely
low surface resistance at the appropriate cellular
frequencies. The current technologies in fabrica-
tion of HTSs for RF applications have been pri-
marily the thin film approaches that can produce
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well-textured YBa,Cu;0, materials with extremely
low surface resistance [4,5]. The recent develop-
ment in seeded melt growth (SMG) of YBCO has
shown great promise in the fabrication of RF
components with superb RF properties. Not only
has the surface resistance of the SMG reached a
value comparable to those of thin films, great ad-
vantages in utilizing this HTS material also lie in
its suitability for mass production, easy control of
device geometry, and low cost.

One of the concerns for single domain YBCO is
that it inherently contains these ab-plane micro-
cracks. As RF waves travel through the surfaces,
great loss can take place at these cracked regions.
Note that the microwaves only penetrate about
lum depth on the surface, therefore these surface
defects become more critical in reducing the RF
losses and device design. There have been, how-
ever, a few systematic studies so far to investigate
the effective methods that can prevent these sur-
face cracks.

Suasmoro was the first to use in situ ultrasonic
wave attenuation to probe the microstructure of
YBCO ceramic polycrystals [6]. He concluded,
based on the ultrasonic data, that the microcracks
formed in the tetragonal phase region where oxi-
dation was taking place. Diko had made an ex-
tensive analysis on the behavior of microcracks in
textured YBCO [7]. He discussed on the origin of
these cracks: i.e., whether these are growth defects
or oxygen annealing defects. Growth defects were
found parallel to the ab-planes due to a growth
gap generated by inclusions of 211 particles dur-
ing crystallization. Diko attributed the micro-
cracking phenomena to a thermal expansion stress
between oxidized and non-oxidized zones. The
oxygenation was thought to be a combination of
oxygen volume diffusion, microcracking, and ox-
ygen penetration along the cracks.

In a recent study by Shi et al. on crack forma-
tion and propagation in YBCO single domain,
they concluded that, during oxygenation, the
phase transition has created a large volume stress
that is responsible for rapid crack propagation in
the YBCO crystal [8]. Due to severe contraction in
the c-direction, the crystal under goes a compres-
sive deformation. However the structurally iso-
tropic 211 particles prevent the compressive

deformation in some local areas especially near the
211 particles, therefore diverting the compressive
stress to tensile stress. As the tensile stress reaches
the critical value, the cracks begin to propagate
inwardly in the crystal. The T-to-O phase bound-
ary provides the driving force for the propagation
of the cracks. Since the T-to-O transition is oxygen
diffusion controlled, the kinetics of crack propa-
gation is dictated by the rate of oxygen diffusion.
After the oxygen content is homogeneously es-
tablished in the sample, there is no further driving
force for the propagation of cracks.

Based on these studies, in this paper, we report
on a new method by which the ab-plane crack
formation was suppressed by applying a uniaxial
c-axis pressure to the single domain directly. Both
optical microscopy and X-ray diffraction results of
the annealed samples are presented. The mecha-
nism on suppression of crack formation is dis-
cussed.

2. Experimental

The seeded melt growth (SMG) method was
originally developed for the purpose of producing
large domains for various engineering applications
[9-12]. The single domain samples were disc
shaped pellets (20 mm in diameter and 15 mm in
height). We wused precursors of 70 wt%
YB32CU3OX, 30 wt% YzBaCUOS, and 0.15 wt% Pt.
These powders were thoroughly mixed and
uniaxially pressed at 100 MPa into a disc shaped
green pellet of 35 g. The green pellet was sintered
in air at 930 °C for 24 h. A SmBa,Cu;0, single
domain was used as seed having a dimension of
2x2x 1.5 mm?>. The seed was put on the top of the
green pellet before the growth process. The green
pellet was placed on an alumina plate with an in-
termediate layer of Y,03; powder to avoid liquid
spreading on the interior surfaces of the furnace. A
sintered thin plate consisting of a mixture of
YbBa,Cu;O, and YBa,Cu;O, was also used be-
tween the green pellet and the Y,0; layer. This
substrate was found necessary to avoid parasitic
grain growth from the bottom. After the comple-
tion of the domain growth, the sample was cooled
in nitrogen gas to prevent the phase transforma-
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tion from the tetragonal to orthorhombic struc-
ture. In this way, the sample is free of ab-plane
crack formation. The details about the YBCO
single domain growth can be found in Refs. [13-
16].

In this experiment, a 2.5-mm-thick YBCO disc
of 20 mm diameter was sliced along the ab-plane
from the crack-free single domain pellet for the
pressure experiment. The virgin sample had the
tetragonal phase as it was cooled in nitrogen gas.
The disc sample was cut, parallel to the c-axis, into
two pieces with the facing surfaces polished down
to 1 um for optical microscopy studies. The mir-
ror-image surfaces were used to ensure that the
studied regions were adjacent to each other. The
pressure vise was a commercial flange made of
stainless steel as shown in Fig. 1. The flange di-
ameter was 34 mm with a thickness of 7.2 mm. As
shown in Fig. 1b, the disc sample was sandwiched
between two flanges tightened with screws. Before
tightening the screws, the flanges were placed in a
hydraulic press for achieving a uniform force
along c-axis. As the hydraulic pressure reached 15
MPa, six 4.2 mm screws were hand-tightened. To
ensure a uniform pressure, the top and bottom
surfaces of the disc sample were polished by a
special device making these surfaces parallel to
each other. Note that a device that has resulted in
a more uniform force on Bi2223 has been reported
in a previous work [17]. To study the effect of
pressure on the crack behavior, we are in the
process of designing a better device and monitor
the pressure at the annealing temperatures.

Both samples (each half) with and without
pressure were annealed together in flowing oxygen
at 400 °C for 18, 48 and 72 h. At each annealing
interval, the samples were cooled to room tem-
perature and used for optical microscopy and X-
ray diffraction (XRD). After these studies, the
samples were put back into the furnace for a
prolonged oxygenation under the same condition
up to 72 h.

A thin layer from the polished surfaces of the
oxygenated samples (with and without pressure)
was powdered and analyzed by X-ray diffraction
(XRD) using a Siemens diffractometer (D5000)
operating in transmission mode with Cu Ko radi-
ation.
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Fig. 1. (a) A photograph showing the stainless steel pressure
vise and (b) schematic diagram showing the application of
uniaxial c-axis pressure.

3. Results

Fig. 2a shows the microstructure of the as-
grown YBCO single domain. Due to flowing ni-
trogen during cooling, the YBCO phase remains
un-oxygenated with a tetragonal structure. No
cracks are observed in this sample. However, after
the sample was treated in flowing oxygen at 400 °C
for 18 h, microcracks formed as shown in Fig. 2b,
which have been typically seen in many previous
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Fig. 2. (a) Optical micrograph showing the microstructure of the as-grown single domain, (b) optical micrograph showing the mi-
crostructure of the sample annealed at 400 °C for 18 h without pressure, (c) optical micrograph showing the microstructure of the
sample annealed at 400 °C for 18 h with the c-axis pressure, and (d) the same as in (c) but another area.

studies. Note that there are regions which have
different contrast with the matrix in which the
cracks are visible. These regions are assumed to be
more oxygenated than the matrix. Upon crack
formation, oxygen diffusion becomes more rapid
along the crack. As the oxygen diffuses into the
sample along the ab-planes, these microcracks also
propagate into the interior of the domain structure
at a rate that is comparable to that of oxygen
diffusion. However, in this study we only focused
on the polished surfaces of the annealed samples
with and without pressure. The crack formation
inside the matrix of the sample is being investi-
gated in a more detailed study. Fig. 2c shows the
counterpart of the sample that was annealed under
the c-axis pressure. Regions with light contrast,
similar to those shown in Fig. 2b, are observed. In

these regions, no visible cracks were observed with
optical microscopy. Fig. 2d shows another area of
the sample. Again it indicates a quite homoge-
neous microstructure throughout the entire sam-
ple.

Fig. 3 shows the microstructures of the samples
annealed for 48 h with and without c-axis pressure.
Quite similar microstructural behaviors shown in
Fig. 2 have been observed in these pictures (e.g.
with c-axis pressure, no microcracks are observed).
We found the identical microstructural differences
between the samples with and without c-axis
pressure as shown in Fig. 4. Up to an annealing
time of 72 h, the sample with pressure remains
uncracked as can be seen in this figure. As these
ab-plane cracks were initiated by oxygen diffusion,
for samples with c-axis pressure applied we needed
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Fig. 3. (a) Optical micrograph showing the microstructure of
the sample annealed at 400 °C for 48 h without pressure, (b)
optical micrograph showing the microstructure of the sample
annealed at 400 °C for 48 h with the c-axis pressure, and (c) the
same as in (b) but another area.

to examine the oxygen content in these samples
with and without pressure.

S pm

50 pm

50 pm

Fig. 4. (a) Optical micrograph showing the microstructure of
the sample annealed at 400 °C for 72 h without pressure; (b)
optical micrograph showing the microstructure of the sample
annealed at 400 °C for 72 h with the c-axis pressure, and (c) the
same as in (b) but another area.

To determine the oxygen content and the or-
thorhombicity of the annealed samples, XRD was
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carried out on both polished surfaces for the 72 h-
annealed samples with and without pressure. Small
portions of material were taken from these sample
surfaces (i.e. the sample with pressure and the
sample without pressure) for the XRD powder
diffraction. The spectrum was recorded in the an-
gular range 10-100° in 20 and the lines of
YBa,Cu;0, phase were indexed according to the
Pmmm space group. Only the lines that did not
overlap with those of the Y,BaCuOs phase (211)
were taken into account for calculation of the unit
cell parameters by a least square refinement
method (Cellref program). We then used 25 lines,
which were sufficient to provide accurate indexing.
In a second attempt we mounted the 72 h-annealed
samples directly on a four-circle goniometer. We
registered the first 200 and 00 reflections and
used the Nelson—-Riley procedure to extrapolate a
and b values [18]. In this procedure, the calculated
parameters for each set of data were plotted versus
cos?0/sin0 (Fig. 5). The extrapolation to zero
gives a very good approximation of the cell pa-
rameter. Both methods agree to point out that
these samples have the identical lattice parameters
(see Fig. 5a and b), indicating that they are fully
oxygenated and have an orthorhombic structure at
the polished surfaces.

4. Discussion

Applications of pressure on oxide supercon-
ductors have been reported in the past for
achieving various unique properties. Zhu et al.
have reported a compressive anneal processing of
Bi2223 superconducting tapes for enhancement of
texture [17]. During oxygenation, tetragonal to
orthorhombic phase transition takes place that
generates volume stresses due to dimensional
changes of the unit cell. To accommodate the
volume stresses, twinning occurs as have been well
observed in previous studies [1-4]. To study the
effects of twins on various physical properties such
as flux pinning and superconducting fluctuations,
moderate ab-plane uniaxial pressure was applied
to remove the twin boundaries [19-21]. However,
we believe that, it is the first time that a c-axis
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3.824 (hoo)
3.822 a=3819A
< 3820
<
© 3818 NP
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. wp
3.812 (b)
3.810 T T T T 1
0 1 2 3 4 5
2 .
cos0/sing

Fig. 5. (a) Lattice parameter b versus cos®0/sinf for both
samples with and without pressure annealed at 400 °C for 72 h
and (b) Lattice parameter a versus cos® 0/ sin 6 for both samples
with and without pressure annealed at 400 °C for 72 h.

pressure has been applied to suppress ab-plane
crack initiation and propagation.

The ab-plane crack formation has extensively
been studied previously [22,23]. During oxygen
diffusion from the surface of the YBCO sample, an
oxygen gradient is created. As a result of c-axis
contraction, a tensile stress is created in the outer
regions of the sample. This strain profile in the
oxygenated layer will cause cracking parallel to ab-
plane with cracks apparent at the sample surface
[22]. The 2 1 1 particles in the YBCO single domain
can also contribute to the ab-plane cracks [23].
This local tensile stress will initiate cracks along
ab-planes and the level of this stress depends on
the size of 211 particles, presumably, the larger
the particle, the higher the stress. From our mi-
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crostructural observation the particles size range
from submicron up to 20 p with an average size of
2 um and a few large 211 particles resulted from
peritectic reaction, therefore can generate stresses
in a wide range. As the YBCO single domain
contains a high concentration of 211 particles (30
wt% in initial concentration), they will hinder the
c-axis change and create a local tensile stress near
themselves. The c-axis variation with annealing
time was previously published by Shi et al. [24].
Such ab-plane cracks near the 211 particles have
been commonly observed [22-24]. Therefore to
compensate this local tensile stress that is respon-
sible for ab-plane cracks, a uniaxial c-axis pressure
can be applied by using the simple vise shown in
Fig. 1. As the vise applies the pressure along the c-
axis, the single domain will deform elastically al-
though moderately. The c-axis pressure would
confine the crystal deformation along the c-axis
during oxygenation. For a crack to initiate, local
tensile stress is required. The c-axis pressure can
provide an effective counter pressure that com-
pensates this local tensile stress. In this way, the
crack formation is suppressed. However, in this
initial experiment, it is difficult to quantitatively
determine the local crack tip stress and the counter
force from the uniaxial pressure applied. More
detailed experiments addressing these critical
stresses are underway.

The ab-plane crack nucleation and propagation
have been previously studied by Shi et al. [24]. In
their experiments, Young’s modulus experiments
were carried out to study the kinetics of ab-plane
crack propagation in single domain YBa,Cu;0O,
(YBCO) during a prolonged oxygen heat treat-
ment at 400 °C up to 188 h. It was found that the
modulus value experiences a rapid fall between the
annealing time of 48 and 96 h, indicating the ki-
netics of crack propagation in the sample matrix.
For 72 h annealed the sample, based on the results
of this previous work, the ab-plane cracks have
propagated through the entire cross section along
the ab-plane. With the confinement of the c-axis
pressure, not only can the crack initiation be sig-
nificantly repressed, but also the kinetics slowed
down. However, in this experiment, our experi-
ments are only focused at the polished surfaces of
annealed samples with and without c-axis pres-

sure. The effects of c-axis pressure on crack
propagation in the matrix of the single domain are
currently being carried out.

5. Summary

In order to suppress ab-plane crack formation,
uniaxial c-axis pressure is applied to the YBCO
single domain. In a prolonged oxygen anneal, this
c-axis pressure has effectively suppressed the for-
mation of the ab-plane cracks on the polished
surfaces. These results indicate that by applying
pressure along the c-axis, local tensile stresses re-
sponsible for initiating ab-plane cracks can be
compensated effectively; thereby providing a un-
ique method for eliminating cracks in the YBCO
single domain.
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