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T.E.M. Studies on the Annealing of Y Ba;Cu3zO7_;s
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Abstract

Annealing in oxygen-rich atmosphere at intermediate temperatures (400°C
- 600°C) has proved necessary to provide the appropriate microstructure -
for superconducting Y Ba;Cu3Ov_s . The symmetry of the orthorhombic
phase requires that if more than one type of twin plane is present within
a grain, a distorted region should exist inside the multiple twinned grain.
This distorted region hinders the tetragonal - to - orthorhombic transfor-
mation, and may account for some retained tetragonal phase inside an
otherwise orthorhombic grain. A physical model is presented describing
the formation of such regions and their eventual transformation into low
angle grain boundaries after long annealing. Extended annealing at inter-
mediate temperatures apparently leads to the formation of planar faults in
off-stoichiometric samples. Transmission electron microscope image con-
trast and energy dispersive x-ray analyses of highly defective regions sug-
gests these defects are CuO,(z = 1,2) extra layeré,.which result from the
slight copper enrichment in the Y Ba,Cu307_; used here. These extra lay-
ers tend to form near grain boundaries or free surfaces, where oxygen is

readly available.



I Introduction

The discovery of the so-called high-temperature superconductors by Bed-
norz and Muller {1] and the subsequent discovery of superconductivity in
Y Ba,Cu3O7_; at even higher temperatures [2] has promoted considerable
interest in the study of its properties. This material has been produced
either as single crystals or polycrystalline pellets. The crystal structure
of the high-temperature superconducting phase has been accurately de-
termined by neutron diffraction [3]; tetragonal at high temperatures, and
orthorhombic at low temperatures and higher oxygen contents. In polycrys-
talline materials the critical temperature and field, as well as the critical
current density, have been shown to depend strongly on the microstructure,
particularly grain boundaries and grain orientation, and therefore on the.
processing conditions. One of the most critical steps in the processing of
these materials is the final annealing, which is carried out to achieve the
desired oxygen stoiéhiometry (6 —0).

Different workers have proposed different annealing conditions, which
are not totally consistent with each other, to optimize the superconducting
properties of Y Ba,Cu3O7_5 [4,5,6,7]. According to Ginley et al. [5] the
tetragonal phase can be made orthorhombic upon annealing at tempera-
tures as low as 300°C, and therefore higher temperatures only improve the
kinetics of oxygenation. Umakoshi et al. [4] have found that annealing
at temperatures below 500°C or above 600°C produced samples with the
highest critical temperatures. Johnson et al. [7], on the other hand, have
found optimum properties when annealing was carried out at 550°C. Part
of the disparity among those results can be attributed to differences in the
composition of the original powders, and to the difficulty of controlling the

oxygen content.
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Second pha.seé commonly exist in grain boundaries of polycrystalline ce-
ramics, and may result from slight overall or local deviations from the exact
stoichiometry, or liquid phase sintering (8] if the processing temperatures
are high, and from contamination of the powder. An example of second
phase segregation at grain boundary in Y Ba;Cu307_s has been given by
Schrott et al. [9], who used photoemission spectroscopy to detect BaCO3 at
the grain boundaries. The presence of second phases in Y Ba;Cu3O7_5 leads
to deterioration of the superconducting properties.

In addition to second phases, the presence of extended defects should

also have a negative effect on the superconducting properties of Y Ba;Cu3O07_5 .

Several types of such defects have been identified in this material. Twin
boundaries [10,11] with a (110) mirror plane, in which the a and b axis
are interchanged across the boundary, are always present in polycrystalline
Y Ba;Cu3Oq_5 . These are formed in order to accomodate the strain en-
ergy generated as a consequence of the tetragonal-to-orthorhombic phase
transformation. Zandbergen et al. [11] have also shown the existence of
{100] 90° twins with twin boundaries predominantly along (100) planes,
although sintering at high temperatures inhibits their formation.

Another commonly observed extended defect results from the insertion
of extra CuO.(z = 1,2) layers parallel to the (001) plane [12,13]. The
schematic representation of such defective regions, provided originally in
reference [12], is useful to show the possible positions of the extra layer.
An extra CuO layer can exist either between a CuO and a BaO layer

(Figure 1 (a) or (b)), resulting in a packing sequence [12,13]
CuO; - Y -CuO; - BaO - CuO* - CuO* - BaO - Cu0; - Y - CuO,

or between a Y and a BaO plane (Figure 1 (c)), resulting in the packing

sequence [13]



CuO - BaO - Cu0O; - Y - CuO; - CuO; - BaO - CuO - BaO - CuO,

The asterix indicates the location of the extra layer. Planar faults are com-
mon in perovskite-like materials. They have been reported to océur, for
instance, in SrTi0; with excess Sr [14], where the excess Sr is accommo-
dated as inserted SrO layers between blocks of perovskite structure.

Planar faults of the type described in the previous paragraph should
be bound by dislocations if they ferminate within the crystal. Work that
has demonstrated the existence of the extra CuO,(z = 1,2) [12,13] has
not indicated the existence of these dislocations. Tkeda et al. [15] have re-
ported TEM results of analysis of dislocations in Y Ba;Cu307_s with pos-
sible Burgers vectors [100] and/or [010]. This result has not been confirmed
by high resolution electron microscopy.

The present work addresses two major points. First, it demonstrates
that despite the ability of reoxygenated tetragonal Y Ba;Cu307-5 to pro-
duce the orthorhombic superconducting phase at temperatures as low as
200°C [5], higher temperatures are required for kinetic reasons and to pro-
duce a microstructure that results in the desired properties. Second, it
shows that CuO,(z = 1,2) double layers bound by dislocations are created
during long annealing of samples containing excess copper. These faults can
occur either at grain boundaries or inside grains. An explanation based on
the minimization of broken bonds is given. to justify the apparent existence
of defects with two distinct displacement vectors. According to this, the
displacement vector associated with the extra layer depends on the type of

domain where the defect originally nucleated.



II Experimental

The Y Ba;Cu3O7.s used in this investigation was prepared from powders
made by the freeze-drying method [7]. In this process a solution of salts
is prepared, frozen. rapidly, and then freeze-dried to remove the solvent.
" Freeze drying is carried out at low temperature and high vacuum to allow
sublimation of the solvent, rather than melting. The resulting powder has a
large surface area although it may be agglomerated. A large surface area is
very desirable to improve sintering kinetics and produce a higher density.
This powder was calcined at temperatures of approximately 800°C, and
sintered at 890°C for several hours.

The pellets were annealed in flowing oxygen at the conditions described

below:

e 450°C for 20 hours and furnace cooling

550°C for 2 hours and furnace cooling

e 700°C for 8 hours and furnace cooling

700°C for 32 hours and furnace cooling

750°C for 20 hours and furnace cooling

750°C for 20 hours followed by annealing at 450°C for 20 hours and

furnace cooling

Transition temperatures of the annealed material were above 90 K. The
microstructure of the samples before and after each heat treatment was
characterized by transmission electron microscopy with a Phillips 301 mi-
croscope. Composition analysis was carried out in a Phillips 400 electron

microscope equipped with a energy dispersive X-ray spectrometer. Both



microscopes were equipped with double-tilt specimen holders, so that con-

trast analysis of the extended defects could be performed.

IITI Results and Discussion

III-1 Evolution of Microstructure during Annealing

The stable phase of Y Ba;Cu3O7_s at high temperatures is the tetragonal
one, and this is the phase that should exist after the sintering operation.
‘Lattice constants of this phase at room temperature have been determined
to be a = b = 0.385nm and ¢ = 1.17nm [16,17|, although slight varia-
tions of these values may result from deviations in the oxygen stoichiometry
[18]. The tetragonal phase transforms into the orthorhombic phase when
the material is cooled below about 700°C, the exact temperature depending
on the oxygen content of the sample [19]. The orthorhombic phase, with
lattice constants a = 0.382 nm, b = 0.389 nm and ¢ = 1.168 nm [17],
results from the alignment of oxygen vacancies along the [100] direction
(19,20].

The change in lattice constants associated with the T — O transfor-
mation is accommodated by the subdivision of each grain in parallel plates
that are (110) twin related 90° domains [20]. Figure 2 is an electron mi-
crograph of such domains in a sample that was annealed in oxygen for 8
hours at 700°C and slowly cooled to room temperature. Although Figure
2 may suggest that the domain widths are uniform in samples that have
been annealed for extended periods of time, this was not found to occur
even when Y Ba,Cu3O7_s; was annealed for over 30 hours. An approximate
uniformity was found to exist within each individual grain, but not among

~ different grains.



Figure 3 is an electron micrograph taken from a Y Ba;Cu3O7_5 pellet
quenched from the sintering temperature and then annealed at 550°C for 2
hours. It shows that when a twin domain is excessively wide in comparison
with the neighboring ones, a new domain, twinned with respect to the
parent one, is produced at the grain boundary and grows inwards. Since
there is no composition difference between the two domains, the driving
force for the formation of the new one should be the reduction of free
energy associated with elastic strain relaxation. Minimization of elastic
strain by formation of twin related domains is a common phenomenon in
phase transformations of metallic alloys and ceramics [21]. The models
proposed so far to describe the structure of the twin boundaries suggest a
deficiency [22] or an excess [10] of oxygen atoms with respect to the bulk
concentration. Therefore, the nucleation of these new domains at the grain
boundaries is understandable, as grain boundaries could act as good oxygen
sinks or vacancy sources or vice-versa.

Consistent results have not been obtained concerning the optimum an-
nealing conditions for producing Y Ba,Cu30O7_; with high transition tem-
peratures. Slow cooling of the Y Ba;Cu307_; from temperatures at which
the tetragonal phase is stable to room temperature has been suggested
for producing materials with superconducting properties similar to mate-
rials that have been subjected to long annealing [4]. Other researchers (7]
disagree with those results, and claim the need for a post-sintering low-
temperature annealing in order to achieve the appropriate oxygen stoi-
chiometry. Here we compare microstructures of Y Ba;Cu3O7_s that have
been slowly cooled from 750°C to room temperature with some that have
been slowly cooled from 750°C to 450°C, annealed at this temperature

for 20 hours, and finally cooled to room temperature. In both cases, the



samples were kept at 750°C for 20 hours. The thermodynamically stable
forms of Y Ba;Cu3O7_s at 750°C and 450°C under 1 atm oxygen pressure
are tetragonal and orthorhombic respectively [19]. However, before making
this comparison, it is necessary to explain the possible microstructures.

As is suggested above, and in agreement with the model proposed by
Jou and Washburn [22], growth of the orthorhombic domains starts from
the grain boundaries of the parent tetragonal phase. However, due to the
symmetry of the tetragonal phase, it is equally likely that those domains
are twinned with respect to the (110) or the (110). Therefore it is possible
that the two sets of twin related domains are formed at the early stages of
the transformation, and then grow towards the center of the grain. Similar-
microstructures resulting from this type of growth have been observed by
others [10,23]. '

During the T — O phase transformation the twin planes are expected
to be invariant. Since (110) and (11I0) are orthogonal in the tetragonal
phase and not orthogonal in the orthorhombic phase, twinning along these
two planes within a grain results in distortion in the region where the two
different sets of domains meet. " This distortion is a consequence of the
0.5° rotation around [001] that is required to maintain (110)7 // (110)o.
The same 0.5° rofation, but in the opposite direction, is required if the
same domain is such that (110)r // (110)o. Therefore, if a particular
domain is bound by (110)o and (110)o, there must be a region within it
‘that is slightly distorted (about 1°). This distortion can be accommodated
either by elastic strain or by retention of some tetragonal phase within the
orthorhombic phase. Ultimately, it may lead to the formation of a low-angle
grain boundary as discussed below.

A schematic representation of the microstructure resulting when a te-



tragonal grain is transformed to the orthorhombic structure with twinning
along two orthogonal planes is shown in Figure 4. When enough time and
oxygen are provided such that the two sets of twin related domains meet
each other, low angle grain boundaries are produced. These can be twist
boundaries if the boundary plane is {110}, or tilt boundaries if the bound-
ary plane is {001}, as shown in Figure 4 (a) and (b) respectively. As for
the case where the domain walls do not meet, represented in Figure 4 (c),
the intermediate region is likely to be untransformed tetragonal phase.

The microstructure of Y Ba;Cu3O7-s that was annealed at 750°C and
furnace cooled was observed by TEM, and some grains showed a pattern
similar to the one described in Figure 4 (c), grain A in Figure 5 for ex-
ample. In the adjacent grain B, in the same figure, there is only one
twin plane, and apparently the transformation was complete. Samples of
YBa20u307;5 that had been subj‘ected to the long low temperature an-
neals, i.e. 400°C - 600°C, did not show this microstructure, and the domain
walls either terminate at grain boundaries or at another domain wall, as is
suggested in Figures 3 (a) and (b).

Regions of retained tetragonal phase, shown in 4(c), and perhaps the
small angle grain boundaries, shown in 4(a) and 4(b), have a degrading
effect on the superconducting properties of Y Ba;Cu3O7_s5 . Their effect
on the ability of the Y Ba,Cu30O7_s to transport current can be understood
as that of non-superconducting regions dispersed inside superconducting
material. Deutscher and Muller [24] have suggested that twin boundaries
and grain boundaries act as Josephson junctions, with such boundaries be-
ing non-superconducting. The microstructures resulting from incomplete
transformation and described in the previous paragraphs can, similarly,

produce Josephson junctions internally in the grains. This can explain pre-



viously reported results {25] that provided some evidence of magnetic flux
pinning within grains of orthorhombic Y Ba;Cu307_5 . Since the London
penetration depth of Y BasCusO7_; is of the order of the size of the unit
cell [9], the annealing treatment becomes very important for eliminating
gaps such as the ones shown in Figure 4(c). Directional cooling from the
sintering temperature may therefore be an interesting means of hindering
the formation of such insulating junctions within Y Ba;Cu3O7_s grains.

Annealing of orthorhombic Y Ba,;Cu30O7_; apparently also promotes ho-
mogenization of this phase. Composition and microstructure of samples
that were quenched from the sintering temperature were compared to sam-
ples that were annealed at 550°C for 2 hours. The quenched samples con-
tained primarily tetragonal Y Ba;Cu3O7_;5 , as evidenced by the lack of
twinning, whereas the annealed samples were fully traﬁsformed into the or-
thorhombic structure. An unexpectedly large difference was found between
. the composition of the phases in the two sets of samples.

The Y Ba;Cu307_s used in this study is slightly copper-rich and yttrium-
poor. Yang et al. [26] have reported that a small copper enrichment,
a stoichiometric coefficient between 3 and 3.5, is not detrimental to the
superconducting properties of Y Ba,Cu307_s . In addition, the excess cop-
per acts as a fluxing agent promoting grain growth and crystal orientation
alignment. Energy dispersive X-ray analyses (EDX) have shown that the
excess copper in the samples used here was either copper oxide or excess Cu
in the Y Ba;Cu3O7_5 . The average composition of the metal ions in the
Y Ba;Cu3O7_s phase in the quenched and annealed samples, as measured
by EDX, is shown in Table I, as well as the concentration that would be
expected according to the stoichiometric coefficients 1-2-3. It is obvious

from Table I that the annealing at 550°C helped to homogenize the sample
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and allowed an increase in the Y content of the Y Ba,Cu3O7_s phase. An-
nealing for much longer periods did not bring the Y content to the expected
stoichiometry value. '
Figure 6 shows an example of the heterogeneities that were found in the
quenched samples. It consists of an unreacted yttrium-copper oxide grain
surrounded by a copper oxide grain, which in turn is immersed in the off-
stoichiometric Y Ba;Cu30O7-s . The EDX spectra of the regions marked in
the micrograph are also provided, and the corresponding compositions are
presented in Table II. These types of heterogeneities were never found in the
annealed samples. In fact, the only phase other than Y Ba;Cu3O7-5 found

in the annealed samples was copper oxide.

III-2 Planar Defects in Y Ba;CuzO7_5

As shown in the previous section, the Y Ba;Cu307_; used in this study is
slightly copper-rich and yttrium-poor. Deviations from the ideal stoichiom-
etry may lead to the formation of extended defects, such as planar faults,
during the high temperature treatments. Therefore, these Y Ba,Cu3z0O7_s samples
were suitable for studying the formation of the CuO,(z = 1,2) double layers
that have been reported elsewhere [12,13]. Planar defects have been associ-
ated with regions close to free surfaces, to which oxygen can diffuse easily.
However, these reports have not accounted for the change in composition
resulting from or required for the formation of such defects.

Planar faults, which produce image contrast similar to stacking faults,
were observed in samples that had been annealed for extended periods of
time. Examination of the same material prior to the heat treatment did not
show such defects. The alternating bright-dark fringe images arise because

there is an abrupt change in the phases of the incident and diffracted elec-
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tron waves as they encounter the defect. Such faults displace the matrix
planes on either side. The total relative displacement between the two sides
of the fault is referred to here as R.

The distribution of these faults in Y Ba;Cu3zO7_5 was not uniform. They
were usually located near or at grain boundaries as shown in Figure 7, al-
though in a few instances these faults could be seen in the interior of grains.
These faults were also sometimes found near the edges of the thin-foil used
for transmission electron microscopy, but this is believed to be an artifact
resulting from the increased surface area available in these regions. Energy
dispersive X-ray analysis was used to probe the concentration of the metal-
lic ions along the regions where the incidence of such defects were high.
Table III shows the concentration of Cu, Ba and Y at the positions A, B,
and C indicated in Figure 8(a). A slight increase in Cu concentration was
noticed in region B. Although the increase was just about the accuracy of
the instrument, the same trend was found in other boundaries where the
concentration of planar faults and the associated dislocations were high.
Such an increase ir;_coppér content was not observed in defect-free grain
boundaries. These findings agree with the results of others [12,13] that de-
scribed these faults as extra (CuO;) layers. Figure 7(a) and 8(b) show that
these faults are bound by dislocations with Burgers vectors in the [010] or
[100] direction. The role of grain boundaries in the formation of the planar
defects is to provide the necesssary pathways for oxygen diffusion.

These planar faults were found to have a {001} habit plane. Initial
contrast analyses have indicated that the displacement vector associated
with these defects were either R = 1/6{031] or R = 1/6[301], in agreement
with the models proposed by Zandbergen et al. [12] and Matsui et al. [13].

Figure 7 shows two bright field images obtained from the same region of a

12



Y Bay;Cu3O7_s thin foil with two different operating reflections. The image
contrast analysis by itself was not able to differentiate whether these faults
consisted of extra CuO or CuO, layers because the displacement vector
associated with the two types of faults are nearly the same. The possibility
of formation of each type of defect is discussed in the following paragraphs.

CuO extra planes may, in principle, be associated with both displace-
ment vectors R = 1/6(301] and R = 1/6{031], as shown in Figure 1. How-
ever, in order for the former R to occur, the Cu ions in the adjacent CuO
layers should have some unsatisfied bonds. On the other hand, when an
extra CuO layer is inserted so that the resulting displacement vectoris R =
1/6[031], all the bonds in the adjacent CuO layers are satisfied. Therefore it
is expected that tlhe latter cofiguration, shown in Figure 1(b), is the most
stable and should prevail. CuQO, extra planes have similar displacement
vectors, 1/6({301] and 1/6[031], although due to the spacial configuration of
the Cu ion and its surrounding O, both displacements are equally likely. In
all cases, the planar faults are bound by dislocations with Burgers vectors
parallel to [100] or [010]. A

The effect of these defects on the properties of Y Ba;Cu3O7_s has not
been clarified yet. One should expect, however, degrading effects, due to
the strain fields around such defects and to the excess charge associated
with them. Both enhance electron scattering and therefore should increase

resistivity.

IV Conclusions

Annealed Y Ba;Cu3O_; has been studied by transmission electron mi-
croscopy. It was found that annealing at temperatures around 500°C for

extended periods of time is required in order to allow total transformation
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inside the grains of the orthorhombic phase. The T — O transformation
is apparently easier and faster when the new phase consists of domains
that are twin related with only one twin plane. When the orthorhombic
phase contains two twin planes inside a single grain, elastic strain, resulting
from small rotations around the c-axis necessary to maintain the twin plane
invariants, appears to hinder the transformation. When an orthorhombic
domain becomes substantially wider than adjacent ones, a new domain,
twin-related to the parent one, forms at a grain boundary and grows to-
wards the center of the grain. Comparisons between quenched and a.nneé,led-
Y Ba;Cu3O7_s have demonstrated that an annealing treatment at about
500°C is useful not only to provide the correct oxygen stoichiometry, but
also to improve the homogeneity of the material.

Prolonged ahneal'mg of copper-rich Y Ba;Cu307_5 leads to the forma-
tion of extra (CuO,,z = 1,2) layers normal to the c-axis. These faults are
formed primarily at grain boundaries or free surfaces (e.g. pores), which
provide a sufficient supply of oxygen. These faults are bound by disloca-

tions with Burgers vectors in the direction of [100] and/or [010].
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Table I

Concentration of metal ions in Y Ba;Cu3O7_; (atomic %)

®

Species | Stoichiometric Annealed Quenched
YBa2Cu307_5 YBaZCu;,O-,_; YBach3O7_5
Y 17 13 8-9
. Ba- 33 33 34
Cu 50 54 57
Table II
Concentration of metal ions in Figure 5 (atomic %)
Species | Position C | Position D | Position A
Y 27.8 8.9 0.6
Ba 6.3 34.1 2.3
Cu 65.9 57.0 97.1
Table III

Concentration of metal ions in Figure 6 (atomic %)

Species | Position A | Position B | Position C
Y 11.9 11.1 11.8
Ba 34.7 33.3 34.1
Cu 53.3 55.6 54.0

15




References

1]

2]

8]

(5]

(6]

7l

J. G. Bednorz and K. A. Muller, “Possible high T, superconductivity
in the Ba-La-Cu-O system,” Z. Phys., vol. 64, pp. 189-193, 1986.

M. K. Wy, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. Gao,
Z. J. Huang, Y. Q. Wang, and C. W. Chu, “Superconductivity at 93
K in a new mixed phase Y-Ba-Cu-O compound system at ambient

pressure,” Phys. Rev. Lett., vol. 58, no. 9, pp. 908-910, 1987.

S. Miraglia, F. Beech, A. Santoro, D. T. Qui, S. A. Sunshine, and

D. W. Murphy, “Neutron powder diffraction study of orthorhombic

Ba;Y Cu3z0¢5,” Mat. Res. Bull., vol. 22, pp. 1733-1740, 1987.

Y. Umakoshi, K. Haada, and T. Yamane, “Effect of annealing on
the transition temperature and the upper critical magnetic field of
the Y Ba,Cu307 superconductor,” Jpn J. Appl. Phys., vol. 27, no. 3,
pp. L387-L389, 1988.

D. S. Ginley, P. J. Nigrey, E. L. Venturini, B. Mo?osih, and J. F. Kwak,
“Reoxygenation of vacuum annealed Y Ba;Cu3Ogq,” J. Mater. Res.,

vol. 2, no. 6, pp. 732-735, 1987.

G. F. Holland and A. M. Stacy, “Physical properties of the quater-
nary oxide superconductor Y BA;Cu307,” - submitted to Accounts of
Chemical Research, 1987.

S. M. Johnson, M. I. Gusman, and D. L. Hildenbrand, “Synthesis of su-
perconducting powders by freeze drying,” in Better Ceramics through
Chemistry III, (C. J. Brinker, D. E. Clark, and D. Ulrich, eds.), (New
York), pp. 413-419, North-Holland, 1988.

16



8

9]

[10]

[11]

[13]

[15]

H. W. Zandbergen and G. Thomas, “Grain boundaries in sintered
Y Ba;Cu3O;,” LBL Report, vol. 24603, 1988.

A. G. Schrott, S. L. Cohen, T. R. Dinger, F. J. Himpel, J. A. Yarmoff, .
K. G. Frase, S. I. Park, and R. Purtell, “Photoemission study of
grain bouhda.ry segregation in Y Ba,Cus07,” Phys. Rev. Lett., vol. 58,
pp. 349-357, 1987.

M. Hervieu, B. Domenges, C. Michel, J. Provost, and B. Raveau, “Or-
thorhombic superconducting Y Ba;Cu307-, HVEM study. I. Structure
of the ordered oxygen-defficient perovskite and problems of the twins

and domains,” J. Sol. State Chem., vol. T1, pp. 263-273, 1987.

H. W. Zandbergen, R. Gronsky, M. Y. Chuy, L. C. DeJonghe, G. F. Hol-
land, and A. Stacy, “The structure and properties of twin boundaries
in superconducting Y Ba;Cu3O,,” LBL Report, vol. 24139, 1988.

H. W. Zandbergen, R. Gronsky, K. Wang, and G. Thomas, “On the
structure of (CuO); double layers in superconducting Y Ba,Cu307,”
LBL Report, vol. 24671, 1987.

Y. Matsui, E. Takayama-Muromachi, and K. Kato, “High-resolution
electron microscopy of planar defects and dislocations in Ba,Y Cu30,,”

Jpn. J. Appl. Phys., vol. 26, no. 2, pp. L350-L353, 1988.

M. Fujimoto, J. Tanaka, and S. Shirasaki, “Planar faults and grain
boundary precipitation in non-stoichiometric (Sr, Ca)T:0; ceramics,”

Jpn. J. Appl. Phys., vol. 27, no. 7, pp. 1162-1166, 1988.

S. Ikeda, T. Hatano, A. Matsushita, T. Matsumoto, and K. Ogawa,

“Transmission electron microscopy studies on high-T, superconductor

17



[16]

17]

18]

[19]

[20]

Bay 7Y 3Cu0,,” Jpn. J. Appl. Phys., vol. 26, no. 5, pp. L729-L731,
1988.

J. S. Swinnea and H. Steinfink, “The crystal structure of Y Ba;Cu3O0s,
the x=1 phase of the superconductor Y Ba,Cu3O7_,,” J. Mater. Res.,
vol. 2, no. 4, pp. 424426, 1987.

G. V. Tendeloo, H. W. Zandbergen, and S. Amelinckx, “Electron
diffraction and electron microscopic study of Ba-Y-Cu-O supercon-
ducting materials,” Solid State Comm., vol. 63, no. 5, pp. 389-393,
1987.

M. P. A. Viegers, D. M. Leew, C. A. H. A. Mutsaers, H. A. M. van Hal,
H. C. A. Smoorenburg, J. H. T. Hengst, J. W. C. de Vries, and
P. C. Zalm, “Oxygen content, microstructure and superconductivity

of YBa,Cu3zO;_,,” J. Mater. Res, vol. 2, no. 6, pp. 743-749, 1987.

L. T. Wille, A. Berera, and D. de Fontaine, “Thermodynamics of oxy-
gen ordering in Y Ba;Cu307,” LBL Report, vol. 24581, 1987.

A. G. Khachaturyan and J. W. Morris, “Ordering and decomposition
in the high temperature superconducting compound Y Ba,;Cu30;,”
Phys. Rev. Lett., vol. 59, no. 24, pp. 2776-2779, 1987.

A. G. Khachaturyan, Theory of Structural Transformations in Solids.
New York: John Wiley and Sons, 1983.

C. J. Jou and J. Washburn, “Twins in high - T, Y Ba,;Cu3O0y
superconductors,” in Studies of high temperature superconductors,
(A. V. Narlikar, ed.), Commack, NY: Co. Nova Science Publisher,
Inc., 1989. '

18



23]

[24]

[25]

[26]

C. S. Pande, A. K. Singh, L. Toth, D. U. Gubser, and S. Wolf, “Do-
mainlike defects observed in the high temperature superconductor Y-

Ba-Cu-0O,” Phys. Rev. B, vol. 36, no. 10, pp. 5669-5671, 1987.

G. Deutscher and K. A. Muller, “Origin of superconductive glassy
state and extrinsic critical currents in high-T, oxides,” Phys. Rev. Lett.,

vol. 59, no. 15, pp. 1745-1747, 1988.

C. J. Jou, E. R. Weber, J. Washburn, and W. Soffa, “Decoration of
flux pinning positions in Y Ba;Cu30O7 superconductors,” LBL Report,
vol. 24189, 1987.

K. Y. Yang, H. Homma, R. Lee, R. Bhadra, M. Grimsditch,
S. D. Bader, J. P. Loquet, Y. Bruyseraede, and I. K. Schuller, “Phase
diagram and oxygen stoichiometry of Y-Ba-Cu-O thin films,” Appl.
Phys. Lett., vol. 53, no. 9, pp. 808-810, 1988.

19



Figure Captions

Figure 1: Likely configuration of planar faults resulting from excess cop-
per. (a) R = 1/6[031], extra CuO plane; (b) R = 1/6{301], extra CuO
plane; (¢) R = 1/6[301] = 1/6{031], extra CuO; plane.

Figure 2: Bright (BF) and dark field (DF) images of Y Ba;Cu30O7_s annealed
in flowing oxygen for 8 hours and slowly cooled to room temperature. The
twin related domains are characteristic of the orthorhombic phase.

Figure 3: Bright field electron micrograph of Y Ba;Cu30O7_s after quench-
ing from the sintering temperature and annealing at 550°C for 2 hours.
Twin related domains originated at the grain boundaries to relax strain
energy. _

Figure 4: Schematic representation of the likely microstructures that may
result from twinning along (110) and (110) in the orthorhombic Y Ba;Cu3O7_; .
(a) A low angle twist boundary results inside a domain. (b) A low angle tilt
boundary results inside a domain. (c) Incomplete transformation results in
disordered regions inside the grain.

Figure 5: Bright field image of Y Ba;Cu307_; annnealed in flowing oxygen
at 750°C and slowly cooled to room temperature. Graih A shows the
microstructure expected in partially transformed materials, whereas grain
B shows that expected in fully transformed materials.

Figure 6: Bright field image on Y Ba;Cu30O7_5 quenched from sintering
temperature. EDX spectra of the letterd regions are included to show the
non-uniform composition. See also Table II.

Figure 7: Planar faults (P) near a grain boundary and bound by dislo-
cations (d) in Y Ba;Cu30O7_s annealed at 750°C for 20 hours followed by
annealing at 450°C for 20 hours.

Figure 8: Bright field images of Y Ba;Cu307_5 quenched and annealed for
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2 hours at 550°C. Two distinct diffraction conditions were used to highlight

the existence of faults in region B (a), which are bound by dislocations (b).
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