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and implications on their superconducting properties
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The aging process of the microstructure and superconducting properties of YBa2Cu307/Y2BaCu05
directionally solidified composites has been observed upon increasing the oxygenation time. The process
is characterized by an increase of the dislocation density up to a maximum of 1.3 X 10' cm and the
formation of large stacking faults, preferentially from low-angle grain boundaries and around Y2BaCuO,
precipitates, as well as an intense degradation of the YBa2Cu307 matrix at either side of the microcracks
and around the precipitates. The stacking faults propagate more easily along the (100) directions and
the shear component of their associated displacement vectors is exchanged between the a and b axis
directions at every twin boundary. Both stacking faults and matrix degradation occur along the (001)
planes, giving rise to a pronounced two-dimensionality of the aged microstructure. The aging of the mi-

crostructure is accompanied by a strong field-dependent reduction of the critical currents leading to a
downward shift of the irreversibility line. Low-field ac susceptibility measurements with Hi~ah confirm
an enhanced two-dimensional behavior associated with the layered defective microstructure. It is shown
that the rate at which these layered defects are generated depends on the content of Y2BaCu05 phase in
the samples.

I. INTRQDUCTIQN

It is well established nowadays that oxygen
stoichiometry is crucial in determining the superconduct-
ing performance of YBa2Cu307 oxides. It has been ar-
gued that even for the stoichiometric (x -0) compound,
local fluctuations of oxygen content exist, which may
affect the flux-pinning characteristics of the compound. '

On the other hand, to obtain the optimum uniform oxy-
genation of bulk textured samples is not an easy task.
The usual way to achieve oxygen stoichiometry in
[YBazCu30~(123)]/[YzBaCu05(211)) textured composites
is the annealing of the samples in an 02 flow. This pro-
cess requires heating of the samples between 400 and
500 C. However, it appears that a proper choice of the
two process variables, namely, annealing time and tem-
perature, is difficult and has dramatic consequences in the
superconducting properties of the materials. For in-
stance, it has been shown that a layered oxygen deficiency
modifies the critical currents and the irreversibility line.
Ozone oxygenation at lower temperatures for few hours
has been proposed as an alternative, but is was shown
that the microstructure can be strongly degraded unless
the process variables are well adjusted. A strong depen-
dence of both the irreversibility line and J,(H) on the an-
nealing time has recently been reported, making evident
the pernicious effect of an excessively long annealing pro-
cess. The reported observation of strong modifications of
the irreversible superconducting properties suggests that
important modifications of the microstructure occur dur-
ing the oxygenation step. Therefore an important issue
still to be fully elucidated is how overexposure to an oxy-
gen atmosphere at typical annealing temperatures affects
the microstructure of 123/211 highly aligned composites.

This investigation may, in turn, allow deeper insights into
those defects which are relevant for flux pinning by com-
paring the microstructure and field dependence of the
critical currents of nonaged with aged samples. A de-
tailed characterization of the microstructure of our direc-
tionally solidified 123/211 composites has already been
published.

II. EXPERIMENT

The samples used in this study were grown using a
vertical Bridgman technique described elsewhere. Oxy-
genation experiments were performed on whole bars hav-
ing as typical dimensions 10X0.3X0.3 cm, from which
single-domain samples were extracted. The final content
of the 211 phase in the composite was determined by
measuring the paramagnetic susceptibility of the sample
and fitting a Curie-Weiss law in the high-temperature
range ( T ) 120 K). Then the actual 211 phase percentage
may be obtained through the relation (p,b, /p2&&) X100,
p,b, being the magnetic moment obtained from the
Curie-Weiss law and p2» the magnetic moment of the
211 pure phase.

The observations of the aged microstructure were per-
formed using transmission electron microscopy (TEN) on
samples containing between 31 and 36 vol% of 211
which were oxygenated for 156 h at 450'C. These sam-
ples were cut with a diamond saw placed parallel and per-
pendicular to either the (001) or ab planes to allow obser-
vations along the [001] and [100] zone axes, respectively.
Care was taken to avoid contact of the specimens with
water. The slices were then mechanically polished down
to -30 pm and ion milled at reduced voltages (4 kV) and
currents (0.3 mA) and cooled by a cold finger immersed
in liquid nitrogen to avoid damage of the samples. TEM
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observations were performed in the Philips CM30 elec-
tron microscope at 200 kV.

Low-field dc and ac susceptibility measurements were
carried out to investigate when a full screening of the
sample occurs. Inductive critical currents and the ir-
reversibility line were deduced from magnetization mea-
surements performed with a superconducting quantum
interference device (SQUID) magnetometer. The typical
size of the samples used in these magnetization measure-
ments was 2X1.5X0.5 mm with the longer dimensions
directed parallel to the magnetic field to minimize self-
field effects. The critical currents were calculated from
the generalized Bean model where J; =206M/
L, [1 L, /3—L2] and J;=206.M/L2, where L, ~L2 are
the sides limiting the surface perpendicular to the applied
field and hM is the difference between the upper and
lower branches of the M(H) loops. The magnetic mea-
surements were performed on two different type of sam-
ples having different concentrations of 211 precipitates,
each one being oxygenated during progressively longer
times. First a sample having 36% of the 211 phase was
slowly cooled (40 K/h) in air from 900'C to room tem-
perature (this sample is hereafter referred to as "as
grown"). Later on, isothermal annealings in ilowing 02
at 450 C for 60 and 156 h were carried out. Second, a
sample with 14% of 211 phase was studied. This sample
was quenched from 900 C in air and subsequently an-
nealed at 450'C in Bowing 02 for 72, 120, and 700 h.

ciated segment. %'hen imaged with g=110, that is, with
the diffraction vector perpendicular to the twin planes
[Fig. 1(b)], the region enclosed between the dissociated
branches displays stacking-fault contrast. The contrast
appears homogeneous because the stacking fault is paral-
lel to the surface of the foil. It can be observed that the
stacking fault is divided by a dislocation. In a dark-field
image with g= —110 (not shown), the stacking fault was
visible at either side of the dislocation, while the disloca-
tion itself was out of contrast, and when imaged with
g=100 [Fig. 1(c)] it is observed that the part of the
stacking fault located below the dislocation as well as its
bounding partial dislocation are out of contrast.

Stacking faults in the 123 phase have been found to
consist of an additional CuO chain layer adjacent to the
BaO plane, giving rise to a double chain layer or local
124 structure" with an associated shear in-plane com-
ponent of the displacernent vector of —,'[010] (preventing
atoms of the same nature from being in first-neighbor po-
sitions) and an expansion of the matrix of c/6 (height of
one single layer). Therefore, since the stacking-fault con-
trast must be maximum for a=2mg R=(2n+1)m and
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III. RESULTS

A. Observations along the [001]zone axis

The most apparent feature of the aged microstructure
is a drastic increase of the dislocation density within the
123 matrix up to 1.3X10' cm, as compared with the
maximum value of 10 cm found in similar nonaged
samples. This resembles the densities achieved by
shock-treated and mechanically deformed samples, and
is even close to the density reported for some as-solidified
samples processed using a modified Bridgman technique.
Dislocations may appear as long undissociated segments
with intense associated strain contrast, in particular when
crossing twin boundaries. Dislocations also appear as ex-
tended dissociated short segments densely distributed
along wide areas as imaged with g=200 in Fig. 1(a),
where both perfect and partial dislocations are visible.
When dislocation lines are perpendicular to the twin
boundaries, the latter behave as pinning sites and disloca-
tion segments bow out between consecutive twin boun-
daries [arrowed in the upper part of Fig. 1(a)]. In other
instances it is observed that the dislocations propagate
unaffected across twin boundaries, or when the disloca-
tion line is not perpendicular to the twin boundaries,
short segments are locked in the twin boundary, as ar-
rowed in the lower part of Fig. 1(a). These dislocation-
twin interaction modes have been discussed previously
for 123 samples deformed at room temperature' and in-
dicate that the aging process induces a severe plastic de-
formation of the orthorhombic 123 phase. Figures 1(b)
and 1(c) show the contrast behavior of one isolated disso-
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FICx. 1. (a) Bright-field image obtained with the 200 reflection
near the Bragg position showing extensive dislocation dissocia-
tion; (b) bright field, g= 110; (c) bright field, g = 100.
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zero for a=O or 2mn (here n is an integer and R is the
displacement vector), the above observations are con-
sistent with R= —,'[103] and R= —,'[013],' alternating
across the central dislocation. Our contrast analysis is
consistent with the dissociation scheme

[110]~—,
' [301]+—,

' [110]+—,
' [031]

proposed by Rabier, Tall, and Denanot for samples de-
formed at room temperature under hydrostatic pressure
(see Ref. 9 for details), and this dissociation mechanism is
accompanied by the nucleation of stacking faults at the
dislocation cores. It is thus very appealing to suggest
that, as far as the plastic deformation of the matrix is
concerned, similar effects to those achieved after the
mechanical deformation of the samples resulted from a
prolonged annealing process in an oxygen Bow at 450'C.

Stacking faults were also found to originate from low-
angle grain boundaries, 211/123 interfaces, and matrix
degraded regions associated with microcracks, as dis-
cussed below. The contrast behavior of these stacking
faults is shown in Figs. 2(a) —2(c) for the case where they
originate from a low-angle grain boundary [the boundary
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FIG. 2. Two-beam bright-field images of stacking faults orig-
inating from a low-angle. grain boundary imaged with the 110
(a), 200 (b), and 020 (c) rejections at the Bragg position.

is arrowed in the photographs and is clearly visible in
Fig. 2(b)]. The photographs show stacking faults elongat-
ed in one of the two mutually perpendicular (100) direc-
tions, imaged under different two-beam conditions. A
misorientation of 3' was found by comparing the selected
area diffraction (SAD) patterns obtained at either side of
the boundary. When imaging the side of the grain
boundary not shown in Fig. 2, a similar microstructure to
that analyzed below was observed. With g=110 [Fig.
2(a)], that is, with the operative diffraction vector normal
to the twin boundaries, twin contrast is avoided and both
types of stacking faults, directed along [100] and [010],
are visible simultaneously. For g =200 and g =020 [Figs.
2(b) and 2(c), respectively] both stacking faults are simul-
taneously out of contrast, while when the g vector is
parallel to their bounding partial dislocations these are
visible and there is no contrast change when passing from
one twin variant to the other. That indicates that for the
same twin variant the Burgers vector associated with the
stacking fault long in the [100] direction has an in-plane
shear component directed along [100], while that associ-
ated with the stacking fault long in the [010] direction is
directed along [010], and both alternate across the twin
boundaries. The fault contrast behavior is consistent
again with R= —,'[103] and R= —,'[013]. Finally, the two

( 110) dislocations which also originate from the grain
boundary are visible under the diffraction conditions used
in Figs. 2(a) —2(c) but were out of contrast with g= —110
(not shown). According to the g b=O invisibility cri-
terion, this behavior is consistent with a pure screw char-
acter and the Burgers vector directed along [110].

It was observed that the stacking faults associated with
211/123 interfaces are more abundant and larger than
those associated with the low-angle grain boundaries as
illustrated in Fig. 3(a). The fact that all the stacking
faults shown in the image originate far from the thin edge
of the specimen rules out the possibility that they resulted
from the ion-milling process or moisture uptake. The in-
set of Fig. 3(a) is an enlarged view of the area enclosed
by a white border showing several dislocation loops en-
closing small stacking faults (arrowed), as identified by
diffraction contrast. Similar loops have been reported for
melt-processed 123/211 thick-film composites around
211 precipitates' and for single crystals grown by the
Aux method. ' Stacking faults elongated in one of the two
mutually perpendicular (100) directions extend up to
more than 2 pm away from the 211/123 interface from
which they were originated. The stacking faults appear
wide at the origin while transforming to a fingerlike pat-
tern away from the interface, suggesting that, being ini-
tially narrower, they merge laterally after some aging
period. The central region of the photograph also shows
a degraded region where the twin contrast is almost lost
(arrowed) from which similar stacking faults propagate
toward the thin edge of the specimen. It is worth men-
tioning that all the stacking faults characteristic of the
aged microstructure are elongated along the [100] and
[010] matrix directions, indicating that the growth rate of
the inserted CuO chain layer is larger along the Cu-0
chain direction.

Another observed effective stacking-fault source is
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dislocation tangles, as shown in Fig. 3(b), where pipe
diffusion is probably an efficient feeding mechanism for
the growth of the stacking faults; however their size is
typically smaller than that corresponding to the stacking
faults originating from the 211/123 interfaces [compare
Figs. 3(a) and 3(b)].

B. Observations along the [100]zone axis

Further understanding of the development of the de-
fect structures associated with the 211/123 interfaces and
the degraded matrix region shown in Fig. 3 may be
gained by viewing the specimens along the [100] zone
axis. Figure 4 shows the interaction of a microcrack with
a 211 particle in a sample oxygenated for 156 h (aged) (a)
and in a sample oxygenated for 60 h (nonaged) (b). The
matrix region adjacent to the interaction region is highly
defective, even degraded. In 123/211 composites, micro-
cracks constitute the preferential diffusion path for oxy-
gen during the annealing process. The microcracks

shown in Fig. 4 present a strongly defective layer at ei-
ther side of the gap, which constitutes the signature of an
intense oxidation-driven degradation of the matrix, in
agreement with previous decomposition studies, ' and it
has been shown that the gap itself is filled with Cu-rich
phases. It was observed that the twins often disappear
when approaching the degraded layers [see Fig. 4(a)]
suggesting that the orthorhombic crystal structure is lost.
The width of the gap including the associated degraded
layers is increased noticeably from the nonaged sample
[Fig. 4(b)] to the aged sample [Fig. 4(a)], in particular,
when approaching the 211 precipitate, and the gap itself
is widened at the intercept with the 211 precipitate in the
aged sample [Fig. 4(a)]. Thin degraded layers also paral-
lel to the ab planes may be observed not associated with
the microcracks, as arrowed in Fig. 4(a). The most strik-
ing feature in the figures is a drastic increase in size of the
defective region around the region of interaction between
the microcrack and the 211 precipitate, thus signaling an
enhanced oxygen diffusion region at either side of the mi-
crocrack and along the 211/123 interface. Once oxygen
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FICr'. 3. (a) Large stacking faults elongated in the [100] and
[010] directions originating from 211/123 interfaces and a de-
graded zone (arrowed). The inset is an enlarged view of the re-
gion enclosed by white borders, where small dislocation loops
are indicated by arrow heads. (b) Similar stacking faults origi-
nating from a dislocation tangle.

FIG. 4. Interaction of a microcrack with a 211 precipitate
with associated thick degraded layers viewed along the [100]
direction: (a) aged sample, oxygenated for 156 h, and (b)
nonaged sample, oxygenated for 60 h.
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has difFused along the 211/123 interface, then it can be
assumed that at moderate temperatures and sufBciently
long oxygenation periods oxygen can diffuse along the
(001) planes, provided that the atomic difFusion is always
easier along these planes than along the c axis. ' Howev-
er, Fig. 4(a) also shows that under these conditions the
degraded region may even extend in the direction normal
to the (001) planes, thus overlapping with the degraded
regions associated with neighboring precipitates [the
upper precipitate in Fig. 4(a) was lost during the ion-
milling process]. Here, atomic mobility is also likely to
be favored by the stress state of the matrix revealed by
the intense strain contrast. Stacking faults, indicated by
arrowheads in Fig. 4(a), are also visible associated with
the 211/123 interface and the degraded regions, and de-
gradation is frequently observed along their traces.

Finally, let us address the consequences of the aging
process on the mechanical properties of the composite.
TEM observations of the nonaged samples showed that,
generally, the 211 precipitates are well bonded to the sur-
rounding matrix and accordingly the microcracks are
effectively stopped at their interfaces. The interaction is
often accompanied by complex defect structures within
the precipitate, thus suggesting that the propagation en-
ergy of the mierocraek is absorbed by the precipitate
through severe plastic deformation. In the aged sam-
ples, the above observations have revealed a strong degra-
dation of the microstructure. These effects are likely to
decrease the mechanical toughness of the aged compos-
ites. Figure 5 shows a microcrack propagating across a
211 precipitate, which never happens in the nonaged
samples. This phenomenon was found in several precipi-
tates. It is well known that the thermal contraction of
the 123 matrix is higher along the c axis than perpendicu-
lar to it. As a result, the precipitates are subjected to a
persistent tensile stress at the regions adjacent to their in-
tercept with a microcrack. In addition, in the aged sam-
ples, the matrix degradation process is probably associat-
ed with a volume reduction, as indicated by the widening

of the microcrack shown in Fig. 4(a). We believe that
both considerations could be at the origin of the observed
propagation of microcracks across the 211 precipitates.

C. Suyerconducting yroyerties

The superconducting properties of samples containing
14% and 36% of 211 phase have been studied by using a
SQUID magnetometer and an ac susceptorneter. Field
and temperature dependencies of the critical currents
have been investigated with the external applied field
parallel to the c axis (H~~c) and parallel to the ab planes
(H~~ab). Low-field zero-field-cooled susceptibility mea-
surements have been performed with both field orienta-
tions (H~~ab and H~~c), showing that while in the as-
grown sample complete shielding is achieved in both
cases, for the sample annealed for 156 h complete shield-
ing is only reached for H~~c; for H~~ab the shielding only
amounts to about 30% of the total volume (for Hd, =10
Oe) (see Fig. 6) and slightly increases at low temperatures
for smaller fields (an increase of the shielding capacity of
about 15% is observed in the ac susceptibility when de-
creasing the ac field from 10 to 0.1 Oe). These results are
in good agreement with the observed increase of the c-
axis component of the normal-state resistivity in aged
samples' and give strong indications of a layered degra-
dation of the sample leading to a quasilayered structure
in which nonsupereonducting degraded areas and super-
conducting zones are stacked along the c axis.

In Fig. 7 typical hysteresis cycles at T =77 K with the
H~~c field orientation as a function of the annealing time
in 02 for the 36% 211 sample are displayed. A strong de-
crease of the irreversibility region for the longest anneal-
ing period (156 h) is the first feature apparent from the
figure; nevertheless, differences are very small in the low-
field region. This behavior may be more clearly appreci-
ated in Fig. 8, where we show the field dependence of the
critical currents at two temperatures for both field orien-
tations. As we have already commented, in the low-field

FIG. 5. Microcrack propagating across a 211 particle.
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FIG. 6. Low-field dc susceptibility (H =10 Oe) showing the
dependence of the shielding capability on the annealing time
and field orientation.

region (up to few thousand gauss) differences are small
but they become more important as the field increases.
In that case the di6'erences turn out to be dependent on
temperature and field orientation.

This is also clearly rejected in the irreversibility line in
the H~~c configuration (see Fig. 9) in which a dramatic
downward shift for the 156-h annealed sample is ob-
served. Similar features are observed in the H~~ab
configuration, but, in contrast with what was observed in
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oxygen-deficient melt-textured YBazCu307, in this
case the most impressive shift is observed in the H~~c
configuration.

In addition, the oxygen annealing process has also been
studied in a sample with low 211 phase concentration
( = 14% ) in which an anomalous J; (H) dependence
(fishtail efFect) is observed. As in the case of the samples
containing 36% of 211 phase, a deterioration of the su-
perconducting properties, increasing the annealing time,
is evident from the behavior of the inductive critical
currents (see Fig. 10). Overall, however, the degradation
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FIG. 9. Shift of the irreversibility line as a function of the O2
annealing time in the H~~c configuration.
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ple with 14' of 211 phase ( T =60 K).

rate of the critical currents seems to be smaller in this
case, thus pointing to the fact that the observed micro-
structure evolution is enhanced when increasing the con-
centration of 211 precipitates. Furthermore, the anoma-
lous fishtail effect of the field dependence of the critical
currents becomes more apparent with the aging process.
This is also an indication of the fact that a precise
knowledge of the microstructure is necessary to analyze
these magnetization anomalies.

IV. DISCUSSION AND CONCLUSIONS

A. Aging of the microstructure during the oxygenation process

Our results presented above indicate that the 123 ma-
trix undergoes severe plastic deformation when the com-
posite is submitted to an annealing process at 450 C in an
02 How for several days. The process is accompanied by
extensive dissociation of dislocations, which in turn is as-
sociated with the nucleation of extrinsic stacking faults at
the dislocation cores. Such extrinsic defects then become
a dominant microstructural feature.

The contrast behavior of the partial dislocations
bounding the stacking faults indicates an exchange of the
in-plane shear component of the R vector between the a
and b axes across the twin boundaries. It should be noted
that the aging process is performed within the stability
range of the bulk 124 phase, that is, below 840 C, ' and
therefore there is a thermodynamic driving force for the
formation of 124 faults. It has been argued, however,
that strain considerations are likely to inhibit the segrega-
tion of the 124 phase into separated domains. ' In the
124 structure, the shear between the two consecutive
CuO chain layers is along the b-axis direction. Therefore,
if as expected for the present case the stacking faults were
formed in the orthorhombic phase, the lower-energy
stacking-fault configuration would yield a -90' rotation
of the shear component across the twin boundaries,
which is not observed in our experiments. In fact, an ex-
change of the shear components across the twin boun-

daries would be expected for a stacking fault formed in
the tetragonal phase provided that the a and b axes are
then crystallographically equivalent. Our observations
thus suggest an accommodation of the shear exchange by
the formation of —,'(110) screw dislocations parallel to
the twin boundaries, satisfying the dislocation reac-
tion' '

—,
' [031]+—,

' [110]~—,
' [301]

This mechanism is then considered to cost less energy
than an in-plane rotation of -90' of the R vector at
every twin boundary under the conditions in which the
annealing process takes place.

The final size of the stacking faults (and therefore their
growth rate) is diffusion limited and we have observed
that it strongly depends on the type of defect from which
they were originated. On the other hand, since the nu-
cleation of a stacking fault in the perfect matrix always
costs more energy than its nucleation in a dislocation
core, the generation of stacking faults within the bulk
perfect 123 matrix is not a relevant process even after
prolonged aging periods, as demonstrated by the small
size of the loops shown in the inset of Fig. 3(a). In partic-
ular, our results indicate that the size of the stacking
faults increases when they are associated with low-angle
grain boundaries and 211/123 interfaces, as compared
with the corresponding sizes found in dissociated disloca-
tion segments located within the bulk 123 matrix (typical-
ly less than 80 nm), where pipe diffusion along the dislo-
cation core is probably the unique feeding mechanism for
the growth of the extra CuO chain layer. Therefore the
development of the aged microstructure has to be ad-
dressed from consideration of the topological distribution
of such defects in the parent nonaged microstructure.

Our directionally solidified bars are characterized by
dense and homogeneous distribution of fine 211 precipi-
tates, ' which is accompanied by a uniform polygoniza-
tion process resulting from the thermal contraction of the
sample. I ow-angle grain boundaries have been shown to
be a dislocation source in both such 123/211 composites
and 123 single crystals. ' It was observed that small
stacking faults associated with the low-angle grain boun-
daries widened noticeably after keeping single-crystal
TEM samples for six months in air, ' indicating that
atomic mobility along low-angle grain boundaries may be
effective even in ambient conditions. The high density of
low-angle grain boundaries present in our samples thus
may be considered to play a major role in the develop-
ment of defect structures associated with the aging pro-
cess.

Our samples are also characterized by a high effective
211/123 interface area a,s well as a high density of small
microcracks which typically stop at the 211/123 inter-
faces, and both defects constitute the preferential
diffusion path for oxygen. Thus the presence of the large
stacking faults observed along the [001] zone axis in Fig.
3(a) can be understood in terms of an enhanced atomic
diffusion along 211/123 interfaces, in particular associat-
ed with the presence of neighboring microcracks [either
above or below the view plane of Fig. 3(a)]. In a similar
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way, we can speculate that the degraded region arrowed
in Fig. 3(a) corresponds to the degradation zone associat-
ed with a neighboring precipitate which was located ei-
ther above or below the view plane.

The formation of stacking faults implies a local CuO
enrichment within the 123 matrix, and therefore in order
to preserve the overall composition of the matrix the con-
centration of copper in some regions of the matrix should
drop. However, there is yet no experimental evidence for
the existence of such copper-depleted regions. Taking
into account the observed preferential location of the
stacking faults, the most likely source of copper atoms
for their growth are the degraded regions observed at ei-
ther side of the microcracks and the degradation prod-
ucts present within their gaps and at their intercepts with
the 211 precipitates.

Qur TEM observations support the idea that the aging
process is enhanced when the density of small 211 precip-
itates is high because then the total 211/123 interface
area and the density of small-angle grain boundaries as
well as the density of small microcracks are increased,
and all these defects constitute places where the degrada-
tion of the matrix is accelerated.

Finally, an important conclusion to be drawn concern-
ing the mechanical performance of these materials is that
for oxygenation periods exceeding the optimum ones, the
211 precipitates cease to be operative in stopping the mi-
crocracks, thereby decreasing the mechanical toughness
of the composite. Implications for the superconducting
properties of such a degraded microstructure are ad-
dressed below.

B. Implications for the superconducting properties

It is evident from Figs. 6—10 that a large change of the
irreversible superconducting features has occurred as a
consequence of the annealing process in Q2. The origin
of this strong deterioration of the superconducting per-
formance lies in the severe modification of the micro-
structure that takes place in the oxygenation step, as we
have discussed above. Qne important point to bear in
mind when analyzing the properties of the samples is
that, as a result of the intrinsic anisotropy of the oxygen
diffusion constants, oxygenation occurs much faster
along the (001) planes; additionally, the existence of mi-
crocracks further increases the oxygen diffusion parallel
to these planes. In the case of oxygen-deficient samples
these circumstances add up to generate layeredlike struc-
tures in which fully and partiaBy oxygenated areas may
coexist.

On the other hand, as we have discussed above, an ex-
cessive oxygenation of the melt-textured 123 samples
leads to the formation of degraded regions associated
with the microcracks as well as stacking faults and dislo-
cations. Since microcracks are parallel to the ab planes
the aging process generates a superconducting layeredlike
structure in which strongly degraded bands parallel to
the ab planes, having a substantial cross section perpen-
dicular to the c axis, occur. The existence of this layered-
like structure is confirmed by the low-field susceptibility
measurements in the aged sample containing 36% 211,
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FIG. 11. Field dependence of the critical current at T =60 K
in the H~~c configuration. The lines correspond to the fit

J,= WH-'"(1 —a/a, „).

which show a strong reduction of the magnetic shielding
capability in the H~~ab configuration (see Fig. 6). The
fact that the shielding is complete in all the other samples
when H~~ab gives further support to our previous assess-
ment that the degradation rate is enhanced in samples
having a higher concentration of 211 particles. When the
concentration of 211 particles is augmented the separa-
tion between microcracks along the c axis is smaller, even
if these microcracks are shorter and thinner. Then, in
this case the layered degraded zones will have a higher
density in the 123 matrix and they will come into contact
more often, as shown above, thus avoiding the shielding
currents to Aow along the c axis.

Once the layeredlike structure of the samples has been
established we can analyze the remaining observed
features of the superconducting properties. Regarding
the critical currents in the low-Geld region, the law ex-
pected for surface core pinning, J, = AH ', still gives
a proper description of the field dependence of the critical
current (see Fig. 11). A linear term of the form
(1 H/H;—„)has also been used to take into account the
presence of the irreversibility line. The fact that in this
field region the critical currents show a small dependence
on the annealing time indicates that 211/123 interface
pinning, the dominant pinning mechanism in this re-
gion, ' is not severely a6'ected. Actually, in the H~~c
configuration the A coefiicient slightly decreases (about
25%) with increase of the annealing time, while the con-
trary occurs for the H~~ab configuration. These observa-
tions may shed some light on the controversy concerning
the pinning mechanism associated with the 211 particles
in melt-textured 123 (i.e., the 211/123 interface or the as-
sociated defects). The fact that the A parameter de-
creases when a higher concentration of planar defects ex-
ists in the 123/211 interface is a clear indication that the
dominant mechanism is the interface itself. Since both
matrix degradation and stacking faults propagate layer-
wise along the ab planes, their presence associated with
the 211/123 interfaces is likely to result in a decrease of
the superconducting order parameter across such inter-
faces preferentially in the directions contained in the ab
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planes, thus decreasing the individual pinning force when
the fiuxoids are directed along the c axis, i.e., in the H~~c
configuration.

In the high-magnetic-field region the 123/211 inter-
faces can no longer pin all the vortices and the defects ex-
isting in the matrix regions separating 211 particles,
namely, dislocations, stacking faults, and nonsupercon-
ducting bands, are then expected to contribute to the field
dependence of the critical currents. It has been shown by
Selvamanickarn, Mironova, and Salama that dislocations
enhance the critical currents in this field region. Howev-
er, the observation of a decrease of J; (H) in the high-
field region in the aged samples [see Fig. 8(a)], indicates
that the degradation of the superconducting matrix dom-
inates the overall behavior of J; (H), even if the concen-
tration of dislocations is as high as that observed in the
mechanically deformed samples. This may be under-
stood if we take into account that the nonsuperconduct-
ing areas gradually increase the two-dimensional
behavior of the vortex lattice in the H~~c configuration.
Then thermal activation effects become further increased
and the situation mirnics that observed in artificial super-
lattices in which thermal effects become strongly
enhanced when the thickness of the nonsuperconducting
layers increases. This enhancement of the two-
dirnensional behavior is reflected in a stronger field
dependence of the critical current and in a dramatic
downward shift of the irreversibility line, as we have ob-
served in our aged sample.

On the other hand, when looking at the field depen-
dence of the critical current J;(H), i.e., when H~~ab, the
observed behavior may be explained by considering the
progressive formation of a decoupled layered structure in
which the area where the critical state takes place be-
comes smaller. The decoupling of currents flowing along
the c-axis direction occurs progressively as the field in-
creases. At low fields the shielding currents flowing
along the c-axis direction percolate but the overall shield-
ed volume is small because the currents have a meander-
like path. In this field region the critical state is estab-
lished across all the sample. Thus, if the pinning mecha-
nism remains essentially the same, the critical currents
must be essentially unchanged by the aging process, as
was indeed observed. Only a small increase of the
coe%cient in the law J,'=AH ' has been observed,
which, if we take into account that the Lorentz force is
parallel to the ab planes, can be explained by considering
the pinning of the vortices by the dislocation lines lying
on the ab planes and the —,'[301] partial dislocations
bounding the stacking faults introduced in the aging pro-
cess. When the magnetic field is increased, the induced
currents will reach the critical current much more easily

in the narrow regions separating the nonsuperconducting
degraded zones and then the critical state settles in a
smaller volume, thus leading to a reduction of the calcu-
lated inductive critical currents J,(H). A similar obser-
vation has been reported by Kresse et al. by means of
flux profile measurements of melt-textured 123 at high
fields and temperatures. The same explanation may
also account for the observed downwards shift of the ir-
reversibility line in this configuration.

It is worth mentioning that the efFects associated with
the progressive increase of superconducting degraded
zones with annealing time are also evident in the sample
with low 211 phase content ( = 14% ). This sample exhib-
its the anomalous fishtail effect when H~~c, first related to
the existence of local fluctuations of the oxygen content. '

The fishtail effect becomes apparent and more pro-
nounced as the annealing time increases, thus clearly in-
dicating that a relation exists between this anomalous
J; (H) dependence and the microstructural features of
the samples. It is very unlikely, however, that poorly ox-
ygenated regions persist in the samples after long oxy-
genation periods and it seems more likely that the new
dislocations created during the annealing process could
be active pinning centers at high magnetic fields, ' thus
retarding the overall decrease of J;"(H) which we have
associated with an enhanced two-dimensional behavior.

In summary, we have shown that the oxygenation pro-
cess in melt-textured 123/211 composites may have a
strong influence on the irreversible superconducting
properties because there is an important aging of the mi-
crostructure. The most prominent effect is the creation
of large stacking faults and dislocations together with an
intense degradation of the matrix associated with the mi-
crocracks and the 211/123 interfaces. We also show that
the relevance of the aging process strongly depends on
the content of 211 phase and the concomitant
modification of the parent microstructure of the ceramic
composite, but, in any case, the effects are mostly visible
at high magnetic fields. From a practical point of view,
this work demonstrates that different oxygenation pro-
cesses will be necessary to optimize the critical currents
in samples having modified microstructures.
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