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Analysis of the spatial distribution of Y,BaCuO;
inclusions in large-grain YBa,Cu;0,_g
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High values of critical current density, J;, in large-grain superconducting melt-processed
YBa,Cu;0, _; (YBCO, Y-123) have been reported to correlate closely with the distribution of
Y,BaCuOs; (Y-211) particles in the Y-123 phase matrix. Extensive image analysis of the
homogeneity of the Y-211 particle distribution in a large-grain sample has been performed
on high-resolution, secondary scanning electron micrographs of seeded melt-processed
YBCO. The variation of key parameters, such as area fraction, number density and size along
the a/b axis of the Y-123 grain has been investigated in detail as a function of distance from
the centre of the seed. Both area fraction and number density of Y-211 particles are observed
to increase continuously with distance, whereas the mean and standard deviation of the size
distribution decrease slightly towards the grain boundary. This suggests that the increase in
area fraction can be attributed to an increase in number density of the Y-211 particle
distribution along the a/b axis of the specimen. The implications for Y-211 particle pushing,
ripening and coalescence are discussed in the light of these results. © 7998 Chapman & Hall

1. Introduction

High-temperature superconducting (HTS) YBa,Cu,O, _;
(YBCO) has significant potential for a variety of en-
gineering applications such as magnetic bearings, fault
current limiters and flywheel energy storage systems
[1-5]. The flux trapping ability of bulk YBCO, which
generally forms the basis of these applications, de-
pends fundamentally on the magnitude and homogen-
eity of the critical current density, J,, of the material
and the length scale over which it flows [6]. In par-
ticular, the presence of grain boundaries and intra-
grain domains can limit J, significantly and these are
clearly undesirable features of bulk material. A main
processing aim, therefore, is to develop a large-grain
material with a high J, which flows over the entire
grain geometry. This has been achieved by a variety of
peritectic solidification, or melt process, techniques
that have been developed over recent years to fabri-
cate large-grain YBCO. These have yielded Js of up
to 10° Acm ™2 at 77 K in grains of typically 1 ¢cm in
diameter [7-13].

A characteristic feature of melt-processed YBCO is
the presence of non-superconducting Y,BaCuO; (Y-
211) phase inclusions in the superconducting
YBa,Cu;0,_; (Y-123) phase matrix [2, 14-16]. The
distribution, size, number density and shape of Y-211
particles have been observed to correlate closely with J_
[17-19] and, as such, are key parameters in the devel-
opment of a practical material. Of these, a homogene-
ous Y-211 inclusion distribution in the Y-123 phase
matrix has been identified as being particularly impor-
tant in achieving uniform, high J_ in large-grain material.

The distribution of Y-211 particles in melt-pro-
cessed YBCO is sensitive to both the crystallographic
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orientation of the grain and the rate of grain growth
during fabrication. As a result, the Y-211 distribution
in YBCO samples fabricated by most melt-processed
techniques is invariably inhomogeneous, particularly
when observed along the a/b crystallographic direc-
tions of the grain [20]. Several mechanisms have been
employed to explain this inhomogeneity including
particle pushing theory [20, 21], which is commonly
applied to other, unrelated material systems such as
metal matrix composites (MMC) [22, 23], ripening
theory [24] and coalescence [25] theory. A detailed
experimental analysis of the spatial distribution of the
Y-211 particles in the Y-123 matrix of melt-processed
YBCO is required to understand the origin of any
inhomogeneity in view of this range of potential mech-
anisms. Information gleaned from such a study could
also be significant from a processing point of view
since it could contribute to the fabrication of bulk
material with improved superconducting properties.
Image analysis of sample microstructure is poten-
tially a powerful tool in the investigation of the Y-211
particle distribution in melt-processed grains. This
technique can be employed to provide statistical data
on a number of key variables associated with the
Y-211 phase, including size, orientation, shape and
number density. Most micrograph image analysis has
been performed on a variety of doped melt-processed
samples using relatively low-resolution optical micro-
scopy [26-29]. It is well known, however, that melt-
processed ' YBCO invariably contains sub-micron
sized Y-211 inclusions (the number density of such
particles is enhanced significantly by platinum doping
[30-32]) which are too small to be resolved by this
technique (the resolution of optical microscopy is
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typically ~1 pm). Such a fine distribution of Y-211
particles is of particular interest since the J, of
these samples is typically much higher than that
of samples containing larger-sized inclusions. As a
result, an alternative imaging technique, such as
scanning electron microscopy (SEM), has to be em-
ployed in order to image reliably the Y-211 distri-
bution in samples which exhibit high critical current
densities.

The operating mode of the scanning electron micro-
scope requires some consideration if the product
micrographs are to yield the most reliable image anal-
ysis results. For example, the secondary electron SEM
image characteristically exhibits enhanced resolution
but inferior topological contrast compared with the
back-scattered electron image, which, in turn, offers
improved contrast but at a resolution similar to that
of the optical microscope. Contrast between the Y-211
particles and Y-123 matrix in melt-processed YBCO
in the higher resolution secondary electron image,
therefore, is usually achieved by etching the surface of
the SEM specimen prior to imaging. The degree of
etching in such a process is critical to obtaining a good
image of the sample because an insufficient degree
would limit the contrast of the scanning electron
micrographs, whereas over-etching would reduce the
size of the Y-211 particles as well as create other
artificial features of the secondary phases on the
sample surface [33].

The aim of the present study was to perform a sys-
temic and accurate image analysis of Y-211 inclusions
in large-grain melt-processed YBCO.

2. Experimental procedure

2.1. Sample fabrication

Precursor powder was prepared by spray drying a ni-
trate solution of the base metal cations in a molar
ratio of Y:Ba:Cu =1.6:2.3:3.3, corresponding to
a net composition of Y-123 + 30 mol % excess Y-211
(this composition reduces the loss of liquid from the
sample during thermal processing [34, 35]). The ad-
vantages of the spray-drying technique for the prep-
aration of fine, unreacted YBCO precursor powder is
described elsewhere [ 36]. The powder was calcined for
35h at 770 °C and uniaxially die pressed into pellets
of diameter 2.5 cm. The pellets were sintered prior
to melt processing to increase their density to
~59gem~3 [37].

A large-grain YBCO sample was fabricated via
a seeded peritectic solidification technique described
in detail elsewhere [38]. Briefly, the sintered precursor
pellet was heated to 1025°C (i.e. above the YBCO
peritectic temperature of ~1015°C in air) at a rate of
10°Ch ™! and cooled at 120°Ch~! to an isothermal
solidification temperature of 985°C. The pellet was
then cooled slowly at 1°Ch™' to 930°C and
more quickly to room temperature. Grain nucleation
and growth was controlled by a single-crystal
SmBa,Cu;04 5 (Sm-123) seed, which was placed at
the centre of the upper surface of the precursor pellet
prior to melt processing, and by thermal gradients of
up to 15°Ccem ™! generated in a purpose-built box
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furnace with the aid of a cold finger [39]. The orienta-
tion of the seed, which determines the orientation of
the melt-processed YBCO, was chosen such that its
crystallographic c-axis was perpendicular to the sur-
face of the pellet. This process yielded a large grain of
rectangular geometry with dimensions ~8 x8x
3mm?3. The critical current density of the specimen
was measured by a magnetic moment technique [40]
to be ~20000 A cm 2 at 77 K in an applied magnetic
field of 1 T.

2.2. SEM specimen preparation

The large YBCO grain was cut in half along the
crystallographic c-axis (i.e. through its thickness to
expose an a/b—c plane) using a diamond impregnated
steel wire cutter in order to obtain a relatively smooth
cross-section. The sample was then set in epoxy resin
loaded with carbon powder and the exposed surface of
the grain repeatedly ground and polished, ultimately
with 0.25 um diamond paste, to produce a smooth
sample surface and to ensure that fine, sub-micron
sized Y-211 particles could be identified in the a/b—c
plane of the YBCO microstructure. Finally, the speci-
men was etched to improve the topological contrast
between the Y-123 and Y-211 phases during micros-
copy by immersion in 3% HNO; acid for 3 s [35]. The
sample was then washed immediately in distilled
water to avoid over-etching, rinsed in methanol to
remove any remaining water from the sample surface,
and dried under a hot air jet at 80 °C. Care was taken
throughout the specimen preparation process to avoid
excessive polishing and etching which could damage
the surface microstructure and hence introduce error
into the subsequent image analysis.

2.3. Scanning electron microscopy and
image analysis

A Cambridge Stereoscan S250 scanning electron
microscope was used to investigate the microstructure
and take micrographs of the YBCO specimen. A fine
spot size and short working distance of 10 mm were
employed in order to achieve the highest possible
secondary electron image resolution of this instrument
[41]. The contrast between the Y-123 and Y-211
phases was enhanced further by utilization of the
gamma function available with the SEM [42]. These
operating conditions yielded a high-magnification
micrograph with a distinguishable Y-211 particle size
down to ~0.2 um. Lower magnification micrographs
of the YBCO microstructure were taken initially to
confirm the orientation of the grain and to provide
a position reference map for the higher magnification
images. In total, over 60 high-magnification images
were taken over individual areas of ~50 pm x 40 pm
along the a/b axis of the grain at a constant position
along the c-axis (i.e. across one a/b—c plane of the
sample).

The high-resolution scanning electron micrographs
were enlarged and copied onto transparencies in
order to highlight the texture of Y-211 particles
and pores in the YBCO grain microstructure. The



transparencies were then scanned and converted
into standard graphic files using a high-resolution
scanner for subsequent image analysis by Khoros
software. Information on the Y-211 particle num-
ber density, size and area fraction was obtained
from each micrograph by this rather labour-intensive
technique.

3. Results and discussion

Fig. 1a shows a scanning electron micrograph taken
near the centre of the specimen (i.e. in the vicinity of
the Sm-123 seed) and illustrates the typical micro-
structure of Y-211 particles entrapped in the Y-123
matrix. Comparison of this micrograph with that in
Fig. 1b, which was taken at the edge of the YBCO
grain, illustrates a significant variation in the Y-211
particle area and number density as a function of
distance from the seed in the a—b plane.

showing the in-

electron micrographs
homogeneous distribution of Y-211 particles (a) in the vicinity of the
single crystal seed, and (b) at the edge of the large YBCO grain.

Figure I Scanning

In general, the Y-211 particles can be characterized
according to their position both in the scanning elec-
tron micrograph (i.e. intersecting the edge or corner)
and relative to that of other particles (i.e. isolated,
coalesced or touching). These combined features of the
micrograph and Y-211 distribution significantly influ-
ence the results of image analysis. Hence it is necessary
to subcategorise the Y-211 particles into six different
statistical groups plus two further groups (pore and
Y-123 matrix background), as defined in Table 1. All
eight groups are illustrated schematically in Fig. 2.
A description of how the various sub-categories of
Y-211 particles are assumed to contribute to the over-
all number density, area fraction and particle size is
summarized in Table I.

The area fraction, F,;;, and the number density,
ny11, of Y-211 particles along the a/b direction of
the grain were calculated using the counting cri-
teria outlined above. The variation of these para-
meters with distance from the centre of the seed is
plotted in Fig. 3a (F,;4) and b (n,). It is immediately
apparent that both variables increase continuously
with distance from the centre of the seed to the grain
boundary. Furthermore, the close correlation between
these parameters suggests that the increase in
F,; may be attributed directly to the associated in-
crease in nyq;.

: ‘\
_Group 5
1 | .

Y-123

Y-211 Hole

Figure 2 Schematic diagram illustrating the different categories of
Y-211 particle in the scanning electron micrographs.

TABLE I Eight sub-categories of the Y-211 particle distribution and their contribution to the statistical analysis

Group number Features Contribution to number density, area
fraction and particle size

1 Coalesced Y-211 Sub-categorized according to number of
particles coalesced

2 Coalesced Y-211 intersecting the side of the micrograph Counted as a half particle

3 Coalesced Y-211 intersecting the corner of the micrograph Counted as a quarter particle

4 Single Y-211 Counted as one particle

5 Single Y-211 intersecting the side of the micrograph Counted as a half particle

6 Single Y-211 intersecting the corner of the micrograph Counted as a quarter particle

7 Pore Subtracted from background in calculat-
ing area fraction

8 Background Used to determine area fraction
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Figure 3 The variation of (a) area fraction, and (b) number density
of Y-211 particles as a function of distance from the centre of the
seed along the a/b direction of the grain.

Fig. 4 shows the size distribution of Y-211 particles
at four different locations from the centre of the seed
along the a/b direction of the grain (variation of the
key Y-211 distribution parameters along the c-axis of
the sample was not investigated in the present study).
The Y-211 particle diameter, d, was calculated for the
purposes of these plots via the following equation;

d = 2(nA)\? (1)

where A is the area of the grain which is assumed to be
of circular cross-sectional area. It is apparent from
Fig. 4 that the Y-211 particle size distribution along
the a/b direction of the grain follows a log-normal
distribution [43] which does not vary within experi-
mental error with distance from the single-crystal
seed. A more detailed investigation of the character-
istic log-normal distribution of Y-211 particles in the
melt-processed YBCO matrix is the subject of an
on-going study [44].

Fig. 5 shows the mean, p, and standard deviation, o,
of Y-211 particles along the a/b direction, again as
a function of distance from the seed. A decrease in p is
observed as the Y-123 grain develops, which is accom-
panied by a smaller reduction in standard deviation
(Fig. 5a). Such a variation in these parameters cannot
account for the increase in F,;; shown in Fig. 3a, and
provides further evidence for a direct correlation be-
tween F,;, and n,q;. It is also apparent from Fig. 5
that both p and o fluctuate significantly at a dis-
tance of approximately 1 mm from the centre of
the seed. This is due to the rather low value of n,, at
this position (Fig. 3b), which imposes a limit on the
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Figure 4 Distribution of the size Y-211 particles at a distance of
(a) 85 pm, (b) 800 pm, (c) 2100 pm and (d) 3100 pm from the centre
of the seed along the a/b direction of the grain.
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Figure 5 (@) Mean and (O) standard deviation of the size distribu-
tion of Y-211 particles as a function of the distance from the centre
of the seed along the a/b direction of the grain with (a) lower and (b)
higher sampling accuracy.

statistical accuracy of the results. This limitation can
be overcome, however, by extending the area of analy-
sis to include a larger number of Y-211 particles.
Fig 5b was constructed by sampling a larger area in
the vicinity of the seed and illustrates the gain in
statistical accuracy that may be achieved by this
technique.

The ratio of the number of Y-211 inclusions
in a given sample area to the standard deviation of
their size distribution (i.e. 1,14 : ©) is indicative of the
statistical significance of the data. Fig. 6a shows the
variation of this measure of sampling accuracy with
distance from the centre of the seed and was derived
from the data presented in Fig. 5a. The observed
increase in n,4 : ¢ is due to the increase in number of
Y-211 particles and a relatively constant value of
o (Figs 3b and 5b, respectively). In addition to samp-
ling accuracy, the sampling area of the Y-211 particle
density within the scanning electron micrographs pro-
vides a measure of the linear spatial resolution of the
analysis, which was constant at 50 um along the a/b
axis of the grain, as shown in Fig. 6a. The low samp-
ling accuracy of the data in the vicinity of the seed
(also shown in this figure) is due primarily to the
relatively low Y-211 number density and can be im-
proved by increasing the sampling frequency by com-
bining two or more micrographs, as shown in Fig. 6b.
It can be seen from this figure that the sampling
accuracy is improved significantly up to displacements
of ~900 um from the seed at the expense of a reduced
linear resolution of the analysis.
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Figure 6 (@) Sampling accuracy (number of Y-211 particles/s), and
(O) spatial sampling resolution as a function of distance from the
centre of the seed along the a/b axis of the grain for data with
(a) lower and (b) higher sampling accuracy.

The above observations of the average size, number
density and area fraction of Y-211 particles may be
interpreted relative to particle pushing, ripening and
coalescence effects which have been reported to take
place during the melt-growth process. In general, lar-
ger Y-211 particles in the peritectic state have a higher
surface energy than smaller particles and are therefore
more susceptible to capture by the growing Y-123
phase (this occurs generally when the surface energy of
the Y-211 particle in the peritectic state exceeds the
sum of its surface energy when entrapped in the Y-123
phase and the surface energy of the solid—liquid inter-
face [45]). On this basis an increase in the number
density, and hence area fraction, of Y-211 particles
may be anticipated with increasing distance from the
seed as the more stable smaller particles are pushed
along by the growth front, which is consistent with the
results presented in Fig. 3a and b. The effect of the
accumulation of smaller Y-211 particles during this
process would be to reduce the average particle size
with distance, which again is observed in the present
study (Fig. 5). Hence our results are generally consis-
tent with particle pushing theory during the YBCO
peritectic solidification process. It should be noted,
however, that the inevitable loss of liquid from the
melt at elevated temperature could also account, at
least in part, for the observed increase in Y-211 par-
ticle number density and area fraction with distance
from the seed. It is likely, therefore, that a single
mechanism is not responsible for observed features in
the distribution of Y-211.

Y-211 particle ripening is the thermally activated
growth of Y-211 particles in the peritectic state prior
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to solidification. The solubility of yttrium in the
BaCuO-rich liquid above the peritectic temperature,
however, is low (~6%) [46] which suggests that any
particle ripening would have to be supported by the
slow erosion of other Y-211 particles in the liquid. As
a result, the Y-211 particle number density may be
expected to decrease slightly with distance from the
seed as these “feeder” particles dissolve completely at
elevated temperature. Further consequences of ripen-
ing would be to reduce the area fraction (the projected
cross-sectional area of a single, large spherical particle
of volume, V, is approximately 60% of that of the
combined cross-sectional areas of two smaller par-
ticles of similar diameters, each of volume 1//2) and to
increase the average particle size with distance. These
effects, which are exactly the opposite of the results
observed in Figs 3a,b and 5, will be off-set to some
degree by the loss of liquid from the sample at elevated
temperature during melt processing, although this is
not considered sufficiently large to account entirely for
the observed trends.

The coalescence of Y-211 particles during melt
growth would result clearly in a net decrease in num-
ber density with distance from the seed if the coalesced
particles were counted singly, and to a decrease in area
fraction (the argument applied to ripening applies
equally to particle coalescence). Finally, this should be
accompanied by an increase in the average particle
size with distance. These effects are not observed ex-
perimentally, although liquid loss would reduce their
magnitude, which again suggests that Y-211 particle
coalescence is not a dominant mechanism in the devel-
opment of Y-211 particles during the melt process.

On the basis of these results, particle pushing would
appear to provide the most plausible explanation of
the observed distribution of the Y-211 phase in seeded
melt-processed samples. This mechanism, however,
has a number of limitations which should be taken
into account. Most importantly, particle pushing as-
sumes that the Y-211 particles do not dissolve during
the pushing process, which is clearly not the case
in the YBCO system, because these particles represent
the only source of yttrium. Y-211 particles must neces-
sarily dissolve at the growth interface in order to
propagate the Y-123 phase. Secondly, the Y-211 par-
ticles are of acicular, rather than spherical geometry,
which tends to result in the alignment of their long
axis either parallel or perpendicular to the growth
direction [47]. This suggests that the growth front and
Y-211 particles interact strongly at the growth inter-
face which may reduce the effect of particle pushing.
Finally, the addition of second phases such as plati-
num have been reported widely to reduce the average
Y-211 particle size and to increase the number density,
accordingly. The effects of such additions are to re-
duce the surface energy of the Y-211 particles (and
hence liquid loss) which should also influence particle
pushing. A similar study to that reported here on
samples doped with platinum, however, shows that
number density, area fraction and average particle size
vary with distance from the seed in a similar manner
to that shown in Figs 3a, b and 5 [48]. This suggests
that the trends observed are less sensitive to surface-
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energy and liquid-loss considerations and that in-
fluences other than particle pushing may contribute to
the properties of Y-211 inclusions in melt-processed
YBCO.

In summary, a number of mechanisms are probably
responsible for the observed variation in Y-211 num-
ber density, area fraction and average particle size
with distance from the seed. Of these, particle pushing
plays a significant role, although it is unlikely that this
is the dominant mechanism. Particle ripening and
coalescence and liquid loss all contribute to varying
degrees, although it is not possible to quantify the
extent of these contributions from the present study.
These effects will be the subject of future publications.

4. Conclusion

Critical current density is closely related to the distri-
bution of Y-211 particles in large-grain melt-processed
YBCO. This characteristic, therefore, is particularly
important for a range of high-field and high-current
applications of this material. High-resolution second-
ary electron SEM image analysis has proved to be
a powerful tool for investigating the key features of the
Y-211 particle distribution, such as area fraction,
number density and size. SEM image analysis of
a large-grain YBCO sample (dimensions 8 x 8 x
3 mm?), fabricated via seeded peritectic solidification,
reveals that both the area fraction and the number
density of the Y-211 particles increase continuously
with distance from the centre of the seed towards the
grain boundary (i.e. along the a/b directions of grain
growth). The mean and standard deviation of the size
distribution of the particles, on the other hand, were
observed to decrease slightly with distance from the
seed which suggests that the increase in area fraction
can be attributed to an increase in number density of
the Y-211 particle distribution across the specimen.
Factors which may influence the measured area frac-
tion, number density and average size of the Y-211
particles include particle pushing, grain coalescence,
ripening effects and liquid loss. Of these, particle
pushing appears to be the most dominant mecha-
nism, although this is generally inconclusive. Further
investigation of these factors will be the subject of
a future study.
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