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Abstract

®
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The superconducting properties, melting temperatures and crystal growth rates of single grain,
RE-Ba—Cu-O [(RE)BCO] bulk superconductors (where RE = a rare earth element or yttrium)
decrease with the RE-element sequence of Nd, Sm, Eu, Gd, Dy and Y. The mechanical
properties of these technologically important materials, on the other hand, however, improve in
the same sequence. Consequently, one promising approach for optimising the balance between
mechanical and superconducting properties of bulk (RE)BCO superconductors, or for adjusting
growth rate, is the use of combinations of different rare earth elements. In this study, we explore
combinations of Gd and Y in the formation of (Gd-Y)-Ba—Cu-O single grains. We describe the
optimisation of the growth process for this multi-RE element system and use optical and
scanning electron microscopy to study the microstructure of both non-superconducting
(Gd-Y),BaCuOs [(Y-Gd)-211] phase inclusions and the (Y-Gd)Ba,Cu;07_s [(Y-Gd)-123]
phase matrix itself. We demonstrate that (Gd—Y)-Ba—Cu—O single grains can be fabricated
reliably and that they exhibit reasonably good superconducting properties. We observe that there
is an increase in RE-211 particle size in this mixed rare earth system, which, ultimately, limits
sample performance, and conclude that this may be a general disadvantage of this approach to

the synthesis of single grains for high field engineering applications.

Keywords: mixed rare earth, Gd and Y, EDX, RE-211 inclusions, growth of single grains,

superconducting properties

(Some figures may appear in colour only in the online journal)

Introduction

Bulk (RE)-Ba—Cu-O [(RE)BCO] superconductors, consist-
ing of a REBa,Cu307.s (RE-123) phase matrix containing
RE,BaCuOs (RE-211) inclusions (where RE is a rare earth
element such as Nd, Sm, Eu, Gd, Y, Yb) can generate trapped
magnetic fields that are up to ten times higher than the
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maximum fields obtainable in conventional, Fe-based per-
manent magnets [1-3]. Unfortunately, the presence of grain
boundaries in (RE)BCO bulk superconductors results in an
exponentially decreasing critical current density (J.) [4,5] as
the grain boundary misorientation angle is increased. Con-
sequently, bulk RE-Ba—Cu-O containing grain-boundaries
exhibit significantly reduced J. [6,7]. As a result, in order to
achieve good superconducting properties, it is necessary to
fabricate (RE)BCO bulk superconductors in the form of a
large, single grain (i.e. a quasi-single crystal).

The process of fabricating single grain, (RE)BCO bulk
samples is relatively complex [8], and is based usually on the
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so-called top-seeded-melt-growth (TSMG) [9] technique.
TSMG involves heating a precursor pellet consisting of a
mixture of RE-123 and RE-211 powders to a temperature
above the peritectic temperature of the (RE)BCO system to
fully decompose the RE-123 phase into RE-211 and a
liquid phase (Ba;Cu30g). Subsequent nucleation of a single
grain is achieved by placing a seed at centre of the top
surface of the pellet and slow-cooling the seed/pellet
arrangement back through the peritectic temperature. The
peritectic reaction then reverses under these conditions
(REzBaCllOS + Ba3Cu508 (11qu1d)—>REBa2Cu3065) and a
single grain forms that consists of a continuous RE-123 phase
matrix containing embedded RE-211 precipitates due to the
combined effects of an excess of RE-211 phase introduced
originally to the precursor powder and to an incomplete
peritectic reaction. The signatures of the successful growth of
a single grain are (i) the presence of four-fold crystallographic
facet lines on the upper surface and sides of the as-grown
sample without the presence of visible sub-grains and (ii) a
single peak in the measured trapped field distribution of a
fully magnetised sample.

It is possible to fabricate (RE)BCO from a mixture of rare
earth elements. (NdOA33Eu0A33Gd0A33)Ba2Cu3Oy [(NEG)-BCO]
samples melt-processed in reduced O, in Ar were first
reported in 1999 with very high critical current densities, J.’s,
of 7.5 Am 2 at 77 K in zero magnetic field and J. 6.8 Am >
[10] in a magnetic field of 2.5T. These values were
approximately double those reported elsewhere at that time
[2]. The trapped field of a NEG-BCO sample of diameter
38 mm was reported subsequently to have reached 1.38 T at
77 K in 2003 [11]. Mixed rare earth systems of Sm combined
with either Eu [12] or Nd [13], or Nd combined with Eu [14]
have also been grown successfully in the form of single
grains. YBCO systems doped with a small amount of Y and
Dy or Gd or Sm [15] exhibit improved J,. [16,17] compared to
the corresponding single-element (RE)BCO system. Large,
single-grain (Gd,Y)BaCuO superconductors fabricated by the
RE compositional gradient technique [18] suggest that the
mechanical properties of GdABCO, YBCO and (Gd-Y)BCO
are similar. (Gd—Y)BCO thin films and tapes [19,20] have
also exhibited improved J. compared to pure, single element
(RE)BCO compositions, as have other tapes composed of
mixed RE elements [21]. It should be noted, however, that the
flux pinning mechanism in tapes and thin films almost cer-
tainly differs significantly from that in bulk, single grain
materials, which is determined primarily by the size and
distribution of RE-211 inclusions embedded within the bulk
microstructure (which, in general, are not present in tapes and
thin films).

Although the work conducted on mixed rare earth sys-
tems described above indicate that these systems can exhibit
better J.’s than single-element rare earth samples, more
recently the development of RE bulk superconductors incor-
porating only Y or Gd rare earth elements has achieved J.(0)
values in excess of 10kAm > [22-24] at 77K with
corresponding increases in record levels of trapped magnetic
field [25,26], exceeding the reported historical performance of
mixed rare earth samples.

The superconducting properties at 77 K, growth rates and
melting temperatures of RE-Ba—Cu—O single rare earth ele-
ment bulk superconductors decrease as the RE is changed in
the sequence Nd, Sm, Eu, Gd, Dy and Y [16,21]. Sig-
nificantly, however, the mechanical properties of the single
grain samples improve in the same sequence. We postulate,
therefore, that employing a mixture of rare earth elements
could improve the mechanical performance of these techno-
logically important materials, even if their superconducting
performance is not enhanced significantly.

The substitution of light rare earth element (LRE) onto
the Ba site in mixed LRE bulk superconductors can lead to
a significant deterioration in 7. and J. [27]. However,
YBa,Cu;07.5 (Y-123) is a stoichiometric compound and,
whilst there a small amount of Gd/Ba substitution in
GdBa,Cuz07.s5 (Gd-123) during processing, it is not severe.
Consequently, the (Gd—Y)BCO system is selected here to
allow a study of the effect of using mixtures of rare earth
elements where the interpretation is not complicated by the
effects of substitution. Moreover, melt-processing of the
(Gd-Y)BCO system has not been studied previously and
extensively over a full chemical range and under an air pro-
cessing atmosphere.

The main conclusion from previous studies is that
superconducting systems containing mixed RE elements have
better superconducting properties, although predominantly in
the values of local J. measured by magnetic techniques.
Improved trapped field, however, which is a more practical
property for realising applications of single grain, bulk (RE)
BCO superconductors, have not been reported generally in
these materials. J. actually fluctuates significantly from
sample to sample and varies considerably with position even
within one single grain [28,29], and is, therefore, not an
accurate and definitive measure of the superconducting
quality of a single grain. As a result, we have measured both
local T, and J. at 4 positions in each sample and the trapped
fields of 26 samples fabricated in this study.

In this paper, we address the challenges to achieve single
grain growth for the (Gd—Y)BCO system by considering the
growth process parameters, including optimisation of the
heating profile through differential thermal analysis (DTA).
The superconducting properties, T,, J. and trapped field of
five different relative proportions of Y and Gd are measured
and we report optical and scanning electron microscope
analysis of both the single grain matrix and embedded pre-
cipitates. Finally, we comment on the prospects for improving
the overall performance of bulk superconductors fabricated
from mixed rare earth elements.

Experimental

Raw powders of Gd-123, Y-123, Gd-211 and Y-211 were
sourced from Toshima. The powders were of 99.9% purity
and with the following grain sizes: Gd-123 and Y-123,
2-3 um; Gd-211 and Y-211, 1-2 pum. The two base standard
powders used were GdBCO or YBCO powders in
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Figure 1. Schematic illustration of the arrangement of the super-
conducting pre-forms used for melt processing.
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Figure 2. Representative heating profile used to melt-process the
single grains in this study.

compositions 75wt%  GdBa,CuzO;s (Gd-123) (or
Y) + 25 wt% Gd,BaCuOs (Gd-211)(or Y) + 0.5 wt%CeO,.

Powders with a variable Y:Gd element weight ratio were
also prepared from the two base standard powders as follows;
100:0, 75:25, 50:50, 25:75 and 0:100. These systems
are labelled in this paper as YBCO, Y75Gd25BCO,
Y50Gd50BCO, Y25Gd75BCO and GdBCO, respectively.
Five compositions of four bulk superconducting pellets, each
of mass 10 g, were prepared in the arrangement illustrated
schematically in figure 1. A generic seed [30] was placed at
the centre on the top of a buffer pellet, which, in turn, was
placed on the top surface of each green, uniaxially pressed
sample [31,32]. A substrate consisting of a liquid-rich phase
[33,34] was used to prevent the nucleation and growth of sub-
grains at the bottom of the samples and to supply some liquid
Ba3CusOg back to the growing pellet.

Four samples, each of the same composition, were heated
in air in a furnace with a temperature profile shown in
figure 2. A number of key temperatures, such as a two-hour
holding period at 940 °C to promote consolidation, were
maintained constant for all samples. Others, including the
melting temperature, T,,, the initial growth temperature, T,
T, and final growth temperatures 7,3. were adjusted for each
composition based on the results of DTA of the individual
precursor powders. The DTA analysis of a powder mixture of
mass approximately 100 mg was performed using a LABSYS
Evo device manufactured by Setaram.

Two sets of samples were produced as part of this study.
In the first set, samples containing a single rare earth element,
YBCO and GdBCO, were fabricated using existing optimised
heating profiles; the other three mixed rare earth systems were
fabricated using a slower heating profile to avoid the forma-
tion of sub-grains.

_Theseed (b)

la 2a 3a 4a

a/b-axis ib 2b 3b 4b
1c 2c 3c 4c
1d 2d 3d 4d

c-axis

Figure 3. (a) Schematic illustration of a single grain and (b) the
notation used to define the positions of the sub-specimens in the
parent single grain used to measure 7, and J..

The second set of samples of composition
Y75Gd25BCO, Y50Gd50BCO and Y25Gd75BCO were
fabricated using faster heating profiles with the aim of redu-
cing the RE-211 particle size and minimising liquid phase
loss during the melt process.

The as-grown single grains were annealed in a tube
furnace in an oxygen atmosphere at 450 °C—400 °C for 7 days
to allow oxygen to diffuse into the single grains and convert
their lattice structure from tetragonal to orthorhombic, which
is the superconducting phase [35].

The trapped field of each single grain was measured by
cooling the sample to 77K in a field of 1.4 T, and then
removing the field over a linear, 100 s ramp. A hand-held Hall
probe was placed 0.5 mm above the top surface of each
sample in order to locate the position of the maximum trapped
magnetic field. The complete trapped field profile was mea-
sured using a rotating array of eighteen probes placed 1.5 mm
above the sample surface.

A thin slab was cut from the centre of the sample with the
largest trapped field of each composition, as shown schema-
tically in figure 3(a), which was then cut further into sub-
specimens of approximate dimensions 3 mm, 2 mm and 1 mm
in the a, b and c lattice directions, respectively. Sub-speci-
mens at positions 1a, 3a, 1d and 3d, also shown schematically
in figure 3(b), were analysed using a superconducting
quantum interference device magnetometer (SQUID: Quant-
um Design MPMS-XL) to determine the magnetic moment
and the magnetic hysteresis loop as a function of temperature
for each specimen. Critical current density was calculated
from the magnetisation loops using the extended Bean model
[36]. The sample microstructure was examined using an
optical microscope (Nikon Eclipse ME 600 with an attached
Moticam camera at magnifications 50x and 1000x) and a
scanning electron microscope (using Carl Zeiss EVO LS-15)
at 1 mm intervals along the axis of rotational symmetry,
which included a facility for energy dispersive x-ray
spectroscopy (Phillips XL-30).

Results and discussion

Peritectic temperatures and the heating profiles for the first set
of samples

It is possible to grow (RE)BCO bulk samples by heating
a polycrystalline bulk precursor above its peritectic
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Figure 4. Differential Thermal Analysis of the 5 different precursor
powder compositions under investigation.

decomposition temperature. The sample is then allowed to
cool from a temperature that is sufficiently high, with spon-
taneous nucleation and subsequent single grain growth being
initiated from a seed crystal with a higher melting temperature
than the system being fabricated. For the YBCO system,
the peritectic reaction during the crystal growth is:
Y2B3Cll05 + Ba3Cu508 + (502 — 2YB32CU306_5+51 (0 <
6 < 0.5), which takes place at about 1010 °C. The peritectic
reaction during the crystal growth process for
the GABCO system is: Gd,B;Cu;05 + Ba3CusOg + 60, —
2GdBa,Cus0¢5,5 (0 < 6 < 0.5), which occurs at about
1050 °C.

It is necessary to determine the peritectic reaction
temperature of the combined Y-Gd rare-earth systems in
order to achieve successful single grain growth, and this can
be achieved conveniently and routinely using DTA. Figure 4
shows the DTA analysis of the peritectic reactions of the five
different compositions under investigation. The results show
that the combined Y:Gd precursor powders each exhibit a
single peritectic transition temperature, which increases with
increasing Gd content. The single peak indicates that the
composition behaves as a single phase, rather than as a simple
mixture of YBCO and GdBCO, which is positive from a
processing perspective.

The heating profiles used for the growth of single grains
were adjusted based on the change in peritectic temperature
observed in the DTA analysis, with the systemic changes in
temperature for each composition shown in table 1. The
maximum temperature 7T,,,, in the heating profile was selec-
ted to be 40 °C above the peritectic temperature, determined
by DTA, in order to ensure that the RE-123 fully decomposed
to RE-211 and Ba3zCus;Og. The samples were heated at
100 °Ch ™! to 940 °C, and stabilised at this temperature before
being heated at 50 °Ch ™" to the T,y This temperature was
maintained for an hour and then decreased to T,;. The sample
cooling rate was then reduced to 0.6 °Ch ™" until temperature
T,, was reached, and then to 0.4 °Ch~"! until T3, before being
cooled rapidly at 100 °Ch™" to room temperature.

Y50Gd50BCO

Figure 5. Single grains (16 mm in diameter) fabricated with a Y:Gd
ratio of 50:50 in the first sample set.

Table 1. Temperature parameters selected for samples of different
compositions.

Yi23: Gdios  Set  Tpax (°C) Tg (°C) Ty °O) T3 °O)
100:0 I 1057 1012 997 977
75:25 1 1065 1030 1010 985
50:50 1 1070 1035 1015 990
2575 1 1080 1040 1020 995
0:100 1 1080 1040 1030 1005
75:25 11 1067 1022 1014 987
50:50 I 1072 1032 1020 995
25:75 I 1080 1042 1030 1005

20 single grains were grown as part of set I for the two
sets of samples. A further 6 samples were grown subsequently
in the second set using different heating profiles.

Growth of single grains

Figure 5 shows the typical appearances of the samples fab-
ricated in this study (the 4 samples were placed in the furnace
in positions 1 to 4, as shown). Y5S0Gd50BCO samples at
positions 1, 3 and 4 grew successfully into single grains,
although the sample at position 2 failed as a result of the
seeding process. The four-fold facet lines, which are indica-
tors of successful grain growth, could be seen clearly in most
of the samples. The failure rate of these samples was no
different from that experienced typically for single RE ele-
ment bulk superconductors (i.e. corresponding to a yield of
85% in the first sample set).

The distribution of the magnitude of trapped field in the z
direction measured along the x and y-axes of a single grain
should be conical, given that the slope of the flux profile is
defined by dB/dx = p.J.. This is reflected typically in the
trapped field profile if the sample growth has resulted in the
formation of multiple grains, in which case the distribution of
trapped field exhibits multiple peaks. Figure 6(a) shows an
example of the trapped field distribution in the z direction
using the 4th sample, with composition of Y50Gd50BCO.
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Figure 7. (a) A typical M(T) data set measured by SQUID magnetometry showing the onset, offset and width definitions of the transition to
the superconducting state. (b) Onset 7. of specimens at different positions of the single grain with different concentrations of Gd and Y.

Refinement of set production after review of the
superconducting properties.

The maximum value of the trapped field indicates the quality
of the single grain since it is proportional to average critical
current density (J.) within the bulk of the sample. Figure 6(b)
shows the maximum trapped field value of each composition
of 4 samples at positions of 1 to 4 (BI-P1 to BI-P4) fabricated
in the first set. It can be seen that the maximum trapped field
of the combined element rare earth samples is, on average,
lower than that of the pure samples, YBCO and GdBCO
when the properties of the samples fabricated at positions 1 to
4 in the first set are compared directly. The trapped fields
measured in samples of a given composition are relatively
consistent. The outliers (sample 2 of 100% Gd and sample 4
of 0% GdBCO) exhibit trapped fields that are significantly
inferior to the other samples, which is due to the seeding
issues discussed earlier.

Figure 7 shows the critical superconducting transition
temperature (7,.) of the samples exhibiting the highest trapped
fields for each initial powder composition, as measured by
SQUID magnetometery. The measurement of critical temp-
erature, T, was achieved by the measurement of magnetic

moment as a function of temperature, as shown in figure 7(a),
in a small applied field of 0.002T. The onset 7, is the
temperature at which the sample loses its magnetic moment,
whilst the offset T, is the temperature at which the magnetic
moment starts to decrease. AT, is defined as the temperature
difference corresponding to that between the onset 7, and
90% of the offset T, as shown in figure 7(a). The T, and AT,
of the standard YBCO and GdBCO samples are similar to
those reported previously [37,38]. 7. of the samples with
combined Y and Gd elements all exhibit a single transition in
their T .-temperature curves, which indicates the presence of a
single superconducting phases in these samples [(Y-Gd)-
123]. T, appears to increase monotonically as the proportion
of Gd is increased, as shown in figure 7(b). The AT,, of all
specimens of all compositions in the study is less than 1K,
which indicates that the systems with combined Gd and Y do
not suffer significantly from the effects of Gd/Ba substitution
in the RE-123 phase matrix.

The magnetic moments of specimens at positions la, 3a,
1d and 3d in the first set samples with the highest trapped
fields were analysed using SQUID magnetometry and J. was
calculated using the extended Bean model using the data from
the magnetic hysteresis loops for each sub-specimen. J. was
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Figure 8. J—B curves of the sub-specimens at positions 3a for 5
different compositions.

observed to fluctuate from position to position within one
single grain and J. did not increase with the addition of
YBCO to GdABCO or with the addition of GdBCO to YBCO,
as can be seen from the J—B curves measured at sub-speci-
men positions 3a in figure 8. It is clear, however, that the J,.
values of the sub-specimens with combined Gd and Y ele-
ments are smaller than those of either pure YBCO or GdBCO
and there is no pronounced ‘peak’ effect in all these samples.
This suggests that a combination of rare earth elements does
not improve either J. or trapped field.

Figure 6(b) shows that (RE)BCO systems from the first
set of combined Gd and Y exhibit lower trapped fields than
either single-rare element composition. It is clear that the
values of the average J. of the first set of samples with
combined Gd and Y are relatively low. We can conclude,
therefore, that the combined element systems do not suffer
significantly from the effects of Gd/Ba substitution because
all values of AT, lie within 1 K. This suggests that one of the
factors that limit J.. is the size, number and distribution of flux
pinning centres in this study, but not the 7, and AT, of the
samples. Pinning centres are microstructure-related para-
meters, which, in turn, can be controlled by adjusting the
material processing parameters, such as heating profile. The
addition of Gd-123 and Sm-123 powders to YBCO to grow
single grains requires a refinement of the TSMG heating
profile, which is consistent with the report of Volochova et al
[15]. For this reason, a second set of combined (Gd-Y)BCO
single grain samples were produced in order to compare
the properties of the further refined samples to those of pure
YBCO and GdBCO. The second set of single grain
samples, 16 mm in diameter, for compositions containing a

—a— BI-Y50Gd50BCO

—»— BI-Y25Gd75BCO

—e— BI-GdBCO

- 4 - BII-Y75Gd25BCO

- » - BII-Y50Gd50BCO
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1050

1000
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Temperature ('C)

900 ’ . ’ r . ' . : A
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Figure 10. Heating profiles of two sets of the samples produced in
this study.

combination of Y and Gd elements were fabricated, therefore,
using a more rapid heating profile.

Figure 9 shows two samples of each composition fabri-
cated in the second set, 16 mm in diameter. The maximum
trapped field is indicated at the top of each photograph.
Figure 10 shows the heating profiles of all the samples in the
two sets. The newly adjusted values of Ty, Tgr and T3 for
samples BII-S1 and BII-S2, processed with combined Y and
Gd are also shown in table 1. It can be seen that the new
heating profiles for the samples with compositions
Y75Gd25BCO, 50Y50GdBCO and Y2575GdBCO are
shorter than that used for the first set for the equivalent
samples. An attempt to fabricate more samples was made in
the second set than is represented in figure 9, although the
failure rate was higher due to the much faster heating profiles,
which resulted in the more frequent formation of sub-grains.
Although the use of a slower cooling rate leads generally to
more steady single grain growth [39], as evidenced by the
initial attempt to grow a large number of (RE)BCO single
grains with combined Gd and Y elements in different pro-
portions, this may lead to increased liquid loss [40] and to an
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Figure 11. (a) Photographs of the microstructure of the samples with the compositions indicated at positions 1a and (b) photographs of the
microstructures of the samples with the composition at positions 1d, with distance through the thickness of the sample.

Figure 12. Photographs of the microstructures of sample Y50Gd50BCO at positions 1a to le.

increase in the size of RE-211 inclusions in the micro-
structure. The combined effects of these processes lead
directly to lower values of J. and to a reduction in the max-
imum value of trapped field.

The maximum trapped fields of the second set of samples
(BII-S1 and BII-S2) in figure 9 are indicated in figure 6(b) by
green diamonds and navy triangles, within the blue dashed
line. It can be seen that the trapped fields of samples 1 and 2
in the second set, BII-S1 and BII-S2, are higher compared to
samples in the first set, BI-P1 to BI-P4, of the same compo-
sition, suggesting that adjusting the heating profiles improves
the trapped field of these samples. As a result, all samples at
this stage exhibited a similar trapped field following refine-
ment of the heating profile of the samples with combined Y
and Gd elements, with additional improvements anticipated
with further optimisation.

Microstructural analysis

It was reported that J. in (RE)BCO bulk superconductors
varies in proportion to volume fraction of RE-211 [24],
although the particle size of RE-211 might be too large to
work effectively as pinning centres in some RE compositions.
Therefore, the microstructures related to RE-211 were
examined in detail using an optical microscope and SEM.
Figure 11 shows the microstructures of the samples
of different compositions at a magnification of x1000.
Figures 11(a) and (b) show photographs of sub-specimens at
positions la and lc or 1d, respectively. The photographs of
the YBCO (figure 11(a(1))) and GdBCO (figure 11 (a(5)))
samples at positions 1a and 1c (figures 11(b(1)) and 10(b(5)),
respectively) demonstrate clearly that the matrix is either
Y-123 or Gd-123 and that the inclusions are Y-211 and

Gd-211. The size and distribution of the Y-211 or Gd-211
particle inclusions is typical for these singe element, single
grain compositions. Usually the distribution of RE-211 fol-
lows a trend described by particle pushing/trapping theory
[41], which predicts very few RE-211 particles in the vicinity
of the seed, but with an increasing concentration and particle
size of RE-211 inclusions as the distance from the seed
increases. The reasonably large quantity of Y-211 or Gd-211
at the positions immediately beneath the seed (position la
figure 11(a)) is expected due to the use of a buffer pellet
[8,31]. In this case, the effective area beneath the seed extends
into the buffer, and the differences in RE-211 particle inclu-
sions features between photographs taken at positions la and
at Itc (or 1d) are, therefore, smaller.

However, it is interesting to see in the photographs of the
samples containing a combination of Y and Gd (figures 11(a
2))-(a(4)), (b(2))—(b(4))) the presence of large, circular
inclusions, which become larger when the composition of Gd
is increased. Overall, the number of inclusions in these ima-
ges is smaller than in those of either YBCO or GdBCO. A
possible explanation for this is that the RE-211 particles are
larger when slower heating profiles are employed due to
Ostwald ripening in the Ba—Cu—O liquid [42] that occurs at
elevated temperature. Therefore, the microstructures of the
single grains fabricated in the second set of samples were also
examined. Figure 12 shows the microstructures at a magni-
fication of x1000 of the sample with composition
Y50GdS0BCO melt-processed in the second set at different
positions along the c-direction from positions la to le.
Comparing with the sample fabricated in the first set at
positions la (figure 11(a(3))) and 1d (figure 11(b(3))), it can
be seen that the large inclusions still exist but are fewer in
number. In addition, the shapes of these large inclusions are
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Figure 13. (a) Back-scattered diffraction image of the microstructure of sample Y25Gd75BCO and (b) The same sample under higher

magnification.
Table 2. EDX spectra of the sample 25Y75GdBCO in figure 13(b).

(0] Cu Y Ba Ce Gd Gd+Y Total
Areas  Description (at%) (at%) (at%) (at%) (at%) (at%) (at%) (at%)
42 Bright area inclusion 5525 1359 326 1274 0.12 1504 183 100
43 Grey Inclusion 5559 1291 563 1269 0.08 13.11 1874 100.01
44 Dark Area/Matrix 52.52 2195 305 1634 O 6.15 9.2 100.01
45 Grey inclusion 5554 1122 6.78 11.89 024 1433 21.11 100
46 Bright area bridging two greys 55.14 13.13 3.65 12.88 0.05 152 18.85  100.05
47 Dark Area/Matrix 52.37 2153 337 16.06 0.16 6.5 9.87 99.99

more irregular and are not very circular, and a greater number
of smaller particles are present. J,. is highly dependent on the
single grain microstructure and is proportional, in general, to
the volume fraction of the RE-211 particle present (at least for
relatively low RE-211 concentrations). The composition of
RE-211 is fixed in the precursor, and J,. increases, in general,
both with increasing RE-211 density and decreasing RE-211
particle size [22,24,43]. The time used to grow the second set
of samples was reduced roughly by 10 h, which can be seen in
figure 10, and this leads to a reduced average size of RE-211
inclusions and therefore to an improved average J. and, in
turn, to improved trapped fields.

Chemical compositions of the matrix and the inclusions of the
single grains containing combined Y and Gd

The microstructure and composition of the sample with
combined Y and Gd was analysed using an SEM with a back-
scatter detector and Energy-dispersive x-ray spectrometer
(EDX). Figure 13(a) shows the general features of these
samples with combined RE elements. It can be seen from the
contrast of the images that the inclusions do not have a uni-
form chemical composition. Some particles have a single
colour (which suggests a single composition), whereas others
have either a lighter or darker core within their interior. EDX
was used to determine the relative concentration of chemical
elements present in each sample in an attempt to understand
the approximate chemical composition of the selected areas,
as shown in figure 13(b).

The results of EDX on all 3 samples fabricated with
combined Y and Gd indicate that the matrix contains both Y
and Gd elements when the precursor contains both Y and Gd.
Table 2 shows an example of the results obtained for sample
25Y75GdBCO. This suggests that the matrix of the sample
contains both Y and Gd elements (spectra 44 and 47) and that
the chemical formula approximately to RE(Y-Gd)-123. The
matrix has been established to be superconducting from
the supporting 7, and J. measurements, suggesting it to be the
superconducting, orthorhombic RE-123 phase. The single 7.
transition and single peak in present in the DTA curve sug-
gests further that (Y-Gd)-123 is, indeed, a single phase. The
composition of (Y-Gd)-123 is relatively uniform according to
these results (spectra 44 and 47). However, the Gd element is
the more dominant composition (roughly Gd:Y = 2:1 in
atomic ratio) in the matrix, which is lower than the overall
composition of Gd in the sample in figure 13(b)
Y25Gd75BCO.

The results of EDX also suggest that the inclusions are
not simple RE-211 particles. The light region in the inclusions
are rich in Gd (spectra 42 and 46) and the dark regions are
rich in Y (not shown in this figure). Therefore, the inclusions
in the samples with combined Y and Gd could be either
Y-211, or Gd-211 or (Y-Gd)-211 with a Gd-211 or Y-211
core. Every particle could be of a different composition with a
general formula of (Y-Gd)-211, which is consistent with
spectra 42, 43, 45 and 46. The Gd element is a more dominant
composition due to the overall composition of Gd in the
sample in figure 13(b) Y25Gd75GdBCO, although the atomic



Supercond. Sci. Technol. 33 (2020) 035003

Y Shi et al

proportion between Gd and Y changes from Gd: Y = 5: 1
[spectra 42 (15.04 : 3.26) and 46 (15.2 : 3.65 )] to 2: 1
[spectra 43 (13.11 : 5.63) and 45 (14.33 : 5.63 )].

The presence of a combination of Gd and Y in discrete
phases, and regions that are Gd-rich or Y-rich within the RE-
211 particles is similar to that found in the other two systems
(Y75Gd25BCO and Y50Gd50BCO). The same phenomenon
has also been reported in combined-element (Dy, Y)BCO
bulk superconductors [16]. The divergence of the composi-
tion of the (Y-Gd)-211 inclusions and the precursor powder
25YGd75BCO may be because the growth of a single grain
with a combination of rare earth elements is not exactly the
same as the growth of a system only containing one rare earth
element, such as Y or Gd.

Both Y-123 and Gd-123 phases decompose to
Y-211 4+ Ba3zCusOg and Gd-211 4+ BazCusOg when the
pellets are heated up to T,. The DTA results show that there
is only one peak associated with these systems, suggesting
that the chemical reaction at the equilibrium state should be
(Y + Gd)-123 (i.e. one single phase), which is the same as
that observed by mixing Nd, Eu with Gd [27,44] and by
mixing Nd with Eu over the full compositional range [14].
(Y + Gd)-123 then decomposes peritectically to form
(Y-Gd)-211 4 BazCusOg, with the proportion of the
Y + Gd being the same as that within the precursor powder.
A longer holding time at 7,, helps the system to reach the
equilibrium state. However, it is not possible to maintain
the decomposed sample at 7,, for an extended period due to
the loss of liquid during the single grain fabrication process.
The phases present at T, are (Y + Gd)-211, Ba3CusOg and
Y-211 and Gd-211 given that extra Y-211 and Gd-211 was
added to the precursor powder, with the particle size of the
added, single-element RE-211 compositions influencing sig-
nificantly that in the sample microstructure. The (Y + Gd)-
211 present at T,,, however, arises from the decomposition of
the (Y + Gd)-123 phase, which might originate from either
Y-123 + Gd-123 or Ba;CusOg + (Y-211 + Gd-211) in the
raw materials. The existence of three distinct types of RE-211
phase in the system with combined rare earth elements is the
main difference compared to single-element RE systems.

Reversal of the peritectic reaction initiates single grain
growth on cooling;

(Y — Gd) — 211 4 BazCusOg — (Y + Gd) — 123

with the remaining (Y + Gd)-211, Y-211 and Gd-211 coa-
lescing to form either single phase Y-211 or Gd-211, or a
cored structure. As a result, the probability of growth into a
larger RE-211 particle is greater than in a (RE)BCO system
containing a single RE element. These inclusions are ulti-
mately trapped within the solid RE-123 phase matrix. We can
also see that the pushing/trapping effect is not apparent in
figure 12 given that the RE-211 particle sizes and distribu-
tions look very similar across positions la to le. This is
confirmed by the J.—B curves, which also fail to exhibit a
significant trend, as described earlier. The reason might be
that the RE-211 particles, which cannot be treated effectively
as inert particles in a multi RE element composition, are no

longer being pushed/trapped, but instead grow onto each
other.

It was also observed that the number of (Y-Gd)-211
inclusions in figures 12 and 13 are lower than is observed
typically for Y-211 or Gd-211 in standard, single-RE element
YBCO or GdBCO. This is because the nucleation sites for the
RE-211 particles, which form from the decomposition of the
RE-123 phase at a pro-peritectic (melting) stage, are fewer.
The number of nucleating sites is determined mainly by the
concentration of the RE-211 phase in the precursor powder
[10]. The Ba3zCusOg flux (i.e. the liquid phase that dissolves Y
or Gd) formed at T,, is essentially the same for all composi-
tions investigated, given that the ratio of the molar percentage
of the RE-123 and RE-211 phases is the same in each case.
This yields a reduced number of nucleating sites and, there-
fore, makes the growth of RE-211 particles easier, compared
to pure YBCO or GdBCO.

In summary, the compositional analysis of the RE-123
phase matrix and inclusions within samples containing both Y
and Gd suggests that these elements can co-exist either in the
matrix and within RE-211 inclusions. However, the RE-211
inclusions in single grains containing both Y and Gd are
fewer and larger compared to pure YBCO or GdBCO, which
explains potentially why the multi-RE element single grains
exhibit lower trapped fields. (Note that flux pinning in tapes
and thin films is likely to differ significantly from that in bulk
materials given the general absence of RE-211 inclusions in
the former.)

Conclusions

Mixed rare earth single grain superconductors containing Y
and Gd have been grown successfully with a range of com-
positions. This was achieved by via DTA analysis to optimise
the heating profile used during the top seeded melt growth
process.

Significantly, the presence of a single DTA peak in the
peritectic decomposition of every ratio of (Y 4+ Gd)BCO
studied in this investigation suggests that Gd and Y act
consistently as a single phase in the (RE)BCO composition.
As expected, the peritectic temperature of the precursor
powder increases when Gd content is increased. In all sam-
ples, the measurement of 7, using temperature-magnetisation
curves exhibits a single superconducting transition. Micro-
structural and compositional analysis via SEM and EDX
analyses indicate further that Y and Gd co-exist in the RE-123
phase matrix. Taken together these results provide strong
evidence that a single superconducting phase of combined
(Y + Gd)-123 composition is formed and can behave as a
solid solution.

Fewer and larger RE-211 inclusions of diameter up to
8 pm are observed in the combined rare earth (Y + Gd)-123
phase matrix via both optical and scanning electron micro-
scopy, even when faster heating profiles are adopted. EDX
confirms the presence of a variety of RE-211 phases; Y-211,
Gd-211 and (Y-Gd)-211, containing either an inner core of
Y-211 and a surrounding Gd-211 layer or vice versa, in these
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inclusions. The coarsening mechanism of these RE-211 par-
ticles may be due to their favourable growth into one another,
resulting in the formation of fewer, and larger particles.

The trapped fields of the combined rare earths bulk
superconductors are comparable with those of standard sam-
ples containing pure Gd and Y after adjustment of the heating
profiles. The formation of large inclusions of (Y-Gd)-211 that
are not able to pin magnetic flux effectively explains the
lower measured J. and trapped fields in these samples. It
cannot be ruled-out, however, that combining RE in single
grains could still improve J., although clearly some fine-
tuning to reduce the size of the RE-211 inclusions would be
required.

In summary, this study has shown that there are no sig-
nificant difficulties in growing single grains with a combi-
nation of Y and Gd elements across the full compositional
range. The superconducting properties of these multi-RE
element compounds, however, are inferior to those of pure,
single-RE element systems due mainly to the presence of
larger sized (Y-Gd)-211 particles, which form when mixed
rare elements Y and Gd co-exist during the melt process.
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