J. Am. Ceram. Soc., 72 [10] 1977-79 (1989)

Journal

Reaction Sequencing During Processing of the

123 Superconductor

William J. Thomson,* Hong Wang. David B. Parkman, and Dong X. Li
Department of Chemical Engineering, Washington State University, Pullman, Washington 9NM64-2710

Reaction sequencing studies were

conducted for two precursors to the

123 superconductor in air and helium
environments. In air, the reactants in
both precursor systems produce an
intermediate 123 phase at 1000 K with-
out going through the BaCuO, and
Y,BaCuO; intermediate phases, ob-
served in earlier work with mixed
powder precursors. In helium, the
fully developed 123 tetragonal phase
is formed at temperatures as low as
880 K, but it also decomposes to
Y,BaCuO,;, BaCu,0,, and BaCuO,;
the extent of decomposition depends
on the temperature. The 123 tetrago-
nal phase completely decomposes by
1075 K, but it can be reformed if the
atmosphere is switched back to air at
a temperature above 950 K. [Key
words: superconductors, yttrium, bar-
ium, processing, precursors.]

THERE may be a number of reaction-

kinetic paths leading to the synthesis of
the YBa,Cu;0;_, (“123”) superconductor.
Some of these paths could lead to alter-
nate processing routes with concomitant
changes in the physical properties of the
final product. For example, Rha et al.'
showed that the time required for the for-
mation of the tetragonal phase of the
123 superconductor and the subsequent
sintering process could be considerably re-
duced if processing were conducted in an
oxygen-free environment. More recently,
Horowitz et al.” reported that, when an
inert environment was employed, a variety
of sol—gel precursors can lead to forma-
tion of the 123 phase below 1000 K, re-
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sulting in sharp T, values and smaller
grain sizes. It is also known that the 123
superconductor can be formed as thin

films under processing temperatures that -

are below 900 K.>* This temperature is in
contrast with the high temperatures
(~1200 K) that are needed for the conven-
tional solid-state synthesis of 123 super-
conductor from Y,0;, CuO, and BaCO;.
To date only two systematic studies
have been reported on the reaction se-
quences that lead to the formation of the
123 superconductor during typical pro-
cessing conditions. Ruckenstein et al e
analyzing air-quenched samples with
XRD, investigated the reaction pathways
and kinetics for the formation of the
123 phase and found that decomposition
of BaCQ; was the rate-limiting step. They
subsequently proposed and studied two-
step procedures by forming BaCuO, in a
first step to achieve rapid formation of the
YBa,Cu;0;_, compound in a second step.
Gadalla and HeggS studied the kinetics of
123 formation using TGA and DTA analy-
ses and concluded that the formation and
decomposition of the 123 compound fol-
low six overlapping steps that are all dif-
fusion controlled. Both of these studies
employed powder mixtures and were con-
ducted in an oxygen-containing environ-
ment. Furthermore, Ruckenstein et al.’
reported that their powders tended to ag-
glomerate, resulting in heterogeneous
product formation as a consequence of
macroscopic diffusion limitations. In this
paper we report on the use of in-situ dy-
namic XRD to follow the reaction se-
quences that lead to the formation of the
123 superconductor from two differ-
ent precursors and under both oxygen
and oxygen-free conditions. The use
of dynamic XRD avoids the necessity
of quenching and of the use of indirect
measurements, such as mass or enthalpy
changes, thereby providing unambiguous
observations of the crystalline transforma-
tions as they occur.” In addition, the pre-
cursors were prepared to produce reactant
mixing on a nanometer scale, thus mini-

1977

Seattle, Washingfon 98195

mizing the effects of mixed powder diffu-
sion problems.

EXPERIMENTAL APPROACH
Materials

Precursors to the 123 superconductor
were prepared from both citrate gels® and
“flashed nitrates.” In the former case, stoi-
chiometric amounts of the acetates of yt-
trium, barium, and copper were dissolved
in a mixture of citric acid and ethylene
glycol, which was heated at 440 K and
then diluted with distilled water. Water
was gradually removed by heating the
solution at 350 K. The resulting viscous so-
lution was dried in an oven at 340 K for
2 d and then ground to a fine powder prior
to experimentation via dynamic XRD. The
flashed nitrate precursor was prepared by
a “flashed” carbothermal reduction of the
nitrate salts to produce intimately mixed
Y,0,, CuO, and BaCO,. That is, the
nitrates were reduced to the oxides by
exposing them to organic carbon at tem-
peratures in excess of 900 K.

Procedures

All experiments reported here were
conducted by dynamic XRD, which has
been described in detail by Thomson.’
Finely powdered samples were placed as
thin beds (~100 um thick) on an Inconel
heating strip* and then subjected to vari-
ous temperature—time programs under both
oxygen-free and oxygen-containing (air)
environments. All samples were initially
heated at 5 K/min in either air or helium
to 800 K, at which point a series of non-
isothermal and isothermal experiments
was conducted. The maximum tempera-
ture was limited to 1125 K to avoid unde-
sirable reactions between the sample and
the strip. In all cases the primary reflec-
tions of the individual species were
recorded, i.e., CuO(111), BaCO,(111),
123(103,110), BaCu0,(600), and
BaCu,0,(103).

RESULTS
Initial XRD scans of the two pre-
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Fig. 1.

cursors are different in the sense that the
citrate gel is completely amorphous,
whereas the flashed nitrate gel exhibits a
strong reflection of the rhombic phase
of BaCO; and somewhat weaker reflec-
tions for both CuO and Y,0;. As shown
(Fig. 1), with the citrate gel, there is some
crystallization of the CuO and BaCO;
prior to the formation of an intermediate
123 phase (labeled, “123 INT” in Fig. 1)
at about 1000 K, whereas the flashed ni-
trate reactants remain invariant to this
point. The reactivity of the citrate gel is
somewhat higher, probably due to the
smaller particle size of BaCO;. In both
these experiments, the intermediate
123 phase which is formed has a tetragonal
structure, but there is no evidence of the
splitting which is indicative of a fully de-
veloped 123 tetragonal phase, even under

the most severe conditions employed, i.e., .

1125 K for 1 h. A similar structural devel-

opment was also reported by Chu and

Dunn® in their citrate process at tempera-
tures between 1173 and 1223 K. Similar
123 peak shapes were also observed by
Kinoshita et al.," for an oxygen-rich te-
tragonal 123 phase and by Okamura
etal.,"" and Sato et al. " for metal-deficient
123 phases. Unlike the previous reaction-
sequencing work,”® there is no evidence
in either precursor of the presence of
Y,BaCuQ; (the “211” phase) as an inter-
mediate. Obviously, the reaction path is
influenced by the existence of interparticle
diffusion, which played a dominant role in
the mixed powder systems utilized in both
of the previous studies.

In contrast with the experiments con-
ducted in air, the fully developed 123 te-
tragonal phase began to form from the
citrate gels at temperatures as low as
890 K when a helium environment was
used, provided that complete burnout of
organic materials was achieved. Burnout
was accomplished easily by holding the
sample in air at 850 K for 10 min. Similar
resuits were also obtained with the flashed
nitrate precursor, except that the initial
formation temperatures were about 60 K

Reaction sequencing for two precursors (in air, 5 K/min).

higher. Well-split, fully developed tetrago-
nal peaks (103,013, 110) were achieved
within 15 min with both precursors at
1000 K, and there was no further change
in the characteristics of this peak after
holding for as long as 12 h. However, in
none of these experiments were we able to
form the fully developed orthorhombic
phase when the high-temperature phases
were cooled in either air or oxygen. The
closest approach to fully developed ortho-
rhombic 123 was achieved in a citrate gel
run, which was heated in helium (after
burnout) to 1000 K and held for 12 h be-
fore switching to air at 950 K. The room-
temperature XRD scan indicated a small
shoulder (013) in the major reflections
(103, 110) and clear separation of second-
ary reflections (006, 200). Magnetic sus-
ceptibility measurements of this sample
exhibited a broad T, starting at about
84 K.

Although it is true that an oxygen-
free environment produced the tetragenal
123 phase at much lower temperatures, it
rapidly decomposed to the 211 phase, as
shown in the nonisothermal dynamic XRD
data in Fig. 2. In fact, the 123 phase to-
tally decomposed by 1110 K, accompanied
by the formation of BaCu,0,, smaller
quantities of BaCuQ,, and the 211 phase.
This behavior was observed in both pre-
cursor systems at essentially identical tem-
peratures. Although the formation of
BaCu,0; has been reported by Aselage
and Keefer” as a consequence of reactions
(in air) of CuO with both the 123 phase
and BaCuO,, it has not been observed
previously as a decomposition product of
the 123 phase. Further insight into this
particular reaction sequence can be ob-
tained by observing the sequencing that
occurred when the environment was
switched to air. When this was done at
825 K (Fig. 2), BaCu,0, completely dis-
appeared; the BaCuO, peaks increased;
and CuQ, BaO, and BaCO, formed (not
shown). On the other hand, after the
123 phase had totally decomposed (at tem-
peratures greater than 1100 K), it was

found that the tetragonal 123 phase could
be completely recovered whenever the en-
vironment was switched back to air at
temperatures above 950 K.

DiscussION

The powder mixture studies by Ruck-
enstein et al.” and Gadalla and Hegg® con-
cluded that the reaction series leading to
the formation of the 123 superconductor
are diffusion controlled, with BaCuO, and
the 211 phase as intermediate species.
However, because of the more intimate
mixing of reactants in the precursor sys-
tems used in this work, diffusion lengths
are reduced to nanometer dimensions,
leading to lower reactant temperatures>®"
and a different reaction pathway. In air we
observe the formation of an intermediate
species which has a tetragonal structure
very similar to the tetragonal 123 phase
without peak splitting at 0.275 nm (i.e.,
a=b~c/3). It is likely that this phase is a
nonstoichiometric form of the tetragonal
123 phase with a high oxygen content
where large oxygen atoms in the structure
prevent the rapid diffusion required
to form the fully developed tetragonal
123 phase.®'® This phase is not observed
in an oxygen-free atmosphere because
of increased atomic diffusion as a result
of high oxygen vacancy concentration
or an expanded lattice, as suggested by
Rha et al.’

Based on the measurements con-
ducted here, the sequential decomposition
of the tetragonal 123 in an oxygen-free at-
mosphere appears to be

2YBa,Cu,0;_,—2BaCu,0,+
BaCuO,+Y,BaCuOs+(3 —x)0, 6]

which is reversible at temperatures above
950 K. The presence of even small quanti-
ties of the decomposition products would
explain the inability of forming fully de-
veloped orthorhombic 123 after producing
the tetragonal phase in an oxygen-free at-
mosphere. In air atmospheres, 123 decom-
position does not occur until much higher
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temperatures (>1275 K) and BaCu,0, is
not produced.” If reaction (1) goes to
completion and air is not introduced until
825 K or lower (typical oxygen annealing
temperatures), we would observe further
decomposition, which is consistent with
the following reaction sequences:

BaCu,0,+30,~>BaCu0,+Cu0 )
BaCuO,—~Ba0+Cu0 3)
BaO+C0O,—BaCO, 4)

The successful route to formation of the
orthorhombic 123 phase via oxygen-free
calcination at lower temperatures is depen-
dent on the ability to reverse reaction (1),
which can only be achieved by switching
to air at temperatures above 950 K.
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