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Zero resistivity at 125 K has been observed for the first time in
bismuth system with the nominal composition Bi, ,sPby ;55r,Ca,
Cu30,4, ; by applying a novel autoignited combustion process. The
thermal decompuosition characteristics of the gel and the sequence
of formation of the superconducting phases are described. This
combustion process is very simple, convenient, and nonexplosive,
as well as economical for large scale production, of fine powder
samples with higher degree of homogeneity, excellent sinterability,
and reproducibility. The low T_ and the high T_ phases started
forming at temperatures as low as 750 and 800°C, respectively.
Powders formed have an average agglomerate size of around
0.8 pm. © 1994 Academic Press, Inc.

INTRODUCTION

Since the discovery of the bismuth oxide superconduc-
tors by Maeda er al.and others (1-4) with critical transi-
tion temperatures (7. at about 20 K for Bi,Sr,CuOy,,
(22013, 80 K for Bi,Sr,CaCu,0q,; (2212) and 110 K for
Bi,51r,Ca,Cu,04y,; £2223), known as the so called ' Polyty-
poids,” extensive research has been carried out to stabi-
lize or isolate these three different phases. Particularly,
the highest transition temperature of the 2223 phase has
encouraged researchers to focus their attention on how
to stabilize or increase the volume fraction of this phase
to enhance the critical temperature of the samples. There
have been a number of successful attempts in many labo-
ratories in this regard (5~-9). The general conclusion that
emerges from these studies is that Pb substitution en-
hances the relative proportion of 2223 phase in compari-
son to that of the low 7 2212 phase. Nevertheless, there
has been only limited success so far in synthesizing the
single phase bulk samples of 2223 phase with T, > 110 K,
although there have been a few studies on the effect of
Sb addition to the bismuth system suggesting that the T,
can be raised to as high as 140 XK (10-14). A similar result
of T, enhancement has also been observed by Sastry et
al. (15) but their sample was of a multiphasic nature.
Without antimony, Wilheim and Eibl (16) detected a tran-
sition with 7, = 114 K and Takada et al.(17) detected a

phase with 7. = 117 K in the Bi-Pb-Sr-Ca-Cu-0 sys-
tem. Further, Dissanayake er al. (18} succeeded in getting
T, at 120 K in the bismuth system by subjecting the pellet
samples to an extra annealing schedule. Hence it is appar-
ent that the true T, of 2223 phase can be enhanced to as
high as 140 K and the values very often quoted do not
represent the optimum value.

High T, ceramic superconductors are normally pre-
pared by the solid state reaction of mixtures of oxides
and carbonates at a high temperature. With the aim of
avoiding the disadvantages associated with the classical
ceramic preparation method, several research groups
have developed various chemical routes such as the
sol-gel process (19-22), coprecipitation method (23),
spray-pyrolysis (24), precursor matrix method (15, 25),
citrate gel process (26-30), and combustion processes
(31-33) for this purpose. The citrate gel process compara-
tively is found to be highly promising and was originally
developed to obtain complex oxides and later on for get-
ting perovskite oxides, spinels (34-37) and high T, super-
conducting oxides {38-40}.

A modified citrate process termed as the “‘autoignited
citrate gel process’™ was earlier developed in our labora-
tory, for the preparation of YBCO superconductor (41),
In this investigation the process is further improved
and applied to bismuth superconductors. Briefly, this
process involves a low-temperature initiated combustion
process, which makes use of the heat energy liberated
by the exothermic anionic oxidation reduction reaction
between the citrate and nitrate tons. This combustion
reaction undergoes a self-propagating and nonexplosive
process, which is safe and instantaneous compared to
other combustion processes (31~33). Also, this process
is rapid and simple compared to the sluggish amorphous
citrate process, which requires extensive thermal treat-
ment. Moreover, this method produces materials with
low levels of residual carbon and, hence, is attractive
for getting compositionally homogeneous powders with
large surface areas.

The present work is also aimed at studying the thermal
decomposition behavior of the precursor materials as well
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as the reaction mechanisms of Pb-containing bismuth sys-
tems before and after thermal treatment by TGA, DTA,
IR, XRD, etc,

EXPERIMENTAL

Powder Preparation

All chemicals used were of a high purity grade. Stock
solutions of metallic nitrates in the desired proportions
were mixed with an aqueous solution of citric acid. The
metallic solutions were mixed in the ratio Bi:Pb:Sr:
Ca:Cu=1.75:0.25:2:2:3. One gram mole of citric acid
was used for each gram mole of metal ions. Here the ratio
of citrate to nitrate was fixed around 0.45. Ethylenedi-
amine was added dropwise into the solution with constant
stirring until the pH reached 6. Ethylenediamine served
two principal purposes: it acts as an additional fuel for
controlling the combustion process and also as an efficient
complexant to prevent inhomogeneous precipitation of
individual components prior to combustion. The mixed
solution was stirred magnetically in a hot plate maintained
at a temperature of 80-90°C. The stirring was stopped
when the liquid turned viscous, but the heating was con-
tinued, The viscous liquid began to set into a gel with
color change from blue to light blue and finally to green.
During the formation of the gel the temperature of the
system increased slowly and reached around 130°C. On
further heating the green gel started to foam, and swell
and when the temperature reached around 170°C, the dry
gel caught fire on its own with the appearance of glowing
flints and evolution of a large amount of gases. This self-
sustaining spontangous combustion process was com-
pleted within a few seconds producing brownish yellow
ash. The powder ash consisted of very light and homoge-
neous flakes with very small particle size. It was interest-
ing to note that unlike other combustion processes
(31-33), the autocatalytic combustion occurred in this
case irrespective of the heating rate, stoichiometry, and
mass to volume ratio of the combustion mixture. More-
over, since this process is nonexplosive, extra caution
was not necessary to avoid vigor of the reaction.

Characterization of the Products of Reaction

Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) were carried out in a Shimadzu
TG 50 and DTA 50 unit, at a heating rate of 10°C min™*
in static air and flowing argon atmospheres, to understand
the pyrolysis of the precursor material. IR spectra were
used to identify the intermediates formed during pyrolysis
and were recorded on a Jasca 700 spectrometer with KBr
peliets. The identification of various phases formed during
calcination and siniering were carried out using X-ray
diffraction analysis in the range 5 to 50° (26) in a Phillips
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FIG. 1. (a) TG of the gel in static air, {b) DTA of the gel in static

air and (¢) TG of the gel in flowing argon.

diffractometer (PW 1730) with CuK« radiation. Particle
size analysis was done in a Micromeritics Sedigraph
5100 unit.

Pellets of the 2223 phase for resistivity measurements
were obtained by sintering the pressed powders at 845°C
for various timings employing a heating and a cooling
rate of 100°C hr~1. The temperature dependence of the
electrical resistance of the sintered specimen was mea-
sured by the standard four-probe method, using air drying
silver paint for the electrical contacts. Kicthley Nano-
voltmeter and programable power supply were used for
the purpose. The specimens were cooled inside an Oxford
Instrument Model CN 1710 liquid nitrogen cryostat fitted
with an ITC 4 programable temperature controller. The
fracture surface of the sintered specimen was observed
using a Stercoscan 250 scanning electron microscope per-
forming at 20 kV.

RESULTS AND DISCUSSION

Thermal Characierization of the Gel and the Ash

Figures la-lc show the thermograms of the green gel
collected prior to combustion. Figures 2a and 2b depict
the thermal changes of the ash powder collected after the
autocombustion process. An interesting feature of the TG
curve in Fig. 1a is an almost single step decomposition
behavior of the gel which starts at a temperature of 174°C.
This is in contrast to a multistep decomposition behavior
normally observed for the citrate gels (31, 35, 38, 39).
This single step decomposition behavior associated with
a very sharp and intense exotherm (Fig. 1b) is a clear
indication of an autoignited combustion process. This au-
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FIG. 2. (a) TG and (b) DTA of the ash powder in air.

tocombustion arises from a highly exothermic anionic oxi-
dation reduction reaction between citrate and nitrate ions,
the rate of which is controlled by the presence of ethylene-
diamine. As also evident from DTA the onset of this
combustion process starts around 174°C and as a result
of this combustion process the temperature of the system
as a whole increases to 275°C as shown by DTA peak
temperature. Once the combustion process is over, the
temperature comes down quickly to the normal condition
{217°C as noted on the DTA curve). This type of an auto-
catalytic combustion reaction between citrates and ni-
trates is observed for the first time in these systems. A
similar kind of autocatalytic combustion has been ob-
served earlier in a few other systems of this kind (41, 42).
Further, TG of the gel in flowing argon atmosphere shows
that (Fig. 1c) irrespective of the oxygen partial pressure
the autocatalytic combustion occurs, which further sup-
ports this oxidation-reduction reaction.

Figure 1 also indicates that in addition to the autoigni-
tion step, a relatively small second decomposition step
occurs at around 440°C associated with a broad exotherm.
The decomposition of the gel appears to be complete
within 600°C.

TGA curve of the ash after auto ignition (Fig. 2a) clearly
shows that there is practically no carboxylate moiety left
in the ash as the weight remains almost constant up to
350°C. The weight loss observed in the region 500-780°C
is related with the elimination of residuval carbonates. The
corresponding DTA curve also shows two exotherms
around 385 and 660°C respectively. The exotherm around
660°C might be due to carbonate decomposition together
with the formation of the complex oxide phases. Other
endotherms at 813, 837, and 8%90°C represents crystalliza-
tion and melting of these phases. Comparison of the Figs
1 and 2 indicate that when the dried gel is heated slowly
inside a thermal apalyzer, it decomposes into a constant

weight within 600°C. On the other hand when the gel is
allowed to burn on its own on a hot plate the ash contains
small amounts of residual carbonates which takes slightly
higher temperature (up to 780°C) for their complete re-
moval.

Physical Characterization of Ash and
Calcined Powders

Figures 3a-3e represents the IR spectra of the gel, ash,
and its various calcination products. The spectrum of the
“‘as dried” gel (curve a) shows peaks with characteristic
frequencies of ionic nitrates and carboxylate ions. The
spectrum of the ash sample {curve b) shows the typical
carbonate vibrations at ~1473 cm™! (triply degenerated
stretching mode V,), ~875-860 cm ™! (doubly degenerated
stretching mode ~V,) and 710 cm™! (triply degenerated
bending mode V,} respectively, and also a broad band
below 700 cm™! assigned to metalloxane bands. IR spec-
trum of the 600°C calcined sample (curve ¢) also retains
the fundamental vibration bands of the carbonate CO3™.
However, beyond 600°C the band intensities decrease
monotonically and approach zero above 750°C (curve d).
A spectrum of the B00°C calcined sample does not reveal
the presence of any carbonate indicating clearly the com-
plete decomposition of the carbonate at this stage. The
observed IR bands indicating the presence of carbonates
as intermediates 1s in accordance with what has been
reported very recently by Lee ef af. (43).

The results of phase identification for the ignited ash
and the calcined powders by X-ray diffraction analysis
are shown in Fig. 4. The ignited ash is already a mixture
of reactive oxides and carbonates with trace amounts of
the 2201 phase. The XRD pattern of the ash obtained in
this investigation is almost identical to that of the powder
calcined at 600°C in a sol-gel process reported earlier
(18), which indicates that calcination steps up to 600°C
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FIG. 3. The IR spectra of (a) as dried gel, (b) ash after autoignition
(¢} ash calcined at 600°C/4 hr (d) ash calcined at 750°C/4 hr, and (e) ash
calcined at §00°C/4 kr.
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FIG. 4. X-ray diffeaction patterns of ash (a) after autoignition, (b)
calcined at 600°C/4 hr, {¢) calcined at 750°C/4 hr, and (d) calcined at
BOO°C/4 hr. @ 2223, x 2212, O 2201, © Ca,PbO,, A CuQ, A Ca,CuQ;,
<4 Bi,0;, < CaCQ;, O 8¢CO;.

can be avoided in this case. When the ash sample was
fired up to 600°C for 4 hr, Ca,PbO,, Ca,Cu0,, Cu0, and
Bi,SryCu0y,; (2201) were detected as the major phases
(Fig. 4b). 2201 was found 10 be the major phase in the
750°C/4 hr calcined sample with small amounts of 2212
as the secondary phase (Fig. 4c). As the sample was cal-
cined at 800°C/4 hr, 2201 decayed completely resulting in
the formation of Bi,Sr,CaCu,0y, ; as the major phase with
small amounts of Bi,Sr,Ca,Cu;0,,.; (2223) phase (Fig.
4d). The low T, phase (2212) may be produced by the
reaction of 2201 phase with Ca,CuQ,; and copper oxide
(since they have shown a reduction in intensity). The
significant point here is that the high T, phase has started
forming as early as 800°/4 hr, although the intensity is
much less. This temperature is remarkably lower than
that has been reported earlier for the initiation of the
phase formation (13, 14, 18, 19). Moreover from the XRD
patterns presented later in Fig. 9a, it is clear that the 2223
phase formation is more or less complete by 48 hr of
sintering at 845°C. Beyond 850°C, 2223 phase decomposes
further to form 2212 and thereby decreasing the volume
fraction of the 2223 phase. The further the temperature
deviates upwards from 845°C the less is the volume frac-
tion of the 2223 phase present.

Figure 5 depicts the results of DTA of the powders

calcined at various temperatures. Figure 5a represents
the DTA of the powder calcined at 600°C. The broad
exotherm around 730°C might represent the decomposi-
tion of carbonates followed by some reactions leading to
phase formation/crystallization. The small endotherm at
825°C represents the melting of Ca,Pb0),. The endotherm
at 895°C is attributed to the melting of 2201 phase. The
endotherm at 960°C might be due to melting reaction of
residual materials (37). The DTA of the 750°C calcined
powder (Fig. 5b) also shows endotherm at 895°C indicat-,
ing the melting of 2201 phase and thercby indicating the
presence of 2201 as the major phase. For the 800°C cal-
cined sample the onset of melting starts around 853°C and
this lower melting point clearly indicates the presence or
incorporation of Pb into the lattice. It also indicates that
beyond 850°C the phase is unstable and it decomposes to
other higher melting phases. For the sample sintered at
845°C for 120 hr (which is found to be the homogeneous
2223 phase), the onset of melting starts around 850°C
and beyond 870°C, it decomposes and forms other high
melting phases as evident from the DTA. The observed
melting temperatures are in accordance with the pre-
viously recorded values (19, 44-47), The experimental
results clearly indicate that the phases identified by XRD
are in accordance with those determined by IR and also
corroborate the DTA results. Thus it is evident that the
high 7, phase is produced through the lwo T, phase which
was formed as an intermediate reaction product and also
as a precursor of the high T, phase.

Based on the observed experimental resuits a tentative
reaction path for the formation of the Pb doped 2223 phase
including the possible intermediate phase formations may
be proposed as follows:
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FIG. 5. The DTA of the various calcined and sintered products (a)
600°C/4 hr, (b) 750°C/4 hr, (c) 800°C/4 hr, and (d) 845°C/120 hr.
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Precursor gel
l Autoignition
~170°C
Bi,0; + Cu0 + CaCO; + Bi,Sr,CuOq,; (ash)
l =600°C
Ca,PbO, + CaCO; + SrCO,; + Cul
+ Ca,Cu0; + BiL,Sr,CulO_

l 600-750°C
Ca,PbO, + CuO + Ca,CuO; + Bi,Sr,Cu0y,
l 750-800°C
Bi,Sr,CaCu,04,5 + Ca,PbO, + CuO + Ca,Cu0,
800--840°C
Bi, 7sPby »551,Ca,Cu;0,,, 5, + Bi,SrCaCu,0y 5 (trace)
845-850°C

Bi, 75Pby 5581,Ca,Cu;044,5

2212 phase is formed by the reaction between 2201
phase with Ca,Cu0; and CuO. The formation of Ca,PbO,
phase at a low temperature makes it possible to decom-
pose the carbonates at low temperature. Above 820°C
Ca,Pb0, melts, which may play the role of a catalyst/flux
to fuse 2212, Cu0, and residual Ca,Cu0, and thus leading
to the formation of 2223 phase. The melting of the Ca,PbO,
facilitates the dissolution of CuO and Ca,Cu0, and pro-
vides a pathway for the diffusion of Ca?* and Cu’" to the
reaction site, Therefore, the formation and melting of the
intermediate phase Ca,Pb0O, at relatively lower tempera-
tures (40, 47) are the two key steps for the preferred
formation of a single 2223 phase. Qur assumption is aiso
in agreement with other reports where the role of Ca,PbO,
in the formation of the high T, phase have been suggested
{47-50). The transformation of the low T_ phase into the
high T, phase essentially involves the thermally activated
long range diffusion of the various constituents as indi-
cated above. It has been found that partial substitution
of lead for bismuth in BiO layers can create vacancies in
oxygen sites (18) or alters the defect structure (50) which
may reduce the energy barrier for the insertion of Ca and
Cu(Q, layers into 2201 to form 2212 or into 2212 to form
the 2223 phase. Since such insertions are kineticaily very
slow processes, heat treatment time need to be prolonged
considerably for the complete formation of the 2223 phase
irrespective of the preparation conditions. It is notewor-
thy that in this method developed by us, the temperature
and time necessary to get the desired superconducting
phase is remarkably lower than the precursor matrix
method or other conventional methods (15, 21, 25, 50-53).
In this connection it may be mentioned that Zhu and
Nicholson (54) who adopted the method of decomposition
of nitrates, reported complete formation of 2223 phase by
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FIG. 6. The particle size distribution of the powder calcined at
800°C/4 hr.

sintering the peliets at 845-865°C for 12 to 36 hr. However,
they used intermediate grinding and repressing between
repeated sintering in addition to maintaining low oxygen
partial pressure. They also used a prolonged calcination
(48 hr) at 800°C. In our autocombustion process initial
calcination is done for a very short period (800°C/4 hr)
during which the phase formation starts and is completed
at a sintering temperature of 845°C within a period of 48
hr, without any intermediate grinding and pressing or use
of reduced oxygen partial pressure. OQur DTA and XRD
results also indicate that the range of sintering tempera-
ture within which the 2223 phase remains stable is rather
limited and the optimum temperature for the preferred
growth of the 2223 phase is between 845-855°C.

Figure 6 indicates the particle size distribution of the
powder calcined at 800°C for 4 hr. The graph indicates a
mean agglomerate size of ~1 pm. On wet milling in the
planctary mill with butanol reduces the average particle
size to 0.8 um (Fig. 6b). Hence the agglomerates appear
to be weakly bonded and it is anticipated that they will be
broken down during the subsequent powder compaction
process. However the surface morphology of this powder
also indicates appreciable particle agglomeration (Fig.
7a). The agglomerate size of ~ 1 pm suggest that the finer
particles have a strong tendency to cluster into weakly
bonded agglomerates through a small degree of ceramic
bonding (55).

Electrical and Microstructural Characterization of
Sintered Specimens

Figure 8 demonstrates the characteristic temperature
dependence of electrical resistance of Bi, ;sPb, ;5Sr,Ca,
Cu40yy,; bulk specimens sintered at 845°C for different
lengths of time viz, 48, 96, and 120 hr. Even though the
potential drop for the curve a decreased significantly with
lowering of temperature, zero resistance could not be
observed down to 77 K, the lowest temperature limit for
our experiments. Curve b also show nearly similar behav-
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FIG. 7. Scanning electrop micrograph of (a) caicined powder showing particle agglomeration, (b) fracture surface of 2223 pellets showing

lamellar feature of the grains, and (c) a few oriented grains.

ior except that the voltage drop around 100 K is little
more sharp. This sample also does not show zero resis-
tance above 77 K. Since the XRDs of both these samples
confirm (Fig. 9) that they are phase pure, it suggests that
the superconducting coupling between grains is still very
weak. However, the sample corresponding to curve ¢
which is sintered at 845°C for 120 hr showed a sharp T,
onset at 140 K and T, (0) at 125 K. These observations
supports the mechanism that the treatment by prolonging
the sintering time is more effective in stabilizing the 2223
phase and consequently increasing the T, value. The more
likely explanation for this very high T, onset and T, {0)
is that the powders prepared by this process has excellent
homogeneity and sinterability. It may be pointed out here
that without any extra thermal annealing cycle, repressing
or heat treatment conditions (11-16, 55-57), zero resisti-

vity at 125 K has been achieved for the first time in this
investigation for the Bi, ;5Pby2sSr,Ca;Cu;0 445 system. It
is also interesting to note that this sample shows another
sharp resistivity drop at a temperature as high as 250 K.
However, we have not made any systematic attempt to
understand this behavior.

The sample was given three cycles of cooling to liquid
nitrogen and heating back to room temperature and the
T, (0) still remained as 125 K. Moreover, after 30 days of
exposure of the sample to the ambient atmosphere the T,
(0) was observed 1o be constant. Hence no aging effect
was observed in our specimens. The bulk pellet showed
a critical current density of 96 A - cm ™2,

Figures 7b and 7c illustrate the fracture susface of the
sample sintered at 845°C for 120 h. The micrograph appar-
ently shows that the sample is composed of lameilar plate
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like grains which seem at first glance to be irregularly
oriented, At higher magnifications it shows that the grains
are oriented. Moreover, it is clear that there is no second-
ary phase at the grain boundaries which deteriorates the
superconducting transition. Also the grains are fairly large
enough with an average grain size of around 15-20 um
and these plate-like elongated grains have a tendency to
align parallel to each other and hence can form well con-
nected grains. Thus the improvement in superconducting
characteristics of this sample seems to be influenced also
by the increased coupling among grains, which in turn is
associated with the high sinterability of the autoignited
precursor material.

XRD patterns of variously sintered specimen are shown
in Fig. 9. Since the (001} lines of the high T, phase are a
little stronger than the others, it may be concluded that
the grains are oriented in the direction of c-axis. The
XRD patterns of the sample also indicate that the relative
intensity of various reflections has varied slightly, as the
2223 phase grows at the expense of the 2212 phase. A
similar change in the X-ray intensity has been reported
carlier for the bismuth systems with T.'s above 120 K
(11, 18). The tetragonal lattice constants were refined by
the least square method and the results were found to be
asa = 5.414 A and ¢ = 37.50 A respectively. In compari-
son to the reported values for 2223 singlephase (58, 59)
the c-axis here is longer by 0.4 A. This elongation is quite
remarkable and is believed to be the major factor responsi-
ble for the observed enhancement in T,. This argument
is further strengthened from the observation of Takada
et al. (17) and Withelm and Eibl (16) where T_ enhance-
ment to the extent of 117 K has been assigned to c-axis
elongation. Hence, it is assumed that some subtle struc-
tural change occurs in the system, with elongation of
c-axis when there is an appreciable enhancement in T..
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FIG. 8. Temperature dependence of potential drop (for a constant
curTent) across the specimens sintered at 845°C. for various times (a) 48
hr, {b) 96 hr, and (c) 120 hr.
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FIG. 9. X-ray diffraction patterns of the specimens sintered at (a)
B45°C/48 hr, (b) 845°C/96 hr, (c) B43°C/120 hr, and (d) 860°C/40 hr. x
2212, @ 2223.

Furthermore the volume fraction of our high 7, Phase is
estimated to be more than 95% considering the detection
limit of the X-ray diffraction. Apart from these the strong
coupling between the grains and high homogeneity of the
powder as revealed from X-ray and chemical analysis also
would favor an enhancement in 7, in these systems.

CONCLUSION

The autoignition of citrate gel is a very simple and
convenient route to obtain fine powder samples of bismuth
superconductors with higher degree of homogeneity as
well as reproducibility with a very low level of undesired
phases. This combustion process appears to undergo a
self-propagating and nonexplosive exothermic reaction.
We have investigated the materials chemistry involved in
the formation of high T_ bismuth superconductor by using
the techniques like TG, DTA, IR, XRD, etc. Thermograv-
imetric analysis of the gel revealed an almost single step
decomposition process, giving a clear evidence for an
autoignited combustion process. Zero resistivity at 125 K
has been observed for the first time in bismuth systems
by applying this autoignition process. The optimum tem-
perature for the formation of the 2223 phase is around
B350 = 5°C. It is expected that the use of this technique
would provide avenues to synthesize new superconduct-
ing compounds as is evident from our interesting results.
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