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Abstract

High quality Bi-2212 powders were prepared using three different synthetic methods (solid state, sol—gel and polymer
matrix), showing that the polymer matrix method is very promising from the point of view of the synthesis time and grain
size. The Bi-2212 sintered pellets were then submitted to sinter-forging process to obtain textured ceramic discs. The discs
were characterized by XRD, pole figures and SEM to determine the phase purity, the texture degree and the microstructure,
respectively. Following characterization, the discs were cut into bars and annealed for 12 h at different temperatures ranging
between 845 and 873°C to determine the best thermal treatment, whereafter they were characterized using resistivity and
transport J. measurements. It has been found that most of the bars had a T, around 92 K and that transport properties can be
correlated to the samples’ microstructure. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since Raveau's discovery [1] and Maeda et al.’s
work [2] on superconductivity in the Bi—Sr—Ca—Cu—
O (BSCCO) system (in the absence of rare earth
elements, while still obtaining high T, values), sig-
nificant effort has been focused towards the develop-
ment of synthetic procedures which lead to single-
phase ceramics with a well-defined T,.

The BSCCO system, in spite of a large decrease
of J. in high magnetic field, has some important
advantages over the well known 1,2,3 superconduc-
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tor RE-Ba—Cu—O systems (RE = rare earth): (a) in
some of the samples, higher T, values can be ob-
tained [2-5]; (b) the elimination of rare earths leads
to lower costs of the final material [3]; and (c) lower
reactivity to moisture [6].

Three superconducting BSCCO phases with
Bi,Sr,Ca,_,Cu,0,,, 4.5 Stoichiometries, where n
=1, 2 and 3, with T, values around 10, 90 and 110
K, respectively, have been synthesized and well
characterized. These three phases will be referred to
as Bi-2201 (n=1), Bi-2212 (n=2) and Bi-2223
(n=23) [5-8]. The synthesis of pure Bi-2201 and
Bi-2212 phases in this system is relatively easy,
while synthesis of single phase Bi-2223 has been
shown to be a difficult task [9] and this can be better
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understood on the basis of previously published phase
diagram studies in air [10].

The next goal in the Bi ceramics consists on the
enhancement of the transport critical current (J,). In
order to achieve this objective, many techniques
were used with good performance, such as thin
[11,12] and thick [13] film technology, wires and
tapes by the PIT method [14], and texturation using
the Bridgman [15] or laser floating zone [16,17]
methods. Another method, the hot uniaxially press-
ing technique [18,19], has also been used to success-
fully obtain bulk monoliths of high-T, superconduc-
tors with a grain oriented texture. By sinter-forging a
pelletized specimen, it is possible to orient the c-axis
of the different crystals along the press axis to
increase J. aong the ab plane. Studies relating
hot-pressing processes [20-24] have aready been
carried out with different pressing and heat treatment
conditions which showed the efficiency of the textur-
ing method. However, the final result is also depen-
dant on the synthetic route of the precursor and
therefore cannot be compared due to different
sinter-forging conditions.

To perform the sinter-forging process, we have
chosen to work under partial decomposition of Bi-

4500 N

2212, corresponding to the incongruent melting (par-
tial melting), in order to improve the grain diding. In
fact, if the temperature is too low to obtain a partial
melting, the process does not offer the necessary
conditions to obtain a high densification and orienta-
tion [23], and if the temperature is too high, a melt
will be obtained which lead to a glass by quenching
[25].

So, in the following work, we have studied the
relationship between microstructure and supercon-
ducting properties for samples obtained from three
different synthetic procedures while maintaining the
sinter-forging conditions (initial pressure and tem-
perature) constant.

2. Experimental methods

The Bi-2212 powders, with the nomina composi-
tion Bi,Sr,CaCu,Og, 5, used for this study were
prepared by the following three methods.

(@) Solid state reaction: Bi,O, (99 + %, Recta-
pur), SrCO, (99 + %, Rectapur), CaCO, (99 + %,
Rectapur) and CuO (99 + %, Normapur) were attri-

24h

5 min

2500 N

1 min

T=825°C

1 min

Fig. 1. Schema of the sinter-forging cycle pressure versus time performed on sintered Bi-2212 pellets at 825°C.
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Fig. 2. Grain size evolution vs. each calcination time for samples obtained by (A, A1 and A2) solid state, (B, B1 and B2) sol—gel, and (C,
C1 and C2) polymer matrix methods, before calcination, and after the first and second calcination processes, respectively.

tor milled in an inert medium using zirconia balls
and absolute ethanol for 1.5 h a 800 rpm. The
resulting suspension was dried using IR radiation
and subsequently placed in an oven at 120°C for
12-24 h to evaporate the maximum amount of
ethanol. The resulting powder was then passed
through a 125 um sieve. Then, as proposed by

Table 1

Majewski et al. [26], the powder was calcined in two
steps, the first at 750°C for a period of 24 h,
whereafter it was milled by hand in an agate mortar,
and then calcined a second time at 800°C for 24 h
and then milled again. These two thermal treatments
insure the total evaporation of the ethanol as well as
the decomposition of the akaline earth carbonates.

Summary of the main characteristics of the three investigated processings

Synthetic  Calcination Particle Sintering Best T./annealing Best J./annealing temperature/ T, /cross section/
procedure  process size(um) process temperature voltage contact distance
Solid state  Before 0.49

750°C,24h+ 0.9
820°C, 24 h 1.80
Sol—gel Before 0.54
750°C, 12h+ 1.09
820°C, 24 h 1.85
Polymer Before 0.39
matrix 750°C, 6 h + 1.70
800°C, 6 h 254

820°C,24h 924K /863°C

845°C,24h 928K /860°C

845°C,12h 91.9K/850°C

1500 A cm~2 /855°C/90.9 K /(1.56 % 0.78) mm,/10 mm

1200 A cm~2/873°C/90.3 K /(1.5 % 0.86) mm,/10 mm

200 A cm~2 /850°C/91.9 K /(1.5 0.6) mm/10 mm
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The powder is then isostatically pressed at 350 MPa
in the form of a bar, sintered at 820°C for 24 h,
milled, uniaxially pressed at 200 MPa in the form of
pellets (16 mm diameter, ~ 3 g) and sintered again
at 820°C for 24 h.

(b) Sol-gel method [27,28]: CuO (Prolabo
Normapur, 99%), Bi,O, (Prolabo Rectapur, 99 + %),
SrCO, (Prolabo Rectapur, 99 4+ %) and CaCO, (Pro-
labo Rectapur, 99 + %) were dissolved in a mixture
of distilled water and nitric acid (Carlo Erba, 65%)
to obtain a light pale blue solution. A second solu-
tion of ethylenediaminetetracetic acid (EDTA, Pro-
labo, 98%) in agueous ammonium hydroxide (Pro-
labo Normapur, NH ; > 28 wt.%) was prepared using
a molar ratio necessary to raise the pH of the solu-
tion to a value of 11 in order to dissolve the EDTA.

The first solution is then added dropwise to the
second one, which caused the mixture to turn dark
blue immediately. In some cases an excess of nitric
acid (added to totally dissolve the remaining Bi,O,)
is needed, and in the resulting solution a white
EDTA precipitate forms due to the decrease of the
pH; however, the precipitate easily redissolved by
adding more ammonium hydroxide to raise the pH to
a value between 6 and 10.

The final solution is then heated on a hot plate to
reduce the volume. During this process, the addition
of ammonium hydroxide may be necessary to main-
tain the pH above 6 to avoid precipitation of the
EDTA.

When the solute concentration increases (i.e., ap-
proximately 50 g of the initial precursors per 100 ml
of remaining solution left) the color of the mixture
turned dark green. It should be noted that in this
step, pH control is critical in order to avoid precipita-
tions.

Further heating transforms the solution into a gel
that subsequently transformsinto a dark-brown foam.
At this point it is necessary to increase the tempera-
ture to create a self-combustion of the foam which
causes a release in a high volume of volatile vapours
(water, CO, and NO,), subsequently leaving a
dark-brown precursor powder. This precursor is then
heated up to 750°C for 12 h to decompose the
remaining organic material.

This powder is then milled in an agate mortar and
calcined at 820°C for 24 h. After cooling, the re-
maining powder was ground and pelletized (200

MPa, 16 mm diameter, ~ 3 g) and sintered at 845°C
for 24 h.

Fig. 3. SEM micrographs of precursor powders before the calcina
tion process for (A) solid state after attritor milling, and (B)
sol—gel and (C) polymer matrix methods after firing.
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Fig. 4. SEM micrographs of precursor powders, showing the grain size evolution for (A1 and A2) solid state, (B1 and B2) sol—gel, and (C1
and C2) polymer matrix methods after first and second calcination processes for each method, respectively.
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(c) Polymer matrix method: Bi(CH,COO), (Al-
drich, 99.99 + %), Sr(CH,COO0), - 1/2H, (Aldrich,
99.9%), Ca(CH ;C0O0), - H,0 (Aldrich, 99 + %) and
Cu(CH,CO0), - H,O (Aldrich, 98 + %) were dis-
solved in a mixture of acetic acid (SDS, 99%) and
distilled water to obtain a pale blue solution. To this
solution, another solution of polyethyleneimine (PEI
Aldrich, 50 wt.% H,0) in distilled water was added
and the resulting solution turned royal blue immedi-
ately. This dark blue solution was then introduced
into a rotary evaporator to reduce the volume to
approximately 10% of the initial volume. The con-
centrated solution is then introduced into a crucible
and placed on a hot plate, increasing slowly the
temperature until total evaporation of the solvent
occurs. The thermoplastic paste that forms was sub-
sequently fired on a hot plate at approximately 400°C.
Due to the exothermic reaction which takes place,
the temperature of the crucible, measured with an IR
pyrometer (Williamson 9220PS-S-C), is around
750°C.

As proposed by Sotelo [17], the resulting powder
is then milled in an agate mortar and calcined in two
steps, the first at 750°C for 6 h and the second at
800°C for 6 h with an intermediate milling. After

cooling, the remaining powder is ground, pelletized
(200 MPa, 16 mm diameter, ~ 3 g), and sintered at
845°C for 12 h.

After obtaining the 2212 phase, a sinter-forging
process under air using silver foil on alumina pieces
to avoid contact between the piston and the super-
conducting ceramic was performed on sintered pel-
lets at a temperature of 825°C measured with a
Pt—PtRh thermocouple placed close to the sample, as
described in Fig. 1. This temperature is theoretically
lower than the melting temperature for the 2212
phase (~ 880°C), but it has produced a small amount
of liquid phase (partial decomposition) due to the
applied pressure. The sinter-forged pellets were cut
into bars 1.5 mm wide which were then annealed for
12 h a different temperatures between 845 and
873°C under air.

Powder XRD (Philips PW3710, A [K ., ], granu-
lometry (Malvern mastersizer) and SEM (Philips XL
30) measurements were performed throughout the
synthetic procedure, using the same conditions for all
the samples, to characterize the intermediate prod-
ucts as well as to determine the phase purity in the
final sintered products. The samples for granulome-
try measurements have been prepared by ultrasonic

intensity (a.u)

35 45 55

26 (degrees)

Fig. 5. X-ray diffraction after the second calcination step for samples obtained by (A) solid state, (B) sol—gel and (C) polymer matrix
methods. The symbols correspond to: @ 2212, O 2201, X Ca,CuO;, O CaCu,05, and B CuO.
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mixing in acetone to insure the breaking of the
agglomerates, to avoid their influence on the grain
size.

In order to characterise the sinter-forged materials
XRD (Seifert XRD 3000 P), pole figures (Philips
Xpert) and SEM (Philips XL 30) observations were
made to study the grain orientation. Transport J, and
resistivity measurements were performed to deter-
mine the electrical properties of each of the annealed
bars.

3. Reaults and discussion

3.1. Synthesis of 2212

Fig. 2 and Table 1 show the grain size evolution
versus calcination time for al three synthetic proce-
dures. For all three methods the precursors have
approximately the same grain size before the first
calcination step. It can be clearly seen that the grain
growth rate is much higher in the polymer matrix
method than for the other two synthetic methods.
Fig. 3 shows the SEM micrographs of those precur-
sors before calcination. It can be observed that, as a
consequence of its preparation, solid state powder
(A) is formed by a mixture of small grains of
carbonates and metallic oxides, while the other two
powders show the presence of agglomerates, rela-
tively big and porous in the case of sol—gel (B), and
smaller and compact for the polymer precursor (C).
The evolution of the grain size during calcination
shown in Fig. 2 is confirmed by SEM observations
(Fig. 4) by which improvement of crystallinity and
differences in particles sizes between the three meth-
ods are demonstrated. The phases obtained after the
calcination process were determined by the XRD
patterns shown in Fig. 5. It can be clearly seen that
in all cases the final products after the calcination
processes are predominantly the 2212 phase, with
minor amounts of the 2201 phase, and traces amounts
of calcium cuprate and CuO phases. The samples
obtained by solid state reaction show the poorest
crystallinity (broader and less intense peaks on the
XRD pattern) even though their thermal treatment
was the longest. The samples obtained by the sol—gel
method and the polymer matrix method, using the

same measurement parameters, show the sharpest
XRD peaks (half height width), but al the Bi-2212
(hkl) peaks of the sol—gel method are more intense

Fig. 6. SEM micrographs of samples after sintering for (A) solid
state, (B) sol—gel, and (C) polymer matrix methods.
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Fig. 7. X-ray diffraction after sintering for samples obtained by (A) solid state, (B) sol—gel and (C) polymer matrix methods. The symbols
correspond to: @ 2212, O 2201, X Ca,CuO,, O CaCu,0,, and B CuO.

than those obtained with the polymer matrix method, for the sol—gel method than for the polymer matrix
showing that there is no preferential orientation ef- method which correspond to a shorter thermal treat-
fect, and consequently that the crystallinity is better ment.
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Fig. 8. X-ray diffraction of sinter-forged samples obtained by (A) solid state, (B) sol—gel and (C) polymer matrix methods showing the hk
index.
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The three calcined precursors were then sintered
following the temperature and time parameters listed
in Table 1. To characterize the grain size after
sintering, SEM was used on fractured samples (see
Fig. 6). It can be observed by these micrographs that
grains are randomly oriented with a large porosity
and that the same kind of evolution was obtained in
the calcination steps: larger grains for samples ob-
tained by the polymer matrix method than for those
obtained by the other two methods. Nevertheless, as
shown by XRD diffraction patterns in Fig. 7, for all
three methods we obtained a nearly pure 2212 phase
with only minor unknown lines, principally with the
polymer method. But this later method leads to a
quicker kinetic formation of the Bi-2212 phase, and
larger grain size. So, this method seems to be very

Intensity (a.u.)

Intensity (a.u.)

Fig. 9. Pole figures of sinter-forged samples obtained by (B)
sol—gel and (C) polymer matrix methods. The diffraction pattern
was performed on the (0010) lines.
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Fig. 10. SEM micrographs of sinter-forged samples obtained by
(A) solid state, (B) sol—gel and (C) polymer matrix methods. The
arrow shows the direction of the applied pressure.

promising to limit the number of grain boundariesin
the forged samples.

Also, due to the formation of platelets, which will
be reoriented during the sinter-forging process, and
due to the better behavior of sintered pellets under
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stress compared to unsintered pellets, the samples
were adequate enough to perform the texturation
process.

3.2. Texturation

After obtaining the Bi-2212 phase for each syn-
thetic procedure, a sinter-forging process was per-
formed on the sintered pellets using a temperature of
825°C under air and a starting pressure of 30 MPa.
In these conditions, the sharper and larger diameter
pellets correspond to samples obtained by the poly-
mer matrix method (e = 0.6 mm; @ = 30 mm), while
for the other two methods the deformation is smaller
(e=0.8 mm; @ =22 mm).

Fig. 8 shows the XRD spectra for the sinter-for-
ged materials. It can be seen that for the three
methods the Bi-2212 phase is till nearly pure, ex-
cept in samples prepared by the polymer matrix
method that show additional peaks due to the forma-
tion of unknown secondary phases along the sinter-
forging process. The preferential orientation can be
observed by the intensity of the (001) lines, even if
weak (hkl) lines reveal that misorientation still re-
mains. The texture degree of the sinter-forged disks
has been performed by pole figure measurements
using the (0010) line of the Bi-2212 spectra (see Fig.

4.00E-02

9). It was found that 50% of the grains are misori-
ented from the forging axis between 0-14° for the
disks obtained by both the sol—gel (B) and solid state
(A) method and between 0—17° for those obtained by
the polymer matrix method (C). The high sample
density and the relatively good texture formation can
be seen on the SEM micrographs shown in Fig. 10.

3.3. Superconducting properties

The best T, for each method was obtained after
annealing for different temperatures: 91.9 K at 850°C
for the polymer (C), 92.8 K at 860°C for the sol—gel
(B), and 92.4 K at 863°C for the solid state (A)
methods (see insert on Fig. 11). It is evident from
Fig. 11 that the samples obtained by the polymer
matrix method had a much higher resistivity value in
the normal state than the samples produced by the
other two synthetic methods. This result will be
discussed in the next paragraph.

The transport critical current density, (J,), was
measured using the standard four points technique at
77 K and O T applied magnetic field with the criteria
of 1 wV /cm. For the solid state sample, the best J,
value is around 1500 A /cm? obtained after anneal-
ing at 855°C, 12 h; for the sol-gel sample, 1200
A /cm? after annealing at 873°C, 12 h; and for the

3.50E-02

3.00E-02

2.50E-02

2.00E-02

1.50E-02 |

Resistivity (ohm.cm)

1.00E-02

5.00E-03
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1.00E-03 -

0.00E+00 * ‘
80 90 100 110

Temperature (K)
A
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120 130 140 150 160

Temperature (K)

Fig. 11. Resistivity measurements vs. temperature for sinter-forged bars obtained by (A) solid state, (B) sol—gel and (C) polymer matrix

methods, annealed 12 h under air at 863, 860 and 850°C, respectively.
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Fig. 12. SEM micrographs of annealed bars obtained by the
polymer matrix method, showing the presence of big cracks all
along the bar (A) and a detail of one of the cracks (B).

polymer sample only 200 A /cm? after annedling at
850°C, 12 h. The difference in J, between the
polymer and the other methods is in agreement with
the large difference observed on the resistivity values
(see Fig. 11); however, this is not due to the small
difference in T, (see Table 1), but instead may be
due to the following four factors: (a) secondary
phases observed in Fig. 7C; (b) the average of grain
misalignment for the polymer matrix sample (17°) is
larger than the other samples (14°), and the grain
alignment is a very important factor for the J. of
Bi-based superconductors; (c) the bar is very thin
and fragile, and small stresses can produce the break-
ing down or at least the damage of the bar; and (d)
the existence of large cracks parallél to the bar axis
(plane ab) that can reduce its effective section, as

can be seen on micrographs shown in Fig. 12. Such
cracks are not present on samples obtained by solid
state or sol—gel methods.

4, Conclusion

Synthesis of high quality Bi-2212 ceramics has
been done using three different synthetic methods.
The polymer matrix method has been determined to
be a very promising synthetic route in terms of
kinetic formation and particle size (bigger platelets
than those obtained by the other methods), which
may alow to an easier texturation of the material
under uniaxial stress. However, by using the same
sinter-forging process for the three methods and in
spite of similar orientation results, better J, values
were obtained for solid state and sol—gel methods.
This unexpected result for the polymer matrix method
is attributed to cracks which brittle the material and
decrease its effective section. Nevertheless, it is con-
firmed that the sinter-forging process is a very effec-
tive and fast method to reorient the Bi-2212 platelets.
However, the sinter-forging conditions are currently
under further investigation for the polymer matrix
method in order to avoid the presence of cracks, and
as a conseguence, to obtain good electrical proper-
ties.
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