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A basic study of the stability of the Bi,Sr,CaCu,O, phase has been carried out in
order to identify the composition and processing conditions for optimum super-
conducting properties. Analytical electron microscopy has been used to follow
the crystallization of this phase during annealing in the solid state as well as
from the melt. The crystal chemistry and phase purity is found to depend
strongly on the processing conditions, Significant differences in crystallization
behavior may be related to kinetic limitations of oxygen transport. The
Bi,Sr,CaCu,0O, phase has also been subjected to thermomechanical processing in
order to improve our understanding of the deformation processes involved
during fabrication of wires and tapes. It has been found that mechanical
deformation can have significant effects on the microstructure of the material
which in turn result in changes in superconducting properties.
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INTRODUCTION

Significant attention is still being directed toward
the Bi-Sr-Ca-Cu-O superconductors for a variety of
applications. Common processing routes involve me-
chanical consolidation and sintering as used, for ex-
ample, during powder-in-tube processing for wires
and tapes, glass-ceramic processing, and melt cast-
ing. Knowledge of the phase evolution and properties
of these Bi-Sr-Ca-Cu-O superconductors plays an
important role in developing these processes to fabri-
cate practical conductors and devices. Thus, an im-
proved knowledge of the crystallization and deforma-
tion behavior is crucial in the further development of
these materials. ’

The superconducting phases in this system are
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generally referred to by an ideal formula
Bi,Sr,Ca, ,Cu O, where n represents the number of
CuO, planes. Thus, although each phase may exist
over a wide range of compositions, the three well-
known phases are commonly referred to as 2201,
2212, and 2223, with approximate transifion tem-
peratures of 10, 85, and 110K, respectively.? Al-
though the Bi-2223 superconducting phase exhibits a
high transition temperature, all of the double-layer
Bi-based compounds are limited somewhat by their
irreversibility behavior as a consequence of poor cou-
pling between adjacent CuO, layers.? A number of
applications have been proposed for the high tem-
perature superconductors covering a range of current
density and magnetic field requirements,* but the
most advantageous operating temperature for these
applications is at 77K, severely restricting the appli-
cability of the Bi-based superconductors. Thus, the
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Fig. 1. Plot of the steady-state strain rate, ¢, against steady-state
stress, o, for samples subjected to creep deformation in the tem-
perature range from =800 to 830°C.
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Fig. 2. Bright field transmission electron micrograph of a sample

compressed =750°C and =50 MPa (high stress regime) showing the
distocation structure associated with dislocation creep.

Bi-based superconductors arelikely to be viable choices
for use only in either high-temperature, low-field
applications or low-temperature, high-field applica-
tions. Given these constraints, the 2212 phase is an
attractive candidate for applications such as current
leads, for example, which require high critical cur-
rents and low thermal dissipation, or superconducting
magnets which would be operated in cryo-pumped
systems.

Two convenient techniques for preparing bulk forms
of Bi-2212 involve direct casting from the melt or
glass-ceramic processing. Crystallization from the
amorphous state has successfully been used for pro-
ducing high-temperature superconducting phases in
the Bi-Sr-Ca-Cu-0 system in thin film, fiber, and bulk
forms.57 Conversion of these materials to a supercon-
ducting phase requires an understanding of the crys-
tallization process in order to maximize the supercon-
ducting properties while controlling the microstruc-
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ture and phase assemblage. Several groups have
investigated various aspects of crystallization of the
2212 and 2223 phases from the amorphous state 81!
Most of these studies found the low-T, phase (2201) to
crystallize first. Oxygen deficiencies in these quenched
glasses'? are likely to affect phase formation since the
superconducting phases are not observed to form in
the absence of O,. In this study, both short and
extended anneals were employed to determine the
crystallization process for glasses around the 2212
stoichiometry.

Another common process used to fabricate bulk
components of Bi-2212 involves consolidation of pow-
ders. Combinations of rolling or pressing followed by
thermal annealing are widely used during the fabri-
cation of wires and tapes, while bulk components
have been prepared by pressing and sintering, sinter-
forging, or hot-isostatic pressing.'*'? Thus, a knowl-
edge of the high-temperature deformation behavioris
of benefit in optimizing the time-temperature-stress
processing conditions. In this work, the stress-strain
behavior and deformation mechanisms during high-
temperature creep were examined by mechanical
testing and transmission electron microscopy.

EXPERIMENTAL

The starting material for most aspects of these
studies consisted of Bi-2212 powders. The 2212 pow-
der was synthesized by reaction of a mixture of Bi,0,,
SrCO,, CaCO,, and CuO. The powders were calcined
between 780-800°C for 30 h with an intermediate and
final grinding. No Bi,Sr,CuO, (2201) phase was ob-
served by x-ray diffraction, although it is likely that
the powder contained a few percent of a mixture of the
2201 phase and residual Ca-Cu oxides. No low-melt-
ing-temperature phases were observed by differen-
tial thermal analysis (DTA) of the 2212 powder.
Amorphous material was prepared by splat quench-
ing. Reacted powders were placed in a metallurgical-
grade alumina crucible and held for 45 min at 1075°C.
The melt was then poured onto a stainless steel plate
heated to 200°C and immediately quenched from
above with a large Cu anvil.

For the mechanical deformation and consolidation
studies, 2212 powders were processed into bulk forms
by hot isostatic pressing (HIPing). The 2212 powder
was cold-pressed at a pressure of 50 MPa, wrapped in
Agfoil, sealed in an evacuated stainless steel can, and
HIPed in an inert atmosphere at 825°C. The pressure
of 105 MPa was applied for times ranging from 15 to
120 min. Large 3—4 mm thick discs were sliced, and
several test specimens were cut from each with a
slow-speed diamond-blade saw. The densities of the
specimens, measured geometrically, were 6.6 g/em®.
X-ray diffraction analyses determined that the speci-
mens exhibited only modest texturing.'®

Temperatures of thermal events for amorphous or
annealed samples were determined by DTA using a
Perkin Elmer 1700 system. Small amounts of freshly
ground powder were cycled at a rate of 10°C/minin O,
or Ar with a gas flow of 50 cc/min. Samples were
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annealed in a sealed quartz tube furnace with oxygen
or argon flow rates of 50 cc/min. Anneal times ranged
from 1 min up to 1000 h at temperatures from 475 to
865°C. Superconducting properties were evaluated
by standard four-probe resistivity measurements or
magnetization measurements using a Quantum De-
sign SQUID magnetometer.

Creep samples were compressed in air between
ALQ, platens at a constant crosshead velocity in a
testing machine equipped with a high-temperature
furnace and a muffle tube. The specimens were de-
formed until an apparent steady state was reached.
For most specimens, ¢ or temperature was changed
during the test and more than one apparent steady
state was established.

In all cases, samples were prepared for transmission
electron microscopy (TEM) using standard techniques.
Pieces were sectioned by slicing with a low-speed
diamond saw. The samples were then thinned by low-
speed grinding followed by mechanical dimpling and
polishing. The dimpled samples were ion milled to
final perforation atliquid nitrogen temperature using
a 4kV Ar beam. Transmission electron microscopy
was performed in a Philips CM-30 operated at 100 kV.

RESULTS AND DISCUSSION

The mechanical creep tests were carried out at
temperatures ranging from 750 to ~830°C. The data
from several samples tested in approximately the
same temperature range are shown in Fig. 1in which
the steady-state strain rate, ¢, is plotted against
steady-state stress, 6. In the generalized creep equa-
tion, &€ < o™ From the data, it is apparent that there
are two creep regimes, one at lower stresses in which
the stress exponent is near unity!® while at higher
stresses the stress exponent =3. These data suggest a
change in deformation mechanisms from one domi-
nated by diffusional flow at low stresses to one domi-
nated by dislocation creep at higher stresses. Micro-
structural characterization of the creep samples has
been carried out by TEM, and an example of the
microstructure of a sample deformed in the high-
stress regime is shown in Fig. 2. In this figure,
extended dislocations separated by stacking faults
are visible, confirming the occurrence of dislocation
glide during deformation. Although the presence of
these crystal defects suggests that it may be possible
to form these materials by mechanical deformation,
the strain rates are very low. Large strains result in
microcracking due to a limited number of low-energy
slip systems in 2212. Magnetization measurements
on compressed and uncompressed samples show ap-
proximately a factor of two increase a magnetic hys-
teresis for the compressed samples, indicating that
these defects are effective in pinning flux.

These results suggest that low-strain deformation
during processing may be used to introduce defects
which will enhance flux pinning. However, this en-
hanced magnetization is reduced at temperatures
above =20K due to the two-dimensional nature of
2212 at those temperatures.

The creep behavior of 2212 is expected to become
important during consolidation by HIPing. In order to
examine the consolidation mechanisms, samples were
HIPed at 825°C and 105 MPa for times ranging from
12 to 120 min. As shown in Fig. 3 and confirmed by
density measurements, samples HIPed for 15 min
had attained a density 299% of theoretical. In addi-
tion, most of the grains contain a high dislocation
density, suggesting that consolidation occurs by
dislocation creep as well as particle fragmentation
and rearrangement. Hot isostatic pressing for longer
times results in the annihilation of these defects
however, since under the nearly hydrostatic stress
conditions of HIP, once the sample reaches full den-
sity, most of the mechanisms for new dislocation
generation are eliminated and recovery processes can
dominate. Thisisillustrated in Fig. 4 which shows the
microstructure of a sample HIPed for 45 min. In this
image, low-angle grain boundaries are visible within
the bent grain as dislocations of like sign glide toward

Fig. 3. Bright field transmission electron micrograph of a sample
consolidated by HIP at 825°C and 105 MPa for 15 min.

Fig. 4. Bright field transmission electron micrograph of a sample
consolidated by HIP at 825°C and 105 MPa for 45 min.
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Fig. 5. Differential thermal analysis scans of Bi-2212 for both heating
and cooling at 10°C/min in 100% oxygen.

Fig. 6. Bright field transmission electron micrograph of a splat-quenched
sample annealed at 650°C for 1 min.

one another to minimize the interaction energy of
their strain fields. After further HIPing up to 120 min,
recovery is more fully complete and far fewer disloca-
tions are visible within the 2212 grains. As in the case
of material which has undergone mechanical creep,
these defects are expected to contribute to enhanced
flux pinning, and this behavior has been confirmed by
magnetization data, the samples HIPed for 15 min
exhibiting expanded magnetization hysteresis com-
pared to those HIPed for 120 min for which many of
the defects are annihilated.’

The formation of the Bi-2212 phase was studied
during crystallization of amorphous glass as well as
by solidification from the melt. In each case, oxygen
was found to play an important role in the develop-
ment of phases. Amorphous glass was prepared by
splat quenching as described above. The amorphous
structure of the glass was confirmed by x-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), and
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TEM. Differential thermal analysis was used to iden-
tify the thermal events associated with crystalliza-
tion, and heating and cooling curves are shown in Fig.
5. In this plot, several thermal events associated with
crystallization are visible in the heating curve. Two
crystallization exotherms are apparent atlowtempera-
tures, one near 460°C, the other near 500°C. Around
700°C a small endotherm is visible, while two strong
endotherms occur above 850°C. In order to identify
the crystallization events associated with each peak,
samples were annealed for 1 min at temperaturesjust
below and just above the peaks and then character-
ized by XRD and TEM. For samples annealed at
475°C, the XRD spectrum shows only a broad amor-
phous peak typical of the splat-quenched glass. How-
ever, examination by TEM revealed the presence of
many small crystallites which were identified from
lattice fringe spacings as the 2201 phase.?! Likewise,
samples annealed at 500°C exhibited a microcrystal-
line structure consisting primarily of 2201 and CuO,
suggesting that the first small exotherm =475°C cor-
responds to the initial nucleation of 2201. Samples
annealed at 550 or 650°C, above the second strong
exotherm near 500°C, show a polycrystalline struc-
ture consisting of Bi,Sr, ,Ca O, (23X), SrO, Ca0, and
Cu,0, as shown, for example, in Fig. 6 for the sample
annealed at 650°C. Annealing for long times at these
temperatures, up to 1000 h, results in the gradual
conversion of the 23X phase to 2201 and 2212. These
results indicate that the second strong exotherm
corresponds to the crystallization of 23X, SrQ, CaO,
and Cu,O in an oxygen deficient environment. As
noted previously, the splat-quenched glasses are defi-
cient in oxygen and, at these low temperatures, the
diffusion of oxygen into the sample is kinetically
limited.22 Thus, the initial crystallization of 2201
consumes most of the oxygen available in the glass
while the remaining glass must crystallize into phases
associated with an oxygen deficiency. Thus, the final
conversion to 2212 is limited by the kinetics of oxygen
diffusion in the solid state. There is a marked differ-
ence in microstructure for samples annealed above
the endotherm at 700°C, however, as shown in Fig, 7
for a sample annealed at 750°C. At this temperature,
the conversion to 2212 is essentially complete within
the 1 min annealing time. Based upon DTA analysis
of samples annealed in Ar, it is concluded that some
melting of the oxygen deficient phases occurs at these
temperatures. The presence of this liquid promotes
diffusion of both cations as well as oxygen, resulting
in rapid growth of the 2212 phase. The microstruc-
tures of samples annealed at higher temperatures, up
t0865°C, do not differ significantly. Significant differ-
ences in the resistivity of samples annealed for longer
times are observed, however, as shown in Fig. 8.
Comparison the normalized resistivity for the samples
annealed at 865°C shows a progressively sharper
transition with increased annealing time. In particu-
lar, the resistive tail which significantly reduces
T, ;.. and is generally associated with poorly coupled
grain boundaries is minimized with increased an-
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nealing time. Also plotted in Fig. 8 is the R vs T curve
for a sample annealed at 875°C, just above the tem-
perature for the onset of melting. The sharp transi-
tion and high zero resistance temperature indicate
the benefit of some melting in terms of improving
grain boundary coupling.

Improvements in properties associated with melt
processing, such as the resistivity behavior noted
above, underscore the importance of developing a
good understanding of the solidification process. In
this work, the microstructure of samples solidified
under various oxygen partial pressures were exam-
ined and correlated with DTA datain order to identify
the solidification sequence. As shown in Fig. 5, sev-
eral exothermic peaks are visible in the cooling curve
for samples solidified in oxygen, corresponding to
crystallization of various phases. The curve shown is
for solidificationin 100% oxygen. Qualitatively, curves
for samples solidified in reduced oxygen pressures are
similar, but the onset temperatures for the higher-
temperature exotherms decrease with decreasing oxy-
gen pressure. During solidification in argon, only a
single high-temperature exotherm is observed while
the lower temperature peak, with an onset near
750°C, remains constant for all samples. The micro-
structures of solidified samples were examined by
SEM, and an example of the microstructure of a
sample solidified in an argon atmosphere is shown in
Fig. 9. Three distinct constituents are visible in the
micrograph. The larger dark particles are CaO, which
precipitates in the melt and is difficult to avoid during
melt processing. The other constituents correspond to
the two crystallization exotherms noted. Primary
crystallization of the large, blocky particles of the 23X
phase is followed by eutectic solidification of a mix-
ture of 23X, Cu,0, and a small amount of 2201. These
are the same phases observed to form during crystal-
lization of the splat-quenched glass under an oxygen
deficiency. Solidification under increasing oxygen
partial pressures results in a change in the primary
solidification products. As shown in Fig. 10 for a
sample solidified under 100% oxygen, primary crys-
tallization of Cu-rich phases, which are visible as
large dark particles, takes place followed by nucle-
ation of 2212 and 2201 platelets. Solidification is
completed by solidification of the same eutectic mix-
ture observed during solidification in an argon atmo-
sphere. Small regions of this eutectic are visible
between the 2212/2201 platelets. Thus, under de-
creasing oxygen partial pressure, a change in the
primary crystallization products is observed, cuprates
growing under high oxygen pressures whereas the
23X phase nucleates in oxygen deficient atmospheres.
Therefore, it should be possible to minimize the pri-
mary nucleation of either of these phases by solidifi-
cation under an appropriate low-oxygen-pressure at-
mosphere.

The results from these studies have been applied to
the development of Bi-2212 current leads. In order to
control the composition during solidification, a Sr-
rich composition such as Bi,Sr, ,.Ca,,,Cu,0, is used.

This composition minimizes problems due to exces-
sive CaO precipitation in the surface slag layer. The
samples are then processed in an atmosphere with a
reduced oxygen partial pressure in an effort to avoid
primary precipitation of either the (Sr,Ca)CuO phases
orthe 23X phase. Large bars approximately 8cmx 1.5
cm x 0.5 cm have been cast using these procedures.
The properties of these bars have been evaluated by
pulsed direct current transport measurements and
magnetization hysteresis. The transport measure-
ments have shown the sample have a critical current
of 230A corresponding to a critical current density of
430 A/em? at 77K in zero field, based on a 1 puv/em
criterion. Critical current densities estimated from
magnetic hysteresis using Bean’s model indicate a
critical current density of over 65,000 A/cm? at 5K and
1T and the J, remains above 35,000 A/cm? to fields
over 4 T. Based on these results, it is expected that a
current lead bundle which could support up to 1000 A

Fig. 7. Bright field transmission electron micrograph of a splat-quenched
sample annealed at 750°C for 1 min.
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Fig. 8. Resistance vs temperature plots for samples annealed at 865
or 875°C for various times, as indicated. The resistance for each
sample, plotted on alog scale, is normalized to the resistance at 150K.
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Fig. 9. Scanning electron back-scattered micrograph of a sample
solidified in an argon atmosphere at a cooling rate of 10°C/min.
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Fig. 10. Scanning electron back-scattered micrograph of a sample
solidified in an oxygen atmosphere at a cooling rate of 10°C/min.

at 77K could be constructed from four or five of these
bars.

CONCLUSIONS

The high-temperature mechanical deformation and
consolidation of Bi-2212 have been studied and the
effects on microstructure evaluated. It is found that
high-temperature creep deformation occurs by diffu-
sional creep at low stresses while dislocation creep
and microcracking dominate at higher stresses. Dur-
ing consolidation by hot isostatic pressing, these same
deformation mechanisms operate to densify the ma-
terial. Once full densification is achieved, however,
recovery processes dominate and the dislocation struc-
ture which contributes to enhanced flux pinning is
annihilated resulting in reduced intragranular crit-
ical current densities. Solidification of Bi-2212 from
the melt or crystallization from an amorphous glass
are observed to be influenced strongly by oxygen
deficiencies. During crystallization of the glass, the
primary crystallization event occurs in an oxygen
deficient environment due to limited diffusion of oxy-
gen. As the annealing temperature is increased, how-
ever, partial melting of these phases results in en-
hanced oxygen mobility and rapid formation of the
2212 phase. During solidification, primary nucle-
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ation of cuprates followed by growth of the 2212 phase
is observed in oxygen. In an argon atmosphere, pri-
mary 23X forms followed by eutectic solidification. By
choosing an appropriate low-oxygen partial pressure,
cast bars with high critical currents can be prepared
by direct solidification. Critical currents of up to 230
A with a corresponding critical current density of 430
A/cm? have been measured for these samples.
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