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PRACTICAL SUPERCONDUCTOR DEVELOPMENT FOR ELECTRICAL
POWER APPLICATIONS

ANNUAL REPORT FOR FY 1990

Abstract

Development of useful high-critical-temperature (high-Ta) superconductors requires
synthesis of superconducting compounds; fabrication of wires, tapes, and films from these
compounds; production of composite structures that incorporate stabilizers or insulators;
and design arnd testing of efficient components. This report describes technical progress of
research and development efforts aimed at producing superconducting components based

on the Y-Ba--Cu, Bi-Sr-Ca-Cu, Bi-Pb-Sr-Ca-Cu, and TI-Ba-Ca-Cu oxide systems. Topics
discussed are synthesis and heat treatment of high-Ta superconductors, formation of
monolithic and composite wires and tapes, superconductor/metal connectors, charac-
terization of structures and superconducting and mechanical properties, and fabrication
and properties of thin films. Collaboration with industry and academia is also documented.
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1 Introduction

The superconductor program at Argonne National Laboratory (ANL) includes both bulk
ad1d film processing development directed toward improving the properties of high-
critical-temperature superconductors and developing fabrication methods for production of
commercial conductors. Establishment of team relationships with industrial and academic
partners is integral to this program. The objective of the Argonne program is to develop
methods to fabricate and use structurally reliable high-Ta superconductors for generation,
transmission, and storage of electrical energy. Ceramic processing, fabrication, and joining
techniques are being developed to provide useful conductors from one or several of the
high-Ta superconductors. Work has focused on superconductors based on yttrium-barium-
copper oxide (YBCO), bismuth-strontium-calcium-copper oxide (BSCCO), lead-doped
bismuth-strontium-calcium-copper oxide (PBSCCO), and thallium-barium-calcium-copper
oxide (TBCCO).

There are several requirements for monolithic and composite conductors that are
formed into wires, tapes, films, and other shapes. The conductors must be capable of
carrying large currents in the presence of large magnetic fields and must be strong,
flexible, and chemically and cryogenically stable. Potential applications for such conductors
include transmission lines, motors, generators, transformers, magnetic energy storage
devices, and electronics. The principal impediments to the use of bulk high-Ta supercon-
ductors are low critical current density (J) and poor mechanical properties. Processing
methods for the improvement of both have been and continue to be developed. The goals of
ceramic fabrication include promoting high conductivity by obtaining phase-pure materials
and imparting favorable grain alignment, maximizing flux pinning through microstructural
control, and increasing flexibility and reliability by minimizing microstructural flaws and
optimizing the toughness of each material.

This report reviews technical progress in and status of (1) synthesis and heat
treatment of high-Ta superconductors; (2) forming of monolithic and composite wires,
tapes, and thick films; (3) design and fabrication of superconductor/metal connections;
(4) characterization of superconducting and electrical properties, microstructures, and
mechanical properties; and (5) fabrication and property evaluations of thin films.
Interactions with industry and academia are also documented.

2 Technical Progress in 1990-1991

2.1 Synthesis and Heat Treatment

2.1.1 Y-Ba-Cu-O System

In the previous period, substantial effort was concentrated on synthesis of large batches
of phase-pure orthorhombic YBCO powders. During calcination of the YBCO precursor,
simultaneous decomposition of BaCO3 and reaction among the three constituent oxides
form the desired perovskite phase. CO2 released by decomposition of BaCO3 can, however,
react with YBCO to form BaCO3, Y203, CuO, and Y2Cu205, depending on temperature.
We have developed a synthesis route to obtain phase-pure orthorhombic YBCO powders at
800*C in flowing 02 at reduced pressure. We have optimized the heating rates and oxygen
flow rates to synthesize large batches (1.2 kg) of powder. The powders produced by the
reduced-pressure calcination technique were found to be pure by X-ray diffraction,
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differential thermal analysis, scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). In addition, magnetic susceptibility and Te and J measure-
ments indicated that the superconductors were of very good quality.

Recent synthesis has concentrated on forming phase-pure YBa2Cu40y (124) powders.
This compound has a Tc near that of YBa2CuAOX (123), but has a more stable oxygen content
and is more stable than 123 at low temperatures (Morris et al., 1990).

Large batches of phase-pure orthorhombic 124 have been synthesized by the low-
pressure calcination technique. Intragrain Je (at 70 K) is measured to be =105 A/cm 2 at
zero field and 2 x 103 A/cm 2 at 4 T. 124 decomposes into 123 and CuO. We have carefully
controlled this decomposition and obtained uniformly distributed fine precipitates (50-
250 A) of CuO in a 123 matrix. These fine precipitates will act as flux-pinning sites. We are
continuing our efforts to consolidate 124 into useful forms. Electrical measurements on
these samples are also continuing.

The properties of YBCO superconductors depend strongly on sintering temperature
and atmosphere. CO2 is a common atmospheric contaminant and evolves during heating
YBCO that contains organics (binders, dispersants, solvents, etc.) and/or residual carbonates
left in the powder. Therefore, we have investigated the effect of C02-containing atmo-
spheres during sintering of superconductors. Je decreased as the CO 2 content in the
sintering atmosphere was increased. High-resolution electron microscopy showed two
types of grain boundary phases: (1) about 10% of the boundaries contained BaCuO 2 and
BaCO3, and (2) the remaining boundaries contained nonsuperconducting tetragonal phases.
The tetragonal phase was characterized by disappearance of twins (Fig. 1). YBCO decom-
posed completely into several phases as CO2 content was increased to about 5% (Gao et al..
1990). A stability diagram for the YBCO phase is shown in Fig. 2.

Fig. 1.
TEM micrograph of tetragonal phase at grain
boundary of YBCO
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Fig. 2. Stability diagram for YBCO in C02-containing atmospheres

Reduced oxygen partial pressure has also been used for sintering YBCO samples (Chen
et al., 1989). Sintering the pellets at -885*C in 1% 02/balance N2, followed by annealing in
02 at =450*C, gave the best results. The Jc in zero field at 77 K is about 1000 A/cm2

(Balachandran et al., 1989). We have used this technique to make current leads capable of
carrying more than 1500 A. Using the vacuum-calcined powder and sintering in reduced
oxygen partial pressure, we have fabricated a prototype coil by joining 15 rings. This coil,
with an air core, had the capability of producing a 2.5 x 10-3 T field.

Work during FY 1990 has concentrated on understanding the effects of heat treatment
(including time, temperature and environment) on the microstructure and resulting
properties of YBCO extruded wires. The YBCO powder was prepared by vacuum-calcination.
The powder was mixed with appropriate solvent, dispersant, binder, and plasticizer, and
wires of 1.15 mm diameter were extruded.

The extruded wires were heat treated in 100% flowing oxygen at various temperatures
for different lengths of time to obtain dense microstructure. The goal was to form fine-
grained specimens with improved mechanical and superconducting properties. Heat
treatment included a very slow binder burn-out step (<240*C ), followed by slow heating to
sintering temperature (910-950*C) and a slow cool-down to 450*C. Subsequently, these
specimens were annealed at 450*C for 12 h in 100% flowing oxygen. The sintering time
was varied between 10 and 20 h. As expected, density increased with sintering
temperature and time. Specifically, the density increased from -79% to 98% theoretical
when the sintering temperature was increased from 910 to 950*C. Typical grain structures
for specimens sintered at different temperatures are shown in Fig. 3. As shown in this
figure, grain size increased with sintering temperature; size was determined by measuring
the length of the grains on typical optical micrographs. Table 1 shows the values obtained
for density, grain size, room-temperature strength, liquid-nitrogen-temperature strength,
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Table 1. Property data for YBCO sintered at different temperatures for
different lengths of time

Grain Density
Temp. (*C)/ Length Strength (MPa) Jc (% of theo-

Time (h) (pm) Room Temp. Liquid N2 (A/cm2 ) retical)

910/10 2.5 120 10 134 17 45 79

925/10 6.2 141 8.5 156 5.0 250 91

935/12 16.4 91 7.0 95 8.5 170 95

935/20 16.5 95 6.0 95 9.5 210 95

950/20 23.2 83 5.5 95 7.5 150 98

and critical current density. The strength was measured in a three-point bending mode,
and critical current density was measured by a standard four-probe technique.

It can be seen that the grain size decreases with decreasing sintering temperature and
that a fine microstructure (2.5 pm average grain size) is obtained at 910*C. However, the
specimens sintered at 9100C have an unacceptably low density of 79%. As observed in
Table 1, the specimens sintered in the temperature range of 925-950*C have densities of
more than 90%. For these specimens, strength increases with decreasing grain size despite
a slight density decrease. This observation is consistent with the well-known inverse
dependence of strength on grain size. The increase in strength is due to a decrease in
undesirable internal residual stress with decreasing grain size. For specimens sintered at
910*C, further decrease in grain size does not result in an additional increase in strength
because of a large decrease in density. The strength is high even at such a low density,
probably because of the very fine-grained microstructure.

The strength at liquid-nitrogen temperature was observed to be =10% higher than that
at room temperature. This is believed to be due to suppression of subcritical growth of the
inherent failure-causing flaws, because crack growth is a thermally activated process.

As seen in Table 1, for specimens sintered in the temperature range of 925-950*C,
critical current density shows a tendency of inverse dependence on grain size, despite
decreasing density with decreasing grain size. Further studies are needed before finn
conclusions can be drawn.

To decrease grain size while maintaining high density, an effort was initiated to sinter
YBCO specimens at low p02, i.e., 102 to 5 x 104 Pa. Sintering results at low p02 indicate
that high densities can be achieved at low temperature (9100C) while maintaining a small-
grain microstructure. Table 2 shows the variation of measured density as a function of p02
for specimens sintered at 9100C for 10 h. In general, density increased with decreasing
p02; this is consistent with the results of Chen et al. (1989), in which the density of YBCO
specimens sintered at 8900C for 25 h increased from 73 to 97% of theoretical when p02
was decreased from 105 to 2 x 102 Pa. It is believed that the increase in density with a
decrease in p02 is the result of enhanced sintering kinetics, which is probably due to both
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Table 2. Dependence of density
on p02 for YBCO speci-
mens sintered at 910*C
for 10 h

p02 % of Theoretical
(Pa) Density

105 71
5 x 104  70

103 91

an increase in point-defect concentration and a decrease in activation energy for motion of
the rate-controlling species. Additional studies are underway to delineate these effects
clearly.

The specimens sintered at low p02 generally have fine-grained microstructures, with
the largest grains measuring -5 pm. This results in much-improved strength. Strengths as
high as 190 MPa have been achieved for specimens sintered in a p02 of 103 Pa at 910*C for
10 h. These specimens had densities of =91% theoretical and an average grain size of
2.2 m. Further studies are currently underway to evaluate the effects of Ag additions on
the mechanical and superconducting properties of specimens sintered at low temperatures
under reduced p02.

YBCO samples were zone-melted to induce texturing. Transport Jc of more than 8 x
102 A/cm2 was obtained in a field of 1 T at 77 K. Pulsed-current measurement showed a
transport Jc of more than 4 x 104 A/cm2 at 77 K in zero field (McGinn et al., 1990a).
YBCO/Ag samples were also zone-melted. The microstructure contains large Ag and 211
precipitates within YBCO grains, and transport Jc significantly degraded when Ag content
exceeded 5 vol.%. The results are in contrast to sintered samples in which no Je degra-
dation has been observed with up to 15 vol.% Ag. Recent efforts have included melt-
texturing: microstructural uniformity has improved and transport Je values have reached
4.4 x 104 A/cm 2 at 77 K in a 1.8 T magnetic field (Shi et al., 1990).

2.1.2 BI-Sr-Ca-Cu-O System

Bi2Sr2CaCu20x (TS = 85-89 K; referred to as 2212) of very good phase purity has
recently been synthesized. The actual composition of the superconducting phase is Sr-
deficient. Earlier powders were also slightly excess in Bi and Ca. These powders did not
prove to be as pure as Bi2Srl.7CaCu20x. Use of low-pressure synthesis and precisely
adjusted compositions has enabled powder of improved phase purity to be synthesized.
Unlike the vacuum calcination used for YBCO, low-pressure atmospheres do not yield the
desired final product. Oxygen pressures below 104 Pa promote formation of the low-Tc
2201 phase. The low pressures increase the kinetics for the breakdown of the starting
powders. Optimized processing appears to require a low pressure initially, but after about
4 h, pressures between 104 and 2 x 104 Pa are required. Bulk specimens have been formed
and processed by sintering in the solid state. A recent application for these specimens is
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targets for thin film fabrication (Kampwirth et al., 1989). Current work involves use of the
improved powder in powder-in-tube processing.

To further improve our understanding of BSCCO synthesis, reaction of the precursors
B1203, SrCO3, CaCO3, and CuO has been studied. Differential thermal analysis (DTA) was
performed on mixed, unreacted powder. Endotherms indicated temperatures at which
reactions occurred. Samples were heated to temperatures slightly above or below those of
the endotherms. The samples were then removed quickly from the furnace and quenched
on a Cu plate.

A DTA plot of the uncalcined powder is shown in Fig. 4. Three major endotherms are
present; the temperatures are 650, 845, and 880*C. X-ray diffraction was used to identify
the phases present at each temperature. Below 650*C, Sr-, Ca-, and Cu-based Bi oxides
were present. As samples were heated to 800*C, SrBi2O4 and CuBi 2O 4 reacted to form the
low-Tc 2201 phase (approximately B12Sr2CuOx). Although mass balance dictates that some
B1 2O 3 must remain after this reaction, none could be detected by X-ray diffraction. Near
845*C, the Ca and Cu oxides react with 2201 to form the 2212 phase. Much 2201
remained after 0.5 h at 845*C. Heating to 900*C converted the 2201 and residual oxides to
2212.

Based on these data, the reaction sequence can be summarized as:

B12O3 + CuO + SrCO3 + CaCO3

.. < 650*C

SrBi2O4 + CuBi2O4 + CaBi2O4

. 650*C

Bi2Sr2CuOX + Ca-Cu-O

i 845*C

Bi2Sr2CuOX (major) + B12Sr2CaCu2QX (minor) + Ca-Cu-O

1 880*C

Bi2Sr2CuOX (very mninor) + B12Sr2CaCu2OX (major).

From the above reaction scheme, high temperatures appear to favor formation of the
higher-Ta phase. Heating of the initial mixture in 20% 02/80% Ar produced melting at
845*C. In an effort to avoid melting, extended heat treatments at 840*C were used. After
an anneal of 65 h, no 2201 could be detected by DTA or X-ray diffraction.

Work is continuing in the Pb-doped BSCCO system. In addition to synthesizing
(Bi,Pb)SrCaCui.aOy with a zero-resistance Te of 107 K, the Bil.7Pbo.3Sr2Ca2Cu3OZ high-Ta
compound is now also made. These powders are also to be used in powder-in-tube
processing.
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Fig. 4. DTA trace of unreacted BSCCO powder

2.1.3 TI-Ba-Ca-Cu-O System

Melting of T120 and evolution of TI oxides are the most important considerations in
pros, cssing TBCCO superconductors. Many researchers begin with TI-excess mixtures to
compensate for TI evolution at high temperatures. Efforts at ANL have focused on encapsu-
lation to avoid TI volatilization. This approach is necessary for fabrication because it is
impractical to alter formulations as volatilization changes with every geometry used. The
ANL procedure begins by forming oxide precursors of the Ca, Ba, and Cu species: Ca2CuO3,
Ba2CuO3, and Ba2Cu3O5. Pure precursors can be made by calcining in air from 900 to
950*C. Encapsulation can be successful because no C02 is evolved during heating.

Several superconducting compounds exist in the TBCCO system. Deviations from ideal
stoichiometry are extensive, however, and phase-pure materials have not yet been synthe-
sized. Work by several research groups has shown that nearly phase-pure 'T12Ba2Ca2Cu3OX"
can be formed if excess TI is used. Work at ANL has shown that TI-deficient compositions
yield equivalent phase purities and Te values. The advantage of the TI-deficient compo-
sitions is that evolution of TI-containing species is greatly reduced.

Work with TBCCO has been suspended for a time. We plan to make Ag-sheathed
TBCCO wires in the near future.

93

91 g
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2.2 Bulk Conductor Production

2.2.1 Monolithic Conductors

Two developments now allow for the fabrication of large multilayer YBCO coils by
extrusion: optimization of a method for coating YBCO wire with Y2BaCuO5 (211) as an
insulator, and use of reduced pressure during the firing of coils to prevent the decompo-
sition of YBCO. In extrusion, YBCO powder is mixed with several additives to make a
formulation with enough fluidity to be easily formed into various shapes, but that retains
satisfactory strength in the green state. Ag is added to improve the mechanical properties
of YBCO, and the mixture is milled to provide a more sinterable powder. After some solvent
is allowed to evaporate from the mixture, the resulting plastic mass is forced through a die
at high pressure to form a YBCO/Ag superconducting wire. In the green state (i.e., before
firing), extruded wires exhibit great flexibility and can be easily formed into a coil.

To make multilayer coils, the YBCO/Ag wire must be coated with an insulator to
prevent electrical shorts between layers. After extrusion, the YBCO/Ag superconductor is
coated with insulator by passing it through a slurry of 211 that is contained in a vessel that
allows for a slight overpressure on the slurry to aid its delivery to the wire. The wire is
then wound onto a mandrel to provide the multilayer coil. The composition of the 211
slurry has been optimized by identifying a solvent/binder system that dries rapidly enough
to prevent the coating from running during drying and to prevent attack of the green
YBCO/Ag wire by the solvent, but not so rapidly that the coating cracks and flakes during
drying. A stabilizing layer of Ag can also be applied by the same solvent/binder system.
With this method, coils have been produced with up to 12 layers of wire coated with both
Ag and 211.

In the green state, superconducting coils contain =10 wt.% organics. Before the green
coil can be made into a useful superconductor, however, the organics must be completely
removed without damaging the superconductor. Incomplete removal of the organics can
cause decomposition of the superconductor or leave carbon-rich materal at grain bound-
aries, either of which will degrade superconducting properties. Organics can easily be
removed by thermal decomposition in the temperature range of 240-350*C, but if the
decomposition proceeds too rapidly, the coils can bloat severely and, in some cases, even
explode. In firing any ceramic, It is important to control the rate at which organics are
removed, but this is especially important in firing YBCO because YBCO decomposes in the
presence of CO2 and H2 0 (Gao et al., 1990), two products that are formed during decom-
position of organics.

Figure 5 is a plot of the concentration ratio C02/Ar as a function of time, measured with
a mass spectrometer during the firing of a superconducting coil at reduced total pressure
(2.6 x 102 Pa). The plot suggests that, for the most part, the organics decomposed at
-270*C and were completely removed by -300*C. This is consistent with weight-loss
measurements that were also made. The second peak in Fig. 5, at a higher temperature, is
believed to result from organics that volatilize at the low temperature but do not decompose
to form C02. Instead, they condense on cool portions of the furnace and decompose later
when that portion of the furnace reaches a higher temperature.
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Fig. 5. Analytical results of gas evolved during firing of extruded coils.

Results show that most of the organics decompose in the
temperature range 280-300*C.

When superconducting coils are fired at a reduced total pressure, the concentrations of
C02, CO, and H20 are min'nized, and YBCO does not decompose. But when coils are fired
at ambient pressure, the harmful gaseous products accumulate and lead to decomposition of
YBCO. To demonstrate this, YBCO powder was mixed with the same organics used in
extrusion, and the mixture was fired in flowing oxygen either at ambient or reduced
pressure (2.6 x 102 Pa). Two different powders were used: powder produced by solid-
state reaction at reduced pressure, and that produced by a liquid-mix technique. Samples
were taken from the mixtures at 240, 300, and 350*C, and their X-ray patterns were
obtained. Figures 6 and 7 are schematic illustrations of the major peaks in these patterns.
Figure 6 shows that when the YBCO/organic mixtures were fired at ambient pressure, both
samples of YBCO decomposed: the liquid-mix powder at 2400C and the solid-state powder
at 3000C. However, when fired at reduced pressure, the YBCO did not decompose (see
Fig. 6). Figure 7 shows that the relative intensities of peaks varied with temperature, but
that the YBCO did not decompose. The patterns at 240 and 3500C indicate highly oxy-
genated YBCO, whereas the pattern at 3000C indicates 02-deficient YBCO (Wong-Ng et al.,
1987). This is consistent with measurements that showed a weight gain between 300 and
3500C and suggests that as the organics are oxidized in the temperature range of 240-
3000C, they remove 02 from the YBCO. Once the organic' have been completely removed
(above 3000C), YBCO regains the lost oxygen and shows a_; increase in weight. These
results, which indicate that firing at reduced total pressure prevents the decomposition of
YBCO, are therefore important to the fabrication of multilayer coils.

Table 3 shows the firing conditions for five coils made by these techniques, their crit-
ical current densities, and the magnetic field generated at the center of the coil when the
coil was operating just below its critical current. Also shown for two coils are the magnetic
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fields generated across the gap ("6 mm) of an iron core. Comparison of the data for Coils 1
and 2 illustrates the chemical compatibility of 211 and YBCO. The coils were fired under
identical conditions, but Coil 2 was coated with 211, whereas Coil 1 was not. The similarity
in Je demonstrates that the 211 coating does not degrade the superconductor. To test the
effectiveness of 211 as an insulator, one winding at the center of Coil 4 was cut after Jc was
measured. After cutting, the current between layers was immeasurably small.
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Coil 5 showed the best performance of superconducting coils produced to date and was
used as the field winding in a small DC motor built by Reliance Electric Company (Edmonds
et al., 1990). n ANL tests made at 77 K, the coil generated a field of 7.3 x 10-3 T with an
air core, and '.3 x 10-2 T across the '6-mm gap of an iron core. When cryogen temper-
ature was decreased to 73 K by bubbling helium gas through the liquid nitrogen, the mag-
netic field across the gap in the iron core increased to 4.2 x 10-2 T. This increase in field
was due to the improvement in superconducting properties that resulted from a decrease
in temperature.
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Table 3. Description and properties of five superconductor coils and their
firing conditions

Coil Jc Magnetic Field (T)
Description Conditions (A/cm2 ) Air Core Iron Corea

Coil 1 760Omm Hg 120 1.9 x 10-3  
-

Uncoated 910*C
25 turns

Coil 2 760Omm Hg 130 2.0 x 10- 3  -
211-Coated 910*C

25 turns

Coil 3 2 mm Hg 225 3.6 x 10-3 1.6 x 10-2 (77 K)
Uncoated 875*C
21 turns

Coil 4 10 mm Hg 150 4.2 x 10- 3  
-

211-Coated 875*C
2 layers
42 turns

Coil 5 10 mm Hg 150 7.3 x 10-3 4.2 x 10-2 (73 K)
211-Coated 875*C 3.3 x 10-2 (77 K)

5 layers
75 turns

aGap .1/4 in. (~ 6 .4 mm).

In addition to this method for fabricating multilayer coils, an alternative technique is
being studied. With this technique, YBCO is extruded in the precursor form, and the 211
coating is applied as a precursor. That is, forming is done in the green state, and the coil
contains only uncalcined materials. The precursor wire is converted into YBCO, and the
precursor coating into 211, when the coil is fired at reduced pressure. This technique
combines the calcination and sintering steps of fabrication and could possibly avoid a
problem with precalcined YBCO: i.e., its decomposition through contact with atmospheric
contaminants such as CO2 and H20. One single-layer coil has been made by firing a coil of
YBCO precursor and the results were promising: Je - 350 A/cm2 . A two-layer coil made by
this method had distinct layers of YBCO and 211, and the 211 layer adhered to the YBCO
better than in coils made from calcined materials. The two-layer coil had a Je greater than
250 A/cm2 , which is comparable to Jc of coils prepared from calcined materials. However,
wires produced from uncalcined materials tend to split down the middle, possibly because
of extrusion flaws. With optimization of the extrusion process and subsequent heat
treatment, Je might be further improved for coils made by this method.

2.2.2 Composite Conductors

Processing high-temperature superconductors in Ag tubes has produced several
reports from Japan of Je values at 77 K of about 104 A/cm2 . Je values of about 3000-
4000 A/cm2 appear to be reproducible; higher Je values have not been adequately
confirmed. Recent reports of Jc values at 4.2 K indicate BSCCO to be a highly promising
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superconductor (Heine et al., 1989). Advantages of powder-in-tube processing include
obtaining high green densities, which obviates use of high sintering temperatures;
protection of the superconductor from atmospheric exposure; and possible stabilization of
the superconductor by the metallic sheath.

At ANL, research has included swaging (Shi and Goretta, 1989) and rolling operations
(Balachandran et al., 1990). For both YBCO and Bi-based superconductors, the results to
date are simple to summarize. Swaging may be done with large areal reductions per pass.
Rolling must be done with deformation limited to 10% reduction per pass. If larger
reductions are attempted, tensile stresses induce transverse cracks, and low Jc values are
the result. Proper heat treatment has yielded excellent, low-resistance YBCO/Ag interfaces.
The BSCCU/Ag interfaces currently have higher resistance, and work in progress is seeking
to modify heat treatment times and atmospheres to improve the interfaces.

The microstructures for YBCO developed to date have been only modestly textured.
Tc and Je values have been virtually identical to those of pressed pellets. For a swaged wire,
the highest 77-K zero-field Jc has reached 3500 A/cm2 ; in a 1-T, field the Je dropped to
about 800 A/cm2 . A recently made 49-filament wire has achieved a Je of 3000 A/cm2 at
77 K in zero field. The cross-sectional area of the wire was small, however, and the critical
current, Ic, was only about 1 A/cm 2 .

Powder-in-tube methods to fabricate wires are highly directional. As a consequence, it
has proved possible to impart favorable texture (Hikata et al., 1989; Osamura et al., 1989).
We have recently fabricated Ag-clad BSCCO wires with high degrees of texture. The prop-
erties of these wires have been very difficult to measure. At 77 K, contact heating problems
arose. The zero-field Je was greater than about 500 A/cm 2. Beause of flux-creep problems
above about 30 K, this value of Jc is quite good. Measurements at 4.2 K indicated that the
lower limit of the Je was about 3 x 103 A/cm2 . Specimens can only be measured once or
twice because of thermal stresses. New specimens are being prepared, and Jc measure-
ments will be made in applied magnetic fields.

2.2.3 Thick Films

Powder-Derived Films

Novel microstructures can be produced by melt-solidification processing of YBCO and
BSCCO thick films. Crystal growth kinetics are highly anisotropic and the fastest growth
is in the a-b plane. As a result, platelike grains with large aspect ratios are commonly
observed in microstructures of high-Ta materials. The kinetics of heterogeneous
nucleation and growth favor propagation of the a-b directions along the substrate plane.
Highly textured microstructures are developed for BSCCO thick films by this process.

Thick films of YBCO and BSCCO were fabricated by applying a highly viscous slurry
composed of a superconducting powder and an organic solvent. A dispersant was used to
deflocculate particles and enhance rheological properties. The slurries were painted on Ag.
Au, or MgO substrates and dried at 60*C for 4 h. The specimens were subsequently fired at
high temperature and characterized by SEM and X-ray diffraction.



15

Powders of B12Sr2CaCu2OX (2212) and Bi4Sr3Ca3Cu6Ox (4336) were used in this study.
X-ray diffraction data showed that the major phase for the 4336 composition was
B12Sr2CaCu2OX. Small amounts of the superconducting phase Bi2Sr2CuOX (Tc - 10 K) and
of the nonsuperconducting phases CaO, Ca2CuO3, and CuO were also found. The major
phase for the 2212 composition was B12Sr2CaCu20X. Several low-intensity diffraction peaks
appeared, but could not be identified as the 2212 compound.

For both compositions, a highly oriented structure was observed from X-ray diffraction
patterns. The c-axis of the crystal lattice was found to be perpendicular to the plane of the
thick film. Figure 8 shows that the highest diffracted X-ray intensities occur at the (001)
indices. Scanning electron microscopy revealed a platelike morphology with the grains
oriented parallel to the substrate plane.

YBCO thick films were deposited on Au and single-crystal MgO substrates. The incon-
gruent melting point of YBCO was about 970*C in an 0.01 02/0.99 N 2 mixture. Large grains,
with areas approaching 4 mm2 , can be grown with the a-b plane of the crystal parallel to
the substrate. Scanning electron microscopy revealed that the large YBCO grains contained
inclusions of 211 and were surrounded by a Cu-rich phase. Grain alignment was observed
from X-ray diffraction; however, the degree of orientation was not as high for the YBCO
films as for the BSCCO films.

Films from Molten Alloys

Work has started on development of a new technique for preparing thin or thick films
of high-density, textured MBa2Cu3OX, where M is Y or a rare earth. This technique involves
the controlled oxidation of liquid alloy films supported on oxide, ion-conducting ceramic
substrates (Fig. 9). In essence, the ceramic serves as an oxygen-transporting solid elec-
trolyte and as a support for the high-Ta film. Oxidation of the liquid alloy is achieved by
electrolytic transport of oxygen ions through the ceramic to the alloy/ceramic interface.

C,

60 00 0

2CO(deg

I-
X~ 605 4 0 01

0 '-I 20 !LLLA
Fig. 8. X-ray diffraction pattern of BSCCO thick Jflm
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Closed-' nd yttria- or calcia-stabilized ZrO2 tubes are used. Preparation of a substrate tube
involves the application of electrically conductive contacts to the inside and outside
surfaces. Attempts will be made to oxidize dip-coated, liquid EuBa2Cu30x films by feeding
02 gas to the inside of the tube and applying an appropriate electrical potential across the
interior and exterior conductive contacts.

If high-Tc superconducting films are obtained successfully, future work will focus on
(1) texture development through judicious selection of oxide-ion conductor type and
orientation; (2) optimization of alloy film wiping, and electro-oxidation and postoxidation
annealing; and (3) extension of the technique to substrate/solid electrolyte embodiments,
such as hollow ceramic fibers for wires or flat plates for electronic devices.

Sol-Gel Films

YBCO superconducting films on polycrystalline Ag substrates have been fabricated by a
sol-gel/spray pyrolysis method. (The term sol-gel has come to mean any solution
technique to prepare powder, films of fibers of the desired product.) This method may
allow for mass production of uniform, low-cost, thin and thick films. The sol-gel precursor
is composed of yttrium, barium and copper acetates that are dissolved in a minimum
amount of water and partially gelled using ethanolamine. Ag substrates were heated to
300*C before spray coating with the precursor solution. Intermittent treatment of films at
5500C in air between spray coats resulted in dense films. Subsequently, YBCO films were
sintered between 850 and 950*C and oxygen annealed on cool down. Film thicknesses of
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1-3 pm were obtained and were highly oriented with the c-axis perpendicular to the Ag
surface. Jr values of 200-500 A/cm 2 have been measured at 77 K and 0 T; higher Je values
have been measured on films with many pinholes, which appear to increase the number of
02 entry points into the oriented films. The Je rapidly decreases in a magnetic field,
indicating that transport properties are dominated by weak-link behavior.

Essentially two different approaches to sol-gel preparation of YBCO have been made:
nonaqueous (Kramer et al., 1988; Dramer et al., 1988; Shibata et al., 1988) and aqueous
based routes (Liu et al., 1989; Barboux et al., 1988; Chen and Tseng, 1990; Schieber et al.,
1990). The majority of nonaqueous sol-gel methods involve hydrolysis of metal alkoxide
sols by addition of water to produce a gel. Partial hydrolysis can produce solution viscosities
so that fibers can be drawn or substrates can be coated. The metal alkoxides tend, how-
ever, to be very expensive and difficult to obtain. Copper alkoxides are often somewhat
insoluble in organic solvents, and hydrolysis rates for the different metal alkoxides tend to
be very different. For these reasons, it can be difficult to produce stoichiometric and
homogeneous oxides.

Aqueous sol-gel precursor solutions are often very simple to prepare from the metal
salts. The metal salts are either readily or commercially available and can be handled
relatively easily. Water is an attractive solvent to use because of safety concerns during
pyrolysis. Nitrates (Liu et al., 1989; Chen and Tseng, 1990), acetates (Liu et al., 1989),
hydroxides (Liu et al., 1989), and carboxylates (Schieber, 1990) of yttrium, barium, and
copper are typical examples of precursors used in preparing aqueous sols. While nitrates
themselves have little tendency to gel in water, ethylene glycol solutions have been used.
Metal acetates have been used in combination with metal hydroxides or by themselves with
ammonium hydroxide used for pH control. Fibers have been drawn from acetate sols
produced by removing water until sufficient solution viscosity is obtained. Carboxylates.
specifically lactates, have been used in aqueous sols of the Bi superconductor because each
component is soluble in water and unoxidized carbide residues are believed to act as flux-
pinning sites (Schieber et al., 1990).

In efforts to reduce cracking, some researchers have used a spray-pyrolysis method.
Spray pyrolysis is one of the least expensive deposition methods for oxides and allows large
areas or unusually shaped objects to be covered with the desired compound. Solvent can
be removed from the film by heating during deposition. At sufficiently high temperature,
metal salts decompose to the oxide. These processes can reduce the amount of volatile
components that must be removed from the film in a later step. Therefore, thicker and
more uniform films that are free of cracks can result. Films of the Bi superconductor have
been prepared by spray pyrolysis from metal lactate sols onto MgO substrates (Schieber
et al., 1990). Other researchers have used nitrates and acetates as precursors to BSCCO and
YBCO (Gupta et al., 1988; Saxena et al., 1988; Vaslow et al., 1988; Hsu et al., 1989). Nitrate
sols have been used to coat carbon fibers by spray pyrolysis to obtain YBCO wires after a
carbon burnout step. Herein, we describe a spray pyrolysis method we have developed for
preparing oriented YBCO films on Ag substrates with aqueous solutions of metal acetates
and the use of ethanolamine as a gelling agent.

Substrate selection for thick film is based on several criteria. Sol-gel deposition on
dielectric substrates have been explored for microelectronic applications. Highly oriented
films have been obtained on MgO and SrTiO3 substrates (Hirano et al., 1990). Textured sol-
gel films have also been deposited on zirconia substrates (Shibata et al., 1988). For several
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applications such as motors and high-power cavities, the high-temperature supercon-
ductors must be bonded to a normal conductor. If the superconductor should quench, the
current will shunt across the normal conductor. The generated thermal energy can also be
removed from the superconductor by the metal substrate to prevent quenching.

Coprocessing of materials will entail studies of interfaces between superconductor and
substrate materials. A strong bond will usually result when there is a small amount of
interdiffusion, although excessive diffusion of the substrate material into the supercon-
ductor may result in property degradation. Ag is an excellent choice for a substrate
because of its relatively high thermal expansion coefficient and chemical compatibility
(Lanagan et al., 1990).

Reagent grade metal acetates were obtained from commercial sources (Aldrich and
Baker), and were analyzed to determine amount of hydrated water. Yttrium and copper
acetates were converted to the corresponding oxides at 9500C in flowing oxygen. The
amount of hydrated water was then determined. The Ba content in barium acetate was
determined by a precipitation technique. Analysis of results showed the starting metal
acetate formulas to be Y(CH3 COO)3 3H20, Cu(CH30OO)2-0.8H20 and Ba(CH3COO)2.

The YBCO precursor solution is prepared from the metal acetate salts dissolved in
distilled water. A typical procedure involves mixing appropriate amounts of yttrium acetate
trihydrate, barium acetate, and copper acetate monohydrate in 94.9 M% of distilled water.
The solution is heated to 600C and stirred to dissolve the solids. Monoethanolamine
(3.0 M%) is then added slowly while stirring. The solution color changes from blue to violet
during the addition. The solution is allowed to cool to room temperature and is then
placed in a plastic bottle for storage. Gelling time is usually 24-48 h.

The sol-gel solution can be used for dipping or spraying substrates at room tempera-
ture. Spray coating of substrates at 3000C appears to produce the best coatings. Substrate
temperatures higher than this temperature are difficult to coat because of convection
currents caused by the heat and the decomposing solution. The substrates were heated on
a hot plate in ambient air. A typical small hand-held spray gun was used for preparing
films. The best films are produced by spray coating polycrystalline Ag heated to 300*C,
followed by a 550*C treatment. Film thickness can be adjusted by repeating this procedure.
Typically, Ag was coated five times, resulting in a final YBCO film thickness of 1-3 m. The
final sintering is at 9000C for 8 h in flowing 1% 02 in N2, followed by an 02 anneal on cool-
down.

The Je was measured by a standard four-probe technique. The electric field criterion
of 0.1 sV/ cm was used, and all Je measurements were carried out at 77 K. Tc measure-
ments were made by magnetization in the range of 4.2 to 100 K.

The sol-gel solution becomes viscous one to two days after preparation and is a clear
dark blue, indicating a very homogeneous mixture. The gel is held together by weak inter-
particle forces, which is evident by breakdown of the gel under any shearing process, such
as shaking or spraying. The gelling is reversible and solutions remain stable for months.
The viscous solution can be made suitable for spinning, spraying, or dipping processes;
we optimized the gel for spraying.
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Analysis of the sol-gel by DTA/TGA in Fig. 10 shows that nearly 99% of the total weight
loss occurs below 2500C. Most of this weight loss is due to evaporation of water and
ethanolamine, indicated by the endothermic peaks in the DTA below and near 200*C.
Above 200*C, the acetates begin to decompose. Copper acetate decomposition is evident
even at 200*C by the formation of a rusty-red film color, indicating reduction of copper
(+2) to copper (+1). The films turn black at 250-300*C, indicating oxidation back to
copper (+2) oxide. The yttrium and barium acetate decomposition apparently occurs
between 300 and 5000C, which is indicated by the large exotherms present in the DTA.
The DTA and TGA results clearly show that all organics are removed by 500*C.

Initial attempts at preparing films on Ag substrates were made at room temperature.
The films were prepared by spraying on Ag in each of four directions, with air-spray drying
used between coats to remove excess water. A clear blue film resulted. The film will dry
overnight tc the point of being slightly sticky to the touch. A humid environment will
rehydrate the film and make it flow. Excessive drying in air makes the film susceptible to
cracking. Calcination of the film to 9000C for 4-8 h results in a very porous and nonuniform
coating on Ag.

Spray depositing the film on Ag substrates at 300*C results in films that are smooth
and can be heated to 5500C and 900*C without cracking. This is presumably because the
majority of solvent and organics are removed as the film is deposited. Film color is gray to
black when deposited, indicating that copper(+2) oxide has been formed. Sintering at
9000C produces a beautifully smooth, crack-free film; however, some porosity still remains
because of organics trapped in the film. This problem has been solved by intermittent heat
treatment of the films at 550*C. Intermittent treatment at 900*C directly has recently been
shown to also produce good-quality films of YBCO on Ag and MgO; however, this is a more
difficult process for routine use in the laboratory.
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Fig. 10. Thermal analysis of YBCO sol-gel decomposition
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The as-deposited films were heated between 850 and 950*C for up to 10 h, and
sintering kinetics were enhanced by firing in a reduced oxygen partial pressure of 1% 02 in
N2 (Chen et al., 1989). The cooling cycle is carried out in 100% 02 to convert the YBCO to
the superconducting orthorhombic phase. A 10-h anneal at 450*C was thought to be
sufficient to complete the conversion. Films of high phase purity have been formed at
temperatures as low as 850*C; however, higher temperatures are required to produce
dense microstructures. Increasing the sintering temperature to 900*C for 8 h results in
significant grain growth, and treatment at 950*C caused extensive grain growth occurs
within 15 min. A small amount of liquid phase could be responsible for the grain growth
above 900*C. Evidence for this can be seen during the sintering of pellets or powder
prepared from calcined sol-gel powders. No liquid is seen after calcining the powder to
8500C. The pellets or powder sintered at 900*C, however, often show stain marks on the
crucibles. The small amount of material on films makes unequivocal detection of the liquid
phase difficult.

X-ray analysis of films deposited on Ag substrates at 2000C shows only two very broad
peaks of an unidentified phase. The spectrum is an indication that the films are primarily
amorphous. Further heating films to 550*C causes partial crystallization of the film, as
revealed by the X-ray diffraction. Broad peaks corresponding to BaCO3, CuO, and Y2 03
phases are identified; heat treatment in oxygen to 8500C is needed to decompose the
BaCO3.

The X-ray powder diffraction pattern analysis of films calcined to at least 8500C for 8 h
shows that the films are phase-pure YBCO. The X-rays show the films to be partially ori-
ented with the c-axis perpendicular to the Ag substrate surface. Increasing the sintering
temperature to 9000C for 8 h increases the degree of orientation, and treatment to 930C
for 8 h produces a high degree of orientation, as seen by the relative intensities of the (001)
reflections compared with the (110) peak, which is the largest for a random orientation
(Fig. 11). Small peaks at slightly lower angles to the (006), (005), (003), (002), and (001)
peaks are due to unfiltered Cu Kp and W L X-rays. The high degree of orientation was
unexpected for a polycrystalline substrate, but may be due to a small amount of an unidenti-
fied melt phase in the films and preferential growth of the a-b plane along the substrate
face.

A high degree of orientation in the films suggests that these films may have superior
electrical properties. This notion, however, has not been borne out in most of the films
that have been prepared. Je measurements have been made on many films that show a high
degree of orientation and phase purity by X-ray diffraction and energy dispersive X-ray
analysis in SEM. Several films of YBCO of 1-3 m in thickness have exhibited Jc values of
200-500 A/cm 2 ; the best film had a Jc of 3500 A/cm 2 .

Magnetization measurements confirm that oxygenation kinetics of these highly
oriented films are slow (Fig. 12). A film annealed in air has a Tc of 67 K. Earlier workers
found this Tc to correspond to an oxygen content of 6.67 (Shi and Capone, 1988). Raman
data have shown a shift in the Cu-O vibrational mode to a lower frequency, which also
suggests a depleted oxygen content in the specimen. Magnetization data of the oxygen-
annealed film reveal a coexistence of the 60 K and 90 K phases. Routbort et al. (1990) have
described oxygen tracer diffusion studies on YBCO, and have found a large anisotropy in the
diffusion coefficient. Diffusion along the c-axis is 5 to 6 orders of magnitude lower than
that of the a-b plane.
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Fig. 11. X-ray diffraction pattern of a YBCO sol-gel film on an Ag substrate

Film samples with many pinholes have shown higher Jc values of 3500 A/cm2 and a Te
of 88 K (Fig. 13). The large number of pinholes increases the number of possible entry
points for diffusion in the a-b plane and as a result the films are oxygenated to a greater
extent. Weak-link behavior continues to dominate, however, as shown by the large depen-
dence of Jc on magnetic field. This limitation will be addressed in future work.

2.3 Properties of Bulk High-Tc Superconductors

2.3.1 Characterization Methods

Ceramic superconductor samples produced by ANL are characterized to help guide
improvement of the chemical formulations and the procedures of forming and processing.
High-Tc products fabricated by ANL for use by others also are characterized to evaluate the
product performance. Typically, the property of primary interest is the DC transport
critical current value (Ic) of the sample or the critical current density (J), measured as a
function of the intensity of an applied magnetic field. Selected samples are tested to find
the critical temperature, AC resistance, structural defects, or strength of the diamagnetic
response.

2.3.2 Screening Tests

J tests have been continued at an average rate of 125 new samples each month.
Substantial differences among batches of bulk material or formed products necessitated
continual screening. The standard four-point resistance method was used with a 1 pV/cm
Jc criterion. Jc0 -alues of 100-1000 A/cm2 were commonly found in tests of the polycrys-
talline materials at 77 K. Sensitivities of Je to applied magnetic fields near zero field
ranged from 5 x 10-7 to 1 x 10-6 per T. The sensitivities were much less at higher field
values (0.01 to 0.2 T), but Jc values were reduced to at most 10-50 A/cm2 . (However, Jc
was both high and rather insensitive to magnetic fields for melt-textured samples
described elsewhere in this report.) Specific results of interest are included below.
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2.3.3 Metallic Electrical Contacts to Ceramic Superconductors

Mechanically strong contacts of very low resistance are needed as superconductors are
produced for use at high current levels, e.g., 50 A. The development and testing of two
types of such contacts were completed in this reporting period.

Tests of pressure-bonded contacts developed by Maroni et al. and applied at 1200C to
flat surfaces of ceramic superconductors were completed. On flat rings of YBCO + 15 vol.%
Ag at 77 K, the contact resistances were found to be below the level of detection set by the
metallic connections at the contacts, and bond strengths were adequate. Such contacts are
advantageous for previously fired ceramic components that might be impaired by reheating
to temperatures much above 120*C, as is required by an alternative contacting technique.
A limitation of pressure contacts arises from the requirement of a nearly ideal contact
surface geometry.
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Contacts consisting of thick Ag pads fused to the ceramic were developed and applied
to superconductor rings, coils, and bars. A slip of Ag powder in a viscous organic medium
was painted on superconductor products in either the green or the fired state at sites
where contacts were desired and then furnace-fused to the product. A minimum firing
temperature of 750*C was needed for good adhesion. Preferably, the Ag slip was applied to
the green product and sintered (at 8750C) with the ceramic (this prevented the property
impairment often produced by reheating). For YBCO, the material was reoxygenated during
cooling. The specific resistance of such contacts on ring samples of YBCO + 15 vol.% Ag at
77 K was shown to be < 10 pnf-cm 2 and perhaps much less. With care, metallic connec-
tions were made to the thick pads with inexpensive Sn-Pb solder. (Molten solder tends to
dissolve the very thin Ag deposits produced by sputtering in other modes of low-resistance
contacting).

Custom-designed connectors for potential use as convenient means of superconductor
installation in practical assemblies were provided by J. C. Petlau, Inc. The copper connec-
tors were press-fitted on Ag pads at the ends of bar samples provided by ANL. Contact
resistance was well below 1 s2 at each end. Solder could be added to prevent degradation
of the contacts. Similar connectors could be used to implement the pressure contacts
described above.
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2.3.4 Facilities Upgrades and Additions

Cryostat apparatus suitable for tests in liquid helium was acquired. An initial test of
bulk YBCO showed that the Jc at 4.2 K was nearly four times as great as at 77 K. A facility is
being added to enable tests at constant temperatures in the range of 4.2-150 K and in
applied magnetic fields.

DC current supply facilities were upgraded to provide controlled currents of up to 80 A
for tests of superconductor bars of 0.45 cm2 cross-sectional area. A large Helmholtz coil
apparatus was constructed and applied with the upgraded current supply in 77-K tests of
bar samples (see above) to verify that Ic values were >50 A in a 7 x 10 T field. The bars
were tested for use in a cryogenic connector described below.

An AC resistance analyzer was constructed and applied to YBCO and YBCO + Ag coil
samples at 77 K. The apparatus was designed to eliminate the effects of sample inductance
on measurements. It was found that (1) use of 60-Hz current reduced the effective Ic
values by only 20% relative to those of DC current, on a power-loss basis- of comparison; and
(2) AC resistance was approximately proportional to frequency.

2.3.5 Alternating-Current Dissipation

The power dissipation in bulk YBCO and YBCO-Ag superconductors carrying alternating
currents is being studied to assess the suitability for applications such as power transport.
Electrical resistances at 77 K were measured for several coils as a function of frequency and
amplitude. The contribution from sample inductance was electrically removed. Power
dissipation values, calculated from the resistance and AC current data, were compared with
the amount of dissipation in each sample at the DC critical-current level.

As expected. AC dissipation was greater than DC dissipation. The excess resistance for
AC current is attributed to (1) AC current peaking above the root-mean-square (RMS) value
and encountering the increasing resistance characteristic of superconductors operated in
the range of the Jc, (2) greater self-fields at ncak currents, and (3) effect of magnetic
hysteresis. An approximately proportional inerase of AC resistance with the number of
magnetic self-field reversals per unit of time was observed, as would be expected in view of
the known hysteretic response. Relatively small departures from this proportionality
indicated a sensitivity to the rate of field reversal during each cycle of AC conduction.

Although the geometry and Jc of each specimen were similar, their AC performances
were dissimilar. The AC dissipation at a given current and frequency can be compared with
the DC dissipation at the DC critical current. For the most favorable coil, these dissipations
were equal when 60-Hz RMS current density was 80% of the DC critical value. For the
least favorable coil, the result of the same comparison was 16%. However, at this current
density, the AC resistivity of the latter coil was only 15% of the resistivity of copper at 77 K.
The causes of these performance variations are under investigation.
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2.3.6 Mechanical Properties

Strength and Deformation

The mechanical properties of all high-Tc superconductors are poor. In particular,
fracture toughness (Kic, the ability of a material to resist fracture) is generally only about
1 to 1.5 MPa4m. Structural ceramics have values of 4 MPadm or more, and toughened
ceramics can have KIc values of up to 20 MPam. As described in previous sections,
additions of particulate Ag appreciably improve Kic, strength, and some electrical
properties (Singh et al., 1989).

A second approach has recently been shown to be successful in improving Kic: addi-
tions of ZrO2 toughen many ceramics (see, for example, Becher, 1986). However, ZrO2 is
not compatible with YBCO; the two compounds react to form BaZrO3 and a semiconductor
results (Goretta et al., 1990). The problem of reaction between YBCO and ZrO2 has been
mitigated by additions of Y2BaCuO5 (211). The 211 phase is compatible with YBCO. In a
preliminary set of experiments, addition of 10 vol.% ZrO2 improved Kic to 3 MPa4m, more
than double the value of pure YBCO. By adding 3 vol.% 211 in addition to the ZrO2, super-
conductivity is maintained (Goretta et al., 1990). Tc was reduced only 1-2 K; Je values were
typical of those for large bars, a 300 A/cm2. A follow-up set of experiments in which sol-
gel-derived 211 coatings were applied to YBCO has yielded further improvements. First, it
was found that by suitable microstructural alteration, the Kc of YBCO could be raised to
nearly 3 MPa Im. Second, 21 1-coated ZrO2 improved the Kc to 4.5 MPa.

High-temperature mechanical deformation of both YBCO and BSCCO continues to be
studied. These studies yield fundamental information information on diffusional kinetics
(von Stumberg et al., 1989) and on possible consolidation techniques. For YBCO, a
constitutive equation has been generated for deformation in an oxygen atmosphere by
diffusional flow:

E = A a1.0 (GS)-2. 8  0.6 exp -(970 130 kJ/mole)/RT,

where E is the strain rate, A is a constant, a is the stress, GS is the average grain size, and R
and T have their usual meanings. The activation energy for deformation in atmospheres of
3 x 103 Pa or less of oxygen decreases to 660 kJ/mole (Goretta et al., 1990c). These
findings represent refinements of previous results.

The approach to high-temperature deformation of BSCCO has been different. Hot
isostatic pressing (HIP) has been used to achieve full densificatDn. BSCCO is very hard to
densify by conventional sintering (Balachandran et al., 1990). It has been found that fully
dense BSCCO can be made by HIP in an inert atmosphere. A can of Ag encased in steel was
used. The BSCCO suffered no apparent decomposition or loss of Tc, if a suitable post-HIP
heat treatment was used (Nash et al., 1990). The specimens were too small for effective
testing of Jc. Larger specimens have been made and heat treatments are now in progress.

Residual Strains in YBCO

Neutron diffraction techniques have been used to determine the variation in strain in
two samples of YBCO with differing grain sizes. The first sample had a grain size of apptoxi-
mately 5 pm; the second had a typical grain size >100 pm. By plotting the (A)/A) 2 vs. X2,
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where X is the wavelength of a diffraction peak and AX is the width of the peak, it is possible
to determine from the intercept of that curve the variation in strain for the sample.
Specifically, the intercept of the curve is 4< E >2 , where < E > is the variation in strain. Bars
measuring 3 x 6 x 10 mm were illuminated by neutrons, with the following result. The
small-grain-size bar had a variation in strain of about 2 x 10-3. The variation in strain for
the coarse grain size bar was about 4 x 10-4 . One expected the coarse-grain material to
have more strain because of the anisotropy in thermal expansion coefficients. The experi-
mentally observed difference suggests that microcracking induced by the residual stresses
resulted in stress relief. The possibility of twinning as a cause of line-width broadening,
which could complicate the analysis, has been ruled out because the effects of twinning are
minimal. Similarly, complications in the analysis due to changes in stoichiometry would be
negligible. The results of this experiment suggest that the use of neutron diffraction can be
beneficial in studying grain-size effects and in development of efficient process controls.

2.3.7 Texture Analysis

The anisotropic properties in all high-Ta compounds make it necessary to characterize
the preferred orientation (or texture) of crystals that results from various processing
methods. Once a suitable preferred orientation is achieved, a significant increase in
performance is anticipated. In this study, thick films of Bi-Sr-Ca-Cu-O (BSCCO) on Ag
substrates were characterized by pole-figure techniques to obtain an orientation distri-
bution function (ODF), which is a method of obtaining quantitative texture information by
measuring pole figures.

Pole Figures

In standard X-ray analysis (diffractometer method), a sample is held in a given orien-
tation and a scan of d-spacings is made. The reflecting planes examined are restricted to
planes parallel to the sample surface. However, to gain information on the volume fraction
of crystals in arbitrary orientations, more information is required.

Pole figures are a measure of the diffracted intensity from a given crystallographic
plane as a function of orientation. They typically give the distribution of plane normals on a
50 x 50 grid in a stereographic projection as a function of orientation in the sample.
Because pole figures locate plane normals only, no information is given about the rotation of
the plane about its normal. If a complete description of crystal orientations is desired,
three dimensions must be used. The ODF describes grain orientations in three dimensions.

Orientation Distribution Functions

An ODF gives the volume fraction of crystals in a given orientation with respect to some
external set of coordinates. In rolling operations, for example, the external coordinates
may be the rolling direction, transverse direction, and normal direction. To relate the
three-dimensional crystal axes to the three-dimensional sample axes, we use Euler angles.
Figure 14 explains the angles used in the Roe convention of ODF mapping as they appear in
three dimensions.

In the Roe convention, these angles are P, 8, and 0, where 'P and 9 locate the crystal z
axis and b locates the crystal x and y axes. When plotting an ODF, constant 0 sections are
used. Figure 15 is a diagram of the Euler angles in two dimensions.
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Orientation distribution functions can be measured experimentally by various methods
(e.g., transmission electron microscopy); however a very large number of grains must be
tested to make the result statistically meaningful, and this requires a very long time. In
general, these functions are not measured directly, but are calculated by a mathematical
method that requires as input the information available in pole figures. For high-symmetry
crystal systems, the calculations can be made using two or three pole figures. For low-
symmetry crystal systems, more pole figures are required.

Once the pole figures are measured, they are mathematically manipulated with the
Williams-Imhof-Matthies-Vinel (WIMV) algorithm (Kallend and Gottstein, 1988). Each
point on a pole figure represents a projection along a path in the ODF. This projection path
depends upon the crystal geometry and the diffracting plane. The WIMV algorithm makes
an initial estimate at the ODF by assigning a value to each ODF cell. This value is given by
the geometric mean of the values in all the pole figure cells to which it contributes. The
pole figures that result from the estimated ODFs are compared with the actual data, and the
discrepancies are used to refine the estimate. This procedure is repeated until the match
between the recalculated pole figures and the actual data is considered satisfactory. In
practice, the algorithm converges rapidly, and 6 to 12 iterations are generally sufficient for
a good solution.

.. . .... ... ....
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Experiments and Analysis

The BSCCO (2212) compound used in this study was prepared by a solid-state reaction
using bismuth nitrate, strontium and calcium carbonate, and copper oxide. After the 2212
compound'was synthesized, films were made by preparing a suspension of the powder in an
organic solvent and applying the mixture to Ag substrates. Following a 2-h drying period at
80*C, the samples were sintered at 910*C for 10 min and then held at 825*C for 4 h. The
final coating thicknesses were about 80 m.

A diffraction pattern and a series of pole figures were measured; Cu K radiation was
used. The pole figures were measured on a Scintag goniometer using a slit width of 1 mm
for the following planes: (113), (115), (117), and (015). With the pole figure data and the
method outlined above, an ODF was obtained.

The results show that significant texturing can be achieved in BSCCO thick films. The
diffraction pattern shown in Fig. 16 shows very sharp peaks for many (001) type planes.
This in itself suggests a strong c-axis alignment parallel to the sheet surface. Figure 17
shows the (117) pole figure. A straight line from the center of the pole figure represents
an increase in tilt angle, or planes which are tilted from the sample surface. A circle about
the pole figure represents a rotation about the sample normal. The (117) plane is 490 from
the (001) plane in the BSCCO 2212 compound and shows a strong peak which spreads
from 450 to 550 away from the center of the pole figure. Both the 100 spread in intensity as
well as a strong c-axis orientation parallel to the sample surface are clearly shown in this
figure. Also note that because the (117) plane is 490 away from the (001) plane and because
a strong (001) texture exists, the (117) plane would not be expected to show up on a
standard X-ray diffraction pattern.

Figure 18 shows four ODF slices, at c = 00, 30*, 60, and 90*. In each slice, a strong
peak is found in the center of the figure with a spread of about 100 away from the center.
Also, each slice shows a similar peak height and spread. The fact that each cut shows a
similar height and spread means that there is considerable misorientation between grains,
which as stated earlier is expected to be detrimental to properties.

In the sintering treatment used, the BSCCO compound undergoes a peritectic melt.
Because the preferred growth direction of the compound is along the a-b plane, orientation
of the c-axis perpendicular to the sample surface is expected as the liquid solidifies. Any
grain that is oriented with the a-b plane within several degrees of the sample surface will
grow rapidly. Thus, the 100 spread in c-axis orientation is expected. However, any grain
not oriented in this manner can grow to the thickness of the film and no more. These
smaller grains are likely to be consumed by preferentially oriented grains. The anisotropy in
the high-Te compounds is such that without proper orientation of grains, useful high-Ta
devices are not likely to be produced economically. To study and quantify the grain orien-
tation and thereby make accurate property predictions, texture analysis methods must be
used. The technique outlined here quantifies the amount of texture and can be used to
identify optimal processing by identifying textures that result in good bulk properties.

Our results show that significant texturing can be achieved in BSCCO thick films. The
processing route used in this study resulted in good c-axis alignment with uniform scatter
of orientations about the c-axis. It is not known, however, if spurious grain-boundary
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phases or misalignment is limiting Jc. Recent results on laser-processed thick films show
promising results, with Je values as high as 2200 A/cm 2 at 77 K (Levnson, 1989).

Recent work has extended our capabilities to measure texture. Neutron diffraction has
been used to quantify textures of sinter-forged YBCO (Biondo et el., 1990). The ODFs
calculated from these measurements represent the first obtained for the bulk of high-Ta
superconductors. Current work is focusing on modeling effects of texture on Jc and on
measuring textures of high-Jr specimens such as melt-textured rods and wires clad in Ag.

2.4 Thin Films

Practical high-Ta superconductors must reliably carry high current densities in a
flexible conductor: thin films have demonstrated this potential. The purpose of this task is
to explore low-temperature, nonepitaxial growth of high-Ta thin films onto practical
substrates in a manner compatible with continuous fabrication of long wires and tapes. The
high formation temperature needed for high-Tc superconductors can lead to substrate
interdiffusion and loss of the highly volatile species. This program specifically addresses
novel processing of high-Ta films in a single-step, low-temperature sputter deposition.
Optical in-situ analyses, which are compatible with all forms of vapor deposition, are used
to efficiently evaluate such processes. This study concentrates on the Bi- and TI-based
cuprate high-Ta films, because they achieve good superconducting properties without the
need for single-crystal, epitaxial substrates. Ex-situ analyses include scanning and
transmission electron microscopy. Finally, this study specifically addresses deposition onto
practical substrates and continuous processing of wires and tapes in one of many
collaborations.

2.4.1 Technical Progress

Facilities

A new chamber with four sputter guns, which was recently completed, is compatible
with in-situ X-ray fluorescence and diffraction analyses for the composition and structure of
high-Tc films. An in-situ X-ray fluorescence system has been built and is used currently for
routine, accurate, and reproducible compositional analysis. An existing system has been
outfitted for laser ablation and in-situ annealing. A variable temperature cryostat with
computerized data acquisition, used for routine measurements of resistive transitions and
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Je has been significantly upgraded. Another variable temperature cryostat with comput-
erized data acquisition has been outfitted with a sample rotation stage in an 11-T magnet
for measurements of resistive transitions and Jc. A complete setup for preparation of TEM
specimens, including dimpling and ion milling, is in full operation after installation.
A hollow-cathode sputtering system for continuous processing of wires and tapes has been
built and is presently producing superconducting films.

Research

Further progress has been made toward one-step, low-temperature fabrication of
BSCCO thin films, with Tc approaching 70 K. Ex-situ X-ray fluorescence provides us with a
convenient and accurate nondestructive technique for compositional analysis. The results
are verified by wet-chemical analysis and the use of single-crystal standards. From TEM
and SEM studies, we can correlate Tc with microstructure and composition, finding these
to be very sensitive to the substrate temperature (Ts). We have developed techniques for
bonding substrates to the heater block to greatly improve the homogeneity and repro-
ducibility of in-situ grown films of BSCCO. The residual segregation into second phases still
found in this complex system seems to result from off-stoichiometry rather than kinetically
limited growth, and we are studying via TEM equilibrium phases in bulk materials. We have
begun studies of activated oxygen using ozone or atomic oxygen from an electron-
cyclotron-resonance (ECR) source. These appear promising, but because the film compo-
sition, especially Bi, varies dramatically with Ts and oxidizing conditions, the present use of
composite-target sputtering limits our flexibility. The Bi composition in in-situ films
shows a sharp drop-off to essentially zero as Ts goes from 730 to 750*C. It would be
advantageous to understand and control the loss of Bi during sputtering. For example at
7150C, the Bi loss can be reduced or eliminated by negatively biasing the substrates or by
raising the system pressure (to ~2 Pa). These experiments suggest that thermally activated
O- resputtering is responsible. Nonetheless, improvements in reproducibility, film
smoothness, and homogeneity and a further lowering of Ts to =650*C have been recorded.
Although we have not begun an optimization of Je for in-situ films, values of 2 x 104 A/cm2

have been measured at 10 K.

To overcome the limitations of the composite target sputtering, a four-sputter-gun
system has been built, in which the metallic elements can be individually varied. This will
offer unprecedented capabilities when our X-ray fluorescence compositional analysis is
installed in the system to control the individual elemental sputter guns. Our preliminary
studies of novel processing by activated oxygen, pulsed laser annealing, etc., will be carried
out with far greater efficiency when proper stoichiometry can be easily maintained. We will
also definitively answer the crucial question of whether segregation occurs because of off-
stoichiometry.

Studies of transport properties and the limitations that fluctuations place on them in
high-Tc superconductors have been studied in thin films of TBCCO that have been post-
annealed. While these have achieved Jc - 4 x 104 A/cm2 at 2 T and 32 K, it is clear that the
limitations at higher fields and temperatures are due to the fluctuation-broadened resistive
transition. A comprehensive study of the current-voltage dependences implies that the
characteristic signatures of the onset of losses at well-defined critical currents would
exhibit far weaker temperature and field dependences if they could be measured without
the superposition of the fluctuation effects. We are addressing the issue of the origins of
these fluctuations: while activated flux motion is generally assumed for high-Ta super-
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conductors, when the fiA is parallel to the CuO2 planes, we have evidence for another
mechanism, i.e., Josephson coupling. The importance for applications is that defects
introduced by irradiation will enhance flux pinning and reduce flux motion, but could also
create deleterious Josephson junctions.

2.4.2 Status

Facilities

The four-gun sputtering chamber will be fitted with in-situ X-ray fluorescence and
diffraction analyses for the composition and structure of high-Tc films during growth. The
hollow-cathode sputtering facility will be expanded for continuous deposition of high-Ta
films. We will include a wide-beam ion source in our ion mill for d.-y etching of patterns in
high-Tc films.

Research

We are particularly interested in investigating novel in-situ processing of the growing
film. Examples include very rapid thermal annealing of the surface and low-energy ion
and neutral beam surface modifications. The key idea is to minimize heating of the
film/substrate interface to avoid interdiffusion and degradation of the high-Tc film. This
research will include evaluation of activated oxygen sources. Evaluation of novel processing
techniques will be enhanced by ex-situ high-resolution secondary ion mass spectrometry
(SIMS), which allows images of the lateral distribution of elements with 20-nm resolution,
and by in-situ X-ray analyses, both in collaboration with the NSF Science and Technology
Center for Superconductivity. In addition to compositional analysis, the in-situ X-rays can
potentially provide structural information from energy-dispersive Bragg scattering. By
working at a glancing angle of incidence, each probe can be sensitive to thin surface layers
(perhaps 20 nm) to evaluate the growing thin film. Experiments are underway to evaluate
total external reflection of X-rays to provide depth resolution of - 2 nm. High-resolution
SIMS, together with transverse-section TEM, are crucial to detailed studies of segregation
of the complex Bi- and T-based cuprate high-Tc films.

Knowledge of equilibrium phases of BSCCO are necessary to see if growth kinetics can
overcome inadequacies of the equilibrium phase diagram to form the high-Tc film. This
information is crucial for films made at low temperatures in a single-step process, but is
also needed for formation of bulk BSCCO by melt-texturing, etc. This research relies on
TEM identification of phases.

Considerable efforts will also go into maximizing Je by minimizing large spatial
inhomogeneities in the film plane. The above ex-situ analytical tools allow us to see the
structural-and eventually compositional-cross sections of films; searches will be made for
impurity phases that may precipitate out as poorly conducting boundaries. The key point
here is to eliminate inhomogeneities that degrade Jc, while maintaining the necessary
defects for flux pinning. These studies are made in thin films for convenience, but are
crucially important for bulk materials as well. To enhance flux pinning and, it is hoped,
increase Jc at higher temperatures and fields, TBCCO and BSCCO films v:!1l be neutron-
irradiated in collaboration with H.W. Weber of the University of Vienna, Austria, to create
fine-scale inhomogeneities for flux pinning. An important consideration is whether the
fluctuation-broadening of the resistive transitions can be reduced by irradiation.
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Wires and/or tapes of BSCCO will be fabricated by hollow-cathode sputtering onto
practical substrates in lengths approaching 10 cm. Initially, these will be given the usual
postdeposition annealing and tested for current-carrying capacity. Another important
consideration is to increase the film thickness to 5-10 jm. We will study the
implementation of our in-situ processing to continuous deposition of wires and tapes, while
the parallel program will continue to modify and improve these processes.

2.5 Interactions

We are involved in a collaborative project with University of Illinois at Chicago (UIC),
High Tech Materials Research, and Shaped Wire, Inc., to develop high-Ta superconducting
wire. We sent vacuum calcined YBCO powder to Professor Steven Danyluk of UIC for
packing in Ag tubes. The YBCO/Ag composites were subsequently taken to Shaped Wire,
Inc., for rolling. Heat treatment and characterization of the rolled wire was carried out at
ANL. Critical current densities were measured at 77 K: they range from 100 to 200 A/cm2 .
Current work has shifted to Bi-based superconductors and to fabrication of multifilament
wires.

A microwave resonant cavity was coated with a YBCO thick film and sent to
Northeastern University for insertion loss measurements. Measurements at 10 GHz show
that the resistance of YBCO is lower than that of copper at 15 K. The cavity may make an
excellent band-pass filter for communication with deep space probes.

We have sent extruded YBCO wire with Ag additions to Professor Paul McGinn of the
University of Notre Dame for zone-melting experiments. Microstructures of the zone-
melted specimens consist of large Ag and 211 precipitates within YBCO grains. The Ag
precipitate size decreased with diminishing Ag additions. Critical current densities of
more than 5500 A/cm2 were measured in applied fields of 0.8 T at 77 K. The transport
properties significantly degraded for Ag contents exceeding 5 vol.%. The results are in
contrast to sintered substrates in which no degradation in the Je has been observed up to
15 vol.% Ag (McGinn et al., 1990b).

Specimens have been sent to Kay Youngdahl of Boeing Corporation for current
measurement in high magnetic fields. Preliminary results indicate that there is a region
above 0.01 T where Je is independent of magnetic field; however, greater sensitivity in the
voltage measurement will be needed to confirm these data. The results agree qualitatively'
with J. W. Ekin's work at the National Institute of Standards and Technology.

The purpose of the collaboration with Astronautics is to explore the use of ceramic
YBCO bars as current leads for a Gifford-McMann refrigerator. The design of the refrig-
erator provides two potential areas for application of bulk high-Te superconductors. The
operational temperature of the first stage is 15 to 50 K. The high-Ta superconductor
current lead would provide 150 A in a 0.01 T field. The second region would operate
below 20 K in an external field of 0.1 T.

We are interacting with Professor Deborah Chung of the State University of New York at
Buffalo in the area of carbon-fiber high-Tc composite development. In a 30-vol.% fiber
composite, transport Jc at 77 K and zero applied field is 400 A/cm2 . The tensile strength
~130 MPa at 300 K and 140 MPa at 77 K. Compressive strength perpendicular to the fiber
axis is 66 MPa.
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We have sent more than 1 kg of YBCO powder to the Naval Surface Warfare Center in
Silver Springs, MD. They add Ag by a melt process and return the powder to us for
processing of wires and coils. These samples were sintered under a reduced total pressure
conditions, and a transport Jc of about 750 A/cm2 was obtained.

Within the STEPS program, we have offered to characterize the superconducting
properties of films made at Sandia and Lawrence Berkeley National laboratories and have
sent our TBCCO films to SERI for analysis. The compositions of BSCCO and YBCO films
made at Lawrence Berkeley have been verified by our X-ray fluorescence. There are three
pilot center agreements (with TRW, Redondo Beach, CA, on TEM microstructure; with
MCC, Austin, TX, on continuous deposition of wires and tapes by hollow-cathode sputtering;
and with STI, Santa Barbara, CA, on processing of TBCCO). We also have an agreement with
Corning, Inc., Corning, NY, to provide thin flexible substrates of zirconia, and with Super-
conductive Components, Columbus, OH, to provide sputter targets by the HIP process.
Neutron irradiation will be done at the Atominstitt in Vienna. In addition, in-situ X-ray,
thin-film patterning, and high-resolution SIMS analyses are provided through the NSF
Science and Technology Center for Superconductivity (involving the University of Chicago,
Northwestern University, and the University of Illinois at Urbana-Champaign). Center has
also provided graduate students and ready access to expertise on the metal-oxide chemical
vapor deposition deposition of high-Tc superconductors. A number of other interactions
are under discussion with industrial and university partners.
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