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This is a multiyear experimental research program focused on improving !
relevant material properties of high-TC superconductors (HTSS) and on
development of fabrication methods that can be transferred to industry for
production of commercial conductors. The development of teaming relationships
through agreements with industrial partners is a key element of the Argonne (ANL)
program. I
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Technical Highlights 1
J

Recent results on substrate deposition for coated conductors, vortex studies,
development of hardened Ag-alloy sheaths for powder-in-tube conductors, and sol- /

I
gel processing of NdBazCusOX (Nd-123) are presented. L

Ion-Beam-Assisted De~osition of Buffer Lavers
i

In an attempt to improve the in-plane alignment of biaxially textured thin
films of 8-mol%-YzOs stabilized ZrOz (YSZ) that are deposited by ion-beam-assisted
deposition (IBAD) on flexible metal substrates, we have examined the effects of ion-
to-atom arrival ratio (r-value). Texturing substrates by IBAD allows versatility in
substrate selection; however, sputtering losses during deposition decrease film
thickness and significantly affect processing tinie. We are therefore striving to better
understand the processes involved in the development of ion-beam-induced (2oo)
texture and to optimize deposition parameters to compensate for inherent
shortcomings.

YSZ films are now deposited by electron-beam evaporation to various
thicknesses, depending on the operant deposition and sputtering rates. A 300-eV
Ar/10% Oz ion beam is used to bombard the substrate at an off-normal angle during
deposition. The r-value is varied by changing the deposition rate and the ion
current density. We use X-ray pole figures and @ scans to quantify the degree of in-
plane texture as a function of ion energy, and profilometry and spectral reflectivity
to measure net film thickness. The collected data can be used to generate a
texture/thickness phase map that can be used to optimize the in-plane texture of
YSZ obtained by IBAD and to minimize processing times.
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A second IBAD system (IBAD-2) has recently been brought on-line and has
produced its first films (Figs.1 and 2). It will advance the study of effects of film
thickness, ion bombardment angle, and r-value on texture. In the new chamber, a
3-cm Kaufman ion gun mounted on a motorized rail allows the bombardment
angle to be varied independently from the substrate. A unique Faraday cup
assembly will measure the ion fluence and beam divergence and provide
information about the effect of ion channeling on texture development. In
addition, in-situ reflectivity high-energy electron diffraction (RHEED)
characterization will provide a better understanding of the growth mechanisms and
should eventually lead to YSZ IBAD thin films with greatly improved in-plane
textures.

With two electron-beam evaporators, one being a multiunit evaporator, the
system is equipped to handle a maximum of five materials at a time. This
configuration allows versatility in buffer layer architecture; for example, Y203, CeOz
and MgO cap layers can all be deposited within the same chamber, with minimal
contamination and very little down time for material changes. The system includes
a hot stage with a maximum temperature capability of at least 900°C. This system
should help provide insight into the mechanisms of texture development by IBAD
and produce high-quality films suitable for YBazCusOX (Y-123) deposition.

Pinnirw of Grain-Boundarv Vortices bv Abrikosov Vortices in Bulk Y-123

There is evidence that the critical current density (JC)of grain boundaries (GBs)
in HTSS does not drop as quickly with magnetic field H as might have been expected
from a simple Josephson junction model. We have demonstrated that, in very low
fields, pinning of Josephson vortices by the meandering of thin-film, [001] tilt,
bicrystal GBs in Y-123 enhances JC. However, as the spacing between Josephson
vortices decreases in higher fields, this long-wavelength pinning potential due to
meandering becomes less effective. Recently, Gurevich and Cooley (A. Gurevich
and L. D Cooley, Phys. Rev. B 50, 13563 [1994]) proposed a new mechanism for an
enhanced GB JC arising from. pinned Abrikosov vortices in the banks of a GB. These
pinned Abrikosov vortices present a static, quasiperiodic pinning potential to pin
GB vortices. The calculations of these vortices, which predict, e.g., a peak in JC(H),
are restricted to low fields, but the central concept can be extrapolated to higher
fields. The conceptual extrapolation leads one to expect that the spacing of
Abrikosov vortices will be optimum for all fields that are well above the flux entry
field, E&l. A peak in JC(H) is not uncommon in melt-textured and single crystal Y-
123 materials that are made without intentional GBs. However, we are unaware of
such direct experimental evidence for GB transport.
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Fig. 1. Photograph of new IBAD-2 chamber for production of substrate
layers for coated superconductors.

Fig. 2. Inside of new IBAD-2 chamber; key components are labeled.
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We report data on GBs among bulk materials that show a peak in JCEt) and an
unusual hysteresis, findings that significantly support the central concept of the
Gurevich-Cooley model. At high fields, this support comes from analyzing the
history dependence of JC(H) and the field profiles found in these bulk materials. We
have measured JC(H) of the GB after either field cooling (FC) the sample in an
applied field to a temperature T from above the transition temperature TC or
increasing the field after zero-field cooling (ZFC) to T. In low fields, the GBs exhibit
a larger JCfor FC, which is just opposite to the usual hysteresis for bulk materials (in
which the larger internal fields associated with FC decrease the pinning and thus JC).
However, this is exactly the expectation of the Gurevich-Cooley model for GBs,
because FC leads to a larger Abrikosov vortex density in the banks and thus to more
strongly pinned GB vortices.

Magnetization data on the same sample are consistent with features of the JC
hysteresis interpreted in this framework, including the irreversibility field, above
which the internal flux profiles are nearly the same for FC and ZFC (Fig. 3).
A necessary expectation above the irreversibility field is that the GB transport
should be indistinguishable, and our data confirm this. Finally, in the ZFC case,
after a sufficiently large current is applied so that vortices can both be injected in the
banks and exhibit flux creep, the JC of the GBs is significantly and permanently
increased. This result is consistent with the additional flux penetration caused by
the supercritical current in the banks, although the full JCvalue for FC is generally
not achieved.

The focusing of flux along the GB, caused by field expulsion from the banks, is
an alternative explanation that shares many of the above-noted characteristics.
Although flux focusing can explain the low-field (=100 Oe) hysteresis in granular
materials, the hysteresis in our data extends to much higher fields. If our data are
interpreted as being due to flux focusing, they imply a focused field of =0.1 T at the
GB for applied fields of only =30 Oe. In coated conductors that are limited by GB
transport, this result implies that a significant increase in ~ can be attained by
introducing Abrikosov vortices into the grains near the GBs.

A~-Mg Sheaths for Bi-2223 Conductors

As we reported in the June 1999 quarterly report, dispersion-hardened Ag
alloys are being examined as sheaths for HTSS. Increased strength over that of pure
Ag is needed for strain tolerance and reliable performance in high magnetic fields.
Hardening of these Ag alloys is generally accomplished by oxidizing solute species
such as Mg or Ni. Oxidation of such alloys is a complex process that consists of
several simultaneous events: oxygen diffuses in from the environment; the solutes
diffuse toward the oxygen source; the solutes oxidize to form first oxygen-rich
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Fig. 3. Data for critical current through bulk 900 [100] tilt GB:
circles = zero-field cooled (ZFC); squares = field cooled.
GB irre-versibility point corresponds to that of grains as
measured by magnetization. Unusual inverse hysteresis

and peak effect for ZFC data are consistent with model of
Gurevich and Cooley.

clusters and, later, discrete oxide precipitates; and the grains of the alloy grow, but
the growth is impeded once sufficiently large and numerous solute/oxygen particles
form. Each of these events affects the resultant mechanical properties of the alloy.

Our most recent goal has been to identify optimal heat treatments for
hardening Ag/1.2 at.?4 Mg (AgMg) alloys that may be used as sheaths for
(W?b)&2Ca2Cu30x (Bi-2223) superconductors. The extent and distribution of
strength within oxidized test specimens has been assessed by microhardness
measurements.

In the current studies, square coupons (<0.5 g and 0.4 mm thick) of 99.970 Ag
and AgMg were prepared from cold-rolled sheets. Coupons were heat treated in
flowing 870 Oz at 450-825”C. Treatment times ranged between 2 and 100 h,
depending on the time required for saturation of dissolved oxygen. All samples
were given a secondary treatment at 825°C in flowing 8% Oz for 50 h to simulate
actual heat treatments of composite superconductor tapes. Cross-sectional Knoop
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hardness profiles were obtained from heat-treated coupons and microstructure of
polished surfaces were examined by scanning electron microscopy (SEM).

Figure 4 shows microhardness profiles of cross sections of AgMg alloys treated
initially at 450–825°C in flowing 870 02. For all samples, changes in hardness were
found to be a function of depth. Hardness near the surface was high and decreased
toward the center. A treatment temperature of 700°C yielded the profile with the
highest overall hardness. The highest hardnesses were approximately three times
higher than that of annealed 99.9% Ag (Hk(Ag) =48 kg/mmz).
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Fig. 4. Microhardness profiles of AgMg alloys after
first heat treatment, 450°C (+), 500”C (0),
600”C (A), 700°C (0), 825°C (A).

After receiving a secondary heat treatment at 825°C in flowing 8% Oz for 50 h,
some samples showed marginal increases in hardness, with a few exhibiting a
marked increase (Fig. 5). Large increases in hardness occurred in both the 450 and
600°C samples, with the 600”C first heating yielding the highest hardness profile.

Observations of microstructure may explain these mechanical properties. SEM
photomicrographs of etched cross sections after the first heat treatment revealed
remarkable differences in grain structure among the various heat-treatment
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Fig. 5. Microhardness profiles of AgMg after secondary heat
treatment at 825”C, 450”C (+), 500”C (0), 600°C (A),
700°C (0), 825°C (A).

temperatures. In the AgMg at 450”C, grain size was small and relatively uniform
across the sample. At 500”C, a region with significantly larger grains emerged in the
centers of the samples. The large-grained region increased in size for the 600, 700,
and 825°C samples.

This contrast is believed to be the result of differences in the rate of grain
growth and oxygen transport at the various temperatures. At 4500C, the rate of
oxygen transport was slow, but so was the rate of grain growth. Here, oxygen
diffused to the center of the sample and formed grain-growth-inhibiting Mg-O
clusters before significant grain growth could occur. As temperature increased, so
did the rates of both processes. At 500”C and above, significant grain growth occurred
in the interior before oxygen could penetrate and form Mg-O clusters.
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All samples were given a secondary treatment at 825°C in flowing 8% 02 for
50 h to simulate the actual treatment of a composite Bi-2223 superconductor tape.
The grain structures of both alloys after such treatment did not change (Fig. 6),
suggesting that solute-oxygen clusters were present and indeed pinned GBs.

A question maybe raised as to whether Mg-O clusters or grain size govern the
mechanical properties of internally oxidized AgMg alloys. Clustering certainly plays
a role in determining grain size, but the extent to which clusters irnpede dislocation
motion has not been established. Superimposing the grain-size distributions on
microhardness profiles allows the relationship to be examined. Figure 7 is a
hardness profile for the 700°~ sample of the AgMg alloy, including hardness data
from both heat treatments, superimposed on grain-size distribution. After the first
treatment, the transition from the small- to the Iarge-grained region appears to
show an accompanying decrease in hardness with increasing grain size, in
accordance with the Hall-Petch relationship:

where c is the strength (or hardness) and D is the average grain size.
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Fig. 6. SEM photomicrographs of etched alloys
(a) AgMg and (b) AgMgNi after secondary
treatment at 825°C.
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Fig. 7. Relationship of grain size regions to hardness profile
for AgMg alloy treated in 8’ZO02 at 700”C for first
treatment (0) and 825°C for second treatment (Cl).

However, the decreasesin hardness are not as abrupt as the changes in grain
size, which suggests that the distribution of solute-oxygen clusters also plays a role
in hardening of the alloy. After the second heat treatment, the hardness profile
flattens out, yielding an approximately constant hardness in the large-grained region
and slightly increased hardness in the small-grained region at the surface. In this
case, hardness remains nearly uniform across the boundary between grain sizes,
suggesting that clustering becomes more influential than grain size in determining
hardness.

In summary, internal oxidation of Ag alloys that contain Mg was found to be
complicated and highly dependent on processing temperature. The presence of Mg-
0 clusters was discovered to significantly affect hardness and microstructure, and to
harden the alloy by impeding dislocation motion. The hardness of the oxidized
AgMg was significantly higher than that of Ag. The alloys generally exhibited
profiles with high hardness values near the surface and lower hardness values
toward the center. Hardness was found to be higher in the small-grained regions
and decreased in the larger grained regions, in accordance with the Hall-l?etch
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relationship. However, the transition in hardness was not asabrupt as the change
in grain size, suggesting the effect of another factor on hardness.

Bi-2212 Tape Development

In support of cable and transformer projects, we are developing Bi&zCaCu20X
(Bi-2212) wires with round cross sections. Recent work has focused on the use of
hardened sheaths that contain Al.

Heat-treatment parameters have been optimized for a 300-filament Ag/Al-
alloy-sheathed wire (outer diameter 0.8 mm). .The key parameter that required
control was the peak temperature for partial melting. Various heat-treatment
schedules have been examined. The best result to date was ~ = 1.8 A at 77 K. JCat 4
K has not been measured, but, from the ~ value at 77 K, is estimated to be =2 x
105 A/ cm2.

A single-filament Ag-sheathed Bi-2212 wire (outer diameter 0.8 mm) has also
been fabricated and heat treated. The highest ~ at 77 K was 0.96 A. Both
conventional and isothermal heat treatment have been tested.

To work efficiently, we have adopted a strategy for optimizing the wire
processing. Although it is time consuming and relatively expensive to measure the
ICof every sample at 4 K, it is quite easy to do so at 77 K. Measurements at 77 K are
best made on samples with high TCvalues. Annealing in Ar is useful for raising TC,
and thus for making good Ic measurements at 77 K. However, this annealing
reduces ICat 4 K. Therefore, we use Ar annealing for samples to be measured at 77 .
K, but do not plan to anneal samples to be used or measured at lower temperatures.

We have found that, for our sheathed Bi-2212 wires, the relationship between
partial-melting temperature and ICat 77 K is very similar to what has been published
about this relationship at 4 K (Fig. 8). Therefore, our decision to use primarily 77 K
measurements seems to be reasonable.

Svnthesis of Nd-123 bv Sol-Gel Methods

The irreversibility line of Nd-123 superconductors is substantially above that of
Y-123; thus, much effort has been expended on fabricating Nd-123 materials. Forms
of interest include powders, single crystals, bulk specimens, and thin and thick
films. We are now working on sol-gel synthesis of Nd-123.

Sol-gel methods, which promote intimate, fine-scale mixing of cations, have
been suc~essfully applied to ~ynthesis of high-quality oxide superconductors
superconductor composites. In addition, sol-gel methods can be applied to

and
the
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Fig. 8. ICat 77 K versus maximum partial-melting temperature.

fabrication of coatings on textured substrates. Such applications could lead to long-
length conductors with high JC. The goals of our r~c&t work were to synthesi~e
phase-pure Nd-123 powder by a sol-gel method and to compare Nd-123 powders
made with and without ascorbic acid additions. We have found with other
superconductors that use of ascorbic acid, which acts as a strong completing agent
with strong reducing properties, can promote high phase purity in powders
synthesized by sol-gel methods.

A sol of composition Ndl.OsBal.gsCuqOX was prepared from Nd, Ba, and Cu
acetates. Two processing variants were produced, an acetate sol (AC) and an acetate
sol with ascorbic acid addition (ASC). For each variant, the acetates were blended,
and then 12 M NFQOH was added to adjust the pH of the AC sol to 6.0 and the pH of
the ASC sol to 5.8. Each sol was evaporated at 90”C, which increased the viscocity to
3.2 CS for the AC sol and 6.2 CS for the ASC sol.
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Further processing was common to both variants. Each was dried at 120°C for
20 h and then at 250°C for 19 h. The resultant solids were ground and heated in air
& 120°C/h to 450”C, held at that temperature for 1 h, and then heated at 300°C/h to
900°C and held at temperature for 2 h. These powders were then given a series of
heat treatments that were designed to produce high-quality Nd-123 powder. The
best powders were produced by heating dried gels in air at 960°C for 6–12 h, followed
by subsequent annealing to raise the TC. Equally good powders were produced with
and without addition of ascorbic acid to the SOIS.

As shown in Figs. 9 and 10, the resultant Nd-123 was highly phase pure. The TC
was 94 K. We are now working on making films from these SOIS.

Interactions

From September 27 through October 2, our graduate students Bart l?rorok
(Univ. of Illinois at Chicago) and Tom Truchan (Illinois Institute of Technology)
attended the 16th International Conference on Magnet Technology, in l?onte Vedra
Beach, FL. Both presented papers and Tom co-chaired a session.

Balu Balachandran and Alan Wolsky attended the workshop on “Potential
future impact of superconductivity on system and customer reliability,” Santa Fe,
NM, October 5-6.

John Hull and Balu Balachandran attended the 12~ International Symposium
on Superconductivity (1SS’99) and the Workshop on the Processing and
Applications of Superconducting (REBCO Large Grained Materials in Morioka,
Japan, during October 17-21.

On November 5, Shirabe Akita (Central Research Institute of Electric Power
Industry, Japan), Satoshi Morozumi (Mitsubishi Research Institute, Japan), Osmai
Tsukamoto (Yokohama National University, Japan), and Fumi Ono (Sumitomo
Electric Industries, Japan) visited ANL. They presented talks on the status of HTS
programs in Japan and participated in discussions with many ANL scientists.

Balu Balachandran attended the
Washington, DC, on November 18.

Dean Miller and Balu Balachandran

HTS quarterly briefing meeting in

attended the Materials Research Societv
Fall meeting in Boston November 29–December 3.

.

Professor Bob Snyder of Ohio State University visited ANL on December” 13 to
discuss the status of our HTS program.
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List of Publications

Published

U. Balachandran, HTS Wires and Tapes in Electric Power Applications, presentation
at 2nd Intl. Workshop on the Processing and Applications of Superconducting RE-
BCO Large Grain Materials, Morioka, Japan, Oct. 19-22,1999.

J. R. Hull, Effect of Permanent-Magnet Irregularities in Levitation Force
Measurement, paper presented at 2nd Intl. Workshop on Processing and
Applications of Superconducting (RE)BCO Large Grain Materials, Morioka, Japan,
Oct. 19–22, 1999; to be published in Supercond. Sci. Technol.

J. R. Hull and A. Cansiz, Use of Thin Films in High-Temperature Superconducting
Bearings, invited paper presented at 12th Intl. Symp. on Superconductivity,
Morioka, Japan, Oct. 17-19,1999.

J.-H. Park, B.C. l?rorok, K. C. Goretta, U. Balachandran; and M. J. McNallan (Univ. of
IL at Chicago), High-Temperature Internal Oxidation of Ag/1.2 at.% Mg and Ag/O.25
at.?4 Mg-O.25 at.O/ONi, extended abstract presented at 196fi Electrochemical Society
Mtg., Honolulu, Oct. 17-22,1999.

B. C. I?rorok, J.-H. Park, K. C. Goretta, U. Balachandran; and M. J. McNallan (Univ. of
Illinois at Chicago), Hardness and Microstructure of Internally Oxidized Silver
Alloys, Paper presented at 16th Ann. Conf. on Magnet Technology, Ponte Vedra
Beach, FL, Sept. 27-Ott. 2, 1999; to be published in IEEE Trans. Appl. Supercond.

S. Salem-Sugui Jr. (Instituto de Fisica, Rio de Janiero, Brazil) and K. C. Goretta, Study
of Flux-Creep in Bulk Melt-Textured YBazCusOx in the Regime of Individual
Pinning, J. Supercond. Vol. 12, pp. 661-665 (1999).

T. G. Truchan, F. N. Rountree, M. T. Lanagan, S. M. McClellan, D. J. Miller, K. C.
Goretta; M. Tomsic (Eurus); and R. Foley (Illinois Institute of Technology),
Preparation of Ni Substrates for Coated Conductors, paper presented at 16th Ann.
Cord. on Magnet Technology, Ponte Vedra Beach, FL, Sept. 27-Ott. 2, 1999; to be
published in IEEE Trans. Appl. Supercond.

Submitted

J. R. Hull, Energy Storage Systems, Invited book chapter, Chapter 9.5, of “Properties,
Processing, and Applications of YBCO and Related Materials,” eds., W. Lo and A. M.
Campbell, to be published by IEE Books, Stevenage, UK, 2000.
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J. R. Hull, Bearings, Invited book chapter, Chapter 9.4, of “Properties, Processing, and
Applications of YBCO and Related Materials,” eds., W. Lo and A. M. Campbell, to be
published by IEE Books, Stevenage, UK, 2000.

R. E. Koritala, M. J?. Chudzik, R. A. Erck, U. Balachandran, Z. P. Luo, D. J. Miller; and
C. R. Kannewurf (Northwestern U.), Texture Development of Yttria-Stabilized
Zirconia and Magnesium Oxide Buffer Layers, abskact to be presented at 2000 MRS
Spring Mtg., San Francisco, April 2&28, 2000.

J. Martinez-Fernandez, A. Dominguez-Ro”driguez (Univ. Sevilla, Spain); J. L.
Routbort and K. C. Goretta, Creep of Polycrystalline (Bi,l?b)&zCazCusOX, submitted .
to Scripts Mater.

V. Selvamanickam, G. Galinksi, G. Carota, J. DeFrank, C. Trautwein, l?. Haldar (IGC);
U. Balachandran, M. Chudzik; J. Y. Coulter, P. N. Arendt, S. R. Foltyn, B. Newman,
and D. E. Peterson (LANL), High-Current Y-Ba-Cu-O Conductor by Metal Organic
Chemical Vapor Deposition on Metal Substrates, submitted to Supercond. Sci.
Technol. (Sept. 1999).

V. Selvamanickam, G. Galinski, C. Trautwein, G. Carota, J. DeFrank, l?. Haldar (IGC);
U. Balachandran, M. Chudzik Y. Coulter, P. Arendt, B. Newnam, and D. E. Peterson
(LANL), YBCO-Coated Conductor Development at IGC, invited abstract to be
presented at 6th Ihtl. Conf. on Materials and Mechanisms of Superconductivity and
High-Temperature Superconductors, Houston, Feb. 20-25,2000.

A. N. Terentiev (Univ. of Kentucky); J. R. Hull; and L. E. DeLong (Univ. of
Kentucky), Depinning of Flux Lines and AC Losses in Ma~et-Superconductor
Levitation System, abstract submitted to 6th Intl. Conf. on Materials and
Mechanisms of Superconductivity and High-Temperature Superconductors,
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1997-9 Patents:
Engineered flux pinning centers in BSCCO, TBCCO and YBCO superconductors
Kenneth C. Goretta, Michael T. Lanagan, Jieguang Hu, Dean J. Miller, Suvankar
Sengupta, John C. Parker, U. Balachandran, Donglu Shi, and Richard W Siegel
U.S. Patent 5,929,001 (July 27, 1999).

Method and etchant to join Ag-clad BSCCO superconducting tape
Uthamalingam Balachandran, A. N. Iyer, and J. Y. Huang
U.S. Patent 5,882,536 (March 16, 1999).

Elongated Bi-based superconductors made by freeze dried conducting powders
Uthamalingam Balachandran, Milan Lelovic, and Nicholas G. Eror
U.S. Patent 5,874,384 (Feb. 23, 1999).
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Thin film seeds for melt processing textured superconductors for practical
applications
Boyd W. Veal, Arvydas I?aulikas, Uthamalingam Balachandran, and Wei Zhong
U.S. Patent 5,869,431 (Feb. 9, 1999).

Superconductor composite
Stephen E. Dorris, Dominick A. Burlone, and Carol W. Morgan
U.S. Patent 5,866,515 (Feb. 2, 1999).

Surface texturing of superconductors by controlled oxygen pressure
Nan Chen, Kenneth C. Goretta, and Stephen E. Dorris
U.S. Patent 5,856,277 (Jan. 5, 1999).

Method for synthesizing and sinter-forging Bi–Sr–Ca–Cu–O superconducting bars
Nan Chen, Kenneth C. Goretta, and Michael T. Lanagan
U.S. Patent 5,821,201 (Oct. 13, 1998).

Mixed-mu superconducting bearings
John R. Hull and Thomas M. Mulcahy
U.S. Patent 5,722,303 (March 3, 1998).

Synthesis of increased-density bismuth-based superconductors with cold isostatic
pressing and heat treating
Michael T. Lanagan, John J. Piccolo, and Stephen E. Dorris
US. Patent 5,674,814 (Oct. 7; 1997).

Near net shape forming of continuous lengths of superconducting wire
Stephen Danyluk, Michael McNallan, Robert Troendly, Roger B. Poeppel,
Kenneth C. Goretta, and Michael T. Lanagan
U.S. Patent 5,661,113 (Aug. 26, 1997).

Method for obtaining large levitation pressure in superconducting magnetic
bearings
John R. Hull
U.S. Patent 5,654,683 (Aug. 5, 1997).

Low-loss, high-speed high-TC superconducting bearings
John R. Hull, Thomas M. Mulcahy, and Kenneth L. Uherka
U.S. Patent 5,640,887 (June 24, 1997).
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Seed crystals with improved properties for melt processing superconductors for
practical applications
Boyd W. Veal, Arvydas P. Paulikas, and Uthamalingham Balachandran
U.S. Patent 5,611,854 (March 18, 1997).

High temperature superconducting fault current limiter
John R. Hull
U.S. Patent 5,600,522 (Feb. 4, 1997).
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