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to the potentially immense technological impact of the availability of
materials that are superconduc- Technical Field
ting at temperatures that do not require refrigera- tion with expensive
liquid He. For obvious reasons This invention pertains to producing
supercon-   5   liquid hydrogen and neon would not be very desir- ductive
bodies, and apparatus and systems com-      able refrigerants, and
therefore it is liquid nitrogen prising such bodies.
(B.P. 77K) that is considered to be the lowest boiling point convenient and
inexpensive cryogenic Background of the Invention
refrigerant. Attainment of superconductivity at liquid 10  nitrogen
temperature was thus a long-sought goal From  the discovery of
superconductivity in      which for a long time appeared almost unreacha-
1911 to the recent past, essentially all known       ble. superconducting
materials were elemental metals         Although [err] > 77K has now been
attained, (e.g., Hg, the first known superconductor) or metal  there still
exists at least one barrier that has to be alloys (e.g., Nb3Ge, probably
the material with the   15  overcome before the new oxidic high [err]
supercon- highest transition temperature [err] known prior to     ductive
materials can be utilized in many tech- 1986).
nological applications. In particular, techniques for Recently,
superconductivity was discovered in    forming superconductive bodies of
technologically a new class of materials. See J. G. Bednorz and K.
significant shape have to be developed. A. MUller Zeitchr. f. Physik B -
Condensed Matter,  20  To date known oxidic superconductive bodies Vol. 64,
189 (1986), which reports superconduc-     are substantially
three-dimensional bodies (e.g., tivity in lanthanium barium copper oxide.
The dis-   pellets, disks, tori), i.e., all three dimensions are of closed
material had an onset temperature in the      substantially the same order
of magnitude. Al- 30K range.
though such three-dimensional bodies may have This report stimulated
worldwide research ac-   25  specialized utility, widespread use of the new
high tivity, which very quickly resulted in further signifi-  [err]
materials will occur only if superconductive thin cant progress. The
progress has resulted, inter alia,  films, and sheet-like and filamentary
superconduc- to date in the discovery that compositions in the Y-  tive
bodies can be produced from the material. Ba-Cu-O system can have
superconductive transi-         According to a so-far unconfirmed report in
the tion temperatures above 77K, the boiling tempera-   30   press, one
laboratory has succeeded in producing ture of liquid N2 (Phys. Rev.
Letters, Vol. 58, March  a superconductive thin film from one of the oxidic
2, 1987, p. 908; and ibid, p. 911). Furthermore, it  high [err] materials
by an evaporation technique. has resulted in the identification of the
material   Evaporation as well as other thin film deposition phase that is
responsible for the observed high     techniques generally can be used to
deposit layers temperature superconductivity, and in the discov-   35  of
limited thickness (typically substantially less than ery of compositions
and processing techniques that   5 [err]) onto a substrate. result in the
formation of bulk samples of material     No te hnique for producing
superconductive that can be substantially single phase material and  bodies
having a small dimension greater than is can have [err] above 90K. See U.
S. Patent applica-     obtainable by thin film techniques but less than is
tion Serial No. 024,046, entitled "Devices and Sys-  40  found in the prior
art three-dimensional bodies has tems Based on Novel Superconducting
Material,"       yet been reported. Such bodies, which can be free- filed
by B. J. Batlogg et al on March 9, 1987.       standing or can be in
contact with a substrate, Prior to the discovery of the nature of the
typically have a minimum dimension in the range superconducting phase and
of compositions and        from 5 to 10 [err] to about 1 mm, and have at
least processing conditions that can result in substan-   45   one
dimension which is much greater than the tially single phase oxide
superconducting material,  minimum dimension. If a body has two dimensions
the expressed belief in the field was that the Y-Ba-  that are
approximately equal and in the above Cu-O superconducting material is
multiphase ma-      range then we will refer to such a body as terial, with
only a relatively small part (variously  "filamentary". An example of a
filamentary body is considered to be about 24% or about 2%) being   so   a
thin rod. If a body has, in addition to the one superconducting.
Significantly, it was also specu-   small dimension, two large dimensions
of approxi- lated that the high temperature superconductivity of  mately
equal magnitude, or one large dimension the material may be associated with
interfacial      and one intermediate dimension then we will refer
manifestations, and may not be identified with per-  to the body as
"sheet-like". Examples of sheet-like ovskite or tetragonal layered
structures.       55   bodies are sheets, wide strips, shaped portions of a
The excitement in the scientific and technical   sheet, and strips or tapes
in which at least the community that was created by the recent ad-
thickness is within the above range. vances in superconductivity is at
least in part due    3                 EP0283197B1
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If filamentary and/or sheet-like superconducting    According to the
present invention there is bodies could be produced from the new high [err]
provided a method as defined in claim 1. oxidic materials it is certain
that they would find    In a broad sense the invention is apparatus that
significant technological application. It will be re-  comprises a
filamentary and/or sheet-like super- called that prior art superconductors
are used, in   5   conductive body formed by a technique that com- addition
to thin film form, essentially only in fila-  prises forming an oxide
powder-containing "green" mentary form (as wire), and in strip-form.
Further-  body and heating the green body under conditions more, because of
the novel properties of the oxidic  such that the resulting ceramic body is
a supercon- superconductors, it is likely that filamentary and  ductor.
Significant consideration is to he given to sheet-like superconductive
bodies would find uses   10  the chemical compatibility of the firing
apparatus in ways that were not possible or practical with the  (especially
the substrate that supports the body) prior art metallic superconductors.
Thought is given  with the material of the body, and to those other here,
for instance, to assemblies of sheet-like    firing conditions that can
have an effect on the superconductive elements.
composition (especially the degree of oxygen defi- For an overview of some
potential applications   16  ciency) of the resulting body. of
superconductors see, for instance, B. B.            Superconductive bodies
according to the in- Schwartz and S. Foner, editors, Superconductor
vention will frequently comprise copper-containing Applications: SQUIDS and
Machines, Plenum Press     mixed oxides, including oxides of the type M2
1977; S. Foner and B. B. Schwartz, editors, Super-  [err] (M is one or more
essentially divalent conducting Machines and Devices, Plenum Press   20
metal ion, M' is one or more essentially trivalent 1974; and S. Foner and.
B. Schwartz, Supercon-     metal ion, [err], and divergence from the
nominal ductor Material Science, Metallurgy, Fabrication,   amounts of M
and M' is a maximum of 10%; and Applications, Plenum Press 1981. Among the
frequently M comprises one or more of Ba, Ca, Sr, applcations are detection
and measurement ap-       M' frequently comprises one or more of Y, La, Eu,
paratus based on, e.g., the Josephson effect or  25  Lu and Sc, and [err]).
The bodies typically electron tunneling, power transmission lines, rotat-
have a relatively high superconducting temperature ing machinery, and
superconductive magnets for,     [err] generally > 30K. Preferred
embodiments are e.g., fusion generators MHD generators, particle
substantially single phase material (typically > 75 accelerators, levitated
vehicles, magnetic separa-  or even 95% by volume superconducting
material). tion, and energy storage. The prior art has consid-   30
Preferred embodiments become superconduc- ered these actual and potential
applications in    tive at a temperature [err] > 77K. An example of a terms
of the prior art (non-oxidic) superconductors.  material with [err] > 77K
is [err]. There have It is expected that the above and other applications
recently been reported claims that indications of of superconductivity
would materially benefit if high  superconductivity have been observed
above 200K, [err] superconductors could be used instead of the   35  at
tempertures, as high as 240K, in some oxides previously considered
relatively low [err] supercon-  (cuprates) of the type that is of concern
herein. ductors.                                            See, for
instance, New York Times, Saturday, Prior art ceramic techniques can
successfully   March 28, 1987, page 6, which reports on observa- produce
three-dimensional superconductive bodies.   tions made at Wayne State
University. Similar However, workers in this field have so far failed to
40  claims have also been made by workers at Berke- produce superconducting
filamentary or sheet-like  ley University. The inventive method for making
bodies by any technique, including ceramic tech-   filamentary and
sheet-like oxide superconductive niques.
bodies is broadly applicable to forming such bod- A known technique, screen
printing, has been    ies from oxide powder and is, in particular ap- used
in the past to form  sheet-like bodies on   45  plicable to forming such
bodies from cuprate pow- ceramic substrates. See, for instance, B.
Schwartz,  ders such as the cuprate on which the Wayne Ceramic Bulletin
Vol. 63(4), p. 577(1984). The bod-  State and Berkeley experiments were
done. ies included conductors (including conductors that     Among the
techniques for producing the green comprise the conducting oxide [err]),
insulators     bodies are extrusion, screen printing, tape casting, and
dielectrics. The technique was not used to  50  and slip casting. The
inventive filamentary and form any superconductive bodies.
sheet-like ceramic superconductive bodies can be In view of the immense
potential importance of  advantageously used in a variety of apparatus in-
high [err] superconductive bodies of technologically  cluding power
transmission lines, rotating machin- useful (i.e.g. having at least one
small dimension  ery such as electrical generators, magnets such as and at
least one relatively large dimension) shape,  55   may be used  in fusion
generators, MHD gener- a technique for producing such bodies would be of
ators, particle accelerators, levitating vehicles, and great significance.
This application discloses such  ion separation, or in ultra high-field
magnets such a technique.                                        as Bitter
magnets. Inventive bodies can also be 4    5                 EP 0 283197B1
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used as strip lines or other interconnects, or can be  inappropriate
substrate material, such that one or directly used as circuit components
(e.g., a high-Q-  more atomic species diffuse into the body from the
inductor). They may also find use as detectors and  substrate, resulting in
the absence of high [err] measurement devices.
superconductivity in all or a substantial portion of 5   the body. Brief
Description of the Drawing Preferred Materials FIG. 1 schematically
illustrates one technique for forming a green body according to the
invention,     Among the currently preferred inventive bodies the doctor
blade technique;                  10  are substantially single phase
perovskites of nomi- FIG. 2 schematically depicts an inventive body   nal
composition [err]  , with m being consisting of a superconductive tape and
an      preferably about 1. By "single phase" we mean insulating tape;
that preferably at least about 95 mol percent of the FIG. 3 schematically
shows a "jelly-roll" magnet  material body is a single phase, as determined
by coil produced from inventive material;      15  powder X-ray
diffraction. While such "truly" single FIG. 4 depicts an inventive body
that can be     phase material is to be preferred and will most used to
assemble a Bitter-type magnet;           likely be the ambition for
practical usage, under FIGS. 5 and 6 show the resistance and mag-
some circumstances it may be acceptable (or even netization, respectively,
of a sample of inventive  desirable) for greater amounts of second phase
ceramic tape as a function of temperature;  20   material to be present,
provided the body is a FIGS. 7 and 8 show X-ray diffraction patterns for
superconductor. the ceramic tape, and for powder produced from       By
"perovskite" is meant not only the proto- the tape, respectively;
type [err] cubic structure, but very significantly FIG. 9 gives Rutherford
Backscattering Spec-     also material whose lattice shows distortion
(e.g., troscopy (RBS) data for a sample of the inven-  25  orthorhombic)
from the cubic symmetry. As in- tive tape, and for a polished pellet of
essentially  dicated in the above generic chemical formula, the the same
composition; and                        preferred materials also depart
from the nominal FIG. 10 illustrates a further embodiment of the
perovskite also in terms of stoichiometry. Analyzed invention, a high Q
inductor coil.               materials had [err] values of 1.9 to 2.5, but
a some- 30 what greater [err] range is expected to be compatible Detailed
Description                               with superconductivity. There
are  typically  two  significant com- Although in many currently preferred
embodi-    positional contributions to the structure of these ments the
inventive superconductive bodies consist  preferred materials. These relate
(a) to observed substantially of perovskite, or a mixture of perov-  35
oxygen deficiency which reduces the coordination skites, of the previously
referred to [err]  number of a portion of the copper from six to five type,
the invention is not so limited. We believe   or possibly four, and (b)
mixed occupancy of the that the techniques disclosed herein can, either
"A site" (in the prototypical representation [err]), directly or with
obvious changes, be used in gen-   i.e., occupancy by ions represented as M
and M' in eral in the manufacture of filamentary and/or sheet-  40  the
general formula above--gives rise to a further like ceramic oxidic
superconductive bodies having   variation. X-ray diffraction studies, in
indicating sin- at least one relatively small dimension, generally in  gle
phase material, translate into substantial order- the approximate range 5
to 10 [err] to 1mm.           ing of M and M' ions in selected compositions
Such bodies not only are of substantial tech-   which, in turn, gives rise
to a unit cell size larger nological significance but their manufacture en-
45  than that of the primitive cell corresponding with counters a problem
that is not present, or not of   the single formula unit [err] X-ray
diffraction mea- comparable severity, in the manufacture of bodies
surements of a preferred composition--nominal that do not have such "small"
dimension. The        [err], indicate a crystallographic unit cell of
problem is the unpredictable outcome of the firing  orthorhombic symmetry
of size a=3.87, b=3.86, process with regard to superconductivity, including
50   c=11.67 Angstroms. This crystallographic cell is a the amount of
superconductive material present in   "supercell" of the cubic [err] and is
of three times the first body.                                     the
volume, due to subtle ordering effects. Other For instance, the processing
conditions can     compositions may show different "supercells" or result
in a substantial change in the oxygen content  exhibit "supercells" whose
diffraction signatures of all or a significant portion of the total volume
of  55  are too weak to be observed by conventional x-ray the body, such
that the affected portion of the body  powder diffraction techniques. Such
supercells are is semiconductive. As a further example, during     well
known in perovskite structure type materials. processing the body might be
in contact with an    In compositions herein in which M and M' ions 5    7
EP 0 283197 B1                      8 



differ in size sufficiently (e.g., in terms of an ionic  this quantity.
radius ratio of at least 1.2), these materials are truly  Other preferred
materials belong to the class ordered for compositions in which inclusion
of       having formula [err], where M is one or M/M' ions nominally
follows the ratio 2/1, the re-   more of Ba, Sr, Ca, Pr, Y, and Bi with
[err], peating unit includes three primitive cells. While   5   and 0.05
[err] x [err] 1.2. These materials generally preferred compositions
generally meet the ion size   deviate from cubic symmetry. Substitution of
a requirements for ordering, other superconducting     minor amount of Cu
by another element, e.g., Sn, compositions do not. Considerations such as
ma-     is also contemplated. In general, materials of this terial cost and
ease of processing may lead to       class have been described in U. S.
Patent applica- selection of such compositions which, in these   10  tion
Serial No. 001,682 filed January 9, 1987 by B. terms, may be "disordered".
J. Batlogg et al, and can be prepared in substan- In terms of critical
temperature [err], preferred   tially the same manner as materials in the
above compositions are those in which M Is primarily       described class
of formula [err]. barium. Partial substitution of barium by other ions,
e.g., calcium and/or strontium, may be dictated by   15   Composition and
Preparation of Some Preferred economic or processing considerations. In
pre-       Materials ferred materials M' may be primarily yttrium al-
though total or partial substitution of other elements   Material
specification in accordance with the has been useful. Europium, in
particular yields in-  invention depends upon the nature of the intended
creased values of [err]. Total substitution by lutetium    20   use. For
power transmission, or other current-carry- as well as lanthanum has also
been employed as       ing application, it is required that there be a con-
has (substantial) partial substitution by scandium  tinuous superconducting
path. For detector and Partial substitutions, e.g., at the 25 mole percent
other device use (e.g., Josephson junction devices) level, do not
substantially affect [err] in many in-   in which tunneling might be
permitted or even stances. The 2:1 A site occupancy is considered   25
required, it may be necessary only that there be essential to form
superconducting perovskite struc-  sufficient superconducting phase to
satisfy such tures with small rare earths (Y, Eu, Lu). Experi-    use.
ments thus far with compositions deviating by as        Appropriate
starting materials are mixtures of little as 10 percent, result in
multiphase material.  metallic oxides, hydroxides, carbonates, hydrates,
For larger rare earths, e.g., La, considerable vari-   30   oxalates or
other reactive precursors in the appro- ation in the M/M' ratio is
tolerated structurally,   priate ratio to obtain the desired final
composition. although larger variation generally does not lead to  Starting
material may be produced by wet or dry optimized superconductive
characteristics. It is ob-  mixing, by co-precipitation of materials from
solu- served that partial substitution, like total substitu-  tion, or by
any other method which results in tion, generally gives rise to some change
in the   35  intimate mixture of reactive particles. degree and type of
distortion from cubic perov-          Mixtures of starting materials can be
fired in skite. Again, it has generally been observed that    air, oxygen
or other non-reducing ambient at tem- reduction in distortion corresponds
with some less-  peratures sufficient to facilitate chemical reaction ening
in [err].                                         between constituents and
to begin formation of the Barium and yttrium are currently preferred M,  40
desired phase. Firing temperatures as noted are M' occupants. Substitution,
whether partial or total,  composition-dependent so that choice of tempera-
is preferably by ions that approach the size of the  ture may radically
affect [err] for certain composi- ions that are replaced. Substitution of
the divalent  tions. Typically, temperatures are between approxi- ion in
the M site also meets such size criteria.     mately 700 and 950 C for
times of between a few It is well known that copper-based perovskites   45
hours and several days until the desired phase is can be -- generally are
-- oxygen deficient. Materi-  either fully or partially produced. The
"calcined" als used in the practice of the invention which have  material
is then formed into the ceramic body of been examined are no exception.
Measurements         desired shape by an appropriate ceramic process- made
in the usual manner (thermogravimetric ana-    ing technique, as will be
described in detail below. lysis using hydrogen reduction at 950 C) yield
50      The green body is fired at a temperature suffi- values of [err]
within the range of from 1.5 to 2.5.     ciently high to complete chemical
reaction of com- Conductivity is largely dependent upon electrons
ponents ("reactive sintering") if not accomplished yielded by the
coexistence of both divalent and      during calcining, and for
densification. This sinter- trivalent copper. The observed oxygen
stoichiome-   ing is conducted so as to reduce voids to the point try
yields an average copper valence centering on   55   where the density of
the ceramic body is sufficient about 2.3. The average valence state is
dependent   to allow obtaining favorable electrical and mechani- upon
processing conditions. Specifically varying     cal properties. For most
favorable results, the ma- the temperature and time of oxygen anneal varies
terial is fired in an ambient environment with great- 6    9
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er partial pressure of [err] than that of air (.2 atm.).    In the former a
(typically patterned) sheet-like A significant aspect of the invention is
the      green body is formed by the known screen printing formation of a
filamentary of sheet-like ceramic     technique (see, for instance, J.
Medernach, Hybrid superconductive body. In general, known tech-
Circuit Technology, February 1987, p. 21) on a niques can be used to form
the given body. These    5   chemically compatible substrate. A substrate
is include extrusion, screen printing, tape casting, and  chemically
compatible with the superconductive slip casting.
material thereon if, during processing, substantially The starting
materials for each of these pro-     no chemical superconductive-destroying
interaction cesses comprise finely divided oxidic powder, sol-    occurs
between the substrate and the body there- vent, and optionally one or more
of binder, plasti-  10  on. For instance, we have found that, at least for
cizer, deflocculant, and wetting agent. Typically the  (La, Sr) copper
oxide-type material, alumina is fre- starting materials for the various
processes may      quently not a chemically compatible substrate ma- differ
substantially only in consistency, due primar-  terial, whereas zirconium
oxide is generally chemi- ily to differences in the amount of solvent used.
cally compatible. The starting material for extrusion typically is a   15
Sheet-like bodies formed by screen printing relatively stiff paste, and
that for slip casting being  can be, for instance, fine lines used to
interconnect a liquid slurry. Screening and tape casting materi-
electronic components, or conductor patterns that als are of intermediate
viscosity, with the former    define electrical components such as an
inductor. being more like a paste and the latter being more
Alternatively such bodies can have comparable ex- like a slurry. Typically
the powder is about 25-75%    20  tent in two dimension, e.g., to form a
superconduc- by weight of the preparation.                        ting
backplane or flux shield. Other possible uses Some known nonaqueous
solvents are acetone,       of screen printed bodies include detectors and
ethyl alcohol, benzene, bromochloromethane, bu-       Josephson junction
devices. Ceramic superconduc- tanol, diacetone, ethanol, ispropanol,
methyl       tive bodies produced by screen printing typically isobutyl
ketone, toluene, trichloroethylene, and xy-   25   have thickness between
about 5 [err] and about 100 lene.
[err]. Known binders for use in nonaqueous systems          The tape
casting technique (also known as the comprise cellulose acetate butyrate
resin, nitrocel-  doctor blade process) is also well known to those lulose,
petroleum resins, polyethylene, polyacrylate  skilled in the art. See, for
instance, F. F. Y. Wang, esters, polymethylmetacrylate, polyvinyl alcohol,
30   op. cit., pp. 173-197. The technique is schemati- polyvinyl butryal
resins, and polyvinyl chloride.     cally depicted in FIG. 1, wherein 10 is
a tempered Known plasticizers for use in nonaqueous sys-     glass bed, 11
is a carrier film  (e.g., poly- tems  comprise  butyl benzyl phthalate,
butyl        tetrafluoroethylene (PTFE), barrier 12 and doctor stearate,
dibutyl phthalate, dimethyl phthalate,      blade 13 define a reservoir for
the slurry, and 15 methyl abietate, mixed phthalate esters, polyethyl-  35
refers to means for adjusting the gap between the ene, glycol, polyalkylene
glycol derivatives, and     doctor blade and the carrier film. A strip of
slurry tricresyl phosphate. Among known deflocculants for    16 is
deposited on the carrier film by translation of use in nonaqueous systems
are fatty acids (e.g.,     the casting head relative to the carrier film,
the glyceryl trioleate), natural fish oils (e.g., men-    strip is dried,
and the resulting flexible tape (or haden), and synthetic surfactants
(e.g., benzene   40   portion thereof) is fired. Since in general the green
sulfonic acids).                                     tape has to be
supported during firing, the support Known wetting agents for use in
nonaqueous        has to be chemically compatible with the supercon-
systems  include  alkylaryl polyether alcohols,       ductive oxide
material. ethylether of polyethylene glycol, ethyl phenyl gly-     Chemical
compatibility between the support col, polyoxyethylene acetate, and
polyoxyethylene   45  and the body supported is also essential for the
ester.                                                filamentary bodies
typically produced by extrusion, More detail, including defoamers, binders,
plas-  as well as for the bodies produced by slip casting. ticizers,
deflocculants and wetting agent for use in  (For a description of the
extrusion process, see, for aqueous systems, can be found in F. F. Y. Wang,
instance, W. D. Kingery, editor, Ceramic Fabrica- editor, Treatise on
Materials Science and Technol-  50  tion Processes , MIT and John Wiley &
Sons, ogy, Vol. 9, Ceramic Fabrication Processes, Aca-        1958, pp
107-111, and for a description of the slip demic Press (1979), especially
p. 179.               casting process, see, for instance, ibid, pp. 45-51.
After preparation of the paste or slurry, as the  Zirconium oxide is
expected to be chemically com- case may be, the green body is formed. Among
patible with many, if not all, of the superconductive the currently
preferred techniques for forming a   55   oxides of  interest herein, and
is a convenient sub- sheet-like body are screen printing and tape cast-
strate material. Any given combination of supercon- ing.
ductive  oxide  and substrate material can readily be checked for chemical
compatibility, by firing the 7    11                 EP0283197B1
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combination and by checking the resulting ceramic   Example I: body for
superconductivity. As will be appreciated by those skilled in the      A
thin sheet of superconductive ceramic of the art, bodies that comprise
superconductive ceramics  [err] type  was  prepared  as  follows. in
combination with non-superconductive (typically   5   114.385g of [err]
(98,706%  [err]), 394,680g insulating) ceramics can also be produced. For
[err] (essentially 100%  BaCO3), and 241.738g instance, a laminate 20
consisting of an insulating  CuO (98.71%  CuO) was thoroughly mixed with
tape 21 and a superconductive tape 22 is shown in   about 3 I of deionized
water and milled for 4 hours FIG. 2. Such a laminate can be formed by tape
in a 4 I polyethylene jar that was approximately half casting. If the
combination of materials is not  10  filled with 1cm diameter, 1cm length
ZrO2 milling chemically compatible, a barrier layer of chemically  media.
The resulting slurry was filtered and the compatible material may be
required between 21     filter cake was dried at 130 C in air. The dried
and 22. The laminate can be processed in conven-    cake was passed through
a 20-mesh sieve and the tional manner, provided the two tapes have
fragments calcined in fused silica boats in air, by matched sintering
parameters and thermal expan-  15  raising the temperature linearly with
time in 4 hours sion. It may be desirable in some cases to impart a  from
room temperature to [err] in [err], maintain- desired shape to the laminate
prior to firing. For  ing the temperature at [err]  for two hours, and
instance, FIG. 3 schematically shows a "jelly roll"  then furnace cooling
to room temperature. The laminated tape magnet coil that may be advanta-
calcine powder was mixed with deionized water, geously fired in this form.
20   milled for 4 hours, filtered, dried, and passed A superconducting
magnet of the "Bitter" type   through a 20-mesh sieve, all substantially as
de- can be assembled from  alternating slotted tori     scribed above. 200
g of the resulting powder was (shown schematically in FIG. 4) formed from
super-  mixed with 200g of an acrylic binder dissolved in 1, conductive
tape and appropriate insulating material,  1, 1 trichloroethane solvent
(Cladan No. 73140 ob- respectively. Eventual electrical continuity between
25  tained from Cladan, Inc., San Marcos, California) in the
superconductive tori typically is established   a 1 I polyethylene jar half
filled with the above prior to firing of the assembly by fusing of the
ZrO2 milling media, and milled on a roller mill for overlapping ends of
adjacent tori.                  16 hours, followed by very slow rolling for
1 hour to For some purposes (e.g., for power transmis-    remove entrained
air. sion) a thin continuous strip of superconductive   30  The thus
produced slurry was poured into the material can be advantageously used.
Such a strip  reservoir of a doctor blade tape caster, with a gap can be
formed by tape casting and can be fired      7.6 cm wide  and 0.71 mm high.
The slurry was either free standing or wound helically on an appro-  cast
in conventional fashion onto a PTFE-coated priate mandrel. Firing can be
continuous or in      plate by moving the casting head across 1.8 m of
batch fashion. Exemplary prior art transmission   35  the plate at 1.8
cm/sec. The resulting strip of slurry lines are described in detail in
Superconductor     was dried for 16 hours in air, yielding a flexible
Applications, SQUIDS and Machines, op. cit., pp.    tape 112     thick and
about 7.6 cm wide. A 672-699. Cables that utilize high [err] supercon-
portion of the flexible tape was placed on a ZrO2 ductive bodies according
to the invention are ex-   substrate, covered with low density [err]  sheet
pected to be similar in principle but of significantly  40  that was coated
with ZrO2, and placed in a conven- simpler construction, since LHe-cooling
is not re-  tional muffle furnace. The tape was heated to quired.
Advantageously one or more superconduc-     400 C in 12 hours and held at
that temperature for tive strips according to the invention are wound    12
hours in [err]. This resulted in substantial com- helically on a core
element that provides mechani-  plete removal of the organic binder from
the tape. cal support for the strips, and may serve as a   45   The tape
was then sintered by raising the tempera- conduit for [err]. The
superconducting strips are    ture to 900 C in 4 hours, raising to 950 C in
5 surrounded by electrical insulation, thermal insula-  hours, holding at
950  C for 5 hours, cooling to tion, and mechanical protection layers, and
option-  600 C in 2 hours, and cooling with the furnace to ally with a
further refrigerant conduit, in a manner  room temperature. The sintering
treatment was car- similar to the prior art cables of FIG. 2 of the cited
50  ried out in 1 atmosphere of flowing oxygen. The reference.
resulting tape was approximately 0.1 mm thick, and FIG. 10 schematically
depicts an embodiment     had substantial flexibility and mechanical
strength. produced  advantageously  by  screen  printing,        A variety
of measurements were carried out on namely, a high Q inductor 100 on an
insulating     the tape. FIG. 5 shows the normalized resistivity of
substrate 104. The inductor consists of a supercon-   55  the tape as a
function of temperature, indicating ducting spiral winding 101. with via
holes 102 and  that the midpoint of the transition is 92K, with the 103
filled with superconductive material that makes  resistance vanishing at
91K. FIG. 6 shows the contact with the indicated return path.
magnetization the tape (in arbitrary units) as a 8    13                 EP
0 283 197 B1                    14 



function of temperature, for an applied field normal  Example IV: to the
plane of the tape. The sample was cooled in zero field and heated in an
applied field of 380       A screen printing ink (paste) is produced as
ampere turn/m (4.7 Oe). The Figure clearly shows   follows. The paste is
prepared substantially as in the existence of superconductivity below 91K.
FIG.   5   Example I, except that 65 g of the calcined powder 7 shows X-ray
diffraction data obtained from the   is mixed with 15 g of ethylene
cellulose binder and tape, and FIG. 8 shows similar data obtained from   10
g of terpinol solvent on a 3-roll shear mixer a powder sample of the tape
material. The two sets  while further terpineol is added to yield a paste
of of data are essentially identical, indicating the com-  approximately
room temperature viscosity of 3x105 positional uniformity of the tape
material. Analysis  10  poise. This paste is screen printed in the conven-
of the data shows that the material is the known    tional manner onto an
unfired ceramic substrate to superconductive phase of the [err]-system
yield conductor lines and filled vias such as are with [err] being about 2.
FIG. 9 shows RBS data        shown in FIG.  10. After firing as described
in Ex- obtained from the sintered tape (curve 91) and      ample I the
sheet-like body is superconductive, from a polished pellet of essentially
the same com-   15   forming a high Q planar inductor. position (curve 92).
As Is well known, RBS probes only the top layer (about 0.1 [err]) of a
sample. FIG.  Claims 9 shows that the surface layer of the tape is of
essentially the same composition as the polished    1. Method of making an
article comprising a fila- surface of the pellet. In particular, the
closely simi-  20  mentary or sheet-like ceramic body having at lar heights
of knees 92, 93, and 94 indicate that         least one dimension In the
range from 5[err] to both samples have essentially the same concentra-
about 1 mm, the method comprising tions of Ba, Y, and Cu, respectively.
Since the           a) providing an oxide powder and mixing polished
surface material was interior material dur-     the powder with a binder
material; ing fabrication of the pellet, the identity of the two   25  b)
forming a "green" body from the mixture RBS spectra proves that even the
top 0.1 [err] of            produced in a); and the tape consist of the
known superconducting             c) firing the green body such that the
ce- phase. The data also shows that, to within the            ramic body
results; resolution of the method, no contaminants have
CHARACTERIZED IN THAT been introduced during the manufacture of the   30
d) the oxide powder is a superconducting tape.
oxide powder or an oxide powder that can be transformed into a
superconducting pow- Example II:
der by a heat treatment in an oxygen-con- taining atmosphere, of nominal
formula A ceramic tape is produced substantially as   35          [err], in
which the divergence from described in Example I, except that 100 g of cal-
the nominal  formula amounts of M and M' is cine powder is mixed with 15 g
of 90-10 vinyl             a maximum of 10%, wherein M is one or
chloride-vinyl acetate copolymer binder, 85 g of          more elements
selected from  the group methyl ethyl ketone solvent, and 1 g of butyl ben-
consisting of Ba, Ca, and Sr, wherein M' is zyl phthalate plasticizer. The
results obtained is  40   one or more elements selected from the
essentially as described in Example I.                    group consisting
of Y, La, Eu, Lu, and Sc, and wherein 1.5 < [err] < 2.5; and Example III:
e) step c) comprises firing at a temperature of at most 1100 C, firing and
cooling of the A filamentary body is produced by extrusion as   45   body
being carried out in an atmosphere follows. The paste is prepared
substantially as in        which comprises oxygen, the oxygen partial
Example I, except that 100 g of the calcined pow-         pressure of the
atmosphere being greater der is mixed with 50 g of binder made by dissolv-
than that of ambient air, such that the result- ing 20 g of polyvinyl
butyral in 80 g of anhydrous       ing ceramic body is a superconductor
with ethyl alcohol. This paste is extruded in a conven-  50    a transition
temperature [err] > 77K. tional manner at about 1675 MPa (25 kpsi) through
a 0.5 mm die. The resulting filamentary green body  2. Method of claim 1,
wherein the oxide powder is dried, wound helically onto a loose cylindrical
has nominal composition [err], and mass of fibrous zirconia, and fired
substantially as   wherein c) comprises sintering at about 950 C described
in Example I. The resulting helical fila-  55  in an oxygen atmosphere and
slow cooling to ment is superconducting. The filament is then slip-
[err]  or less in an oxygen atmosphere. ped over a tubular core, thereby
producing a superconducting solenoid. 9    13                EP0283197B1
14 



function of temperature, for an applied field normal  Example IV: to the
plane of the tape. The sample was cooled in zero field and heated in an
applied field of 380      A screen printing ink (paste) is produced as
ampere turn/m (4.7 Oe). The Figure clearly shows  follows. The paste is
prepared substantially as in the existence of superconductivity below 91K.
FIG.   5   Example I, except that 65 g of the calcined powder 7 shows X-ray
diffraction data obtained from the  is mixed with 15 g of ethylene
cellulose binder and tape, and FIG. 8 shows similar data obtained from  10
g of terpinol solvent on a 3-roll shear mixer a powder sample of the tape
material. The two sets  while further terpineol is added to yield a paste
of of data are essentially identical, indicating the com-  approximately
room temperature viscosity of 3x105 positional uniformity of the tape
material. Analysis  10  poise. This paste is screen printed in the conven-
of the data shows that the material is the known  tional manner onto an
unfired ceramic substrate to superconductive phase of the [err]-system
yield conductor lines and filled vias such as are with [err] being about 2.
FIG. 9 shows RBS data       shown in FIG. 10. After firing as described in
Ex- obtained from the sintered tape (curve 91) and    ample I the
sheet-like body is superconductive, from a polished pellet of essentially
the same com-  15  forming a high Q planar inductor. position (curve 92).
As is well known, RBS probes only the top layer (about 0.1 [err]) of a
sample. FIG.  Claims 9 shows that the surface layer of the tape is of
essentially the same composition as the polished  1. Method of making an
article comprising a fila- surface of the pellet. In particular, the
closely simi-  20  mentary or sheet-like ceramic body having at lar heights
of knees 92, 93, and 94 indicate that    least one dimension in the range
from 5[err] to both samples have essentially the same concentra-     about
1 mm, the method comprising tions of Ba, Y, and Cu, respectively. Since the
a) providing an oxide powder and mixing polished surface material was
interior material dur-    the powder with a binder material; ing
fabrication of the pellet, the identity of the two   25  b) forming a
"green" body from the mixture RBS spectra proves that even the top 0.1
[err] of          produced in a); and the tape consist of the known
superconducting           c) firing the green body such that the ce- phase.
The data also shows that, to within the          ramic body results;
resolution of the method, no contaminants have          CHARACTERIZED IN
THAT been introduced during the manufacture of the   30      d) the oxide
powder is a superconducting tape.
oxide powder or an oxide powder that can be transformed into a
superconducting pow- Example II:
der by a heat treatment in an oxygen-con- taining atmosphere, of nominal
formula A ceramic tape is produced substantially as   35     [err], in
which the divergence from described in Example I, except that 100 g of cal-
the nominal formula amounts of M and M' Is cine powder is mixed with 15 g
of 90-10 vinyl          a maximum of 10%, wherein M is one or
chloride-vinyl acetate copolymer binder, 85 g of        more elements
selected from the group methyl ethyl ketone solvent, and 1 g of butyl ben-
consisting of Ba, Ca, and Sr, wherein M' is zyl phthalate plasticizer. The
results obtained is  40  one or more elements selected from the essentially
as described in Example I.                  group consisting of Y, La, Eu,
Lu, and Sc, and wherein 1.5 < 6 < 2.5; and Example III:
e) step c) comprises firing at a temperature of at most [err], firing and
cooling of the A filamentary body is produced by extrusion as   45  body
being carried out in an atmosphere follows. The paste is prepared
substantially as in      which comprises oxygen, the oxygen partial Example
I, except that 100 g of the calcined pow-       pressure of the atmosphere
being greater der is mixed with 50 g of binder made by dissolv-       than
that of ambient air, such that the result- ing 20 g of polyvinyl butyral in
80 g of anhydrous      ing ceramic body is a superconductor with ethyl
alcohol. This paste is extruded in a conven-  50  a transition temperature
[err] > 77K. tional manner at about 1675 MPa (25 kpsi) through a 0.5 mm
die. The resulting filamentary green body  2. Method of claim 1, wherein
the oxide powder is dried, wound helically onto a loose cylindrical    has
nominal composition [err], and mass of fibrous zirconia, and fired
substantially as  wherein c) comprises sintering at about [err] described
in Example I. The resulting helical fila-  55  in an oxygen atmosphere and
slow cooling to ment is superconducting. The filament is then slip-   [err]
or less in an oxygen atmosphere. ped over a tubular core, thereby producing
a superconducting solenoid. 9    15                 EP 0 283 197B1
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3. Method of claim 2, wherein the oxygen at-              wobel 1,5 < 5 <
2,5 und mosphere is flowing oxygen at approximately           e) Schritt c)
das Brennen bei einer Tempe- one atmosphere.
ratur von h chstens 1.1000 C umfaBt, wobel das Brennen und Abkthlen des
Korpers in 4. The method of claim 1, wherein the body is   5         einer
Atmosph~re durchgefllhrt wird, die supported during firing by a substrate
that is        Sauerstoff enthalt, wobel der Sauerstoff- chemically
compatible with the body such that         partialdruck der Atmosphare
groBer als der no constituent of the substrate substantially
von.Umgebungsluft ist, so daB der sich er- diffuses into the body.
gebende keramische K6rper ein Supraleiter to        mit einer
Obergangstemperatur T, > 77K 5. The method of claim 1, wherein the body is
ist. supported during firing by a substrate that is shaped so as to
minimize the contact area       2. Verfahii  ach Anspruch 1, between the
substrate and the body.                 bei weiIem das Oxidpulver eine
Nenn-Zu- 15      sammensetzung YBa2Cuq0qg hat und bel wel- 6. The method of
any of claims 1-4, wherein the        chem c) das Sintern bei ungefahr
9500C In green body is formed by screen printing onto        einer
:Sauerstoffatmosphare und langsames a substrate.
KOhlen auf 600 IC oder weniger in elner Sau- erstoffatmosphare umfa~t. 7.
The method of any of claims 1-5, wherein the   20 green body is formed by
extrusion.               3  Verfahren nach Anspruch 2, bei welchem die
Sauerstoffatmosphire stro- 8.  The method of any of claims 1-7, wherein the
mender Sauerstoff bei ungefahr einer Atmo- ceramic body is substantially
single phase          sphare ist. superconductor.
25 4. Verfahren nach Anspruch 1, 9. Apparatus comprising a superconductive
body         bei welchem der Korper wahrend des Bren- made according to any
of claims 1-8.                nens durch ein Substrat gehalten wird, das
chemisch mit dem K6rper kompatibel Ist, so PatentansprUche
so      daB im wesentlichen kein Bestandteil des Sub- strates in-den Korper
eindiffundiert. 1. Verfahren zur Herstellung elnes Gegenstandes mit einem
fadenformigen oder blattartigen ke-   5. Verfahrein nach Anspruch 1,
ramischen K6rpers mit wenigstens einer Ab-          be! welchem der Korper
wkhrend des Bren- messung in dem Bereich von 5 Itm bis unge-  35      nens
d''  ei Substrat gehalten wird, das so fahr 1 mm, wobei das Verfahren
umfaft:              gefonn~i!1 daB der Kontaktbereich zwischen a)
Bereitstellen eines Oxidpulvers und Mi-       dem Supstrat und des Korpers
minimiert ist. schen des Pulvers mit einem Bindermateri- al,
6. Verfahren nach einem der Ansproche 1 bis 4, b) Formen eines "granen"
K6rpers aus der  40     bei welchem der grUne Korper durch Sieb- in a)
erzeugten Mischung und                     drucken auf einem Substrat
ausgebildet wird. c) Brennen des grOnen K6rpers, so daS sich der keramische
Korper ergibt,           7. Verfahren nach einem der AnsprUche 1 bis 5,
dadurch gekennzeichnet, daB                         bei welchem der K6rper
durch Extrudieren ge- d) das Oxidpulver ein supraleitendes Oxid-  45
bildet wird. pulver oder ein Oxidpulver ist, das durch Warmebehandlung in
einer Sauerstoff ent-      8. Verfahren nach einem der AnsprUche 1 bis 7,
haltenden Atmosphlre in ein supraleitendes       bei welchem der keramische
Karper im we- Pulver Uberftlhrbar ist, der nominellen For-     sentlichen
ein einphasiger Supraleiter ist. mel M21M'Cu3O9-6, in welchem das Abwei-
50 chen von den nominellen Formelbetragen        9. Vorrichtung mit einem
supraleitenden K6rper, von M und M' ein Maximum von 10% hat,            der
nach einem der Ansprtche 1 bis 8 herge- wobei M eines oder mehrere Elemente
dar-         stellt ist. stellt, die aus der Gruppe ausgewdhft sind, welche
aus Ba, Ca und Sr besteht, wobei  55   Revendicatlons M' eines oder mehrere
Elemente darstelit, welche aus der Gruppe ausgewAhlt sind,        1.
Proc~dd6  fabrication d'un article comprenant die aus Y, La, Eu, Lu und Sc
besteht, und        une pl eramique filamenteuse ou en feuille 10    1 I
O*tIIIIC IIIIII IIll ID  II1 
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une dimension dans la          miser la surface de contact entre le
substrat et gamme de 5 uam a environ 1 mm, le proc6dM         la pikce.
comprenant: a) l'obtention d'une poudre d'oxyde et le   6. Proc~d6 selon
l'une quelconque des revendi- m~lange de la poudre avec un matdriau   s
cations 1-4, dans lequel la pibce verte est liant;
formee par serigraphie sur un substrat. b) la formation d'une piace "verte"
& partie du m~lange produit en a); et                7. Proc~d6 selon l'une
quelconque des revendi- c) la cuisson de la piace verte pour aboutir
cations 1-5, dans lequel la pibce verte est a une pikce ceramique;
10       formee par extrusion. CARACTERISE EN CE QUE d) la poudre d'oxyde
est une poudre d'oxy-  8. Proc~dd solon l'une quelconque des revendi- de
supraconductrice ou une poudre d'oxyde       catiq"  -7, dans lequel la
pikce cdramique est quo l'on peut transformer en une poudre         un '
conducteur a essentiellement une supraconductrice par traitement thermique
15   seuleq phase. dans une atmosphere contenant de l'oxygb- ne, de formula
nominal M2M'CuaO9-i, dans    9. Appareil comprenant une pibce supradonduc-
laquelle l'Mcart par rapport aux proportions    trice fabriqu~e solon l'une
quelconque des re- de M et M' dans Ia formule nominale est
vendications 1-8. d'au maximum 10 %, dans laquelle M est  20 un ou
plusieurs des 6l6ments choisis dans le groupe constitue par Ba, Ca et Sr,
dans laquelle M' est un ou plusleurs des 616- ments choisis dans le group
constitu6 par Y, La, Eu, Lu et Sc, et dans laquelle 1,5 < 5   25 < 2,5; et
e) 1'6tape c) comprend la cuisson a une temperature d'au plus 1100 * C, la
cuisson : et lo refroidissement de la piece 6tant r6ali- s6s dans une
atmosphere qui comprend de   30 l'oxygbne, la pression partielle d'oxygine
de l'atmosphbre 6tant sup~rieure A cello de I'air ambiant, pour quo la
place c6ramique r~sultante soit un supraconducteur ayant une temperature de
transition T.> 77K.  35 2. Proc~d4 solon la revendication 1, dans loquel la
poudre d'oxyde possbde la composition no- minale YBa2Cu3O9g, et dans loquel
c) com- prend un frittage au voisinage de 950 *C dans   40 une atmosphbre
d'oxygbne et un refroidisse- ment lent jusqu'% 600 C ou moins dans une
atmosphere d'oxygene. 3. Procd6 solon la revendication 2, dans lequel  45
I'atmosph re d'oxygbne est un courant d'oxy- gbne a une pression d'environ
une atmosphe- re. 4. Proc6d6 selon la revendication 1, dans lequel  60 la
pikce est support~e au cours de la cuisson par un substrat qui est
chimiquement compati- ble avec la pikce, pour qu'aucun constituant du
substrat ne diffuse sensiblement dans la picoe. 55           : 5. ProcMd6
solon la revendication 1, dans lequel Ia pibce est supportee au cours de la
cuisson par un substrat dont la forme permet de mini-    


