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FOREWORD

_ The 1994 High-Temperature Superconducting Wire Development Workshop was held on
February 16-17 at the St. Petersburg Hilton and Towers in St. Petersburg, Florida. The meeting
was hosted by Florida Power Corporation and sponsored by the U.S. Department of Energy's
Superconductivity Program for Electric Power Systems.

The meeting focused on recent high-temperature superconducting wire development activities in
the Department of Energy's Superconductivity Systems program. The meeting opened with a
general discussion on the needs and benefits of superconductivity from a utility perspective, the
U.S. global competitiveness position, and an outlook on the overall prospects of wire
development. The meeting then focused on four important tech_,,ology areas:

• Wire Characterization: Issues and Needs

• Technology for Overcoming Barriers: Weak Links and Flux Pinning

• Manufacturing Issues for Long Wire Lengths

• Physical Properties of HTS Coils

Following in-depth presentations, working groups were formed in each technology area to discuss
the most important current research and development issues. The working groups identified
research areas that have the potential for greatly enhancing the wire development effort. These
areas are discussed in the summary reports from each of the working groups.

This document is a compilation of the workshop proceedings including all general session
presentations and summary reports from the working groups.

James G. Daley
Program Manager
Superconductivity for Electric Power Systems
U.S. Department of Energy
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U.S. Department of Energy
Superconductivity Program for Electric Power Systems:

HT$ Wire Development Workshop

February16-17, 1994
St. PetersburgHiltonand Towers

St. Petersburg,Florida

Hostedby: FloridaPowerCorporation

7:30 a.m. Reglatratlon Check-In

7:30 a.m. Continental Breslcfut

Hosted by Florida Power Corporation

8:15 a.m. Welcome and Introductory Remarks
TonyPadilla - FloridaPowerCorporation
James Daisy - U.S. Departmentof Energy
Robert Hawsey - Oak RidgeNationalLaboratory

8:30 a.m. Workshop Overview and State of Teohnology
Chairperson,Robert McConnell- National Renewable Energy Laboratory

The UtilityPerspective:Needs and Benefitsof Superconductivityfor
ElectricTransmissionand Distribution

John Hancock, Senior Vice President, Energy Supply- Florida Power Corporation

The Limitsto Loss-FreeCurrentFlow in HTS Wires: An Update
David Christen - Oak Ridge National Laboratory

U.S. TechnologicalCompetitivePosition
Richard Blaugher- National Renewable Energy Laboratory

9:45 a.m. Break

10:00a.m. Wire Charamterlzatlon: I_uea and Needs

Chairperson,Martin Malay- Los Alamos National Laboratory

Microstructuralexaminationof materials, Victor Maroni - Argonne National Laboratory
Texturemeasurementson HTS materials, Rudy Wenk - University of California at Berkeley
In-situcriticalcurrentmeasurementsunderstrain, Mas Suenaga - Brookhaven National Laboratory
Measurementissuesfor criticalcurrentdensity, Jeff Willis. Los Alamos National Laboratory
Measurementof intrinsicmechanicalpropertiesof high-Tc superconductorsusinga mechanicalproperties

microprobe,Arnit Goyal - Oak Ridge National Laboratory

11:15 a.m. Technology for Overcoming Barrlero: Weak Links and Flux Pinning
Chairperson,Ken Gray-Argonne National Laboratory

Current-limitingmechanismand the role of microcracksin BSCCO, David Larbalestier-
University of Wisconsin

Influenceof microstructuraldevelopmenton criticalcurrentsin powder-in-tubewires, Dean Miller, Argonne
National Laboratory
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HighcurrentdensityT1-1223 conductor,Eric Tkaczyk - General Electric
Currentflow anisotropyin BSCCO tapes and highJ=biaxiallytexturedYBCO films, Martin Maley- Los

A/amos National Laboratory
Biaxial texture in YBC0-124 multifilamentarycompositeconductors,Lawrence Masur - American

Superconductor Corporation

12:30 p.m. Luncheon

1:30 p.m. Manufacturing iesuee for Long Wire Lengths .
Chairperson, Don Krooger - Oak Ridge National Laboratory

Improvedperformanceof BSCCO round muitifilamentaryWire, Leszek Motowidio - Intermagnetics Genera/
Corporation

Process controlissuesfor fabricationof longBCCCO-2212 conductor,Ken Marken, Oxford Superconductor
Long-lengthproductionof HTS composite conductorsmade by a metallicprecursorprocess,

Lawrence Masur - American Superconductor Corporation
Muitifactorexperimentaldesignaddressingthermomechanicalprocessingof wire, John Bingert - Los Alamos

National Laboratory
Scale-up issu,_son bulk powderprocessing,Balu Balachandran - Argonne National Laboratory
Improvementof grain connectivity'inthallium-basedlong superconductingtapes, Jui Wang - SUNY/Buffalo
General Electdc'ssilver additiontape processfor thallium-1223: Scale-up issues,

John DeLuca - General Electric

3:00 p.m. Break

3:15 p.m. Phyoical Properties of HTS Colic
Chairperson,Mas Suenaga - Brookhaven National Laboratory

Bi(2223) coil performance measurement,Pradeep Haidar- Intermagnetics General Corporation
HTS coil requirementsfor motorapplicaitons,RichSchfferl- Reliance Electric Company
Normalzone propagationin HTS coils, Yuki Iwasa . Massachusetts Institute of Technology
Engineeringaspects of coil design, Mark Daugherty . Los Aiamos National Laboratory

4:00 p.m. Technology Development and Transfer Opportunities from the
Program-lnduetry and Lab Prauntatione
Chairperson, Thomas Bickel- Sandia National Laboratory

Roger Pceppel - Argonne National Laboratory
Robert McConnall - National Renewable Energy Laboratory
Jeff Willis - Los Alamos National Laboratory
Tom Bickel. Sandia National Laboratory
Mas Suenage - Brookhaven National Laboratory
Robert Hawse)/' - Oak Ridge National Laboratory
Don Gubser - Naval Research Laboratories
Mike Tomsk:- Plastronic, Inc.
Robert Sokolowski - Intermagnetics General Corporation
Lawrence Masur. American Superconductor Corporation
John Barber - lAP Research Inc.

Industrializationof Novel SuperconductingMagnet ManufacturingMethodsDevelopedby the SSC
Laboratory,John'Skaritka

James Gaines - Superconductive Components, Inc
Justin Schwartz. National High Magnetic Field Laboratory

5:30-6:30 p.m. Reception (Cash Bar)
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7:45 a.m. Continental BreekfImt

" Hosted by Florida Power Corporation

8:15 a.m. Road to Commercialization

ExpectedOutcomesfrom WorkingGroupDiscussions
Robert Hawsey- Oak Ridge National Laboratory

8:30 a.m. Concurrent Werklng Groupm
Wire Characterization: Issues and Needs

Technology for Overcoming Barriers: Weak Links and Flux Pinning
Manufacturing Issues for Long Wire Lengths
Physical Properties of HTS Coils

10:30 a.m. Break

10:45 a.m. Summary Session--Reports from Working Group ChalrperIone
Discussions

11:45 a.m. Closing Remarks - Workihop Evaluation

12:00 noon Luncheon

1:00 p.m. Tour of Bertow Power Plant

About the tour ........

In the development and introductionof new products, designersmust be cognizant of a variety of different factors including
the operating environment in which the equipment will be used, the organizationalculture and operating practices of potential
users, and the presently accepted productsthat the new offeringwill displace. Since many of the major utilityapplications of
superconductivityare targeted at power plants, this tour providesan opportunityto see an operating plant environment and
learn what is important to the plant's operating personnel. Bartow Power Station has three oil-fired units (two 120-MW units
and one 230-MW unit). The tour will be specificallydirected at potential applicationsof superconductivity,such as genera-
tors, large motors, station step-up transformers, transmissionlines (short, long), fault current limiters, shunt and series
reactors, transformers, and related cooling systems. Station personnelwill be available to discuss and answer questions
from an operations and maintenance perspective.
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St. Petersburg Hilton and Towers

St. Petersburg, Florida
February 16.17, 1994

FINAL ATYENDEE LIST

(Company Sort)

Alfred University Argonne National Laboratory
Robert Snyder Kenneth Gray
Professor Materials Science Division

NYS College of Ceramics Building 223
Alfred, NY 14802 Argonne, IL 60439
(607) 871-2438 (708) 252-5525
FAX: (607) 871-2392 FAX: (708) 252-9595

American Composites Argonne National Laboratory
John Morena Michael Lanagan
Technology Director Ceramist
425 California Ave. 9700 South Cass Avenue

Stuart, FL 34994 Argonne, IL 60439
(407) 288-9996 (708) 252-4251
FAX: (407) 288-9997 FAX: (708) 252.3604

American Superconductor Corp. Argonne National Laboratory
Charles Lockerby Victor Maroni
Government Programs Manager Senior Chemist
2 Technology Drive Building 205
Westborough, MA 01581 9700 S Cass Ave
(508) 836-4200 Argonne, IL 60439
FAX: (508) 836-4248 (708) 252-4547

FAX: (708) 252-9373
American Superconductor Corp.
Lawrence Masur Argonne National Laboratory
Senior Manager R&D Dean Miller
2 Technology Drive Materials Science Division, Bldg. 223
Westborough, MA 01581 9700 S Cass Avenue
(508) 836-4200 Argonne, IL 60439
FAX: (508) 836-4248 (708) 252-4108

FAX: (708) 252-9595
Argonne National Laboratory
Balu Balachandran Argonne National Laboratory
Building 212 Roger Poeppel
9700 S. Cass Avenue Director, HTSc Pilot Center
Argonne, IL _)439.4838 9700 S Cass Avenue Building 212
(708) 252-4250 Argonne, IL 60439-4838
FAX: (708) 252-3604 (708) 972-5118

FAX: (708) 252-4798



Babcock & Wilcox Du Pont
Chris Rey Alan Lauder
Research Physicist Business Manager Business Planning & I-ITS
PO Box 785, Mailcode 80 Central R&D Superconductivity Group
Lynchburg, VA 24505 Experimental Station Building 304 Room C
(804) 522-6916 Wilmington, DE 19880-0304
FAX: (,_04) 522-6905

Energetics, Incorporated
Battelle Joseph Badin
Mike Sumption 7164 Columbia Gateway Drive
Research Seie_nist Columbia, MD 21046
505 King Aven_le (410) 290.0370
Columbus, OH 43201.2693 FAX: (410) 290.0377
(614) 424-4155
FAX: (614) 424-_263 Energetics, Incorporated

Howard Lowitt
Brookhaven National Laboratory Sr. Vice President
Masaki Suenaga 7164 Columbia Gateway Drive
Senior Scientist Columbia, MD 21046

Building 480 (410) 29043370
Upton, NY 11973
(516) 282-3518 Energetics, Incorporated
FAX: (516) 282-4071 Craig Matzdorf

7164 Columbia Gateway Drive
Commonwealth Edison Columbia, MD 21046
Rex Roehl (410) 290-0370
Research Engineer FAX: (410) 290.0377
35 FNE
PO Box 767 EPRI
Chicago, IL 60690-0767 Donald Von Dollen
(312) 394-4367 Project Manager
FAX: (312) 394-2919 PO Box 10412

Palo Alto, CA 94303

Concurrent Technologies Corp. (415) 855.2679
Jan Kajuch FAX: (415) 855-8997
Manager, Industrial Applications
1450 Scalp Avenue EPRI
Johnstown, PA 15904 Paul Grant
(814) 269-2884 Executive Scientist
FAX: (814) 266-5106 PO Box 10412

3412 Hillview Avenue
CSAC Palo Alto, CA 94303
Robert Kiernan (415) 855-2234
Director FAX: (415) 855-2287
Suite 300
1250 24th St NW Florida Power Corp.
Washington, DC 20037 Cathy Bailey
(202) 835-1680 PO Box 14042 A4D
FAX: (202) 835-1681 St. Petersburg, FL 33733

(813) 866-4365
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Florida Power Corp. IAP Research, Inc.
David Miller John Barber
PO Box 14042 A4D President
St. Petersburg, FL 33733 2763 Culver Avenue
(813) 866-4365 Dayton, OH 45429.3723

(513) 296.1806
Florida Power Corp. FAX: (513) 296-1114
Antonio Padilla
Manager, New Technology lntermagnetics General Corp.
3201 34th Street, S. A4D Pradeep Haldar
St. Petersburg, FL 33711 Senior Engineer
(813) 866-4528 PO Box 566
FAX: (813) 866-4990 Guilderland, NY 12084

(518) 456-5456
Florida Power Corp. FAX: (518) 456-0028
Jan Ponder

PO Box 14042 A4D lntermagnetics General Corp.
St. Petersburg, FL 33733 Leszek Motowidlo '
(813) 866-4365 1875 Thomaston Avenue

Waterbury, CT 06704
General Dynamics Space Systems (518) 456.5456
Gary Albert
Engineering Specialist Intermagnetics General Corp.
14077 Proctor Valley Road Carl Rosner
Jamul, CA 91935 President
(619) 974-1121 PO Box 566
FAX: (619) 974-1203 Guilderland, NY 12084

(518) 456.5456
General Electric - CRD FAX: (518) 456-0028
John DeLuca
Research Staff lntermagnetics General Corp.
K-1 Rm: 4B10 Robert Sokolowski
PO Box 8 Program Manager/HTS
Schenectady, NY 12301 PO Box 566
(518) 387-6368 Guilderland, IVY 12084
FAX: (518) 387-5714 (518) 456-5456

FAX: (518) 456-0028
General Electric
Eric Tkaczyk Intermagnetics General Corp.
Physicist Zdenek John Stekley
PO Box 8 VP Advanced Programs
1 River Road 6 Eastern Road
Schenectady, NY 12301 Acton, MA 01720
(518) 387-5004 (508) 264-4099
FAX: (518) 387-7597 FAX: (508) 263-6841

General Superconductor, Inc. Los Alamos National Laboratory
Dawei Zhou John Bingert
President & Director of R&D Staff Member
1663 Technology Avenue STC - Los Alamos
Alachua, FL 32615 PO Box 1663, MS-G770
(904) 462-5977 Los Alamos, NM 87545
FAX: (904) 462-1414 (505) 667-4385

FAX: (505) 667-5268
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Los Alamos National Laboratory 4555 Overlook Avenue SW Code 6300
Mark Daugherty Washington, DC 20375-5343
Staff Member (202) 767.2926
STC - Los Alamos FAX: (202) 404-8009
PO Box 1663, MS-J576
Los Alamos, NM 87545 Naval Research Laboratory
(505) 665-5735 Louis Toth
FAX: (505) 665-7740 Code 6340

4555 Overlook Avenue SW

Los Alamos National Laboratory Washington, DC 20008
Martin Maley (202) 404-8200
Staff Member FAX: (202) 767-1697
STC. Los Alamos
PO Box 1663, MS-K763 Naval Surface Warfare Center
Los Alamos, NM 87545 Michael Superczynski
(505) 665-0189 David Taylor Research Center
FAX: (505) 665-3164 Code 2712

Annapolis, MD 21402-5067
LOs Alamos National Laboratory (410) 267-2149
Eric Peterson FAX: (410) 267-2571
Staff Member
STC - Los Alamos NHMFL - FSU
PO Box 1663, MS-K763 Yusuf Hascicek
Los Alamos, NM 87545 Associate Scholar/Scientist
(505) 665-3385 1800 E Paul Dirac Drive
FAX: (505) 665-3164 Tallahassee, FL 32306-4005

(9O4)644.0859
FAX:(904)644-0867

Los Alamos National Laboratory
Jim Smith NHMFL - FSU
Los Alamos, NM 87545 Justin Schwartz
(505) 667-5126 Associate Professor

1800 E Paul Dirac Drive

Los Alamos National Laboratory Tallahassee, FL 32306-4005
Jeffrey Willis (907) 644-0874
Staff Member FAX: (904) 644-0867
STC - Los Alamos
PO Box 1663, MS-K763 NHMFL - FSU
Los Alamos, NM 87545 Hubertus Weijers
(505) 665-1320 1800 E Paul Dirac Drive
FAX: (505) 665-3164 Tallahassee, FL 32306-4005

(904) 644-3102
MIT FAX: (904) 644-0867
Yukikaz': "wasa
Room NW14-3101 NIST
Cambridge, MA 02139 Stephen Freiman
(617) 253-5548 Division Chief, Ceramics Division
FAX: (617) 253-5405 Room A256/Bldg. 223

Gaithersburg, MD 20899
(301) 975-6119

Naval Research Laboratory FAX: (301) 990-8729
Donald Gubser

Superintendent
Materials Science & Technology Div.
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NREL Oak Ridge National Laboratory
Richard Blaugher Nancy Jett
Senior Scientist MS 6061
1617 Cole Boulevard PO Box 2008

Golden, CO 80401 Oak Ridge, TN 37831-6061
(303) 231-7298 (615) 576-2935
FAX: (303) 231-1381

Oak Ridge National Laboratory
NREL Donald Kroeger
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Building 16-275 PO Box 2008
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(303) 231-7873 FAX: (615) 574-7659
FAX: (303) 231-1030
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David Christen Vinod Sikka
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Oak Ridge National Laboratory
Oak Ridge National Laboratory John Stovall
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MS 6116 (615) 574-6269
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Oak Ridge, "IN 37831-6116 Office of Naval Research
(615) 574-1587 Donald Liebenberg
FAX: (615) 574-7659 Scientific Officer
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Oak Ridge National Laboratory 800 N Quincy Street Room 323
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Director, Superconductivity Tech. Cntr. (202) 6964219
MS-6040 FAX: (202) 696-2611
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FAX: (615) 574-6073
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SECTION lIl

WELCOME AND INTRODUCTORY

REMARKS



Superconductivity for Electric Power Systems

MISSION

AssistU.S.industryindevelopingthetechnology

neededtoproceedtocommercialdevelopmentof

high-temperaturesuperconductingelectricpower

applications



Superconductivity for Electric Power Systems

VISION

By2010,theU.S.electricpowersystemsequipment

industrywillregaina majorshareoftheglobalmarket

byofferingsuperconductingproductsthatoutperform

thecompetition.IntheU.S.,thepowergridwillgain

increasedefficiencyandflexibility



Superconductivity for Electric Power Systems
• . .i ............................................................................................
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PARALLELACTIVITIES:

- WireDevelopment
!

- ElectricPowerApplicationsDevelopment

- SuperconductivityPartnershipInitiative
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BACKGROUND

• DOEmanagesthenationaleffortto helpenablecommercial
applicationsof hightemperaturesuperconductivityfor
electncpower

• !OEw=rePrOgramdevelopmentOrganizedaroundthreeactivities:electricpowerapplicationsdevelopment,includingmajor
wiredevelopmentgroups

- superconductivitypartnershipinitiative

• Workshopfocusisonwiredevelopment-reflectsa major
programemphasis

• Programistransitioningtomoreapplication-specific
technologydevelopment



GOALS

• Reviewmethodstoachieve,practicalHTSwireforms

• Discussexpectedprogressagainstthecriticalissuesthatmust
be resolvedifpracticalHTSwiresare to be commercially
successful

• Reviewcriticaltechnologyneedsineachwiredevelopment
area

• Outlineareasforresearchemphasisintheprogramthathave
the potentialforgreatlyenhancingthe wiredevelopmenteffort

• Learnofnewtechnologytransfer,development,andproduct
salesopportunities

i i i IL ii i i



NEAR-TERMGOALS:

- EstablishtechnologyforcommerciallyusefulHTS
wireand prototypemagnets

- IncorporateHTScomponentsinelectricpower
applications
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ISSUES

• Needto reducethecostofwireproduction.

• Effortsunderwayto reduce:
- processingtime
- reducenumberofprocessingsteps
- developalternativesto silversheathing
- developnewlow-costapproachestowirefabrication

• Needtobeabletomeasuretheperformance
characteristicsofwireandrelatethesecharacteristics
to physicalpropertiessuch as texture
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ISSUES(cont.)

• Needto improvethecurrentdensityofeventhebest

._resbyat leasta factoroftwoto enablepracticalngineering"criticalcurrentdensitiesforapplications

• Needtocontinueaggressivedevelopmentof high
performancecoilswithspecificapplicationtargets

• Otherneeds
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AGENDA

Day1:

- WorkshopOverviewandStateofTechnology
- WireCharacterization:IssuesandNeeds
- TechnologyforOvercomingBarriers:WeakLinksand

FluxPinning
- ManufacturingIssues forLongWireLengths
- PhysicalPropertiesof HTSCoils
- TechnologyDevelopmentandTransferOpportunities

fromthe Program
- Reception
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AGENDA

Day2:

- Roadto Commercialization
- ConcurrentWorkingGroups:

1) WireCharacterization: issues and Needs
2) TechnologyforOvercomingBarriers:WeakLinksandFlux

Pinning
3) ManufacturingIssues for LongWireLengths
4) PhysicalPropertiesof HTSCoils

- SummarySession:ReportsfromWorkingGroup
Chairpersons

- WorkshopEvaluation
-Luncheon
- Tourof BarrowPowerPlant
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WORKSHOPOBJECTIVES

• delineateandclarifythekeytechnicalissues
associated,withHTSwiredevelopment

• sharerecentprogressthatmayhelpresolvethese
issues

• defineproblemareasthatmayrequirespecial
attentionwithintheDOEprogram .

• provideanopportunityfordialoguewithcolleagues
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WORKSHOPOBJECTIVES(cont.)

• obtaininformationontechnologyavailablefromthe
laboratoriesandprivatecompanies

• identifyspecialfacilityandresourceneeds

• suggestpotentialnew/differentapproachesand
partnershipsto improveHTSwireperformance

i i i ii i ii i i ii I
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EXPECTEDOUTCOMES

• identifycriticaldevelopmentissuesandneedsto
enable practicalcommercialHTSwireforelectricpower
applications

• hearandrecordparticipant'sviewsonareasfor
researchand developmentemphasiswhichwill
strengthenthe program

• makeavailableresearchresultsfromtheprogram
laboratoriesandprivatesectorparticipants

• hearaboutnewopportunitiesforpartnershipand
commercialization
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SECTION IV

WORKSHOP OVERVIEW AND

STATE OF TECHNOLOGY



THE ELECTRIC UTILITY PERSPECTIVE:

NEEDS AND BENEFITS OF
SUPERCONDUCTIVITY

JOHN A. HANCOCK
SENIOR VICE PRESIDENT

ENERGY SUPPLY
FLORIDA POWER CORPORATION

ST. PETERSBURG, FLORIDA



WHY SUPERCONDUCTIVITY?

PROMISE OF ELECTRIC ENERGY THAT IS:

• CHEAPER

• MORE EFFICIENT

• LESS POLLUTING



FLORIDA POWER CORPORATION

WHO ARE WE:

• 2nd Largest Investor Owned Utility

• A Subsidiary of Florida Progress

® 1,242,529 Customers

• 5,416 Employees

• Covering an area of 20,000 sq. miles

• 7,500 MW of Generating Capacity

• 4,454 Miles of Transmission Lines

• 22,390 Miles of Distribution Lines



FLORIDA POWER CORPORATION
AND SUPERCONDUCTIVITY

PAST

• Headed effort to bring Engineering
Test Model (10 MWH) to Florida in
1987.

• Active Participation in Super
Conducting Magnetic Energy
Storage through EPRI.



FLORIDA POWER CORPORATION
AND SUPERCONDUCTIVITY

PRESENT

• Conducting study of
Superconducting Magnetic
Energy Storage Applications in
Florida (with DOE/City of
Tallahassee and the High
Magnetics Lab).



FLORIDA POWER CORPORATION
AND SUPERCONDUCTIVITY

OUR FUTURE ROLE

• Participate in Applied R&D
Efforts via EPRI.

• User of Products of
Superconductivity Research.



ELECTRIC UTILITY AND
SUPERCONDUCTIVITY

"What We Expect From Superconductivity"

• Cost Competitive - Capital and O&M

• Contributes to customer (commercial
and industrial) ability to compete in
world market

• Reliability- Equivalent to alternatives

• Durability

• Safety

= • Public Acceptance



Where would we use Superconductivity?

oTransmission and Distribution Lines

oTransmission and Distribution Equipment

•Transformers
• Protective Devices

•Generators

•Motors

• Power Plants
eCustomers

e Commercial and Industrial

• Energy Storage
e Macro - Mini - Micro



TIME GOAL

• Superconductivity Research and
Industry need to develop a
realistic time schedule, linked to
the cost goal. Without this
information, planning is not
possible.

LOGISTICS

• The total $ needed to achieve the
cost and time goals have to be
clearly stated and the goals
adjusted based on "actual"
support.

We recognize that R&D results are not
always predictable. However, it is vital
that we apply our best thinking to set
realistic targets, It helps in the

. II =. ....... ,4. ,..JC . ..,,, .... |....,..,



CHALLENGES

REAL APPLICATIONS

• Superconductivity Research and
Industry efforts must have a
clear vision of the future based
on:

COST GOAL

• Superconductivity Research and
Industry need to identify a clear
cost goal, backed by real and
verifiable assumptions.



ARE WE ON THE RIGHT TRACK?

Every single Superconducting R&D
project we have evaluated is on the
"High Potential Value" category.

Including the work on:

•Motors

• Generators

eSMES

•Wires

• Magnets/Coils

• Fly Wheels



BOTTOM LINE:

Superconductivity is vital to our long

term future as a company and as a

nation. It deserves the joint effort

to which we all aspire.



Limitsto Loss-FreeCurrentFlow in
HTS Conductors:An Update

D. K. Christen

Solid State Division
Oak Ridge National Laboratory

SPP HTS Wire DevelopmentWorkshop
Feb 16-17, 1994

St. Petersburg,FL



Factorsthat LimitLoss-FreeConductionin HTS

• Inter-Grain Connectivity

--Grain Alignment(StronglyAnisotropicSc Properties)

-- Grain BoundaryCoupling (Overcoming"Weak Links")

• Intra-grain Flux Pinning

-- Optimizationof defects

--Intrinsic MaterialLimits(StrongAnisotropy,LargekT)



Inter-GrainConnectivity

Q Present HTS Conductors have both Strong-

and Weak-Link Components

Q The WelI-Connect_ Component Represents
a Sma# Volume F_cUon

I

Evidence(in TI1223 thick films)

HIIc

-- Scalingof propertiesfor differentfilms, etc.

--Jc(B) much lessthan, but otherwisesimilar to "strong"

materials (e.g. epitaxiai thin films)

-- Artificial flux pinningdefects enhance the propertiesat

high fields

• Transport Properties can be Greatly Enhanced by

Improvements in Processing



Inter-GrainConnectivity

• Identified (or Proposed) Mechanisms

Thermal Gradient, Melt-ProcessedYBCO

YBCO
i

=ram iiii m _ --
,,,=,,======

"--------'¢- -- I a-- ,=mmaam=_

,= __ -- =mmmailmlmB ,=l==_=m_

Thermo-MechanicallyProcessed PIT BSCCO

fo BSCCO ?

J

Spray-PyrolyzedT1-1223Deposits
¢

I T1-1223

J



J= of T1-1223Depositson PolycrystallineYSZ

• The overall field dependence is similar for
different samples, and for different widthsof same
sample

• J_ vanishes at the same irreversibility field

-- The flux-pinning defect microstructure is
similar
--Different samples have different fractions of
well-connected material

1

' 77 K

o HIIc
0.1 "_

Ii width(ram) Jc(H=O) __,o
0.01 A S 70,400 (SS-515) xP_

x 4 61,2oo
+ 1.2 43,100

;J
o 0.1 29,400 (SS-189) gk

0.001 * 8 82,500 (SS-518)

X
0.0001 , , , , , ,,,, , , , , ,,,,, , , , , ,,,

0.01 0.1 1 10

H (tesla)



1E+.07_

I E+06_ .............._'single-crystal-like"YBCO film

1E+05 TI-1223
o_ films
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TheFluxPinningForceDensityFpof
Heavy Ion IrradiatedTI1223

• At high field J_ and B_,rare enhanced
-- the properties are limited by intra-grain

flux pinning



Intra-GrainFlux Pinning
I

• Optimal Defects: Normal columns that occupy every vortex

INNING ENERGY/UNIT LENGTH OF VOR TEX 1 __

o _- _ 321r2"2

I , ',=_ ' !_'-'_,, , '

_fAXIMUM CRITICAL CURRENT DENSITY

(Jd = depairim3 cr_ca/_rre_ 4_) _ j j

External malefic field



Intra-GrainFlux Pinning

• Comparison of HTS and LTS at Low Temperature

dc,n_ = 0.4 Hc/,,l_,

T=(_) ldr,,_) _(--,) :_...M/_ e) :_o_(A/_n)-- i ii ii ii IIII

_'b3 Sn* 17.9 0.4q 100 6 x 107 > I x 106

_3Si* 16.8 0.45 110 6 x 107 -

m,47wt%_t 9.3 o._.s ¢_o '7x 1o6 p_.,I x zo6
_'zB_CuIO T 90 1.1 140 I x 108 5 x 107
Bi-2223+ 105 1.0 220 6 x 107 -

Bi-2212+ 85 ,_ 1.0 300 5 x 107 6 x 106

TI-222_ 129 . ,-, 1.0 173 Sx 107 -, I x 107

*Orlando, d d., PB.B 19, 4545 (1979)

tCooley, ==d., APL ii8 2984 (1991)

+Thompson, et aL, Phyldca B 165, 1453 (1991)

#'Thompson, et ai., PRB 41, 7293 (1990)



Intra-GrainFlux Pinning

@ Complicated Behavior at High Temperature

-- Large thermal energieskT

-- Weak vortex stiffness(line tension)

YORTEX HALF-LOOP =.4 _ FORMA TIONB, ion track

I [Nelson snd Yinokur, PRL U, 2398 (1992)][Brsndt, PRL 69, 1105 (1992)]

J
ENER GY CONSIDEP_ TIONS

F
Pi._ _ne en_l: uIj

VorCe=_.e_r_z_:_ = e/_

cu_ p,.n.=,=upENERGY SCALE: Uo= (_ "_)t12 2 V_ =

CURRENT DENSITY SCALE: Jo= ¢p C/_o =

Effective Pinning Energy: Ud = (m=b/m=)'=< < 1

Dissipation (electric field): E = Eoexp(-U_/kT_

5. BCO

e.g., (m='/m°)"2 =-<150( Bi2212
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ENHANCEMENTSIN THE IRRBdERSIBILITYUNE
OFVARIOUSHTSMATERIN-SBY
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""'"" E__ICEMENTS IN THE IRREVERSIBILITYUNE
OF VARIOUSHTS MATERIALSBY

HEAW ION IRRADIATION
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Vortex"MeltingUne"

o Heavy Ion Irrad Crystal Be = 4 T

x Heavy Ion Irrad Film B_ = 3.5 T

+ Hi-Jc epitaxial filmsQ
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SUMMARY

• Present HTS conductors have both weak- and strong-link

components.

--The strong-linkedcomponentis a small volume fraction

(1- lo%)

• The mechanism for the strong-linked component is partially,

recognized

--Improvements in processing should provide large
enhancements

• The strong-linked component is limited by flux

plnmng

--Improvements in flux pinning defect structures can

provide large enhancements

• High temperature properties are strongly limited by the

intn'nsic material anisotropy.



Fault-currentlimiter 104-10s 1-3 20-77 10s-10A 0.2 0.1

Largemotor(1000 Hp) 10s 4-5 0-77 500 1,000 0.2-0.3 "

Generator(300 MVA) t=_ 5 20-50 1,000 2,000 0.2 10

SMES (1 M_) 10 s 5-10 20-77 104 1,0110 0.2 1, --

Transmissioncable 104-10s <0.2 77 0.4 2' 10-100
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JTIBal.6Sro.4Ca2Cu3Ox / S'IO substrate . at 77K

3"O'Is_ . 2.5 x 10JA/cm 2 Ec = 0.lpV/cm
¢,¢

5

¢_ BJ. c-axis1--1

X

¢J

77K, B_Lc-axis

1.0 63K, 13II

5 _ lOeA/cmz

77K. B//c-axis

• ,= It = • , • | , • m = .....

0 0.2 0.4 0.6 0.8 1.0 1.2

Applied Field (T) T.J. Doi et ai (Hitachi)

Fig. The magnetic field dependence of'l'lBat.6Sro.4Ca_Cu30x on STO
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• COMPARISON OF VARIOUS COILS

Organization Material T (K) B(T) ID (CM) L (M) AMP-Turns Type

Furukawa Bi2212 4.2 1.65 1.0 22 43,000 Solenoid

NRIM Bi2212 4.2 2.00 1.4 Pancake

Kobe Steel Bi2212 4.2 1.60 1.3 4 50 Pancake

IGC Bi2223 4.2 2.6 2.5 480 1631800, Pancake

Sumilomo Bi2223 4.2 2.oo 4.o Pancake

ASC Bi2223 4.2 0.30 293., 17,_22 Racetrack

Hitachi TBSCCO 4.2 0.14 1.0

Showa BI2223 2 0 1.50 1.0 9 6 Pancake

Kobe Steel Bi2212 20 0.62 1.3 450 Pancake

Sumitomo Bi2223 20 1.o 4.o Pancake

ASC Bi2223 20 0.23 293 Racetrack

IGC Bi2223 _ _ 1.80 2.5 480 113.500 Pancake

IGC Bi2223 77 K 0.35 2.5 480 22=400 pizncake.

i ASC Bi2223 77 K 0.03 293 2,560 Racetrack
"------Energy Technology (ANL) J

UBI



• COMPARISON OF VARIOUS COILS -_

Organization Material T (K) B(T) ID (C M) L (M) AMP-Turns Type

Furukawa Bi2212 4.2 1.65 1.0 22 43,000 Solenoid

NRIM Bi2212 4.2 2.00 1.4 Pancake

Kobe Steel Bi2212 4.2 1.60 1.3 450 Pancake

IGC Bi2223 4.2 2.6 2.5 480 163,800 Pancake

Sumitomo Bi2223 4.2 1.00 1.0 Pancake

ASC Bi2223 4.2 0.30 293 17,822 Racetrack

Hitachi TBSCCO 4.2 0.14 1.0

Showa Bi2223 2 0 1.50 1.0 9 6 Pancake

Kobe Steel Bi2212 20 0.62 1.3 450 Pancake

Sumitomo Bi2223 2 0 0.5 1.0 Pancake

ASC Bi2223 20 0.23 293 Racetrack

IGC Bi2223 2 7 1.80 2.5 480 11 3,500 Pancake

IGC Bi2223 77 K 0.35 2.5 480 22,400 Pancake

ASC Bi2223 77 K 0.03 293 2,560 Racetrack

Energy Technology- ue_
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bending after sintering
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Fig.2 Bendingstraincharacteristicsof
thehigh-Tc superconductingtape

K. Ohkura et al. (Sumitomo)
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Fig.2 Bending strain characteristics of

the high-Tc superconducting tape
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I LONG WIRE• i

ii

Length(m) lUc(A/cm2)I Ic(A) ,,_._,2__(61 FILAMENT)

100 20,500 21.0

• 518 13,500 17.7
i,

I • i !

1,0g0 ,I 4,020 I 2:4• el|

Table 1 The Ic characteristics of the long

length high-Tc wire

LONG WIRE
ii

- I _ i i i _ i i I

30 - Jc=13,500 A/cm 2 - 40Ic=17.7A
E 20 518m -30g

o 10 10
"3

I, I i _ t t t t t _ I 0
0 0 25O 5OO

Position(m)

Fig.1 Ic distribution of high-Tc
superconducting tape of 518 M .7

K. Ohkura et al. (Sumitomo)
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, Overall(a) Superconductor Typical
currentdensity currentdensity operati.g

('A4cm2) (,_/cm 2) magnet field
('r)

Generat_ .1.5;3.0XII_ 2 x 105 2 - 5

Highenergyphysics 2-4 x 104 2-3 x 10̀ 5 5 - 7

MRI 1 x 104 1 x 103 0.5 - 2

F_ + SMES 5 x 10_ 5 x10 4 >8

Stdplines& (Lowfield)
Interconnects NA 103- 10e <0.1T

Digitaldevices - 103- 105 "

SQUID Sensors " 1 - 103 "

Shielding " 10 3_ 104 "
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SECTION V

WIRE CHARACTERIZATION
ISSUES AND NEEDS



WIRE CHARACTERIZATION ISSUES IN THE DEVELOPMENT OF CERAMIC
COMPOSITE SUPERCONDUCTORS

PRESENTATION MATERIAL PREPARED BY THE ARGONNE NATIONAL
LABORATORY ENERGY TECHNOLOGY DIVISION*

PRINCIPAL INVESTIGATORS COLLABORATING ORGANIZATIONS

U. BALACHANDRAN AMERICAN SUPERCONDUCTORCORPORATION
G.W. CRABTREE GENERAL ELECTRIC COMPANY
S.E. DORRIS INTERMAGNETICS GENERAL CORPORATION
K.C. GORETTA LOS ALAMOS NATIONAL LABORATORY
D.S. KUPPERMAN OAK RIDGE NATIONAL LABORATORY
M.T. LANAGAN STATE UNIVERSITY OF NEW YORK (BUFFALO)
V.A. MARONI UNIVERSITY OF WISCONSIN
R.B. POEPPEL
J.P. SINGH

*RESEARCH SPONSORED BY THE U.S. DEPARTMENT OF ENERGY, ENERGY
EFFICIENCY AND RENEWABLE ENERGY AS PART OF A DOE PROGRAM TO
DEVELOP ELECTRIC POWER TECHNOLOGY.
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25.0
Bi-2223 Two-Powder Process

_ _ A" 20.0

Form Pb_doped Bi_2212. Form 2n_nd_dphase. _ I 7 _ 1

(B, 1.8Pbo.4Sr2_xCa i +.Cu2.008 )_ ,SrzCal_xCu02,_ .__ IO'OT _ _ t

{Bll.ePb 0 4Sri_xCal+xCu 2 008 and SrxCai_xCuO2} v0 0.I 0.2 0.3 0.4 0
IPbO}

Moles of Pb in Bi-2212

Prepare tape conductor by powder--in-tube process.

REMAINING ISSUES
__

• THERMOMECHANICAL PROCESS
OPTIMIZATION

• CRACKING/POROSITY CONTROL

• STOICHIOMETRY OPTIMIZATION

• LEAD DEPLOYMENT IN POWDER
CONSTITUENTS



Bi..2223 COMPOSITE CONDUCTORS:
HEAT TREATMENT PARAMETERS

825°C/0 075 altoO As-rolled
tOO " 2 ) t...4: :: :_* IO0

HEAT TREATMENT TIME /
SIGMOIDAL KINETICS _)

• 40 j;_ o _ O-- 40HEAT TREATMENT TEMPERATURE >e

• RANGE OF RAPID KINETICS _ zo _ j
PRELOAD TR,TMENT OF POWDER =o :gO

• o o
.-- I.Bi2223 STABILITY RANGE (WIDTH)SECOND PHASE CHEMISTRY AND .,o ,;o ,._o ,o._oo ,:.ooo

MICROSTR UCTURE Time(minutes)
1

1500 minutes - 1oo

g g

..o 0020
| _--E_.O.O75atm / _ ' I_ / o ,o

o.= ! -_.,?.13atm ,I -. _,, / o

700 O00 O I 0 020 830 040 OSO 780 700 800 010 820 030 840 OSO 060 660

Temperature (C) Temperature(°C)
W/ASC
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ENHANCEMENT OF COMPOSITE
& •CONDUCTOR STRESS TOLERANCE IOO • = _ . ,

13 •

_ 80
J DECREASES WITH INCREASING _', ,

• TI_NSILE/BENDING STRAIN (Zcnn.--0 2%) -o") w "• ,=n •
(1)
C::

• ADDITION OF Ag OR AgO TO POWDER m 40 °

INCREASES STRAIN TOLERANCE rr A BSCCO-25 vol.% Ag" .

• MODIFICATION OF SHEATH MATERIAL (e.g., 20 ' _ BSCCO . ,
Ag-AI:O_ CAN INCREASE CONDUCTOR _.._o..
STRENGTH AND REDUCE fiELD DEPENDB_ICE 0 ; • ,' ' .... ' .... ' .... ' ....0.0 0.5 1.0 1.5 2.0 2.5

OF Jc Strain(%)
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0 15
0 5 10 Strain
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Bi-2223 COMPOSITE CONDUCTORS: 1 - AVRAMI- EROFE'EV PLOT ' 1
CHARACTERIZATION OF THE "LIQUID" PHASE o.s

_..... -. 819"C o.s.
o '_" \/ " o

• EVIDENCE FROM QUENCHED SAMPLES _ T _,/'_--._\f -

r.? -o.s 835°C "-_. -o.s

• EFFECT ON REACTION KINETICS "E" -1
- ENHANCED DIFFUSION RATES _ . -I

c: -1.$
- DISSOLUTION OF SECOND PHASES -- - _ 805"C -1.s

• EFFECT ON MICROSTRUCTURE -2
-2.s 1500 minutes in 0.075 atm

- CRACK HEALING ._s
- SECOND PHASE GROWTH .3 .... .... ' . , .

| J- -3

8.9 9.01 9.13 9.24 9.35

• RELATIONSHIP TO CRITICAL CURRENT . 1/'1"(10,000/K)

"_C._C '-'C/Min

I "825"C/10 Minutes/ -z. t
0.075 atm 02 . DTA -

I Bi24PbleSrt4Ca I ICu220x • .2

• • _;'".... " -Z.3

f _.---- - ..,

l,iquid phL_e 111-221; -2.7. _

640 -- -.I

• I I
-2.9 ...,..,, .... , ........ I ........ I ........ , .... .2

[132 nm z3e z35 z411 z45 zse z55
Time (minute's)

W/ASC



AcousticVelocityMeasurementApparatus

Compressed

TI-BASED SUPERCONDUCTORS Gas
Furnace

• ACOUSTIC VELOCITY MEASUREMENT Transducer

(TECHNIQUE UNDER DEVELOPMENT AT ANL)
Puls _

Oscilloscope J Generator

• HIGHEST J_ OBTAINED BELOW POINT OF
INCONGRUENT MELTING !

• EVIDENCE OF MANY SECOND PHASES AND urnace

REACTION BETWEEN Ag AND TBCCO NEAR [ -'--I ''d Controller

MELTING TEMPERATURE Computer
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FLUX IMAGING OF SUPERCONDUCTORS



REACTION INDUCED TEXTURE IN
BSCCO/Ag COMPOSITE CONDUCTORS ,oo

• gO 0:
'- ee

• C-AXIS TEXTURE DEVELOPS DURING HEAT _ • • • •m • • • • o
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WIRE CHARACTERIZATION ISSUES

• Powder Preparation

-- syntheois method
--- pmload heat treatment
-- stolchlometry/microstructure

• Conductor Processing

-- PO2,temperature, time
.- heat treatment/reduction synergism
-- taming the liquid phase

• Process Monitoring/Control

-- "litmus" test
-- In situ interrogation methods

• Jc Characterization

-- where is current flowing?
--. macroscopic Yl microscopic disruptions

Textures in Bulk HTS Superconductors

1) Hot pressed YBCO

2) Cold pressed Bi 2223

H.R. Wenk
Dept. Geology and Geophysics
University of California
Berkeley CA 94720

Acknowledgements:

D. Phillips, LANL for compression experiments
NSF (Earth Sciences)
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UERG Univ. Calif.



Texture Determination in HTS Bulk Materials

FITS ceramics of various compositions have in common a highly anisotropic crystal
structurewith Cu atoms positioned on planes parallelto (001). Without knowing the exact
mechanismit is agreedthat in single crystalshigh electricalconductivityis restrictedto this plane.
This is, for example, documented by epitaxial films with almost perfect crystal alignment.
Conductivityparallelto the film surface is high if the c-axis [001] is alignedperpendicularto the
filmand low if an a-axis [100] is perpendicularto the film.Muchof the filmdevelopmentconsists
in producingrelativelythick filmswith a high [o01] alignment.

Anisotropy also haunts bulk materials.One of thecompounds with the most favorable
high temperatureproperties,YBCO, has not been very successfidfor bulk materialsbecause of
the difficulty in producing an alignment of the crystal lattice. More successful have been
experimentswith Bi2223, Bi2212 and some 1"1compoundswhich consist of non-equiaxedgrains.
The best conducting properties have been observed in tapes and wires with a relativelygood
crystal alignment,as evidencedby visual inspectionof the microstructure.This alignment,known
as "texture",has become accepted as an importantfactorand "texturing"has become a popular
buzword.Clearlyit is not the only significantfactor- chemicaland structuralpropertiesas well as
graincontact are initiallymore limiting- but a good textureis a necessaryingredientfor anyhigh
performancewire or tape. It is surprisinghow little quantitativedataon texturesof I-ITSceramics
is available. The literature abounds with qualitativeestimations of microstructuresand at best
diffractionpeakratios in x-ray powder patterns.

Texture research is a well established field and has reached a sophisticated level of
quantification,both in metallurgyand geology (1,2). Texturesare measuredas pole figureswith
x-ray, neutronor electron diffraction.Fromthese pole figuresthe orientationdistributionfunction
(ODF) is determinedmathematicallyand the relationshipbetween crystal and sampleflame are
expressed as normalized orientation densities. A density of I m.r.d. (multiples of a random
distribution)signifies uniform orientationdensity,an ODF with a maximum of 5 m.r.d, is a weak
texture, one with a maximum of 20-50 m.r.d, a strong texture. Informationf_om textures is
twofold: First textures enable us to _aluate properties such as mechanical strength, thermal
conductivity, elastic properties, ductility. Secondly textures contain characteristic information
about the formation process and can be used to derive mechanisms.Since they include an
assemblyof crystallites, rather than a few grainsas studied with the TEM they are statistically
more representativeof the bulk materialand can oftenbe interpretedmoreconfidentlyas the large
literatureon metals and geological materialsillustrates(3). Both aspects are significantfor HTS.
Quantitativetextureanalysis is fully developed and applicablenow (4,5), even thoughnot quite a
routine for HTS compounds. However, it is necessaryto educate physicists who have been the
maininvestigatorsof HTS materials, to teach them a new language and makethem familiarwith
the possibilitiesof textureanalysis.

Overthe last years at Berkeley effortswere madeto quantifytexturedeterminationof thin
films (6-8), of hot pressed YBCO (9) and of coidpressedBi2223 powders (10,11). The latter
research is particularlysignificantfor HTS wires and tapes and establishedthat in these materials
deformationoccurs largelyby rearrangementof rigidplatelikepanicles duringcompactio_ rather



than by intracrystallineductile deformation.This is analogous to phyllosilicatecompaction in
shales and slates. Evidence for this is that with increasingcompactiontextures level off at 5-7
m.r.d, due to grain interactionand do not increaseu would be expectedfrom ductile dislocation
processes. Other evidence is the _crostructure, residual porosity and the fact that texture
development is only observed in polycrystalswith non-equiaxedgrains. Modificationsof rigid
panicle rotationmodels (12-14) can be used to interprettexturedevelopment(I I). Such a model
explainswhy no strongertextures are producedin rolledtapesdeformedto muchhigherstrains.
Analogy with phyllosilicatesalso suggests that muchstrofigertextureswith (001) pole densities
could be obtained by compaction and deformationat high temperature,where recrystallization
anddiffusionalleviate interferencesat grainboundaries(15). Such conditionswould also improve
graincontacts.

Whilequantitativex-ray measurementsremainthe routinemethodof textureanalysis,one
shouldexplore local textures by SEM-EBSPmeasurementswhichhaverecentlybeen successfully
appliedto ceramics(16,17).
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Neutron diffraction data document that [001 ] axes of YBa2CujO6,., in an experimentally
deformed polycrystalline awepte are preferentially aligned parallel to the compression
direction. Preferred crystallographic orientation strongly affects oxygen stoichiometry results
determined by structure refinement analysis of neutron diffraction data and appropriate
corrections are necessary.

There have been several repom which suuest that At this stage the experimentally deformed polycrystal-
pressed pellets ofYBa2Cu306.,., polycrystals display _-ain- line aurepte of YBa:Cu306_.x is oxygen deficient and non-
shape anisotropy. "4 In this communication we document superconducting. Following a l0 day anneal at 450"C in a
strong crystallographic preferred orientation in a sample pure O_ atmosphere it exhibits anisotropic properties. 4'5
which has been deformed at high temperature and high con- Most of the sample was used for resistivity and susceptibility
fining pressure and which has anisotropic electr_d proper, measurements, and only a fra|Fnent of about 2 × 3× 5 mm
ties. _'5 was available for the texture analysis. It is difficult to de.*er-

A YBa2Cu_O_+, powder was prepared usin[: the amor- mine the preferred orientation of perovskite-related struc-
phous citrate process. 6 The material was then cold pressed to tures with x.ray pole figure goniometry, because angular res-
approximately 70 MPa into cylinders of 6 mm diameter and olution is not adequate to resolve closely spaced diffraction
20 mm length using a steel dye, presintered in air at 800 "C peaks. Furthermore, transmission geometry, which could be
for l0 h, then annealed at 450 "Cin oxygen for 20 h. Follow- used to measure the low angle (001) diffraction peak, is not
ing this procedure the 75% dense, l-2./_m [rain-size powder very accurate due to strong absorption. We had the opportu.
compact was hydrostatically compacted under 1.0 GPa con- nity to use a position sensitive detector with the D IB instru.

fining pressure at 900 "C for l h. Subsequently it was de. ment at the high flux reactor at the Institut Max yon Laue-
formed in a solid medium deformation apparatus at pressure Paul Langevin (ILL), in Grenoble, France. This facility had

and temperature and a strain rate of 10-s s- ' and shortened previously been proved suitable for high.resolution texture
35% in axial compression. After deformation, the material is analysis of complex geological materials. _''° The radiation

. fully dense and textured. _ used is a monochromated beam of neutrons with a wave-

4070 J. AI301.Phys. Iltl (10). 15 May 1989 0021-89791891104070-04502.40 @ 1989 Amenclffl Institute of _ 4070
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Textures of laser ablated superconducting thin films
of YBa2Cu3OT..6 as a function of deposition temperature
F. Heidelbach and H-R. Wenk
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(Received12July1991;accepted30 Octobert991)

The preferredorientation of a series of laser deposited superconducting thin films of
YBa2Cu3OT_ on LaAIO3 substrate has been examined. X-ray measurements (pole figures,
X-scans, w-scans, rocking curves) reveal an increasingly stmn8 preferredorientation
of the polycrysudline material with c-axes perpendicular to the substrate surface as
deposition temperature increases. At low temperaturesc-axes are predominantly parallel
to the subslrate surface. Characteristic parametersof the texture types were derived from
those measurements. With higher temperatures twinning on (110) wu observed. The
different texture types are interpreted in terms of a layered film structure.

I: INTRODUCTION TABLEL L,._ pt..ae._ ,-d _p_ _¢e sp,mp _
rulal/veintensitiesforx.raydiHnctionforfdmandsubsu'ate.

The superconductin8 property in YBa2Cu30_..6 Irish ., _, =
temperature superconductors is restrictedto the crystal- Yo,ncu_o,.., t.a,,Jo_
lographic (001) plane and therefore a strong preferred (_) (rhemee,em)

orientation in a polycrystalline material is crucial in a (A) 3.82 7.$8
order to reach a high transition temperature. Recently b (A) 3J_ 7.5s
the deposition of thin film on a single ca'ystal surface ¢ (A) 11.68 7.58
has been established as a pmmisin8 technique,t The a [5 90 9o.0s
lattice parameters of the substrate are usually chosen _ [5 9o 9o.0s
close or equal to those of the desired perovskite structure _,[o] 9o 9o.os
of YBa2Cu30_-_ and muse an oriented growth of the
film material on the substrate surface (epitaxy). Besides st2 _._ (A) la_. _ d..tm:/os(A)
other factors (e.g., substrate material, surface quality) oox tx.es < t too 7.ss ...
the quality of the preferred orientation in the deposited o02 5.s4 4 tot 5.36 ...
material is influenced by the deposition temperature, oo3 3.89 lo 111 4.37 ...

In order to determine a quantitative relationship be- 010 3J_ : 20o 3.79 soloo 3.82 4 210 3.39 ...
tween preferred orientation and deposition temperature 012 3.24 3 211 3.09 ...

we examined a series of six samples of YBa2Cu30_._ t02 3.20 5 2o2 2._s 100
deposited at various temperatures (650 to 775 °C in oo4 2.92 < t
roughly25° incremeats)on a single crystalof LaAIO3 013 2.'t5 55103 2.73 too
using a laser ablation technique. In previousstudies2"4s _I0 2.73
it was shown that LaA]O3 is a good substrate candidate _ _IIUI ii I_ I iii [[_ I .....

for epitaxial growth of YBa2Cu30_._.
The orthorhombic structure (space group Pmmm) of

YBa2Cu_O._._7 and the rhombohedral structure (space two roughly perpendicular to it. Two textures may form
group R3m) of LaAIO38 are both pseudocubic perov- due to epitaxial growth:the "c.L'-texture with the c-axis
skite structures with similar lattice parameters for cone- of the _ material perpendicularto the substratesurface
sponding crystallographic settings, specifically a,,,m,,, = [Fig. l(a)] and the "a.L"-texturewith the c-a:ds parallel
b,,e,,rm = c,,,mm ._ 2 x a_ ._,2 x b_,= _. 2/3 x cat,, to the substratesurface [Fig. l(b)]. The c._-te) _..,reforms
(Table I). We used a substrate that was oriented with one by alignment of (003) of the film with (002) of the
of its {001]. planesparallel to the surfaceand the other substrate(plane parallelto the subscratesurface) and

J. MIIM. Pall.,Vol.7, No.3, Mw 19_2
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Advantages of Monochromatic X-rays for Texture Determination of
Superconducting Thin Films

BY H. R. WENK

Department of Geology and Geophysics, University of California. Berkeley, CA 94720, USA.
and Center for Materials Science, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

(Received 28 Januarr 1992: accepted 13 March, 1992I

Abstract substratte of LaAIO3 (Heidelbach et al., 1992), first for

X-ray pole, figure measurements traditionally employ Ni-fiitered Cu radiation and then for monochromattc
/1-filtered radiation. The remaining continuous spec. X-rays produced with a graphite monochromator.
trum can introduce serious artifacts in strong textures. Fig. 2 displays some differences between the radiations
It is shown that spurious peaks form in textures of with precession photographs of a single crystal of
epitactic YBCO films and that background determi- garnet. These photographs represent (100) sections
nation may be ambiguous. These difficulties can be through the reciprocal lattice. In the case of
avoided by using monochromatic radiation with a monochromatic radiation one observes a discrete-
graphite monochromator between the X-ray tube and point pattern {Fig. _}. If the direct beam from an
the specimen. X-ray tube is used, each reciprocal-lattice point is

I. Introduction

Over many years routine procedures have become .ll
establishedfor texturedeterminationwith an X-ray
pole-figure goniometer (Schulz, 1949: Wenk, 1985). _ Kct
Some modifications, especially for intensity coffee.
tions, are necessary for thin films (Wenk, Sintubin, Int MoJq|/Me [
Huanik Johnson & Howe, 1989). Recently there has
been growing interest in texture analysis of high-
temperature superconductors (HTS) because preferred
orientation is closely linked to electrical properties
(see,forexample,HeidelbachetaL,1992).Inthecase i,
of laser-ablated films of YBa2CuzO,_s (YBCO) on o_ so s_
single-crystal substrates, textures are extremely strong _,(A)
and this has led us to develop special procedures that (a)
are advantageous for texture analysis in general.

Almost universally, X-ray pole.figure goniometers Ka
use Cu radiation and the intensity of the KII
(,;. = 1.392A) component is reduced by filtering
through an Ni foil with an absorption edge at 1.488 A,
which provides a strong K_t component (,;. = 1.542 A) Int
with a moderate continuous background. As Fig. 1

illustrates,a continuouscontributionremains at _,all %'_ ..
wavelengths larger than K_ and also at very short _._"ll ",<.._wavelengths. It will be shown here that this

continuous component is not very significant if o.5 t.o s._
textures are weak but it introduces significant errors
and artifacts if textures are strong. For such _.(A)
applications truly monochromatic radiation is rec- (b)

ommended. This paper compares results of texture FiE. I. X.ray spectra. (a) Me tube (operated at 50 kV) and Cu tube
measurements of 40 nm thick YBCO films deposited (operated at 35 kV). (b) Me spectrum if a 0.00l in Nb/! filter _s
by laster ablation at 1043 K on a (100) single-crystal used.

0021-8898/92/040524-07506.00 _ 1992 International Union of Crystallography
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TEXTURE DEVELOPMENT IN PLATY MATERIALS.

COMPARISON OF BI2223-AGGREGATES WITH PHYLLOSILICATE FABRICS

Sintubm, M.O), Wenk, H.-R. (z) & Phillips, D. S. (_)

Abstract

Quantitative texture data have been measured by x-ray diffraction on Bi2223 powders, cold

pressed to different pellet strains. Comparisons of B!2223-powders and geological phyllosilicate fabrics

shows that both materials, characterised by a platy grain morphology, exhibit a similar texture

development. This texture development is best explained by grain-shape induced rotation processes,

which are limited by interactions of relativelyrigid particles. With increasing compaction the orientation

of platelets levels off at (001) pole densities of 5-6 m.r.d. By contrast intracrystalline slip mechanisms

would produce much stronger textures at equivalent strains.

From analogy with phyllosilicates it is suggested that textures in Bi2223-compaets could be

improved by hot pressing rather than cold pressing to alleviate incompatibilitiesat grain boundaries. Pole

densities of 20 m.r.d, have been produced in experiments and observed in naturally deformed rocks. Such
processing would also improvegrain contacts. Of secondary importance is the size of the rigid, equiaxed,

second phase particleswhich needs to be reduced to obtain stronger crystallite alignment.

For geological research Bi2223-compacts may serve as an experimental analogue, which

approaches real phyllosilicatefabricsbetter than the materialsused in experiments to date.

I Laboratoriumvoor Algemene Geologie, Katholieke UniversiteitLeuven, Redingenstraat 16, 3000 Leuven,
Belgium
2 Department of Geology and Geophysics, University of California at Berkeley, Berkeley, CA94720, USA
3 Ceramic Science and Technology Group, Los Alamos National Laboratory, Los Alamos, NM87545, USA

Manuel Sintubin - 2/27/94
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Introduction

• The ultimateperformanceof a superconductor in any
current carryingapplication can be quantified by:

1) the total current it may carry while still remaining
"superconducting,"the critical current, Ic, and

2) the currentper unit cross-sectionalarea itmay
carrywhilestillremaining"superconducting,"
thecritical current density, Jc

• Thesequantitiesare subjectto the definitionof
"superconducting"andare functionsof
1) temperature T,
2) magneticfield B,
3) and,for someconductors,

the directionof the magnetic field

_.......,_,_..,, LosAlamos

Superconductorvs EngineeringValues of Jc

•ForHighTemperatureSuperconductor(HTS)
conductors,the configurationistypicallya closedtape
(PowderinTube)or an openformat(thickfilm)

•Schematicof a monofilamentconductorcrosssection;
thesheathistypicallysilveror a silveralloyand
Fill Factor (ratioof HTS areato totalarea) is~25%

•The EngineeringCross Section for Jc (=Je) is the total
area,yieldinga lowervalue(~1/4) thanthe HTS Jc

•SuperconductorJc=/c I (HTSarea)

•EngineeringJc=/c/(Total conductorarea)

100/Jm Superconductor Sheath
m

Do,.......__. LosAlamos



CriticalCurrentCriteria I

i

I• ElectricField Criterion • Shortsample (~ 1 cm)
standarddefinitionof/c : current/ at whichan electric
fieldecof 1 pV/cmisdevelopedacrossthe sample

• Jcor Jecan thenbe determinedfrom/c as discussed
previously

• Resistivity Criterion - Applicableto shortand long
lengthsbutdifficultto applyto shortlengthsbecause
ofvoltagesensitivitylimitations:currentdensityJ at
whichthe sampledevelopsa pre-determined
resistivitypc, typically10-1__-cm for HTS, basedon
eitherthe HTS (Jcp)or thetotalcrosssection(Jep).

• Equivalently,by convertingto resistanceR basedon
theconductorgeometry,R = pLengthlArea,an/c can
be determinedfromthe current/voltagecurve

,=.,,....,.....,, LosAlamos

"-" Pilot Production at American
--- Superconductor Corporation

• Bi'2223

• 19 filamentcompositeconductor
• 23% fill factor

• 100 m lengths

• ProcessCapability(over250 to date)
° Conductorinventoryfor prototypes
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"" Ic Ratios(77K, self fielcl)
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Dependenceof/c, Jc,andJeon ParameterValues

• The voltage-current(V-/) orelectricfield-current
density(e-j) characteristicscanbe approximately

. representedby(neglectingcurrentflowin the sheath):

+ jne,-e o

where eoandn are obtainedbyfittingthedata, or
calculated as eo (= ec I jcen)with ec beingthe electric
field cr;terionand jce the value of jc at that field, and n
isthe exponentreflectingthe powerlawbehaviorof
the relationship

• jcpandjcearethensimplyrelatedby:
!
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Models for E-J characteristics

A. Flux Creep Model: E(J) = Ecexp[-U(J.,B, "l')lk'l'j;
where U(J B, T) is the flux creep barrier.!

• • t• = n J, Vtnokur ektn the a roxtmattonU Uol ( _._ ! ..• Ma g . PP n.
al. - Collecttvecreep/vortex glass modets) results t
E(J) = Ec(JIJc)u°lkTwhere n = Uo(T, B)lkTand leads
to an exponential decrease of Jcewtth B and T

° Ries et al. and Gurevich et al. have applied this model
to HTS systems.

B. n as measure of the variation of Icwith position x
II

• Ic(x) may be caused by variation in area (sausagtng,
cracks, etc.) or tn Jc (stotchtometry,defects, etc.)

• Many groups have used this model; recently Edelman
and Larbalestter applted it to both monocore Nb-Ti
wire and Bi-2223/Ag tape

Los Alamos
DOE W'u_Wl=ho_SL _burll 7
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(b) 10 mT, (c) 20 roT, (d) 30 roT, and (e) 200 roT. Inset shows Jc(A/
cm2] ,,, a fmmcbonof J [mT]. where the solid curve co_ to
Job-J/z( 1 -b) wire b.. B/r.

G. Ries, et aL, J. Alloys and Compounds195 (379) 1993.
3 -, • ' ' I

_e thin tiim='t "melt procemd bulk |

] othi. (ilmm'2 _'_"" /

, "

_,. _\. \_,\o\. (p_=n)

110., 2 5 100 2 5 T 10_
maq,eticiield//



1.0 mmm AA• & _ ASCOPIT MonoD#3 -kAJcm2
Ic=20 A; Jc-

2O
A&

0.8 &
Thermal_ng Range/ •

-, 300 K- 75 K I •
a 538K-75K ] a4a

0.6 "a

0.4 •

27 Cyclesto i aJc/J0o--'0"50 a
0.2

&A&

0.0 40
0 10 20 30

StepNumber

LosAlamos



Longitudinal Sections of
Thermally Cycled Tape

Solder

Silver

HTS Core

. 50 pm

Los Alamos



CurrentTransferintoSuperconductor
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Summary

• Core vs. engineering (overall) critical current density
values: Jc vs. Je (more appropriate)

• Electric field vs. resistivity criteria for critical current
density: Jce vs. Jcp (or Jep) most appropriate for long
length conductors

• Fluxcreep a major limitationat high temperature and
modest fields; here Jco (or Joo)is crucial to evaluation
of conductor performance

° Mechanical issues of mounting and current transfer
must be considered, especially for short lengths

_..,,_=-.,. Los Alamos



Mechanical Properties Measurement
of High-TcSuperconductors using a
Mechanical Properties Microprobe....

A. Goyal

Metals & Ceramics Division
Oak Ridge National Laboratory

P.O. Box 2008
Oak Ridge, TN 37'831



OUTLIN
• Literature review of data on BSCCO

• Motivation for study

• Description of the Mechanical Properties Microprobe

• Results
1. YBa2Cu3OT-s
2. PIT Bi-2212, B|-2223

• Summary



Single Crystal Data for BSCCO
Material ............. Modulus ........ xefeience ..............
D!m_nsions (_ ina) (OPa)
Method
........... 12 '...... jaco ........Bi-22 3-10 bson et al., Phys. Rev.

(2000 X 20 X 2) B47 (1993) 8312
VibraUng Reed [ IHinHIIIIINIIIii 1 I _ Ii _

BI-2212 70 Nesetal., Supercond.
(3330X 620 X 40) Sci& Tech.,4(1991)$388
VibratingReedi_ IIIIIIIIIII II ,I II _ II IIIIIII

20 .........................1991Bi-2212 Tritt.etal.,PhysicaC,
(400-1000) X (2-15)

X (1-4)
Stress-Strginby
uniaxial loading

III I ill IIII I I ( li i lililll II II I II I IIII

Bi-2212 Ea = 125 Boekholtetal., Physica C,
Brillouin Scattering _= 76 179 (199!) 101 .......

BI-2212 Ha= 130 Wu et al., Phys. Lett.,
Brilloutn Scattering EI_= 1! 0 A148 (!990) 127 I I I

Bi-2212 100 Wanget al., Phys. Rev.,
Ultrasonic/IOOKH z) B41 (1990) 8981

Bi-2212 143 Baumgart et al., Physica C,
,Brillouln Scattering 162-164 (1989) 1073

Bi-2212 165 Saint-Paulet al.,Solid state
Ultrasonic (IOOKHz).... Commun. r 69 (1989) 1161

Bi-2223 Ea- 25 Tritt. et al., Physica C, 1991
(400-1000) X (2-15)

X (1-4)
Stress-Strain by

, uniaxialloading ,,,

For2212
• Eab: 3-10 GPa- 165
• Ec : 76 GPa

For 2223
" Eab : 25 GPa



Summary of Data on Polycrystalline BSCCO
Material • -'

42±4-SD-6
50,6" SD- 13
59 ± 6" SD- 19

Motivation

• Nogood dataexistsfor Bi-2223

. Existingdatafor Bi-2212showwidevariation

• strongdependenceon sampletype

• singlecrystaldatapdmadly on Pb-freesamples
.

. AdditionalEffects

• Effectof OxygenStoichiometry
o Effectof Pb

• Nodirect measurementson PITmaterials



I NANOINDENTER IS CAPABLE OF CONTINUOUSLY MEASURING LOAD i!AND DISPLACEMENT DURING INDENTATION TESTING

MAGNET . ..:,.,.

INTERFACE ................. "
ELECTRONICS

• SUSPENDING
• SPRINGS

: SAMPLE
• HOLDER
: __ _ _ INDENTER TIP
: " _ MICROSCOPE X-Y TABt "

• /
• Il )
: !

COMPUTER

• Force Resolution = 0.5 _N
• Displacement Resolution = 0.16 nm

• Resolution of motorized xy stage .,. 1 _m





Extraction of the Hardness and Elastic
Modulus from the unloading curve

Elastic Properties
The unloading process can be modelled by considering the contact of the indenter with an
elastic half space

S = dP/dh = J3E,_ E, = [(1 -v2)/E + (1-1)o2)/Eo] -1 P
SURFACE PROFILE AFTER /

S = slope of unloading curve at point of max. loading Lo,=.mov,_ tINOIENTER INrI1LtL

13: constant dependent on the shape of indenter "- t/ I _-

Total displacementof the indenter t '
h MAX ! SURFACE I_OFIL|

hmx= h, + hc;h, = E Pma_/S; _L hs c =._.Lo,.
¢ = constant dependent on the geometry of Indenter . .....
¢ = 1.0 for flat punch, 0.75 for parabola of revolution I

Hardness

Defined as the mean pressure the material can support under load

H = P.=/A; A = projected area of contact under load
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MECHANICAL PROPERTIES OF MELT-

PROCESSE_123 AND TRAPPED 21_INCLUSION DETERMINED USING NANO-
INDENTOR



MECHANICAL PROPERTIES OF BSCCO
PIT SAMPLES

Material Elastic Modulus Hardness
(GPa) (GPa)

2212 (100)or (010) 93.8 _+3.5 2.3 _+1.3 ' '"

2212 (001) 49.8 _+11.6 2.7 _+1.2
2212 (as rolled) 64.9 _+4.5 2.4 +_0.4

2223 (100) or (010) 90.2 _+9.5 1.9 _+0.5

2223 (001) 54.4 + 1.8 1.5 + 0.7
Second Phase 59.6 + 6.5 2.4 + 0.4

Material Elastic Anlsotropy Hardness
(100) / (O01 ) Anlsotropy

(100)/(001)
123 1.3 O.9

2223 1.7 1.1
2212 1.9 0.9

i

• The elastic modulus of Bi.2212 and 2223.is highly anisotropic. The
higher compress0bihty along the c-direction is due to the layered
structure.

• Compared to 123 the BSCCO phases are much softer and less stiff.



Summary
... .__,__._.... ,h,, --echanical Properties Microprobe

• .TheNanolno.eme, u,.-,_ ,,.
IS ideally suited for direct measurements of elastic mooull
and hardness of hlgh-Tc superconductors .

• 123, Bi-2212 and Bi.2223 exhibit highly anisotropic
properties

• Compared to 123, Bi-2212 and Bi-2223 are much softer and
much less stiff
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SECTION VI

TECHNOLOGY FOR OVERCOMING
BARRIERS" WEAK LINKS AND

FLUX PINNING



High Temperature Superconducting Wire Development Workshop

February 16-17, 1994

Session II

Technology for Overcoming Barriers: Weak Links and Flux Pinning

A. Proposal to Develop Standardization of Measurement Procedures and Interpretation for Critical
Currents

Preliminary draft available here and at tomorrow's session

Please provide comments and feedback on dmR

B. Issues for Session II

Flux Pinning, within well-coupled, non-weak-linked regions -

Irreversibility behavior at high fields and temperatures

Weak links, e.g., grain boundaries
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Technology for Overcoming Barriers: Weak Links and Flux Pinning

Polycrystalline samples have series and parallel grain boundaries

J J

As the field increases, the strongest paths predominate the current flow

However, they may still have weak, but not very weak, links



Current-Voltage Characteristics for Josephson
Junctl_s and Anderson-Kim Flux Creep
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WHERE IS THE CRITICAL CURRENT CARRIED IN 2223-BSCCO AND
WHAT LIMITS IT?

D.C. LARBALESTIER,Y. FENG, X.Y. CA/, H. EDELMAH,
E.E. HELLSTROM,Y.H. HIGH', J. A. PARRELL,Y.$. SUNG, A. UMEZAWA2

Applied Superconductivity Center, University of Wisconsin
1500 Johnson Drive, Madison, WI 53706 U_q.d.

ABSTRACT
Recent investillalions at Wisconsin in_ the factors coal]rollingthe J, of BSCCO-2223
tapesare reviewed.Greatlocalvariationsof the activecurrentpathexist,causing
percolaflvecurrentflowandgreatlyI/midngtheoverallcriticalcurrent,Someof the
reasonsforthisvariationared/scussed.Weconcludethatincreasingtheactivecross.
sectionis themostprom/singwaytoraisetheoverallJ,of BSCCOtapes.

I. Introduction

As-sheathed 03i,Pb)2Sr2Ca2Cu30_(BSCCO-2223) superconductingtapes'4 made by
the powder-in-tube process show great promise as conductors for magnetic field use.
However, extensive study of theix deformation, heat treatment,phase relationships and
micros_-ucturehas not yet yielded a properunderstandingof how to reproducethe best
properties consistently. High phase purity and strong texture are widely agreed to be
crucial for highJc,yet relatively little is understoodabout the mechanism(s) by which the
2223 phase forms, the texturedevelops and the complex role that silver plays. We.here
summarizerecentworkfromourprogramsTM which concernthe formation, propertiesand
connectivity of the 2223 phase. An hnportantconclusion is thatthe local ]c can vary by
at least a factor of six from region to region within a tape and that Jc(0T,77K) values
exceeding the highest previouslyreported''3can exist withineven moderatequality tapess.
Improving the connectivity of the BSCCO filament(s) is believed to be the most direct
way of making furtherimprovementsin the overall J_of BSCCO-2223 tapes.

2. Competitive Reactions Between BSCCO-2212 and Second Phases

A studyof the reactionsthat occur when powderis reacted within Ag illustrates the
complexities of the system9. Many phases arepresent in startingpowders and multiple
parallel reactionscan generateundesirednon-superconductingphases, interferingwith the
desired 2212 to 2223 reaction, which has a significantly larger reaction energy (~ 1.5
MJ'/mol'5'_a)than that measuredfor theundesiredreactions (0.27-0.51 MJ/mol)9. The 2:1
AEC (alkalineearthcuprate)has the lowest formationenergy (~370kJ/mol)and is the rate-
limiting reaction in air. Growthof large 2:I AEC panicles inhibits completion of the
2212 to 2223 reaction by denying the growing 2223 phase essential Ca and Cu, besides
greatly perturbingthe alignment of the 2223 grains that do form. Unconu'oUedreaction
I. Now at SuperconductivityResearchLalx_ratory(SRL-ISTEC),TokyoJapan
2. Now atQuantumDesign.SanDiegoCA.USA



to AEC is very common, particularlyin the center of filaments.We must expect that such
central regions are inefficient currentpaths.

3. Preferential Formation of 2223 at the Ag Interface

Preferential reactionto the 2223 phase occurs near the Ag interface,at temperatures
about 20"Cbelow that at which 2223 forms in the interiorof the BSCCO core_'9. This
2223 reaction layer aligns itself such that its basal planes are parallel to the Ag, thus
appearingto use the Ag as a template.The preferential formationof the 2223 phase at
the interface is most reasonablyexplained by the depressionof the meltingpoint observed
when Ag is present_s'iT.This is consistentwith themodel of liquid-assisted-
transformationproposedby Morganetal.Is.However,therecannotbe much I/quid
formed,becausethepreferentialreactionzoneisconfinedtothevicinityoftheAg-oxide
interface,particularlyforreactionsinair.Becausethegrowing2223phasefronttends
toalignitselftotheAg,anysausagingorirregularityoftheAg tendstopropagatetothe
superconductor,misaligningthegrain-to-grainconnectionsandinterferingwithpotentially
good"railwayswitches"s.7.

4. StructureoftheAg-BSCCO Interface

Forboth2212and2223tapes,theinterfacebetweentheAg andtheBSCCO iswell
bonded,freeofnon-superconductingphasesandappearsabruptinHRTEM images7'_I'_9.
Inmostcases,theBi-OdoublelayersabuttheAg. Fig.Ishowsa typicalexamplefor
a2223tape.The(00I)BSCCO planesLieparalleltotheAg,regardlessoftheAg crystal
orientation.SmallmisalignmentsareaccommodatedbyhalfunitcellstepsoftheBSCCO.

:" 2212 composites have their own peculiarity: whether processed bymelting or by sintering
below the melting point, there is always a residual half cell of 2201 at the Ag interface
(see figure 2)19. By contrast, no 2201 or 2212 layers of any thickness were observed at
the Ag/BSCCO interface in 2223 tapesI_.

5. Measurement of the Jc of Microslices cut from within Filaments

We developed techniques for cutting m/croslices from within f'tlamentss, so as to
study the positional variabilityof J_. In one example experiment,we cut five slices -0.5
mm long with widths from -80-130 pm from a tapewith an overallJ=(0T,77K) of 14,000
A/cm2 (Fig. 3). The central slice (3) and the intermediateposition slices (2 and 4) had
Jct(0T,77K) values characteristic of the whole tape. These three slices had well-rounded
V-I characteristics, typical of a stable, reversible transitionto the flux flow state. By
contrast, the two outside slices (I and 5) had abrupttransitionsat much higher Jcvalues
of 32,000 and 38,000 A/cm2. These transitionswere unstable(andprobablyunderestimate
the trueJc), no doubt due to contact and/or lead heating. The edge sLicesalso had lower
resistivities and field sensitivity than the central ones; one origin of these differences is
clearlymicrostructural,asisseeninFig.4.Theedgeslice,closetotheAg,(Fig.4a)has
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Fig. I. [-IRTEMimageof a Ag/BSCCO-2223 Fig 2. HRTEMimageof a Ag/BSCCO-
in_ 2212interfEe

Fig. 3 V-I Iracesandpositionsfordifferent Fig. 4 SEMimagesof (a)slice I and(b) slice3
microsticesof a 2223 tape of tlm2223 tapedescribedin Fig. 3

weU-aligned grains, scarcely perturbed by second phase particles. Such a rnicrostructure
appears quasi-ideal. The central slice (Fig. 4b) is obviously muldphase and less well
aligned, especially towards the tape center where the Ag is distant. Other tapes have
different positional dependences of Jr, however. The highest value of J¢(0T, 77K) that
we have measured is 76,000 A/cm z, this was from a center slice, Likeslice 3 in Fig. 3,

cut from a tape having an overall .T¢of 12,000 A/cm 2. Other tapes exhibit strong evidence
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t,

of cracking or weak block-to-block bonding and have microslice J©values less than the
overall. Thus multiple behaviors are seen; such variability means that multiple sources
of current Limitation exisL reducing the active cross-section to a fraction of the total and
making the overall current path percolative. Extensive cracking has been observed in
tapes having J_ > 20,000 A/cn_. Since a deformation step is a crucial pan of the
optimization of all 2223 tapes, cracks cannot be avoided but must be healed in the
subsequent heat u_aunent if they are not to disrupt current flow over large d/s_Lnces.
Expl/cit tests for the avoidance of cracks could have a large influence on raising Jc values.

J

6, Residual 2212 Layers at the [04}1]Twist Boundaries and Their Influence on J,

Field-dependent AC or DC susceptibility measurements were correlated with
transport J,:and micros_'uct_reI°_ for some 20 Ag-clad (Bi,Pb)_Sr2Ca2Cu3Oz(2223) tapes
having J¢ (0T, 77K) values ranging from 0-20,000 A/cm 2. Fields of 0.1 - 10 mT induce

0,5 ........ , ....... ,...... ,.' .......... 'i ...... " + 3,5

0.4 _ Jc=1400 A/©m: ! J©=2400 A/am ;_ ,3.0

.-. _ 2.5"" 1.5""
0.2 _ ..a_ X, 0., :T O, X, o,6.T =

o.1 _ o.50.0 ..... * ---' ........ 0.0
3,0 ........... ................ • .................. , ............. , ........... 20

2"5 _ Jc:+O00 A/c+ _ J¢'lTOOO A/cml 1+ ,.,
•-" 1.5 -_..8ox. lml' lo'-"
u u

. o1.0 5 z
0.5

0.0 _-=- ............................... 0
70 80 90 _ S0 90 1O0

'p (x) r (K)

Fig.5 Field dependenceof "Ivfor varioustapeswilh differentJ,(0T,?7K)values

a lower Iransition, Tt(H), in thereal component of the susceptibility. TI(H) exhibits a kink
at 80-81 K, being relatively insensitive to H below 80 K and very sensitive above 80 K,
indicating elecu'omagnetically granular behavior (Fig. 5) at higher temperatures.
HRTEM s°'_ reveals a direct correlation between the frequency of 2212 intergrowths at
[001] twist boundaries (Fig. 6) and the field required to produce the kink in Tt(H). A
strong correlation between Tt(H) and J¢,(0T,77K) is direct evidence that c-axis transport
across these (00 I) twist boundaries occurs_. However, this current should be suppressed
by weak fields and, indeed, it is commonly observed that there is an anomalous drop of
-50% in Jc(77 K) in mT fieldss. Presumably only the strongly linked grain-to-grain



connectionss without intergrowthsremainactive in higher fields.

Fig.6 HRTEMimageshowing2212intergrowthsatan[001]twistboundaryina tapehavingJc=
17,000A/cm2

7. Summary Comments

As the above brief su_ indicates, there are many possible barriersto current
flow in a given BSCCO tape. A fundamentalrequirementis to convert the startingmixed
phase powder to a well connected,largely 2223 phase. Because the reaction process is
poorly understood,the 2223 conversion is never uniformor complete. Thin filaments
encourage complete reaction and 2212 intergrowth removal, unfortunately they also
encourage sausaging_4'u. Some long distance connectivity exists in all tapesu. The
microslice experimentsstronglysuggest that good connections are favored near the Ag.
Even when all the above factors arecontrolled, the current may be limited by cracks,
which can be particularlydeleteriousbecause cracks are large area2D interfaces. Since
a new recordJcof 76,000 Alcm2was measuredin a slice of a tape having an overall Jc
six times less, it seems that the active cross-section of 2223 tapes is small. Raising the
intragraJnflux pinningwill affect only that fraction of the tape whichis well connectedzs.
This fraction is unclear:probablyit is only a few per cent. Thus, for now at least, it
seems that the most productive way to increase J_ is to raise the active cross-section.
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Position-sensitive measurements of the local critical current
density in AS sheathed high-temperature superconductor
(Bi, Pb ) 2Sr2Ca2Cu3Oytapes
The importance of local micro- and macro-structure

D.C. Larbe/estier, X.Y. Ca/, Y. Fen& H. P.xlelmanand A. Umczawa

G.N. Riley Jr. snd W.L. Carter

Keceiv_ 6 December 1993

Stall mctio_ cutrmm wi_in iadividu] su_uate, filammts of AS_duDd (iti, lro)aSr_at_u_9 (L_C0-2223)
tapeshaveeriticalcumm¢demitia (J.) wldcbdepmd verymuchon the_ micsmmJcnmmandwhichcanbeu muchas
thnm hiihet tills the 8_ale J.'ySl_ hsvin8 aversi_ J. values of 12-1 $000 A/_ a (77 K,0T) hsd locil Jevatum up to 76 000
Alcm s. • value Imllm"than hitherto t_3_ted fbr any bulk sample. Close to the ASsdNaththe convention to the 2223phase is more
oomplete and tim8r81_ m _ sad beam"milS•a/sad the J. is _ttenmuch hisher and _ field smmit/ve.Larijevm/atiom are
aim/bum/in more _y ructed tapes,perhaps due to varist/_ o/'tlm local ChiCkdemity. The s_cs_ms'uctmmof'the
J, resioaeis still fir from ideal,thusshowinlltim*.the Unfitsof thistechnolowctllyvery tmporumlsystemare fsr from beins
achieved.

i. Introdaet/on properties are irreproduc/ble and the system Um/_
are not yet well understood. The present paper 8d-

A vital requirement for the many anticipatec_ uses vances u understanding of the system by showing
of hish-temperature superconductors ..(_ in that local J'c values ezceedins the hiBhest yet re-
transmission lines, motors and other devices oflarge- ported are present in tapes havinB only modest av-
scale electrotechnolow is a high critical current den- erase J¢ values, thus demonstratin8 that BSCCO-2223
sity (Yc), at least 104 and preferably > 10s A/cm a in tapes still have si_ificant untapped teclmolosical
the field and temperature ranse of interest. AS promise.
sheathed tapes of the Bi based HTS compounds hay-
in8 the nomb_ composition (Bi, Pb)_Sr=Ca_u30y

(BSCCO-2223) show particular promise _ I-ITS 2. Experimental procedures
conductors and short, pressed samples bavi_[8 3'. (0

T, 77 K) values of ~30-65 kA/cm _ [ I_] have The All sheathed mo,_e: " :_ent tapes were made
demonstrated the technolosical Femib/Uty of this by the oxide.powder-in-tube (OPIT) process ac-

system. However, hish J, values have been difficult cordins to a standard fabrication procedure involv-
to anain reproducible moreover, samples lonzer than in8 sheathing of powders of nominal B5CCO-2223
a few cm must be produced by rollin8 and the best composition in All. their fabrication to tape by ex-
J, values then lie arou,m I$ kA/cm _ [ 3,4 ]. Since trusion, wire drawin8 and rollins, followed by a heat

many variables control *the properties of this very treatme_nt, an intermediate pressin8 and a final heat
complex materials system, it is not surprisins that treatment [ 1-4 ]. The tapes have highly aspeeted ill-
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smears with an approximately elliptical eross-uo- colinear 13 tun diameter Au wires which were Idued
tion 40-60 pm thickX2 mm wide. The 8rod of"the directly to the BSCCO with A8 rifled epoxy. The tap
experiment was to obtsin information about the po- lenlPh alone the z-axis varied from -70-130 pun.
sldoMl variability of J,. To this end techniquesfor Cridcal current density measurements were jener.
the cutUng of m_ From with/n the BSCCO ally made with the sample completely immersed in
filaments were developed. Some microdices were liquid nitrollen in order to wovide the mu/mum
pmpm_ by curtius a brae fganmn Jdon8 the y:rplane p(mible coolixql fix the leadL In spite of this, the vwy
(flit. I) with • diamcod saw. The mush-cut _ was h/10t kid current dens/tie, led to considerable self"
the,, thinned with a precision flrinderunl/i it was -. 80 heatiuj at the contacts and lead breaks were fre-
ILm thick in the x direc_on. This method jenendly quenL Thus, somesampleswere testedin heUum8as
yielded only one sample per slice; • defect of tide stanin8 at u=nperamres of"-. 100 K where the J. val.
method b that it wu no1 easy to d_ermme the exact ua we£e smaller. The critical current was deter.
p_t of the cut with respectto the tape u a mined 8i the minimum d_ltb]_ VOIUtp of _0.25
whole, nor wasK possibleto produce sl/cesnear the I_V.For all casesthe contact sepemtion( -, tOOtun)
f'dament crises. A more vermlfle technique is to com- was much lonjer than the Indn size ( ~ 2-10 pm)
pletdy etch sway the All and then cut slh:es -50-; and the transport results are therefore characteristic

IO0pm widF (x) by -1 mm Ion8 (z) Fromthe ba_ _)fpolycrystalUne, aot sinl__lline material.
BSCCO core usinll a laser. The slices were not easily
prepaxed by either techniqueand crackin8 was al-
ways a problem. In either case,the sidesof the sam- 3. Experimental results
pies were weD-defined, penninins their dimensions
to be measured with a cab'brazed Ueht enJcroscope The most systematic view of the positional vari.
and their microstructure to be examined in the SEM ation of the J. was obtained from the beer-cut mi-
in both secondary electron (SE) and badcw.atter crosUces of tape A, which had a Jc (0 1", 77 K) of
(BS) mode,, 14 000 A/cm=, as memm:_ over the whole BSCCO

The slices were electrically set in contact with 5 croeHuction at a criterion of I ttV/cm with the AS
, sheath still present. Five slices, havins widths from

-,80-130 ttm were cut from this ttpe. Their zero.
• 0 _ field, 77 K 1,'-1tracesand positions are shown in fill.

_,_.._/_[s' ' 1. The central slice (3) and one intermediate posi-

:IS . _ [ tionslice(2)had aJ. (0T, 77 K) valueof- 1300020 - Al©m=,just below the averalle of the whole cro_.sec-
_'""_a--_l_=sZ_-'_ [ I t/co, while the second inlermediate slice (4) achieved

lle '----- ,...__.., I] _ .- 14000 A/cm', just about the averalte. These three
sfices had weU-rounded V-I characteristics, typical

10 4 of a stable, revers/hie transition to the flux-flow state.

By contrast, the two outs/de stices (1 and 5) ha_(ab-

e rupt transitions at much hisher J, values of 3i 000

0 and 38000 A/cm 2.These transitions were unstable
(and probably underestimate the true J,), no doubt

0 10 20 _0 40 due to contact and/or lead heatins. In fact the hieher

J 0tA I cmz) J. sample lost its leads durin8 im tint transition to
Fill. I. Voltaee-currentU'scesfordifYereatmiaodk_ oftapeA the normal state, burning out thesample. Three of
at 77 K and zex_applied"field axeshown.Thedices werealso the _lices were also measured in an applied field
measuredin • fieldof 8 mTappliednmmalto the broadfaceof of 8 roT. The outerslice 1 exhibited no field depco-
theorilimdtapesmYacr,the7,valuesw_rethenuncbau_t(slice deuce whatsoever, while the inter'mediate positionI), 0.4S (3) and0.8 (4) ofthe zero field values, respectively.
The Keometry of the dices cut from tape A and the coordinate since (4) and the central slice (3) had their Jo values
axesof thec,ts ammowutn dwimes. reduced to 0.8 and 0.45 of their zero-field values.



The very difTerent Imin structun_ of'the _ and jrsLns are smaller in size and aspect ratio. Genendly
central rel_ons are shown in the SEM pictunm of f]8. they are poorly sUsned and often dLsrupted by htrge
2. The edle slice (138. 2(a)) has a 8enersily weU. second.plmse particles.
8di8ned plal4_lfk8 8mbt structure, the _2223 Further insight imo the position 8mudUvity of' the
Irainl bern8 ,_ 10 lull lon8, Such 8 micrmtructure properties is provided by the norn_4tlte electriclJ
appetnldmihurlothosereportodFor thobutJemm- resistivity, pu(T) of"each slice (ill. 3). The outer
pies [ 1.2 }. The second phase particles areq_te mudi slicesI and 5 have lowresL_vtdes with extrspoisted
( _,$ j_m or Ires) and widely Selxlrsted lind they do zero tempentture vldue8 dose to 0/_Qcm, vnJuu
not 8reatty _ the local _ 8rain aUlln- typically found only in jood-clmdtty sinsle cryJttb
merit,On theotherhand,thereareoa:ssionald/s- and th/nlures[6,7], whereIprainboundariesareab,
ruptiom to the Jdisnmem in the vicinity of interts_ Jent or of' low smile, and transport occurs Jdoq the

JnUIJJJOltJinto the A8, u h _ It levied L'%t--OphtueJ, The IKUItCeatintaTnted_te Id|oe82 =nd
points in fiB. 2(I); thus the Ioo8-mn80 811h1IdJSIJ- 4 exhibit a sUlhUy positive rudsti_ty intercept ( < 10
meut of the ldlh Je rejjonJ is mill flu"from perfect. _ an ), while the eentnd dicw (3) iuts the larse in-
The _ otvbe cenusl sUce(/IS. 2(b)) is tereept o/" -200 j_an, suSSm_ ora sisn/f_nt
obviously Ira8 unt_rm and markedly _mrm, espe- intalnmuLtr rntsumee or o4txis transport in what.
chdly tmmrds the tape center. However, this is not ever psth the current is ud_8.
at adluntypicld oFtlm eenmd resJonl of'many tapes We also mack _ usinl the cut4nd-ll_md
[$].Even towardsthe interfsc_the_2223 m'ethodfromceatralsect/onsoFtwootherutpeshay.

(b)

Fill.2. Smnnia8deanm mlmwupk ot (a) dim I asd (b) _ 3 otu_ A. Thedtceswm polbbedso_t theexpoud surtace(Ta)
is oomudtothemlUq plnnomqd8below cUreclicmispendleltoIhero_q axis.Thevern-_tlcUrectiouin themicmlntphsis approxi-
matelytheo4xis orthe Inlim, _k_'&Ui u(Fmaltothe_ _iou ofthe lape.LazSeaulld/ne-emlhcupru|es(AJEC)areevidentin
:hecenlnd tdim3.



Si
,,.: 1 !'

ImmUm wmtoqm.tJi dmmmmmdmamaq_ dimmmim 77I¢.Tk mmpkdmm_ iudl'o4smmi_,s 77I[.
(mm£ [6|). mmktamwl_ _ Stomatada_m*.. Um_e.
l_mu-wN_m_in_u_uCalk4isa_amma_u_ lowerthanthatof'tApeA. V-I tracesofthecentral
pemmmr suadSy deereaJ_ Ib --0 _m as thedim _ section mictoslice attemperatures f_om 90 to 77 K.movm_ theoutsid_

are shown tnfl_ S. This slice was temmi tim In 8as.
At 83 K it already r_cb_d the very bizh .T6value of
40000A/cm 2.At77 K theJ.reached76 000 Alto a,

,a valuewhich was so _ thatthesl_edes_
itself'hi a sudden quench. A similarly _ mid-
width dice from a 60 _m thick tape with an overall
J.(0 I",77 K) of l$000 Alcrn_alsoyieldeda hJsh

.I.(0 I",77 K) value,55000 A/cm' inthiscase.In
contrast Io tape A where the m/rosu'ucture provides
an obJviousreasonfor the difference in J.. the SEM
views of the microstructure of these two _ixm
vialed no obvious clues as to the great difference be-
tween the performance of the microdices and the
tapes u a whole, One clue ms), be that the ! $ 000 A/
cnst tape showed evident spaUation of"the BSCCO

Pie.4. Scau_ _ m/aumu_ o/"theapCemima_yueu- core when the AS was etched away, thus indicafinz
tndsectionslice cusfromtapeIt.Theleometryis thesameas that cracks may be _n important current-li_itinzthat observedin fl_,_2for tapeA but_e mbnmuuan_ isevi-
dmmlymuchmmemdlbrmiyrmcted.insptteotthla, theovemll factor forsuchwell-reac_edtapes.
./. (77 I_ 0T) valuewasonly 12"tO0A/cats.

0

in8 relatively uu/for_n throush4hicime_J microstruc. 4. Discussion
tur_, as shown for tape B in _ 4._ sea.d-
phase particles were absent in these Wpe8 and even What are the implications of'these experiments for
their central-resion microstructures appear much ach/evlu8 the full pot_nti_ of BSCCO-2223 tapes?
closer to the fully reacted appesrance of'the edse re- The most direct lesson is that hish load J, vslues

sion of tape A (fiS. 2_a)) than xo the poorty reacted ' which are several times the ave.raze Jc exist within
central resion (fiZ. 2(b)). Nevmbeless,theoveraU resions of the tape that are much laq_erthan the zrsin
J¢ of the 40 j_mthick tape B was only 12700A/cm_ size (or colony size: sec refs. [8] and [9]). It is



_m dear that J, (77 K, 0 T) values up to 81 conductors from hiah-temperature superconductors.
least 76 000 A/am s need not be limited by poor flux
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SUNY-Buffalo T1-1223PIT

200 nm

early stages of processing, as-rolled



Grain Boundaries in T1-1223Tapes
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Summary

The scale and complexities of HTS synthesis and PIT processing
can make meaningful interpretation difficult -

- studies of more easily characterized systems may allow the
connection between mmroscoplc features and macroscopm
behavior to be established.

A complete understanding oi phase evolution can be exploited
to:

- optimize quality of HTS grains
- develop texture
. promote good inter-grain coupling



High Jc T1(1223)
Conductors
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General Electric Researchand Development
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Outline

• Perspective :Refrigerated MRI

• T1(1223) characteristics

• Conductor Requirements/Status
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Refrigerated
Applications

• NbTi 4.2K
• Nb3Sn 10K
• BSSCO 20K
• TBCCO 40K



TI-HTS Tapes
Comparison at 40K
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Transport mechanism

• Colonies

-_, _/'tdPt.. ----" "- vvp, m;-; "-Bin,,---

• Brick Wall



77K Operation?
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Doped vs Undoped
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Requirementsfor
TI-HTS Tapes

Goal Status

• Current (40K, 2T)
10A/mm 2AJmm

31_mx 100KA/cm2

• Metallic Substrate
non-reactive Ag
expansion match Ni or Fe,Cr,AI
surface treatment
cost

.Manufacturable
•long lengths Continuous vs Batch
•handling Open vs Closed
•cost (Working Group)



Issues

• Focus: this year
- Process Optimization
- Thicker Films

- Metallic Substrates

- Scale-up Capability

• Material Issues
- film growth

,, kinetics/liquid phase
,, texture mechanism

- chemical _p_imization
,, doped systems
,, annealing

• Property Issues
- transport mechanism
- Tc/Jc optimization
- pinning



CURRENTFLOW ANISOTROPY IN BSCCOTAPES AND HI6H-J c
BIRXIRLLY TEXTUREDYBCO FILMS

M.P. MALEY LANL

OUTLINE

I. Review of Critical Current Characteristics of BSCCOTapes, Jc(B,T,O)--
Comparison with BSCCOThin Films

2. Model for Jc Characteristics-- Weak Links Versus Flux Pinning Limited
by Extreme Rnisotropg

3. Results of Direct Measurements of Transport AnisotroPu for Current
Flows Parallel and Perpendicular to the Plane of BSCCOTape Conductors.

4. Development of High-J c, High Current YBCO Conductors on Practical,

Polgcrgstalline Substrates bu Ion-Beam Assisted Deposition(IBRD)
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Bi-2223 Tape Siemens
Neumuller et al.
Effect of Columnar Defects
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Conclusions

1. The depression from thin film Jc-values indicates
that tapes still have weak links that effectively
restrict current flow to 1-10% of the total
cross-section of the tape.

2. After an initial drop in small fields, Jc(B,T,0) reflects
the behavior of intragranular pinning in the
remaining strongly connected pathways-

Im roved texturing alone will result in a more field
3. ,.._P,_ndpnt Jo(BI for the B parallel to tape plane

o'_enVtation',-bu-t "vdll not affect Jc_ (B,T}.

4. Further reduction of weak links, will multiply the
entire Jc(B,T,0) by a constant factor.
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Fig. 2.(a) Magnetic field dependence of the normalized resistivity vs. temperature.
Symbols represent p for H II iz andlines for H II r, respect=rely.From ihe left to the right.
themaRnet=cfields are 7, 6, 5, 4, 3, 2, 1, and 0.5 T for eachset. The inset (axes same as
themare figure ) shows the scaling of p for one value of H II r. (b) Normalized res=st=v=tv
vs. temperature for H II it at 3 T ior / II n and / II r.



,. jv\_ , tBi Sr CaCu Q ransformer

HIIc H=7T
1000

>° ,,#
o 10 "

0.1 ' ,t , ' ', ' ': ' _

0 0.2 0.4 0.6 0.8 1 1.2 1.4
T/T

C

Fig.4.Comparison of theresistivityanzsotropyusingthetransformerconfiguratlon
(current contacts on the top surfaceof the sample,voltage contacts.on both the top and
the bottom) at H : "7T and H Uc for a l0/am thick Bi-2212 single'crystal and H IIn for a

50 Mm thick Bi-2223/Ag tape.



SUMMARY

• High-Jc BSCCOTapes Show Extreme Reduction of Resistiuitu

Rnisotropg Compared with BI-2212 Single Crgstals.

• Resistance Uersus Temperature and Magnetic Field Data for
Current Flow Rlong the Tape Normal are Identical to That
Rlong the Tape Plane When Multiplied bu a Scaling Factor.

• "Oc Transformer" Configuration Measurements Show that
Current Distributes Nearly Uniformlu Through the Tape Cross
Section When Introduced From One Side.

• Results are Consistent With Current Flow Predominantlu
Rlong a-b Planes Through a Network of Strongly Coupled
Low-Rngle 6rain Boundaries Euen for Transport Rcross the
Tape Normal.



ISSUES CONCERNING YBCO CONDUCTORS

• YBCO Shows Superior AbllitU to Pin Flux and Sustain High Current
Densities at High Temperatures and High Magnetic Fields.

• ButBulk conductors Made bg Processing Compatible With Productionof ong Continuous Conductors RII Show Extreme Weak-Link
Limitations.

• Ion Beam Assisted Deposition(IBRD) Reduces High Angle 6rain
Boundaries on Material Deposited on Practical Polycru stalline Tape
Substrates--May Make High Current YBCO Conductors Practicable



Ion Assisted Deposition
Vacuum Chamber
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YBCO on N| Street with Textured Buffer Layers
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1.4 Jam YBCO ,),l Ni with textural YSZ
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----- Bi-axial Texturein YBCO-124
.....Muitifilamentary Composite

Conductors

Larry Masur

American SuperconductorCorporation
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Outline

,- Objectives
,-Approach
_-Texture Characterization:

Microstructure
Properties

,- Opportunities for Development

Amedcan
Superconductor
CORPORATION



Objectives

• Demonstratetextureof non-BSCCO

systemsin a compositewire environment
--usethermal-mechanica!processing

• Determineinfluenceof textureon weak-link
behavior

_.Determinemicrostructure-property
relattonships

medcan
Superconductor
CORPORATION



-- Approach

Use metallicprecursor process
-easy access to smell filament sizes

(<lpm)

Use (Ca._Y.9)Ba2Cu4Osas
demonstrationsystem

-stable oxygenstoichiometry
-expectation of moreplateygrain

morphologythanYBCO-123, therefore
moretexturableby thermal-mechanical
processing.

Amedcan -
uperconduclor
ORPORATln."



ASC Wire Forming Processes

Oxide Powder Metallic Precursor Powder

Powder • "o • •

Preparation " "• e

2. BilletPacking
& Sealing ...._,::_:-

A. Extrusion _
3. Deformation -__"-'_ - - C. Rolling

& Processing B. Wire Draw

-_-4. Oxidation- •
Heat Treat " "

American -_E_£FI_IL-" 0
Superconductor
_o.o,.,,o. /J=-c.Am_A_.



I

Multifilamentary Y1Ba2Cu408 Tape
962,,407 filaments

filament =



, YBCO-124

Influence of Filament Size on Jc Performance

70000 4.2K

eoooo FIELD

S0000

t,q

eo 40ooo
M
Q.

E Filament thickness : 0.25 microns
<_ 30000
o %2,407R_Jv__

2OOOO

1OOOO -

0 " 0 14 0.18 0.18 0.20

0.00 0.02 0.04 0.06 0.08 0.10 0.12
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EVIDENCE OF IN-PI.,ANE TEXTURE

t., I0°
MISALIGNMENT

ASC/ORNL COLLAB.



Summaryof TEM Observationsof
962,407 filament (Ca.IY.g)Ba2Cu408
Composite Wires

1. Grain size varies ,=rom0.1 to lpm
2. Strong[001]textureis observedin planeview;

c-axismisalignment< 5"
3. All grainboundariesare cleanand structurally

intact

4. Stronga-b textureisobservedin planeview;
ab-axismisalignment< 10"

5. ab-axesalignedparallelto filamentaxis.

Amedcan
:Superconductor
CORPORATION



In F_ :PerformanceOf Y-124
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Conclusions

Bi-axial texture has been
demonstrated in a composite wire
environment.

,_Weak-link behavior of ¥-124

silver-sheathed composite tapes
improves with texture

rAmerican
iSuperconduclo,
CORPORATION



=._ Opportunities for
Development=.,

Deformation processing of ultra-fine
filamentCompositesmay enable
alternatives to BSCCO for composite
conductors.

Critical issues are:
Current limiting mechanisms

• Role of filament size
Lt::_t,,,_lII IIt.lU¢_O. Applicationof theseprocessing"""_'":"'""

to othercompositeconductorsystems
l_Amedcan
_Superconductor

, L__JCORPORATION



SECTION VII

MANUFACTURING ISSUES
FOR LONG LENGTHS



DOE HTS WORKSHOP, Feb. 16-17, 1994
St. Petersburg Florida

DEVELOPMENT OF ROUND MULTIFILAMENT
BSCCO-2212 WIRE

L. R. MOTOWIDLO, G. GALINSKI, G. OZERYANSKY

IGC Advanced Superconductors
Waterbury, CT 06704

P. HALDAR

Inermagnetics General Corporation
Guiiderland, NY 12084

T. COLLINGS

Battelle
Columbus, OH

E. HELLSTROM

University of Wisconsin
Madison, WI

Supported by DOE SBIR Program, Phase II work.
Contract # DE.FG02-92ER 81461



OU,TLINE

* Fabrication of 2212 Muitifilament Wire.

* Show optical cross-sections of the
conductors before and after final heat
treatment.

* I-V Traces of the wire.

* Critical current density characteristics as a
function of temperature, magnetic field and
filament size.

* Stress versus time of composite wire for Ag
and Ag-Alumina matrix.

* Concluding remarks.

IGC ADVANCED SUPERCONDUCTOR



CONDUCTOR DEVELOPMENT

PROGRAM TECHNICAL GOALS:

* Long Length.

* 500 Amp/mm2, > 15 Tesla.

* High Strength.

* Round Multifilament.

IGC ADVANCED SUPERCONDUCTORS



BSCC0 (2212) Heat Treat Schedule

0

s

Schematic diagram for step-solidification melt processing of 2212.

The temperature at whiChhavethestepSyettobeginbe_tand end, and their
length, size, and number o__imized.

_o Courtesy Eric Hellstrom.



Multifilamem 2212 BSCCO

Before Heat Treating After Heat Treating

37 filaments (100_tm) (50x) 37 filaments (1001am) (50x)
0.043"_ 0.0437"_ Jc = 13,300 A/cm2

DOE Workshop 16 Feb. 1994 IGC Advanced Superconductors



Multi filament 2212 BSCCO

Before Heat Treating After Heat Treating

O" J
O

I

e

L t _
o

259 filaments (16_tm) (200x) 259 filaments (16_tm) (200x)
0.020"_ 0.0204"_ Jc = 118,000 A/cm2

DOE Workshop 16 Feb. 1994 IGC Advanced Superconductors



Jc (Amplcm2)
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Bi(22t2) Multiffiament Round Wire
4.2K

1000000

II



BSCCO 2212
Multifilament Round Wire 4.2K
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CONCLUDING REMARKS

Fabricated BSCCO 2212 with 259 filaments
round wire, Jc = 165,000 A/cm2.

J c with decreasing filament size goes up.

Results from oxygen anneal higher than
with air anneals.

Yield strength of BSCCO/Ag-AI30, 3 to 4
times higher than in BSCCO/Ag.

Fabricated over 700 meter length of BSCCO
2212 muitifilament wire.

IGC ADVANCED SUPERCONDUCTORS



PROCESS CONTROL ISSUES
FOR FABRICATION OF

LONG BSCCO-2212
CONDUCTORS

K.R. Marken, W. Dai and S. Hong

©×FORD

Oxford Instruments Inc

Superconducting Technology
Carteret, New Jersey

High Temperature
Superconducting Wire Development Workshop

St. Petersburg, Florida
February 16-17, 1994



OXFOP_

1. Bare dip coated

Ceramic

Ag substrate
Ceramic

2. Ag-sheathed dip coated

3. Powder-in-tube



OXFORD

0 2 4 6 8 10
AppliedField (3")

Figure 1. Jc(4.2K) in the ceramic layer

i i

I I I i I

T=4.2 K
105 -

104 _ Ag sheathed DIP
PIT

• I , I j I , I i I

0 2 4 6 8 10
AppliedField (T)

Figure 2. Jc(4.2K) in the overall silver plus ceramic
cross-section



OXFORD

Complexity of the Jc.Problem

Powder , ,,
• size distribution

• morphology
• surface area

• stoichiometry
• impurities

I

• additives
paekin_a Coating
• density • density
• diameter • uniformity
• length • thickness
Coqduetor Forming
• method ofcoldwork
• % area reduction

• speed of operation
• lubricant
• final thickness/width
Heat Treatment

• temperature
• time
• heat/cool rates
• atmosphere
• pressure
Measnrement
• tape strain state
• sample damage
• Iccriterion
• current transfer length
• ceramic area

iii iii i ii i i i i ii

Jc



OXFORD

i.I_ n=30pIIi

n= 1O0

O. 8i

Fig.4.1. The dependenceof Icon electricfieldcriterionfor variousn values.



Gaps to Bridge:

1. Jc in short samples -- Jc in long samples
(4 cm) (1 to 20 m)

Jc(lm) typically 30 to 50% of Jc(4 cm),
Jc(20m) marginally worse than Jc(lm)

q

2. Jc in dip-coated -- Jc in PIT



- OXFORD
Sample DIP-092893a
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OXFORD I

1.Macro structural Limitations
• Cracks in the ceramic:

can result from stresses: mechanical,
electromagnetic, thermal

, Voids in the ceramic:

can result from improper or irregular
compaction, gas evolution during heat
treatment, additional densification upon
melt/reerystallization cycle

lay od,_ • . e
• Ceramic er non-umtorrmues:

i

variations in the PIT core thickness or

morphology, variations in the dip-coated
layer thickness

2.Microstructural Limitations

• Second phases: non-superconducting or
low Jc phases

• Grain size variations

• Grain alignment variations



OXFORD

POWDER PARAMETER ISSUES:

OST Experience

• Somewhat different requirements for PIT and dip coat

• PIT:

-powder sealed in tube prior to melt
-crucial to minimize impurities, especially carbon
-larger particles favor less contaminants from surface
-powder flow, packing characteristics are issues
-mechanical deformation of composite, including

consolidated powder, is an issue

. DIP:

-ceramic slurry requires small particles for suspension
-surface area needs control

-slurry is routinely milled, so particle size changes
-organics can be burned off



High Tc Conductor R&D at OST
I I II II I I ii I I I I iiii I I II I

POWDER PARAMETER ISSUES:
Present OST View

Parameter General ....... DIP ........ PIT - '....

Size '-homogeneous ':'small (dispersion) -moderate dis'trib. ....
-no strong -<_5l.tm -not big or small

.... agglomerates -5 to 15_m ....

Shape -platelets aid -'platd'ets'if rol_ng -prefer platelets
mechanical -effect on

, ,,textur)n,"g ..... coverage? ,,
Surface '-significant for -prefer 'i0w to
Area slurry minimize

-need reproducible agglomeration,
..... batch to batch surface impurities

composi- -congruent melt -prefer Bi rich -lit. evidence that
tion would be an Ag additions

advantage reduce 2201
-not optimized, formation
need to vary for
best post melt
phase content ......

_.l:mpu.rities -minimize ...... -carbon problem
Phase -experience suggests not required for 2212
Purity. since melting and recrystallizing ......
Additives -seek stability of 2212 phase, maximum volume % after

melt



Dip Coating

General Observations Regarding Coating Process

• Factors affecting coating thickness :
-slurry viscosity
-tape speed

• Factors affecting uniformity of thickness:
-degree madstability of powder dispersion in slurry
-control of tape speed during coating

• Range of thicknesses obtained as coated:
15gtmto 225gm

General Observations Regarding Heat Treatment

• Temperature control is critical: partial melt, no flow

• Control of composition during melt is an issue
(particu'arly Bi)

• Grain _owth appears important for good texture

41
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Dip coat: Layer Jc vs. Layer Thickness
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, Long Length Production of HTS
Composite Conductors Made by.: .

' a Metallic Precursor ProcessJ
I

Larry Masur

American SuperconductorCorporation

American
Superconductor
CORPORATION
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--- Outline

P.Metallic precursors
Long Length Conductor
Properties

P-Demonstration coil

_"Opportunities for Development

'American
Superconduclor
CORPORATION



Mechanical Properties
of HTS CompositeConductors

(77.3K,OT)

I
_ 0.6 _, Af';...... _-_

4 - a _
0.2-

I ! ! I !

0 0 1.0 2.0 3.0

Bending Strain (_)

from Sato et al., IEEE Trans. Mag., 2!, 423'1, 1991.• .



Flexibility of Metallic Precursor__ __

Multifilamentary Composite-Conductors

1
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I

-,- Metallic Precursor •
._ Conductors

,- Bi-2223
,-361 filament composite

conductor
,- 18% fill factor

,-80 m lengths
=,Conductor inventory for ORNL

coil (tobe completed in March, 1994)
Am_tn



-,- Uniformity Within Wire
30
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Amedcan
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Microstructure of Metallic
n

.- Precursor Composite Conductor

[_Ar_tmn



_-.. Coil Properties at 4.2K
lpV/cm, including all joints
React and Wind

Outsert (partial completion of ORNL coil)

conductorlength 310 meters
innerdiameter 2.54 cm
bendstrain @ ID 0.6%

fieldstrength 0.85 Tesla

Insert
conductorlength 6 meters
innerdiameter 0.8 cm
bendstrain @ ID 1.9%

Assembly

,c 60.5A _Fieldstrength 1.02 Tesla L_.Jc OR PORAII' ION



--- Conclusions

The Metallic Precursortechnologyis an
attractivealternativeto OPIT for
fabricatinglonglengthsof conductor.

Scale up to long lengths is relatively
straightforward,at leastfor Jc'supto
20kNcm2

Withinwireand run-to-rununiformityisquite
good

Given the presentwiremicmstructures,
thereis enormousheadroomfor improved
performance

_,_A_rican

t_-JCORPORATION



-- Opportunitiesfor
Development
_-The MetallicPrecursortechnology

should be pursuedequallywith OPIT.
,_For both technologies the critical wire

development issue is"

criticalcurrent density

--_ understandingthe currentlimitingmechanisms
(micmstructum-pmper_ relationships )

CORPORATION



Multifactor Experimental Design Addressing
Thermomechanicai Processing of Wire

DOE HTS Wire Development Workshop
Feb. 16-17, 1994
St. Petersburg, FL

LANL STC Team

J. Bingert (MTL-6)
R. Beckman and R. Picard (TSA-1)

Objectives

• Estimate Main Effects of Parameters
• Elucidate Interactions between Factors

• Determine Major Sources of Variance
• Provide Framework for Process-Structure-Property

Causality
• Solidify Multidisciplinary Team



Design Considerations

• Define Parameters of Interest
- Team Approach

• Anticipate Possible Interactions
• Determine Levels

• Response = Jc

Experimental Design

• Fractional Factorial
- Blocked Design
- Drawback

o Confounding Loses Higher Order Interactions
- Benefit

o Reduce No. of Treatments to 120 + 58
• Incorporates Replicates-Estimate Variance
• All Main Effects and Most Two-Factor Interactions

Remain Estimable



TABLE OF POSSIBLE TWO-FACTOR INTERACTIONS

P CT SP SR T1 tl R1 1"= t= R=
P

CT X X X X X X
SP

SR

T1 X X X X

tl X X X X

R1 X X X

3"= X X X X

t= X :I X X X

R= X X X



TABLE OF FACTORS AND LEVELS

,, ,,, ,,,= ,1 ,,, ,,,,,, ,, ,, ,,, ,, ,,L J_,,, , ,i • ,,, , __J : _ ...

Level--> + 0 -
Factor,I,

i i'll'l 1 "l" i'l i' ii 'l i 'l i 'l i ' ' "l i r 'l 'll i i')'_l"' =ill ,' i=ll i i ' i Ill , I' "

Packing Method (P) CIP - Hand Pack

Core Thickness (CT) 60% - 20%
, , ,, ,,, , , , ,, ,,. ,., ,,, ,,. ,. ,,

Strain Path (SP) Wide - Narrow

Strain Rate (SR) 103sec_ - 102sec"_

Temperature-1 (T_) .,827°C 820°C 813°C
) , , , ,, ,,,, , , , ,, , , , ,• , ,

Time-1 (t_) 48 hrs - 24 hrs
, , , , , , , , , , ,.,, . ,, , ,, ,, ,,

Inter. Reduction (R_) 30% 150 5%
, • , . , ,,, ,.. p, ,, , , .,,, ,

Temperature-2+3 (T2) 827°C 820°C 813°C

Time-2 (t2) 96 hrs - 48 hrs
,= , ,, , - ,, , ,, . ..

Final Reduction (R2) 30% 15% 5%
. ,., ,, , ,, , ,r ,, ,,...... , i , , , , . , , ,, ,,

2e x 34Treatments for Full Factorial



Sample Standard Deviations for Ic's of Pressed Tapes
50 ........................................................................
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1 mm (.04") Wire

Longitudinal Transverse

150 I_m(.006") Ta_)e



4N Aa. ClP

1 mm (.04") Wire

Longitudinal Transverse

150 _m (.006") Tape



i

8 I \' 38 mm rolls
6 I- _ o = 1.78 mmwire

EEl" l _ x . 0"51mmwire

--- UniaxialCompression
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Tape Thickness (mm)

8
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" 406 mm rollso ,, 1.78 mmwire

"_" _ " 1.02 mm wire

E _.. --- UniaxialCompression
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Annealing Time (hours)

Fig. 5. Smith et al.



Rolling Strains of Ag/BSCCO Tapes
5%/pass100 r"

[ Ag,SmCore
II

O Ag, Lg Core
.-. 80

,0 25%/pass
c: © __1
•_ 0 • ^g,SrnCore

60 _ _] Ag,LgCore

_- II II
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(" 40 - -I..

m i ll
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i._

P" 20
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ISSUES IN BULK PROCESSING
OF

POWDERS*

U. (Balu) Balachandran

Energy Technology Division
Argonne National Laboratory

Argonne, IL 60439

Collaborators:

S. Dorris
W. Ellingson
K. Goretta
M. Lanagan
V. Maroni
R. Poeppel

*Work supported by the U.S. Dept. of Energy (DOE), Energy Efficiency
and Renewable Energy, as part of a DOE program to develop electric
power technology, under Contract W-31-109-Eng-38.

Argonne National Laboratory ........
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ISSUES

*Carbon

*Stoichiometry

*Phase assemblage

*Flowability/Packing
(morphology)

*Batch size (scale-up)

Argonne National Laboratory



Carbon Source

*Precursor material

*Milling/mlxing process
(acetone, alcohol, etc)

*Containers

*Cleaning solution

*_Atmospheric contamination

Argonne National Laboratory .......
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Fig. 1 (a) Resistivity vs te-_perature curves.
and {b} magnetization vs temoerature curves
are shown for the sampies s'h:ztered at 940 °C
in pure 02 marked by 1 and in 0.5% CO2/O2
ma:ked by 2.

Mnter. Left. 9(I0), 34F (June 1990)...





Carbon Contents
(Effect of Milling)

C-content (ppm) C-content (ppm)Sample
Before Milling After Milling

400-9.2-1
ssc 2223 99, 98 1142

Calcined lx
l llml i

400-92-2
SSC CaCu02 148, 217 1406 :
Calcined 2x

i i i ii i

381-55
SSC 2212 62 not measured

Calcined lx

381-57
SSC 2212 66 not measured

Calcined 2x
ii

381-58
SSC 2212 81 not measured

Calcined 3x

400-97
SSC 2212 101 not measured

Calcined Ix

Energy Tech nology



i ii ii i i , i ii i i ii iiiiii i i i i i i i i i ill ii iii

Reduction of Carbon Contents

100°C/h -_ 720°C
3h @ 720°C

120°C/h -_ RT
2-3 tort flowing 02

Powder in open boat

Sample C--content (ppm) C-content (ppm)Before Anneal After Anneal

400-114-1
not measured 117

,, (ANL "2223") ..............
400-114-2

5176, 5098 216
"2223"),, (ANL ......................

400-89-2
2689 384

(ANL "2223")

_---Energy Technology .............. "



Low-T Anneal
(Powder inside Tube)

End Cap Section 1 Section 2 Section 3 Section 4

Closed End Open Bnd

32% Packing Density 22% Packing Density

100°C/h -_ 720°C 100°C/h -_ 660°C

3h @ 720°C 20°C/h --_ 720°C

120_C/h -_ RT 3h @ 720°C

2--3 tort 02 120°C/h --_ RT

2-3 tort 02

|i i ii ii i, i i

Powder C-Content loom] _-Content {vvm)

Original 3043, 3303, 3256 3043, 3303, 3256

Section 1 3532 2334

Section 2 3287 1489

section 3 2942 708

Tube cut into three
Section 4 1501

sections, not four

Energy Technology _'
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Sheath Material Showing Cu

&O--FEB--94 B8 : 53 : B4 EDRX READY
RRTE-- 8CPS T]:ME-- i_3LSEC
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B --IGC mhemth 4_k3 djmS5B

I
R IK_

Cu

8CHT G_. 88KEV IOe./ ch B EDAX



Microfocm Digital X.11_ Images
Obtained Uslni_ Du:l-Entry X-Ray ImsB/ng Methods

(A) (8)
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SUMMARY

*Low-pressure, low-temp, anneal
effectively reduces C-content

*Cu-migrates from the core into Ag-
sheath (Cu excess "nominar'
composition?)

*(Bi,Pb)-2212 and a Sr,Ca cuprate as:
precursor

*Easy.flowing. powder for .
continuous/automated packing to
prepare billets (spray-drying?)

Argonne National Laboratory .... -



improvement of Grain Connectivity in Thallium-
based long Superconducting Tapes and Films

Zhifeng Ren, Chang An Wang & Jui H. Wang

NYSIS, SUNY/Buffalo

In collaboration with
,t

Dean J. Miller, Argonne National Laboratory

with assistance from:

Eiki Narumi
Mike Pitsakis

Gary Sagerman
Matt Michalski

Supportedby: NYSERDA (via NYSIS)
UBF

DOE (via ANL)



The .;cof long superconductingtapesis always
limitedby intersranularweak links.

We can strengthenthese weak linksbyimproving
granularconnectivitywhichincreasesthe areaof close
contact between adjacentgrains,or byimprovinglattice
alignmentwhich is knownto raiseJr_in thinfilms.

For Tl-basedtapeswith similarlatticealignmentas
shownby X-raydiffraction,Jc can be raisedby a large
factorby improvementof granularconnect_ty via
uniaxialcompression.



Sample Fabrication Jc (A/cm_', 77 K)

( _ ) Rolled, annealed 7.5 h at 840°C 13300 '
(o.122ram)
Rolled, annealed 2.5 h at 840°C

(C) pressed, annealed to 4.0 h again 21500
(0.122 mm*O.110 mm)

Conclusion:

The deciding factor for achieving high Jr.in bulk superconductors
is intergranularconncectivity, not intergranularlattice alignment.



Enhanced formation o.f.1.223phase by.pa.nira!..replaccmentof Bi for
Tl in in-situ synthesized silver-sheathed superconducting tape of
TI!_ ,Bi,.Sr,_.,.Ba,.Ca_Cu3Og_ _....... - _t _ *. ,,|,ll L | J"lll i i i,i,,, i i

Optimal formula by systematic study: a_ITLBi_.._Srl.i,Ba64CaLCu30 q-d"

I0'
-..- a

_E 77K, 0T ,
u o•eo •100 ,

- " t °
P.,,_t_7.3p_se

101 •
O}
¢:

0.0 0.1 0.2 0.3 0.4 O,S "'*_ b
Oi concentration ( x ) ..O PI;x(_ 0h¢_5¢_1

0

•_ x I_ V,,,,,A"'_,..,.,_.A
s

"" -- _ ;_e.,4pIC,_s,_s C,i, ,,,,, , ,,,

_" o0' •

': ,A.J_'Q.

_-- - - - , , -.... I

_o 2o 3o 40,o .........
,.o o'.1 o12 0:3 o_4 o.s 2e

Bi concentration ( x ) Fil. 3. X-ray powder diffraction pa(tems ofpulvedzed pelletsof

FII. 2. Dependence of the transport J, (77 K, 0 T) (a). and the (a) Tlo.ToBio.::Sr,.,Bao.,Ca=Cu30,_A, (b) TIo.sPbo.sSrBaCa:-
transport T, (b) on the Bi concentration in the in.situ symhe. Cu3Ot_, and (c) Tlo.TsBio._SrBaCa_Cu_O,__. ,_ll pellets were

sized silver.sheathed superconductins tapes Of made by sinterinl at 880"C for 3.0-4.J h in air and quenched in
T1, .,Bi,Sr,.,Bao.,Ca_Cu}O,_a. air at room temperature.

25000,
16O00

,3000 ....ooo_S _O Oo

(TI,BI)-122 ee • •
10000 15000

"3 / (TI,Pb)-1223 "_ (_

7000 -_ O O O O
O 10000 0

4000 _- lust rolled

' _ 5000
;" ,000 ....... o., o11 oi_ ,._0.0 21s _1o Ks ,o.o _2.s

Annealing time ( hour ) Tape thickness ( mm )

Fil. 4. Comparison of the effects of the annealinl time on the Fi$. _. The effect of the tape thickness and uniaxiai hydrostatic
transport J, ( 77 K, 0 T) of the in-situ synthesized superconduct- compression on the transport Jc (77 K, 0 T) of in-si_u synthc-
ink tapes of Tlo._oBio_=Sr,.,Bao.,Ca_Cu)O___ and sized sih'cr-sheathed superconductins tapes of
TlojPbo.sSrl ,Bao.,Ca_Cu)Ot__. Tlo._oBio.::Sr_.,Bao.,Ca_Cu)O___.



TransportJcreproducibilityofin-situsynthesizedsilver.sheathedsuperconductingtapesofTlo._sBio.2:SrL.6Bae.4Ca.,CujO,.jat77K

Sample Totalthickness Totalwidth /c Jc
(mm) (mm) (A) (A/cm 2)

930111-1 0.125 2.0 7.60 12710
930112-2 0.124 2.0 7.8 i 13300
930114-1 0.125 2.0 7.55 12640
930114-2 O.!26 2.0 7.40 12460
930115-I 0.124 2.0 7.$5 12400
930116-1 0.124 2.0 7.60 12470
930117-2 0.126 220 . 7.65 12530
930125-$ 0.127 2.0 7.60 12450
930216-2 ' 0.124 2.0 7.77 12870
930217-1 0.125 2.0 7.89 12610
930217-2 0. ! 23' 2.0 7.56 12520
930402-2 0.124 2.0 7.48 12810
930402-4 0.1_24 2.0 7.48 12880
930404-2 0.124 2.0 7.48 12810
930405-2 O.124 2.0 7.25 12420
93040S-$ 0.124 2.0 7.68 . . ' 13220

Transport Jc reproducibility,of in-situ synthesized silver-sheathed superconducting tapes of T1o.nBio.=_Srt.eBa0..Ca2Cu3Ot.4at 77 K
(,yo,lled and uniaxiall], compressed)

Sample • Toial thickness Total width lc Jc
(ram) (mm) (A) (Alcm2) '

9301"19-1 0.118 2.2 10.77 19200
930 !25-E. 0.118 2.2 11.00 19300
930318-1 0.1 i 7 2.2 !0.50 19000
9303 !8-5 0.1 i 6 2.2 10.60 19200
930403-3 0.1 i 6 2.2 10.50 !9000
930630-2_ 0.110 7..2 12.00 21000

•Improved procedure

Criterion for the measurement of Jc:

_V = l_V/total length (F, up to I = 24 m.

The "rolled only" tapes can be bent into a 0.47-cm radius
coil that still superconducts without further annealing.

The "rolled and uniaxially compressed" tapes are no
longer as flexible.



Silver-sheathed "[I Bi Sr Ba Ca Cu 09. _tapes WIRE 3

No sausaging has ever been observed in these tapes,.
(SEM pictures taken by D. Miller of ANL)



,ngitudinal cross section WIRE 3 Transverse cross section WIRE 4

.,

om for further improvement



Data from d615
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(TI,Bi)-1223film
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Characteristics of the (TI, Bi) Sr Ba Ca:u 3 0 film

Bridge dimensions:

Width: 90,_m
Thickness: 1.0 ,_m

To..: 105.5 K or 111 K

J_: 1x 10_'A/cm_(7_K,OT)

Ic: 1.85 A (77 K, OT)
1.4 A (77 K, 0.5 T, with H I film,._ i)
0.12 A (77 K, 0.5 T, with H I1 film, a. i)
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General Electric's TI-"1223"

Silver Addition Process

Development/Scale-up Issues

John A. DeLuca

GE Research & Development
Feb. 16, 1994



GE Corporate Research and Development Center I
i

"Single TI-O Layer" Superconductors

0 High Tc

0 Good pinning

0 Strong links demonstrated in polycrystalline form
* silver-addition process



0£ Corporate Research and DevelopmemCenter

GE's TI-"1223" Silver Addition Process

0 Precursor deposition/decomposition
* spray pyrolysis of aqueous nitrates at 275oc
* nitrate decomposition in oxygen at 850oc

ti* nominal Ca2Ba2C 307.xAg

4_ Thallium Oxide Vapor Reaction
* two zone reactor

* T120/O2 ambient

Ca2Ba2Cu307:xAg--_ TICa2Ba2Cu309:xAg

• Post Thallination Anneal

• 8 hrs/600oc/o2
• 2-$X improvement in Jc



G£ CorporateResearchand DevelopmentCenter

Spray Deposition Apparatus

I/ / "I _ ;_--. Metal Nitrate Solution
I / i / / :I Reservoir
I/-/',I
I/,, " ,,,| .Substrate

_/_" -"_ _| • 5tumid
t.-_,,J .o_lo \ I-I

Solenoid Valve \ _ i|_-- Heater Block On
_t d| Computer Controlled

( /L. Mist Density l I

I Sensor --
\ Glass

Nebulization
Chamber

I Level 1 --" _ N2 Inlet
Controller --

i i

Liq.uidLevel _ Metal Nitrate Solution
:_ensor

4.-- Temperature Controlled

_:_ . __ W..r..t.
w..... Ultrasonic Transducer

112 rail FEP
Teflon Membrane
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GE Corporate Research and Development Center

Silver Addition Process- Scale-Up Issues

0 Precursor deposition

* coating/decomposing long lengths
- batch vs continuous?

* time required for spray deposition
- anything faster/better?

• Thallium Oxide Vapor Reaction

• temperature control is critical [:t=2oc]
• how critical are two-step process times?
• batch vs continuous

Post Deposition Anneal

* present "20 hr. schedule favors batch process
* can anneal process be modified/shortened?
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GE Corporate Research and Development Center

Silver Addition Process - Pre-Scale-Up Issues

0 Goal

* flexible tape capable of 10 A/mm in 1-5 T at 40K.

0 Current Best

* 3/_m "1223" films
* 12.5xSmm poly-YSZ substrates
* 2 A/mm - single sided coating [66,000 A/cm2]

Pre-scale-up development needs
* high performance films on flexible substrates
* increase A/mm

- increase Jc?
- increase thickness 2.5-5X and maintain Jc

0 Longer term development need
* evaluate compatibility of silver addition process with

potentially "better pinning" chemistries [eg. TI,Pb]



HTS Wire Development Workshop Februa_. 16-17. 1994

SECTION VIII

PHYSICAL PROPERTIES
oF HTS CO_LS
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o HIGH OVERALL WINDING Jc

° GOOD INSULATION APPROACH FOR W&R AND R&W

° GOOD STRAIN PROPERTIES IN CONDUCTOR FOR

WINDING

° IMPROVED MECHANICAL PROPERTIES OF COILS

° GOOD EPOXY INCAPSULATION TECHNIQUES

° LOW JOINT RESISTANCE FOR POWER DISSIPATION

o LOW AC LOSSES

° QUENCH PROTECTION

° 100 - 300 m LENGTHS SUFFICIENT FOR MOST

APPLICATIONS FOR NOW



REACT _ WIND WIND _ REACT

I I i i Ulllll I I I I J I II ' II I I IIII

COIL 1 X 34 rn 1 X 34 m

CURRENT 8 Ampl 7 Ampl

NO. OF TURNS 131 131

AMP-TURNS 1048 917

Core Jc 6,500A/cm2 5,500 A/cm2

1 III IIII IIIII I I I I I II I I I II I I I I

OVERALL WlNOING Jc

77K) 450 A/cm2 500 A/cm2
I I II I I II Ill I I II

W & R OISAOVANTAGES:

* HIGH TEMPERATURE FIXTURING ANO INSULATION

° LARGER FURNACE FOR COIL HEAT TREATMENT

PRAC)EEPHALDAR 07/93

H T' Is



LATEST IGC HTS MAGNET DATA ....

• MAGNET 1 MAGNET 2 MAGNET 3 MAGNET 4
(JUNE 93) (AUG 93) (SEP 93) (OCT 93)

WINDING INNER DIAMETER (CM) 2.50 2.50 2-50 2-50

WINDING OUTER DIAMETER (CM) 7.50 9.65 11.30 11.30

COIL HEIGHT (CM) 5.33 9.84 0.35 " 6.35

NO. OF CO-WOUND TAPES PER PANCAKE 3 5 3 3

TOTAL LENGTH OF TAPE iN MAGNET (M) 153 570 480 480

TOTAL NO. OF TURNS IN THE MAGNET 330 612 700 700

OVERALL WINDING CROSS-SECTION (cM2) 0.0348 0.0532 0.0363 0.0363

NO. OF PANCAKE COILS 6 10 10 10

MAGNET CONSTANT (GAUSS/AMP) 62.9 04.7 109.7 111.2

Z7 K 19A 41A 22A 32Ak: MAX

Bo MAX 0.12 T 0.26 T 0.24 T 0.36 T

4:2K 170 A 255 167 A \ 234 Ak; MAX

80 MAX 1.01 T 1.65 T 1.83 T 2-60 T

.)7_K 125 A 171 A 130 A 160 A
:c MAX

30MAX 0.78 T 1.10 T 1.43 T 1.80 T
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LATEST IGC HTS MAGNET DATA

m

WINDING INNER DIAMETER (CM) 2.50

WINDING OUTER DIAMETER (CM) 11.30

COIL HEIGHT (CM) 6,35

NO, OF CO-WOUND TAPES PER PANCAKE 3

TOTAL LENGTH OF TAPE IN MAGNET (M) 480

TOTAL NO, OF TURNS IN THE MAGNET 700
i

OVERALL WINDING CROSS-SECTION(CM2) 0.0363

NO, OF PANCAKE COILS 10

MAGNET CONSTANT (GAUSS/AMP) 111.2

77 K (.MEASURED)

Ic MAX 32 A BoMAX 0.36 T

Ic MIN 19 A Bo MIN 0,21 T

4.2 K (MEASURED)

Ic MAX 234 A Bo MAX 2,60 T

Ic MIN 140 A BoMIN 1,56 T

27 K (EXTRAPOLATED)

Ic MAX 160 A Bo MAX 1,80 T

.=_AD_PHALDA_. MEASURED AT IGC ON 10113193 H_
_UlW=lBI

H T S



HOLE FOR 4-40 TIE ROD
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tlL t i

/ COPPER BASE BLOCK

! _ CURRENT LEAD SUPPORT

CRYOCOOLER HIGH-Tc MAGNET
.



_u_ Magnet measured at MIT

0.6

0.5 BM004 Magnet
10 pancake coil==

- f "\_m 0.4 •

! 0.3 =

o._ _ _.
! ___ "_, ,

0 - | , |

0 1 2 3 4 5 6

Background Field (Tesla)

_RADEEP HALDAR I
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MIT Magnet Lab DATA

I I I
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MIT DATA

I

LIQ HELIUM (4.2K) AND LIQ NEON (27K)
,MEASUREMENTS

1.6 mI

1.2 ,,_

4.2 K Max

O_ _1 .,...,,__- 0.8 - m

•-
;.r,,

C]_C3"0 O_

0.4 - 27 K Max

0

0 5 10 15 20 25 30
Background Field (Tesla)

IGC MAGNET 2/10/94 bt T



m
i

° ACHIEVED HIGHEST FIELD OF 2.6 TESLA AT 4.2 K

° ACHIEVED HIGHEST FIELD OF 1.0 T AT 4.2 K WITH 20 T

BACKGROUND

o DEVELOPED EFFICIENT WIND & REACT INSULATION

APPROACH

o DEVELOPED EXCELLENT EPOXY IMPRGNATION

TECHNIQUES

° DEVELOPED MAGNETS FOR USE IN CRYOCOOLERS

o DEVELOPING SUPERCONDUCTING JOINTS

° DEVELOPING IMPROVED PROPERTIES OVER LONG

LENGTHS



HTS Coil Requirements for Motor Applica,Zions
DOE HTS Wire Development Workshop

February 16, lgg4

HTS Motor Applications

Large motors(greaterthan 1000 hp) forpumpandfan drivesfor utilityand
industrialmarkets. Motorswillbe poweredby an adjustablespeed drive.

Expected benefits of large HTS motors:

1. Higher motorefficiency.Expectedtotalmotorlossesto be about 1/2 the
lossesof a conventionalmotorof the same rating.

2. Smallermotorsize. Expectedtotalmotorvolumeto be 1/2 the volumeof
a conventionalmotorof the samerating.

Motorsize and efficiencybenefitscan onlybe obtainedwith HTS wire that
can operate in a highmagneticfield.

Motor type:

SynchronousmotorwithrotatingHTS fieldwinding.



HTS Coil Requirements for Motor Applications

Electromagnetic HTS Material Specifications:
41

Critical currentdensity in the HTS coreof 105 amps/cm2

Critical magneticfield of 5 Tesla

Wire length of 5 to 10 km percoil

Operating Temperature

Highesttemperaturepossible, 77 K preferred.



HTS Coil Requirements for Motor Applications

Insulation Specifications

NEMA Standard for Large Synchronous Motor Field Windings

High Potentialtestof 1500 tO2500 volts.

Other considerations:

Operatingvoltagedropin coilbecomesof interestduring:

1. Motor transients

The magnitudeof coilvoltageduringmotortransientsis dependentupon
the AC magneticfieldthat is allowedto reach the HTS winding.

AC lossdata on highperformanceHTS coils is neededto determinehow
muchAC field it can withstand.

2. Coil Quenches

Voltage stressoccursin the fieldcoils duringa quench. The detailsof
quench propagationand voltagebuildupfor HTS coils are notwell known
so it is difficultto determine whatthe insulationrequirementswillbe.



DOE Superconductivity Partnerships Programs

for Electric Power Systems

High Temperature Superconducting

Wire Development Workshop

Normal Zone Propagation in HTS Coils

Y. Iwasa

Francis Bitter National Magnet Laboratory

Department of Mechanical Engineering

Massachusetts Institute of Technology

Cambridge, MA 02139

at

St. Petersburg Hilton and Towers

St. Petersburg, FL

February 16, 1994



Magnet Issues

Major

• Mechanical integrity.

• Stability.

• Protection.

Minor---becomes Major when mass produced

o Conductor.

o Cryogenics.

Difficulty or Cost

Protection
Conductor

Mechanical

Stability
Cryogenics

Top



Protection

• SCM is said to be self-protecting if it can be protected
against overheating by having normal zone spread out
- propagate - quickly over most of its winding volume.

• How fast this process takes place may be gauged by
normal-zone propagation (NZP) velocity.

o Self-protecting SCM generally have "high" NZP ve-
locities.



Normal-Zone Propagation Velocity

1. Short-Length Tape Results

Nb3Sn: It = 111 A; Jm = 159 A/ram 2.

[12 T, 4.2 K].

BPSCCO: h = 70 A; Jm - 159 A/mm 2.

• [20 T, 4.2 K]; [5 T, 25 K]; [0 T, 65 K].
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For a comprehensive description of the work, see:

R.H. Bellis and Y. Iwasa, "Quench propagation in high T_
superconductors, Cryogenics 34, 129-144 (Feb. 1994).



Normal-Zone Propagation Velocity

2. Test Coils Results

NbaSN Coil: cryocooler-cooled (10 K).

Bpscco Coil: cryocooler-cooled (20 K; 36 K).

Table: IGC Magnet Parameters
....

Parameter

Overall tape thickness (ram)
tape width (ram) 4.44
turn-turn insul, thickness (ram) 0.12

Magnet winding i.d. (ram) 35.6
winding o.d. (ram) 88.9
overall winding length (ram) 44.4
P-P Ag spacer thickness (ram) 0.5
DP-DP Cu spacer thickness (ram) 0.8

# of double pancakes 4
# of turns/pancake 62.5

Center field at 100 A (T) 0.83

Special Features

• Operating temperature range: 10_70 K.

• Heaters to induce quench.

• Voltage taps to measure NZP velocities.



Assembly Drawing of the IGC Magnet
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Heater-Induced Quench at 86 A, 36 K

0 2 4 6 8 I0 12 14 16 18

Time (s)



Table: NZP Velocity Data Summary

(Preliminary)

Coils Top Iop Jm Ut

(K) (A) (A/mm 2) (mm/_)

LTS 10 130 416 35
i i

HTS 20 130 96 0.5
i

36 86 63 0.08



Future Plans

Protection

• Complete description, both experimental and simula-
tion, of normal-zone propagation in HTS (Bpscco) coils
over the temperature range 20_60 K.

• Detailed temporal and spatial distributions, both ex-
perimental and simulation, of temperature in quenching
HTS, short samples and coils.

• Development of protection techniques for "isolated"
HTS magnets.

Evaluation Activities

• Continue Ic measurement of HTS coils (up to 115 mm
o.d.) in background fields up to 22 T - @ 4.2 and 27 K.

• 300-mm o.d. HTS coils can also be tested in background
fields up to 12.5 T - __ 4.2 and 27 K.



ENGINEERING ASPECTS OF
HTS COIL DESIGN

Mark Daugherty

Los Aiamos National Laboratory

Superconductivity

Tcchno,o_ Los Alamos
Center NATIONAL LABORATORY

I



HTS COILS SHOULD BE IMMUNE TO QUENCHES CAUSED BY
MECHANICAL FRICTION AND CRACKING OF EPOXY OR INSULATION-_

g

• ° r

The amount of energy requtred to ratse the conducto from its operattng
temperature to the current sharing temperature ts the enthalpy margin.

This margin and the maximum allowable movement of the conductor is
shown below:

Nb-Ti/Cu Bi-2223/Ag Bi-2223/Ag

T op 4.2 27 77
Tc 9.5 104 104
T cs 6.5 35 87
Enthalpy 23,000
Margin (kJ/m^3) 5.3 3,700

Tolerable 35
Motion (mm) 0.01 7

G. Ries, Cryogenics Vol 33, No. 6, 1993

Los Alamos
Technology NATIONAL LABORATORY



CAREFUL STRUCTURAL DESIGN WILL BE REQUIRED TO ENSURE THAT
TENSILE STRAIN IN THE CONDUCTOR IS MINIMIZED.

HTS materials are brittle so tensile strain must be minimized.
(1% strain will cause serious degradation? )

As a toroid or solenoid is energized the conductors will experience a
tensile hoop stress.

The conductors can be precompressed to ensure that they remain
slightly in tension when at full charge, i

Precompression can be achieved by either thermal contraction of
support members or over wrapping with support material.

* J. W. Ekin et. al., Applied Physics Letters, (1992) 61,858.

Superconductivity ..

Los Alamos
Center NATIONAL LABORATORY



TWISTED MULTIFILAMENTARY COMPOSITE CONDUCTORS WILL GREATLY
REDUCE EDDY CURRENT LOSSES IN ENERGY STORAGE, AC AND

PULSED COILS.

O_dy(X
Pet t

L : twist pitch

Pet : effective transverse resistivity

t = time from 0 to maximum field

Los.ses as high a.s17°/o.of stored energy per cycle have been .
e.sttmated,for twisted ribbons.. These !osses dropped to 0..3%with a
tighter twist pitch of 12.5 cm in.a multlfllamentary composite...
(R. B. Stephens, IEEE Transacttons on Applted Superconductivdy,
Vol. 2, No. 3, 1992.)

Su_o _ _ Los Alamos
Technology NATIONAL LABORATORY

r,,ql



DEGRADATION IN CURRENT DENSITY DUE TO WINDING STRAIN MUST
BE BALANCED AGAINST THE THICKNESS AND QUALITY OF THE

REQUIRED ELECTRICAL INSULATION.

Wind and React Requires React and Wind Permits
High Temperature Insulation Use of More Effective

Insulation

Jc Conductor = 20,000 A/cm^2 Jc Conductor = 5,600 A/cm^2
t Cond. = 0.015 cm, w Cond. = 0.25 cm t Cond. = 0.015 cm, w Cond. = 0.25 cm
t Insulation - 0.030 cm t Insulation = 0.005 cm
Jc Effective = 3,225 A/cm^2 Jc Effective = 3,225 A/cm^2

Superconductivity

Technology Los Alamos
Center NATIONAL LABORATORY



COOLING REQUIREMENTS ARE TYPICALLY DETERMINED BY THE
FUNCTION AND OPERATION OF THE COIL.

dc coil energy storage coil ac or pulsed coil

conduction vapor liquid

large cooling
minimal cooling requirements
requirements

joints joints joints
I*V losses I*V losses I*V losses
heat leak heat leak + heat leak +

moderate or intermittent: large or continuous:
hysteresis hysteresis

eddy current eddy current

s._o _ - Los Alamos
Technology ta_Im_,.aL LABORATORY
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SECTION IX

TECHNOLOGY DEVELOPMENT

AND TRANSFER OPPORTUNITIES
FROM THE PROGRAM
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STRIP
REEL

: POWDER
HOPPER STRIP

POWDER POURED

AT _HI5 POINT _ " "U" FORMING ROLLS
..

DRAW.

DIE
"U" CLOSING ROLLS

,:_
"REEL WITH FORMED WIRE



FACTS ABOUT TUBULAR WELDING WIRE
e

400 MILLION POUNDS PRODUCED WORLD WIDE
ANNUALLY (100 BILLION FEET PER YEAR)

DRAWN TO DIAMETERS AS SMALL AS 0.023 INCH
DIAMETER

STRIP MATERIALS THAT HAVE BEEN USED :
ALLOYS OF STEEL, STAINLESS, ALUMINUM, NICKEL,

SILVER, COPPER

p ER MATERIALS:OWD O W CO, OTHERS
ETALS- FE, MN, NI, CR, M , ,

_XIDES, CARBONATES, FLUORIDES OF CA, BA, NA,
OTHERS

!

UNIFORMITY:
BE LESS THAN +I- 1% BY WEIGHTHAsTo .v OFDEPOSITW,,LNOT

_lr GREATE_R-ECcHEMIST
• MEET 5P_I. )...o/, _u= WELDER WILL SEE A

(IF GREATER THAN +1-_o .n; MOST CASES)
DIFFERENCE IN THE ARC IN



BENEFITS OF PLASTRONIC TUBULAR WIRE
PROCESS (PTW)

INFINITE LENGTHS

CONTINUOUS MANUFACTURING PROCESS

CAN BE USED FOR MONO AND MULTI-FILAMENT

PROVEN INDUSTRIAL PROCESS AND EQUIPMENT

SILVER STRIP IS LOWER COST THAN SILVER TUBE
BASED ON $5.00 SILVER
STRIP-S7.00 PER TROY OZ
TUBE- $14.00-21.00 PER TROY OZ
(IF YOU PROCESS 10,000 LB OF SILVER SAVE $1,000,000.)

CAN BE USED WITH OXIDE POWDER AND METAL PRECURSOR
POWDER

MONO-FILAMENT CAN BE WELDED OR UNWELDED

DRASTICALLY REDUCED MANUFACTURING STEPS FOR LONG
LENGTHS,

NEAR NET SHAPE , CURRENT STARTING WIRE SIZE IS 3/16
BUT COULD BE 3/32 INCH DIAMETER

LABOR SAVINGS:
FILL TUBES - 1000-5000 FT OF 3/16 TUBE PER SHIFT

( 20,000 - 100,000 FT OF FINAL TAPE)

REDUCED SWAGING AND DRAWING STEPS
FOR 3/4 INCH VERSES 3/16 TUBE DIAMETER
SAVE UP TO 20 DRAWING AND SWAGING STEPS
FOR 10% REDUCTION SCHEDULE

LOWER SILVER/ POWDER RATIOS ARE POSSIBLE
FOR MONO AND MULTI-FILAMENT



Typical Cross Section of a Tubular-Wire Formed at 0.180 Inch Diameter, •
Welded, and Compacted by Drawing to 0.062 Inch Diameter

Typical Cross-section of A Tubular-Wire Formed at 0.180 Inch Diameter,
Drawn to 0.062 Inch Diameter without Any Intermediate Welding on the Seam.



Typical Cross-Section of the Tubular-Wire After Sintering and .
Flattening.

(Top) Overlapped Wire With Welded Seam
(Bottom) Overlapped Wire With Unwelded Seam

TOP

18X _50X

19X aOOX

I- •
,.D..

. °? . d._ __ _".°

.°

,I
, °



CHARACTERISTICS OF BSCCO AND SILVER
TUBULAR WIRE

VARIATION OF FORMED AND FILLED TUBES
LESS THAN +/- 1.0 % BY WEIGHT OF POWDER

VARIATION OF WIRE DRAWN TO MAXIMUM COMPACTION
LESS THAN +/- 4.0 % OF THEORETICAL
COMPACTION FOR BSCCO POWDER

VARIATION OF SUPERCONDUCTOR CURRENT IN TAPE
CONDUCTOR +/- 2 AMPS

CURRENT FILLING RATE 2 FT /MIN (EQUIVALENT TO 1 SHIFT
PRODUCTION RATE OF 20,000 FT OF MONO-FILAMENT
TAPE



TASKS FOR NSF PHASE ii SBIR-
CONCENTRATING ON UNIFORMITY OF % o

COMPACTION

EVALUATING THE EFFECT OF POWDER FROM DIFFERENT
SOURCES

EVALUATING VARIOUS METHODS OF POWDER FEEDING

EVALUATING DIFFERENT DRAWING DIE SCHEDULES

EVALUATING DIFFERENT STRIP THICKNESSES

EVALUATING DIFFERENT AS FORMED DIAMETERS.

PLASTRONIC INC. (OTHER ACTIVITIES)
LONG LENGTH PRESSING

A) FUNDING INTERNALLY ONE METHOD OF LONG
LENGTH PRESSING THAT LOOKS PROMISING

B) HELPING TO EVALUATE A LONG LENGTH PRESSING
METHOD DEVELOPED BY lAP RESEARCH
SPONSORED BY EMTEC

C) WORKING ON OPTIMIZING OF POWDER, DRAWING,
ROLLING AND SlNTERING TO IMPROVE Jc

LIKE TO GIVE CREDIT TO DR. ASOK SARKAR OF UNIVERSITY OF
DAYTON RESEARCH INSTITUTE, WRIGHT PATTERSON AIR
FORCE BASE AEROPROPULSlON LABORATORY, EDISON
MATERIAL TECHNOLOGY CENTER, lAP RESEARCH INC., OAK
RIDGE AND ARGONNE NATIONAL LABORATORY







WE ARE LOOKING FOR PARTNERS AND
FUNDING SOURCES FOR VARIOUS AREAS.

B

ALL OUR CURRENT WORK HAS BEEN WITH BSCCO 2223
AND SILVER

WE WOULD LIKE TO ESTABLISH PROJECTS FOR:

1 MULTI-FILAMENT WIRE AND TAPE

2. BSCCO 2212 AND SILVER SYSTEM

3. METAL PRECURSOR AND SILVER SYSTEM

4. MANUFACTURING PROCESS TO INCREASE DENSITY
AND FLUX PINNING SITES

5. CONCEPTS FOR REDUCING THE AMOUNT OF
SILVER

6. LONG LENGTH CONTINUOUS PRESSING

7. OTHER POWDER SYSTEMS- YBCO, THALLIUM, ETC.



WHAT ARE WE SELLING?

MANUFACTURING WIRE PROCESSING "
EQUIPMENT

FOR THE WELDING INDUSTRY WE HAVE DESIGNED AND
BUILT TUBULAR WIRE EQUIPMENT, WIRE DRAWING
EQUIPMENT, SPOOLING EQUIPMENT

WE HAVE SOLD WIRE DRAWING AND SHAPING EQUIPMENT
FOR HIGH TEMPERATURE SUPERCONDUCTORS TO TWO
LABORATORIES.

WE CAN PROVIDE FILLED PREFORMS FOR OTHERS TO
PROCESS TO TAPE PER THEIR DESIRED PROCEDURES.

WE COULD ALSO PROVIDE LONG LENGTH PRESSING AS
A SERVICE.

WE CAN BE A PROCESSING SERVICE FOR RESEARCHERS
IF THEY WANT TO TAKE THEIR NEW POWDERS AND HAVE
A FAST SCALE UP TO LONG LENGTHS. WE HAVE
PRODUCED SAMPLES USING AS LITTLE AS 10 GRAMS OF
POWDER.

WE HAVE DRAWING, ROLLING, LONG LENGTH PRESSING
AND SINTERING EQUIPMENT TO PROCESS FINAL TAPES.

WE ALSO HAVE HOT EXTRUSION EQUIPMENT AND ONCE
THE SIZE OF STRIP IS DEFINED. WE BELIEVE IT IS
POSSIBLE TO EXTRUDE THE STRIP TO SIZE, WHICH
WOULD LOWER THE COST OF THE SILVER STRIP.
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• New products from industry

• New licensing opporfUnifies from the Nofionol Loborotories

• New commerciol Opporlunifies

• Partnering opportunities for new developments

• What development is required for future applications?

SardaNationalLaboratories ,.wo,_.,_.=._,_,_
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Technology Development and
Transfer Opportunities

Roger B. Poeppel

Director, Energy Technology Division

Argonne National Laboratory

Argonne, IL 60439

High Temperature Superconducting Wire
Development Workshop

St. Petersburg, FL

February 16 & 17, 1994

(_ EnergyTechnologyDivisionArgonneNationalLaboratory



Ultrasonic Velocity of
Sound Determination of
M|crostructure Evolution

• High-temperature soundvelocitymeasurements
can be usedto help optimize criticalcurrentdensity

by monitoringliquidphaseduringfabricationof
BSCCO/Ag ribbons.

• Monitoringthe liquidphaseduringfabricationis
criticaltothe productionof a highcurrentwire
(ribbon).

• Atthe presenttime, thereis no realtime information
regardingwhenthe liquidphase formsandwhenit
disappears.

-_-Energy Technology
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Approach

BSCCO/Ag Ribbons

• BSCCO/Agribbonsare sinteredat 845°C whilethe
velocity of sound (140 kHz) is monitored to detect
liquid phase.

• Controlexperiment is carried out where the
temperature is continually increased at a fixed rate.

• Velocityof soundin the ribbondepends on the
amount of liquid present.

• An ultrasonictechniquecould be easily adapted to
a production line environment with minimum safety
hazardswhilestillprovidingan effective system for
process control and quality assessment.

_'----Energy Technology ........ -
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High Thermal Conductivity High
Electrical Isolation Connection

General Application

• Electricalconductorscan requirecoolingto absorb
the heatgeneratedalongtheirlengthdueto ohmic
losses(I2R).

• Coolingcan be throughconnectionsat discrete
pointsat the surfaceof the conductor.

• The connections should have the following
essential characteristics:

* High thermal conductance

- Low temperature differential

* High electrical isolation

- Low leakage current

- High voltage breakdown

* Long term reliability

Energy Technology



I
High Thermal Conductivity High
Electrical Isolation Connection

Background

• A thermal interferencejunction, which connectsan

inner metallic disk, an intermediate composite tube,
and an outer metallic ring was developed at
Fermilab.

• The junctionwasextensivelyevaluated in the
laboratory, in model SSC magnets, and in
prototypeSSC magnetsand found to satisfyall
design requirements.

• The junctionhasbeen patented by Fermilab (U.S.
Patent No. 4,696,169).

• The junctionhasand/or is planned for use in the
support members of superconducting magnets that
include the Fermilab Low Beta Quad, the SSC, and
the CERN Large Hadron Collider.

Energy Technology,
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High Thermal Conductivity High
Electrical Isolation Connection

Background

• The Superconducting Super Collider (SSC) magnet
supportmembersrequirejunctionsbetween
compositetubesand metallicend connections.

• The junctionshave highmechanicalstrength
(greaterthan thatof the compositetube), longterm ,
reliability,are unaffectedbythermalcycling
betweenroomand cryogenictemperatures,are
manufacturableby conventionalmeansandare
cost effectivein nature.

Energy Technology ............... -'
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High Thermal Conductivity High
Electrical Isolation Connection

Potential Uses

° Superconducting magnet current leads

* Superconducting Magnetic Energy Storage

* Particleaccelerator facilities

* Magneticore separation

* Space based cryogenicsystems

• Cryocoolerthermal connections

° Powerbus cooling/isolation

° Power supply cooling/isolation

_'----Energy Technology .......... -'



Technology Transfer &
Development Opportunities at

Los Alamos National Lab
• Facilities

- Materials Science Laboratory

- Thallium Processing Lab
- Wire/Coil Fabrication

- Superconductor Characterization

• Enabling Technologies
- Physics/Chemistry/Ceramics

- Mechanical Engineering

• Applications Development
- Engineering Design/Analysis

- Prototype Testing



Development Thrust Areas at
Los Alamos

• Bulk Superconductors (Y123, Bi-2212,-2223, T1-1223 )
- Powders

- Wires & Tapes
- Thick Films

- Coils

• Application Opportunities
- Magnetic Separator
- Current Lead

- Power Switch

- Variable Resistor

- Magnetic Shield

..



TECHNOL OG Y TRANSFER OPPORTUNITIES
OAK RID GE NA TIONA L LA BORA TORY

presented by

Robert A. Hawsey, Manager
Superconductivity Partnerships Program
OAK RIDGE NATIONAL LABORA TORY

P. O. Box 2008
Oak Ridge, Tennessee 37831-6040
615-574-8057, Fax 615-574-6073

presented to

HIGH TEMPERA TURE SUPERCONDUCTING
WIRE DEVELOPMENT WORKSHOP

February 16-17, 1994
St. Petersburg, Florida



SUPERCONDUCTIVITY PROGRAM FOR ELECTRIC POWER SYSTEMS
OAK RIDGE NATIONAL LABORATORY

SUPERCONDUCTING

Title/Description
ESID No.

1384-X Process to Enhance Superconducting Phase Formation, Grain Alignment, and Fracture
Properties of High Temperature Superconductors

Method to provide a large area template of silver on which the superconducting
phase can form rapidly and grow in an aligned fashion. The process also
results in improved mechanical properties of the resultant wires.

I

i

1193-X Process for Fabricating Continuous Lengths of Superconductor*

A process for fabricating continuous lengths of superconductor composed of
one or more thin, high-temperature superconducting oxide layers between
metallic substrates.

*Industrial participant may have certain rights to this technology.

oral



SUPERCONDUCTIVITY PROGRAM FOR ELECTRIC POWER SYSTEMS
OAK RIDGE NATIONAL LABORATORY

SUPERCONDUCTING TECHNOLOGY AVAILABLE FOR LICENSE

ESID No. Title/Description
I

1467-X Superconducting Structure and Method for Making Same

An inexpensive method for producing protective coatings on oxidation resistant
alloys is described. This in turn permits substitution of relatively inexpensive
yet strong alloys for silver as a high Tc substrate.

1450-X Improved Efficiency High Tc Superconducting Magnet Lead Materials

Textured high Tc materials are being developed as current leads for helium
cooled magnets, etc. They operate between 77 and 4.2 K. Oriented 123 is
currently not as good as the two Bi-Pb compounds because its thermal
conductivity is higher and this leads to more heat leakage and He evaporation.
This invention lowers the heat leakage by reducing the thermal conductivity of
the 123 compounds, allowing use of 123-type leads for high stray field
3pplications.



SUPERCONDUCTIVITY PROGRAM FOR ELECTRIC POWER SYSTEMS
OAK RIDGE NATIONAL LABORATORY

SUPERCONDUCTING TECHNOLOGY AVAILABLE FOR LICENSE

ESID No. Title/Description

343-X Electric Dispersion Reactor

This system produces ultra-fine ceramic particles of desired shapes and sizes.
The control Over shapes and sizes provided by the device could eliminate tiny
flaws that eventually become cracks in normally brittle ceramics, especially in
composites made from more than one material. In addition, such control could
eliminate structural problems that diminish superconductivity in bulk super-
conducting materials. The new approach to producing ceramics could improve
the electrical current-carrying capacity of high-temperature superconducting
materials.

oral



SUPERCONDUCTIVITY PROGRAM FOR ELECTRIC POWER SYSTEMS
OAK RIDGE NATIONAL LABORATORY

SUPERCONDUCTING TECHNOLOGY AVAILABLE FOR LICENSE

ESID No. Title/Description

1039/ Method for Preparation of (BiPb)2 Sr2C82Cu 3 Oxide Powders and Method for
1040-X Preparing Superconducting Wires from Oxide Powders

An aerosol pyrolysis technique is disclosed that enables production of
submicron-sized powders with little or no lead loss.

Conductors made with aerosol powders and a powder-in-tube technique with
a continuous fabrication process are described. Short heat treatment times,
high fractions of the desired superconducting phase, and small non-
superconducting secondary phase particles are some of the advantages of this
method.

For information, please contact: R. Russell Miller

Office of Technology Transfer
Martin Marietta Energy Systems
P. O. Box 2009
Oak Ridge Tennessee 37831-8242
615-574-8746, Fax 615-574-9241



The Power System Technology Program Integrates Expertise

• Analysis
--- Power System Steady State and Transient Behavior
-- Equipment Modeling
--- Benefits Assessment

-- Utility / Manufacturer Standard Practices

• Technology Research
--- Dielectric Material Physics
_- Electromagnetic Field Theory
--- Biotechnology
--- Control and Protection Systems
-- High Voltage Phenomena

° Partnerships
-- Inter /Intra Laboratory
-- Utility Industry

__,._._.___,__._______--____-_ Power Systems T_:Imology
Oak RidEe National Laboratory 02 !594JVC



POWER SYSTEM TECHNOLOGY PROGRAM

• Goal: Develop technologies to increase capacity, efficiency,
and flexibility of electric power delivery

• Research Focus Areas:

-- Electromagnetic Field Effects
-- Advanced Power System Analysis and Control
-- Compact, High Capacity Transmission Options

o High Voltage dc
o High Phase Order ac

-- Efficient Electric Motor Systems Development
-- Dielectric Materials in Power Equipment
--- Electric System Disturbances

o Geomagnetic storms
o Lightning phenomena

-- Renewable Resource Integration
- Integration of Energy Storage (SMES and Flywheels)

Oak Ridse National Laboratory Power Systems Technology Prosram
021594JVC

IIII



SUPERCONDUCTIVITY PROGRAM FOR ELECTRIC POWER SYSTEMS
OAK RIDGE NATIONAL LABORATORY

UNIQUE ,MEASUREMENT CAPABILITIES AVAILABLE TO INDUSTRY

HTS WIRE RAPID SCREENING SYSTEM"

• Critical currents to 100 A continuous (Future: Pulsed currents)

• Refrigerated: 20 K - 90 K (Lower temperature planned with HTS leads)

• 0<__H_I.7T

• Up to 3.8-cm-long wires

• Fully automated data acquisition system



SUPERCONDUCTIVITY PROGRAM FOR ELECTRIC POWER SYSTEMS
OAK RIDGE NATIONAL LABORATORY

UNIQUE MEASUREMENT CAPABILITIES AVAILABLE TO INDUSTRY

SHORT SAMPLE MEASUREMENT SYSTEM:

• Angular dependence of Jc (T,H)

• Currents to 500 A pulsed, with highly-controlled pulse shape, 100 ps rise time

• 2.5-cm-long samples

• 17-T background field

• Fully variable temperature

oral



SUPERCONDUCTIVITY PROGRAM FOR ELECTRIC POWER SYSTEMS
OAK RIDGE NATIONAL LABORATORY

DC power supplies" 3 kA and 25 kA (solid state)
Motor/generator sets: 17 kA

o°



Mission
- Contribute to the economic well-being and quafity of life

in the nation through the technology development, in
partnership with U.S. industry, of high temperature
superconductivity for electric utility and renewable
energy applications

Nt!!- 0 SuperConductivity Partnerships Program



Suoerconductivity Partnerships Program
- "Program Manager: Robert McConnell (303"384"6419)

Superconductivity Partnership Initiative• "---lications Task
Technical Support ana _PH . .

- Task Leader: Richard Blaugher (303 231 7298)

Superconducting Wires and Tapes Task
- Task Leader: David Ginley (303-231-7873)

,, Philip Parilla

,, Raghu Bhattacharya

,, Douglas Schuiz
,, Jeff Alleman

,, Anna Duda

H_|. 0 Superconductivity Partnerships Program



General Electric: CRADA I ($100K/yr)
- Development of Thallium-Oxide Superconducing

Materials for Electric Power Applications: 9/92-8/93

General Electric: CRADA II
- Pb and Sr-substituted T1-1223 Thick Films: In final

negotiations

Sierra Researc h: CRA DA ($100 K/yr)
- Development of High Temperature Superconducting

Materials for Solid State Cooling Technologies: 9/93-9/95

Davis, Joseph & Negley: Work For Others
- Superconductor Oxide Plating by Metafuse Process:

7/93-7/94

Ntm.'L0 Superconductivity Partnerships Program



B Records of Invention
- A.vailable for transfer to industry are three records of

invention and one patent application resulting from
NREL's electrodeposition process R&D

B CRADA solicitation
Using the Commerce Business Daily,. NREL solicited

- .--,..-,-, ;,,*o,,,st in a CRADA focussing on the .
|IIUU?|I y, "" "_'"

application of high temperature superconductiwtY
From an evaluation of 6 respondents, one was selected

for negotiation

a Conference on the Science and Technology
of Superconducbng Films. Brecken.dge, CO

- May 31 - June 3, 1994 (Abstracts due March 1, 1994)
Partnerships Program

MI
Nt --_ Superconductivity



BNL- S. C. Properties
Characterization

Facilities

. It(T, H, 0) • T = 4.2, 27,

• H--0-8 T 54-90K
Liq. O2

"-90 ° "0 • +90 °

• V> 10"9V

Ia iTtFSU H --0-20T
0

• T ---4.2, 77 K
• Ic (E, T, H) • H ---0--0.5 T

"A-gT

• T - 65-77 K
• ac Losses (Magnetic) "frequency • 15-250 Hz

• H < 15_ Oc



High-Tc Superconductivity
at the

National High Magnetic Field
Laboratory

Justin Schwartz
S. W. Van Sciver

B. Brandt
¥. Hascicek
H. Weijers
J. Kessler

(numerous students)

(]),



OUTLINE

• User Facilities

• In-house Characterization

• Internal synthesis I processing I properties



Facilities
• The NHMFL is primarily a user's facility for measurements and

experiments in large magnetic fields

• A 290,000 sq. ft. facility has been constructed with funding from theState of Florida and the NSF

• Magnet Facilities:

in operation: 2 20T.SCMs (50 ram)
(serving users) 20T resistive (50 ram)

coming online: 2 20T resistive (50 mm) Spring '94
3 27T resistive (33 mm) December '94
1 45T hybrid (33 ram) June 'g5

• some probes will be available for users

• facilities personnel will work with the users to address their needs
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In-house Characterization

• short and long samples and small coils.

• transport Jc (T, B, E, 0)

• collaboration with industry, universities and labs

• additional collaborations are sought-
)



Internal Materials Research
• wire processing seeded by NHMFL

(wire drawing and rolling equipmem plus post-doc)

• other funding via traditional "university mode"

tivities Include:

• strengthened sheaths for 2212

• dopants for improved high field flux pinning in 2212

• synthesis of Hg-based superconductors via conductor
relevant approaches

• irradiation effects on Hg-based materials

• PIT and doctor blade tape casting

lustrial and DOE-lab interactions are sought

O



HIGH TEMPERATURE SUPERCONDUCTING
WIRE DEVELOPMENT WORKSHOP

INDUSTRIALIZATION OF NOVEL SUPERCONDUCTING
MAGNET MANUFACTURING METHODS DEVELOPED

AT THE SSC LABORATORY.

PRESENTED BY JOHN SKARITKA
SSC LABORATORY

FEBRUARY 17, 1994

This work performed under contract to the U.S. Department of Energy



INTRODUCTION

• The Superconducting SuperCollider was to be the
largest Scientific Instrument in the world.

• A cascading series of accelerators, SSC was to
provide pulsed beams of protons of up to 20 trillion
electron volts to perform basic high energy physics
research.

• Over 8000 superconducting dipoles and 2000
Quadrupoles would have been used to control the
trajectory of counter rotating proton beams around an,
elongated arc over 54 miles in circumference. Over
120 miles of accelerator beam line were to be built.

• This paper is primary concerned with lesser known
types of magnets used in the SSCL. All the
superconducting corrector magnets used for the
collider rings and high energy booster accelerator.

• These magnets were to provide adjustment and
correction to magnetic optics of the accelerator.



UNIOUE REOUIREMENTS OF THE, SSCL
.__ (_ORRECTOR MA.GNET$

• Approximately 8000 superconductor corrector
magnets were to be built.

• Various Corrector Magnets would be manufactured
into custom assemblies.

• Axial, space was very limited, the correctors were
sandwiched between the high profile main Dipoles
and Quadrupoles.

• Radialy; support structures, cryogenic equipment,
high current buss work and instrumentation limited
magnet diameter.

• During production it would be unlikely that no two
corrector magnet packages would be built in
sequence.

• Over 2000 corrector magnet packages would be
required.

• Field strength, field quality and magnetic alignment
requirements exceeded those of magnets used in
previous accelerator application.

• Extreme reliability would be necessary, only 1-2
failures would be permitted per year, Over a 25 year
machine life.



• Due to the cost of refrigeration, the cryogenic feed
through and the thousands of current leads required
minimum thermal loss. Maximum operating currents
were chosen to be 100 amperes or less.

• The budget for development and production was
definitely limited.

• The final requirements of the correctors might not be
precisely know until after a series of production
dipoles and quadrupoles were built and tested.

I

• Highly compact coils required the highest practical
coil current density with the most efficient use of
iron.

• The production method had to be extremely flexible,
highly reliable and cost effective.

• No technology previously used in any Accelerator
could meet all the requirements simultaneously,
therefore new techniques had to be developed.



The following is the program that was adapted to
address these unique requirements.

• Requirements formulated

• R & D at contracted labs and SSCL

• Technological options identified
I

• Phase I Industrialization

• Down selection and upgrade technological options

• Phase II Industrialization

• "Value Engineering" and design otimization

• Incorporation of final requirements derived from
production main magnet.

• Preproduction

• Issue of fixed priced "Build to print production" contract.

• Low rate production

• Full rate production



DEVI_LOPMENTS THAT OCCURED DURING THE
RESEARCH PHASE OF THE PROGRAM.

• Magnets developed at these laboratories were largely
generic in nature, but most of the ideas first
investigated during this period found their way into
the industrialization prototypes.

• LBL developed potted, high density random wound
cosine theta magnets.

• Potting caused more problems that it solved, since
epoxy took up valuable space.

• High density could not adequately be impregnated to
assure reliable performance.

• LBL conf'n'med that wrapped film insulation was
critical to improve magnet performance.

• TAC found that super ferric magnets used less
superconductor and incorporated an automated
method for coil fabrication.

• The SSCL established it's first in-house corrector lab
during this time period.



DEVELOPMENTS THAT OCCURED DURING THE
RKSEARCH PHASE OF THE PROGRAM.

The following items were incorporated into the
conceptual design.

• 1. The superferric iron design was adopted for all
magnet options.

• 2. Jelly role coil design was incorporate due to its
potential for automation.

• 3. Wrapped kapton was adopted as the primary
insulation system.



Three technologies were selected for Industrialization.

• 1. Ordered Wound Technology.

A method similar to magnets used at the HERRA
accelerator in Germany.

It produces the highest density coil, but does not
require potting and uses a unique wiring
procedure developed at the SSC, that illuminates
all crossovers in the ends of the magnet coil. '

This method is the most conventional in
appearance but does represent a significant
advancement in coil winding. It uses much of
the development that took place at LBL.

• 2. Jelly Role Technology.

A method similar to that used with RHIC
corrector nmgnets developed at Brookhaven
National Laboratory.

This technique was advanced by TAC. It used
an automated method to deposit insulated
superconductor wire accurately in a coil pattern
on a flat substrate. After wiring the substrate
can be wrapped around a coil support man&el to
form a coil structure, resembling a jelly role like
structure. Iron is then secured around the coil to
form a super ferric magnet.



• 3. Direct Wire Technology.

This methods is similar to techniques employed
to deposit superconductor on the beam tube
magnet correctors used in the HERRA machine
in Germany.

This technique was exclusively developed at the
SSC Laboratory, and is an amalgamation of
techniques 1 and 2.

This is the most automated method using a
similar automated wire bonding technique used
in Jelly role technology, but depositing wire
directory onto a coil support mandrel to form a
completed coil using no further processing or
potting, hence the name "Direct Wire.



PHASE I INDUSTRIALIZATION.

• This phase was initiated to establish an experience
base in U.S. Industry.

• Three contractors were selected by competitive bid
and best technical proposal for cost plus fixed fee
contracts.

• Each contractor would investigate a particular
technical option. SSCL selected the technical options
for the contractors based on the companies previous
experience and capabilities.

• An in-house laboratory provided Technical support
and training for the Industrial contractors. This
Laboratory performed incoming inspection and testing
of industrially built magnets.

• The Following Contractors were selected:

Contractors Technical Option

Martin Marietta Jelly Roll
Everson Electric Co. Ordered Wound
Babcox and Wilcox Direct Wire



.... Phase I Results:

• Jelly Roll Magnet Technology proved to be more
expensive than previously expected. Industrially built
jelly roll prototypes never achieved the levels of
initial performance of earlier laboratory built
prototypes.

• Industrially produced ordered wound prototypes
appeared to have best performance for initial training
behavior. Manufacturing problems continued to
cause concerns for long term reliability and
production costs.

g

• Initial results of the direct wire magnets showed poor
initial training behavior, but excellent training
memory. The process had few manufacturing
problems. The direct wound magnets were built on
schedule and within budget.



Phase II Industrialization

• The Phase II Industrialization Program was started as
new cost plus fixed fee contract competency bid
among the participants for Phase I.

• The goal of Phase II was to incorporate any new
requirements or information obtained during Phase I
into a magnet package composed of Dipole,
Quadruple and Sextuple Corrector Magnets. These
magnet packages were to achieve the operational
requirements of production corrector magnets and
would be used in preproduction spool pieces.

• The following contractors were selected:

Contractors Technical Option

Martin Marietta Ordered Wound
Everson Electric Co. Ordered Wound
Babcox and Wilcox Direct Wire



Technolo2ical lessons learned from the CorrectQr
Development/Industrialization Program,

• 1. The Elastic modules of a coil has been proven to
be an important criteria for improved initial and
reproducible magnet performance. Compressive
elastic modules of greater than 500,000 lbs/in2
will give acceptable training behavior.

• 2. High prestress may not be necessary as long as
coil modules and matrix material strength is
adequate to prevent gross motion due to Lorentz
loads in coil assemblies.

• 3. A wrapped insulation, specifically Kapton
wrapped wire allowing a slip plane between wire
and matrix does significantly improve coil
performance.

• 4. As long as there is no extraneous space for
conductors to move into and the wire matrix
supports itself, coil performance is optimised.



• 5. Both ordered wound coil manufacture and direct
- wire coil manufacture have been shown to be

very effective technologies for the fabrication of
Superconducting magnets.

• Ordered wound coil technology reduces possible
wire motion in coil ends and maximizes winding
density in coil straight sections.

This technique can be used for fine wire and may
have many other applications using larger
Rectangular Conductors.

* For wire diameters of .5 mm and less, the direct
wire technology represents a significant
advancement in the state of the art of
Superconducting coil manufacture. This
extremely flexible and cost effective method will
almost certainly find many applications outside
the SSC project.
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Manaeerial lessons learned from the Corre¢tor
maeffet Development/Industrialization Proeram

I

• Research and basic developmental activities have
been shown to best remain generic to incorporate the
widest possible range of ideas.

• Once basic technologies have been identified
collaborations with industry for specific applications
and close cooperation between contractors and in-
house laboratory support staff, prove to be extremely
cost effective and assure efficient technology transfer It

between the laboratory and the contractors.
L

• Once the technology is fully developed, build to
being fixed prices production contracts can be issued
to minimize production cost.

• The relationship of shared liability proved essential to
incorporate rapid changes and new information so as
to rapidly advance in industrialization activities.

• To transfer liability to sub-contractors or program
integrators may seem prudent but in high profile
politically charged projects such as in the case of the
SSC, liability will always find its way back to the
prime contractor. For future projects the concept of
shared liability should be considered to substancially
reduce costs and in hanse rapid development and
successful industrialization.



Dynamic Magnetic Compaction and Pressing

Densification Technology for HTS Fabrication

John P. Barber

lAP Research, Inc.
2763 Culver Avenue

Dayton, Ohio 45429-3723

(tsu_)



DMC Densification System

, < 1 ms densification

• 50 ksi consolidation pressures (150 ton)

° up to 1000 °C consolidation

. air or inert gas atmosphere



UML; lecnno/ogy is Ready for Application
to HTS Conductor Fabrication.

I

• Densification of PIT Preforms

_ high density (> 85% T.D.)

- uniform pressure/density

- eliminate drawing/easily rolled to tape

- sheathed or unsheathed

- enhanced properties

• Pressing of Long Tapes

_ ~ 5 ft. in a single press

- up to 1 GPa (500 ton capacity)

- uniform pressure

NP
(19423)





Performance Enhancement



Flat Press for Pressing Long Tapes

• < 1 ms pressing time

• 60-130 ksi pressure on 5 ft long tapes (500 ton)

• commissioning underway



Objective: Development Industrial Capability to Manufacture Production
Quantities of High Temperature Superconducting Wire with
Quality Sufficient for Military and Commercial Applications.

Demonstrate Capability by operation of a 400 Horse Power
Superconducting Motor Designe_J for Ship Propulsion using
the High Temperature Superconducting Wire.

Approach: Contracts with US industries and National Manufacturing
Center for production of Bismut h -Cuprate High Temperature

uperconducting Coils for Retrofitting existing NAVY
400 HP Superconducting Motor.

Use Universities and NAVY Laboratories to Co-Develop
Materials and Processing Techniques to Ensure Quali_
Production runs of Bismuth-Cuprate Conductors.

NAVY provides system design, system retrofitting, and
Conducts Motor Demonstration



* Cooperative program between NAVY and ARPA ;

Funding: NAVY: $1600 K
ARPA: $1400 K

Participants: Navy: Na,_aUResearchLaboratory (PI)
Naval Surface Warfare Center- Annapolis Technology
National Center for Excellence in Metal Working

Industry: American Superconducting Corporation
Intermagnetics General Corporation
Transclence Corporation

University: universityofWisconson (App,dedS,p,n:ond,c_YC_.._
State University of New York (NowW,_Supemon_'.v-yvm--,_
Rorida State University (N,.on_H_h_neUc FkJdL_xm_)



ISUPERCONDUCTING COIL DEVELOPMENT & MOTOR DEMONSTRATION il

ORGANIZATION CHART i

Dr.D.U.Gubsa
N_d Remm_tabmzWy

LEAD
ORGANIZATIONS
(NAVY)

ASSOCIATE Slate University of University of FlmldeSlate _,;_,-_,q_-,,,_,,mGeneral
ORGANIZATIONS NewVmk-Bullalo Wisoollaml Unl_
(Am:A)

American SupefomHluctor TransScience
C_m_o. con_w_

ORGANIZAllONS





I8UPP-CONbUCnNGCOIL DEVELOPMENT & MOTOR DEMONSTRATION II

Magnet System: ,,

* 4 Coil Pairs (Six coil pairs deliveredperIndustrialcontractor)

* 1_ - 125 Amperes per Coil

* Current Density, 104Amp/cm2

* Additional Coils supplied using NCEMT fabricated wire (IGC)

* One set of coils from Oxford Superconductor- No cost



I
i

Opportunities for Technology
Development:
Industry Perspective

m

Larry Masur
American SuperconductorCorporation

American
-' Superconductor

CORPORATION



Outline
t

Conductor Development:
Achievements and Requirements

Systems Development:
Achievements and Requirements

_American
'-. _Superconduclor

] JCORPORATION



Critical Current Density
t

A 0

Af

FilamentCdticalCurrentDensity= J c = Ic/A f
rican EngineeringCriticalCurrentDensity= J e = Ic/A o

Superconductor' - -' " " "" fillfactor= Af/A oCORPORATION



---How high does Je need to be?
_mB i

t

Coils and MagnetsApplications:
10- 25 k/Vcm2at 20K and5 Tesla

/

PowerTransmissionApplications:
> 10 kA/cm=at 77K _"'_ 0.1 T____la¢XI IU . vv,

Amedcan
Superconductor
CORPORATION



MultnfnlamentaryComposnteConductor
--- Performance:MetallncPrecursors

(77K, self field)

Length (m) Jc (Ncm2) Je (Ncm2)
.,,

(10-_-cm) (t0-_l_-cm)
.03 22,500* 4,050*
10 19,500 3,500
85 17,900 3,200

* lpV/cm

American. ,. - Superconduclor
CORPORATION



.._.._,.,MultifilamentaryCompositeConductor
Performance:OPIT
(77K,selffield)

Length (m) Jc (Ncm 2) Je (Ncm 2)

(10-"Q-cm) (10- ,,_-cm)

.03 22,100" 6,200*
60 17,800 5,000.
280 10,900 2,500
650 7,000 1,600

* lpV/cm

_Amedcan
_Superconductor

- - I___JCORPORATION



_. Large Industrial Motors and Generators
Achievements

,. 2 hp motor demonstratedApril 1993,
5 hp motor demonstrated January 1994
with EPRI and Reliance Electric

_.SPI contract: develop and demonstrate
100 hp motor withReliance Electric

•-ATP contract: motor coil technology
_"NRL/ARPA contract: motor and

generator coils

,. WPAFBcontract: generator coils American

.
/



;_"Special Applications '
Achievements

z

,_500 ampprototypemultistrandconductor
demonstratedAugust1992

• 2300 amp prototypemultistrandconductor
demonstratedNovember1993

,_Multistrandcableassemblydesignstudy
completedby EPRI an0 PirelliCable Corporation

,, AcousticTransducerdemonstratedJune 1993
withUS Navy

,, SPI contract:developand demonstratefault.
currentlimiterwithGeneralDynamicsand
SouthernCaliforniaEdison l_Ame_an



I I

--- Critical Issues

,, ConductorJe

,.AC loss optimization
,, Coil characterization

,_Cooling technology



t.q:_wl'a

--- Summary

,-The outlookfor HTScomponentsis very positive

,. DOEhasan importantrole inHTStechnology
development " "
• DOElabsshouldcontinueto supportcritical

pathwiretechnologydevelopment:
Je

understandingthe current Um_ngmechanisms
(microstructure-propertyrelationships)

• SPI-typeprogramsarekeyto
• • • •

commem_ahzahon.
.,_,systemsintegration





.'I)RR_ COMPONENT SEQUENCE FOR RINGS IN ARCS
r-m:-mll l),kx, mo

I_', '!1_' il _' Ii"_' II"_' ili_ll 0_' !
L. m,,,me H,_Cd _1-II--

' _:_li-l [ o,.,.][:o,,.,,l I:_ :II_°''' il-o',-II_]I _
7"_ _ ,,--,,,,, /I _.,,o,..,,

Note:Theanolea vsdm fromJocstkmtoJocatJonInth° tunnel



Slilall ©zWllmgmSu_rconmu_Super_'_,l_rat_ Uquidreturn

He gas r_mn Im_nmlian
pan

20K relief valve 80

saf_ Ooench
vent valve

To warm 4 K relief valve.

line Vacuumbarrier
Beamlube

end vaouum pumpoutport
End, vess_ reliefvah_e
GHe

Rxed mount
Instrumentationport

20 K Shield
Shield Pumpoutport

LHe coldpipe and K He line Slidesaddlemount
corrector,magnet
familykx:alion K LN2 line

TIP-O15QI
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_ SUPERCONDUCTING SUPER COLLIDER LABORATORY

COLLIDER ARC CORRECTION MAGNETS
Preliminary Design Requirements Review
25 September 1992

TYPICAL ORDERED WOUND COIL CROSS
SECTION
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HEXAGONAL CONDUCTOR AIRIRANGEMENT





_ SUPERCONDUCTING SUPER COLLIDER LABORATORY
COLLIDER ARC.CORRECTION MAGNETS
Prehmmary Design Requirements Review25 September 1992

TYPICAL CROSS SECTION OF JELLY ROLL COIL



_ SUPERCONDUCTING SUPER COLLIDER LABORATORY

COLLIDER ARC CORRECTION MAGNETS
Preliminary Design Requirements Review
25 September 1992
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_, .. SUPERCONDUCTING SUPEH COLLIDER LABORATORY
,__" COLLIDER ARC CORRECTION MAGNETS
:_ Prellmlnary Desl._nRequlrements Revlew
/'_-_' -itiepttmlber 199_

i

TYPICAL DIRECT WIRE COIL CROSS SECTION
I
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--INDUSTRIAL OPPORTUNITIES

Two Decades. of Growth
Robert S. Sokolowski

Intenxmgnetics General Corporation

MBU IrE

IGC

APD



Focus and Syner_y
I

Device Des/gn Permanent Magnet
R&D Devices

UenuFstc_urfnK'_l_ Temperature
Superconductivity

t u ii i i i ii

IGC
i •

Cryogenic Wire Production
Systems



IGC-HTS : the Total Solution

Des/gn

Cryogen/cs
/

W/re Production

Research and Development



IGC Collaborations
with

i

DOE Laboratories

• 1991 initial contact in February

• 1992 ANL......wire

ORNL...coils

BNL-....characterization

• 1993 LBL...visiting scientist from IGC
all labs...thallium working group

• 1994 _L/SNL...thallium wire





ProductSpeci._ca_nSheet
Rev.1/10/94

.HIGHTEMPERATURE SUPERCONDUCTING WIRE
(All valuestypicalas of revision date)

Config1)ration:Silver-SheathedMonocorc

% Superconductor. 20- 30
f

Thickness: O.15mm

Width: 5.5 mm

CRITICAL
(l_tV/cmcriterion)

Piece Length 4.2K 27K 77K

< 30 m 150 A 100 A 20 A

< 70 m 110A 75 A 15A

.> 100m 75 A 50 A 10 A



RTSPANC_'i_wo_ con_s
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MIT DATA

_

LIQ HELIUM (4.2K) AND LIQ NEON (27K)
MEASUREMENTS

1.6 •

,4.2KMax

0.8 -- o

-- O--o_o o___

0.4 -- 27KMax

0 t I I I I

0 5 10 15 20 25 30

Background Field (Tesla)

PRADEEP HALDAR_

IGC MAGNET 2/10/94 H T S



Summary

• Real products with high performance are
being offered for sale at reasonable prices

• IGC is eager to meet aggressive partners,
innovative collaborators, and confident
investors

• IGC is interested in licensing technology
and pursuing new business opportunities



SSC Technical Assets
t

As a World Class Laboratory the SSC has Built up
Many Unique Technical Facilities:

o .Superconducting Magnets
o Cryogenics Facilities
o Various Lab Facilities

o Computing Facilities

o Accelerator Design and Simulation

o Beam Induced Energy Deposition

o Development of EPICS

o Survey / Alignment

o Photodesorption Experiments ,

Rainer Melnke 2/15/94



Magnet Development,
Production and Testtng

!

• N_15FacilitiesMDL, MTL and ASST:State of the art equipment for development, production and
testing of superconducting magnets

- Integrated design and analysis codes
- cabling, cable wrapping

- Magnet System Test Facility (ASST)

- Cable testing (mechanical, supercond, short sample testing)
- Pick-up coil (Mole) production and calibratton
- Strain gauge calibration
- Horizontal and vertical test stands

- Power supplies (8000 A) and data acquisition system

- Tooling for development and fabrication of correction coils

No other facility in the world has comparable set of equipment.

2/15/94

Rainer Meinke



Correction Coil Development
I

!

Two techniques for superconductiong correction magnets have been
developed and gone through an extensive industrialization program:

• Ordered Wind Technology (also used for RHIC)

• Many different multipole coils have been produced inhouse.

• Direct Wind

• Machine developed at SSC for fully automatic winding of
various correction coils. The technology has the potential of
very cost effective production of correction magnets.

• Complete testlab with vertical cryostats and measuring equipment
for field quality and alignment.

• °

Rainer Meinke 2/15/94



__ir_ Cryogenics Facilities
I

3 large Refrigerators are existing at the N15 site
(ASST, MTL, N15B):

• Power: ~ 4.4 kW at 4.2 K, max liquifaction 45 g/s

• The ASST Refrigerator is running successfully.

• MTLRefrigerator has been commissioned

• The N15B refrigerator is ready for electrical checkout.

. o .

2/15/94

RainerMelnke



ab Facilities
IIIII

• Resistive Magnet Lab
• Two 811110A Power Supplies

• Commercial test stands for field quality measurements

• Vacuum Lab

• Various pumps and leak detection equipment

• Electrodesorption Test Lab
• Unique test stand developed in collaboration with UT/A

• Surface Physics experiments performed with that
equipment have produce<l significant results.

• Spool Piece Test stands
• Two test stands for cryogenic performance test of spool

pieces are almost complete.

Rainer Meinke _Jl_--'_ll



Various Lab Facilities
• i

Large Machine Shop:
. _ " varie of uipment to perf.ormwelding,Weld Shop with ty .eq . . ..

soldering, brazing and burnmg, welomg of disstmtlar
materials

.. - - nents from all
• Sheet Metal C.apabilttyfor fabricating compo . . _ .

common matertals including cold rolled steel, stamless steer,
aluminum, copper, and brass

• Different CNC turning/milling machines (incl. 5 axes)

• CNC wire EDM

• Measuring Capabilities for highest levels of quality a..nd
consistency. Computerized measuring systems ano -J,
spectrum of standard measuring equipment.

"n
• CAD/CAM system allows downloadl g of data from CAD

system to machine shop.
2/15/94

Rainer Meinke



_ Computing Facilities at the SSC

Hardware-.

• Compute Engines
- Hypercube (1.8 Gflop Parallel Processor)
- PDSF (1.2 Gflop RISC Farm)
- UNIX Network with 700 Workstations and 27 File Servers

• CAD Equipment
- 125 UNIX Seats
- 8 Data Servers

- Automated Optical Disc Storage

• Graphics Processors
- 10 Silicon Graphics Workstations including I Crimson

.

Rainer Meinke 2/15/94



1_ Accelerator Design and SimulationCapabilities at the SSC

• Modeling Software
- TEAPOT: Operational Correction and Tracking Code Suite

- Graphic Post-Processor for TEAPOT
- VECTRAK: Optimized Tracking Kernel for Hypercube
- ZLIB: Differential Algebra Library

- ZMAP: Map Extraction CODE

- Space Charge Simulation
- Database Browsing Tools

• Operational Simulation Software
- Interactive High Level Control Simulator

- Cryogenic Simulation Codes, e.g. _1 down & warm up
- Energy Deposition Simulation

• Commercial and Collaboration Software
- MAD, DIMAD, ISTK, sYNCH, MAGIC, TRANSPOT,MAFIA,

POISSON, EPICS, MARS-12, STRUCT
2/15/94

RainerMeinke



_ Beam Induced Energy Deposition
I

• Unique Software and Expertise

• Beam Collimation System

• Accelerator/Experiment Interface

• Beam Failure Modes

• Beam Abort system

Rainer Meinke 2/15/94



Scraper/Collimator System

I

•-Scraping Efficiency:
• Quench Limit, Background in IR's

• Target and Scraper Material Integrity

• Alignment and Movement Requirements

• Cooling System

• Instrumentation

• Local Bump Scheme

• Shielding and Residual Radioactivity

° Collimator Optimization:
° Kicker Mis/Prefire, SC Magnet Protection and Background

2/15/94
Rainer Meinke



Monte Carlo Simulation
II

DTU + MARS12 + STRUCT Package
Coupled with

ANSYS: Thermal Analysis of Scrapers and Beam Backstop

MESA/SPA: Hydrodynamic Calculations of Accidental Beam Loss

For the Energy Densities of Future Hadron Colliders Energy Deposition
Using Constant Equations of State Is No Longer Sufficient.

--> Hydrodynamic Calculations (see Figs.)

"Full Scale"-. Detailed 3D Representation of All Components

Magnetic Fields Included
Rainer Meinke 2/15/94



_" "Full Scale" Monte Carlo Simulation

Intensive Studies Performed for Collider:

• pp-Collisions in IR's & Final Focus Quadrupole Protection

• Beam-Gas Collisions

• Background in IR Detectors

• Interaction with Beam Scrapers & Beam Collimators

• Timing Errors, Unsynchronized Injection and Abort

• Abort Kicker Misfire & Prefire

° Beam Abo_ System

° Radiation Shielding Design for Complete Complex

2/15/94

Rainer Meinke



_ Accelerator Design and SimulationCapabilities at the SSC

• Accelerator Design
- Linear and Higher Order Lattice Design and Optimization Programs
- Correction System Design Codes for Local, Global< Resonance and

Multipole Correction.

• Accelerator Performance Prediction
- Linear and Dynamic Aperture
- Tune Scans

- Luminosity Lifetime

• Operational Simulation
- Interactive High Level Control Simulation
- Hardware Failure Simulations

- Commissioning Simulations
- Quench Propagation Simulations
- 3D Access Modeling

- Energy Deposition Calculations (see below)
Rainer Meinke 2/15/94



EPICS Development

Rationale"• i

• Long history in controls community of trying to find common
approach.

• DoE Order to seek common software solutions for economy.
Controls are called out explicitly.

• Effort has begun with EPICS collaboration. Interested organizations:
(ANL, LANL, LBL, European labs, Universities, other labs, Fusion)

• SSC was playing a major role in that collaboration.

Proposal:
• Establish a small group that provides and maintains a common set of

control system tools, that can be used by all DoE Labs and available
to all interested parties.

• Initial toolkit would be based on EPICS hardware and software

2/15/94

RainerMelnke



_ EPICS Development
II

Prerequisites:

• Some facility is needed to which the control system
could be applied. Ideally this would be an accelerator,
but other systems, (e.g. ASST or cryo plant) might
suffice.

• All necessary equipment exists at the SSC.

Rainer Meinke 2/15/o.4



Survey/Alignment Equipment

Survey / Alignment Equipment existing at the SSC:
• 5 Gyro-Theodolites ~ 75 K$ each

• 2 LaserTrackers -160 K$ each

• 2 Laser Distance Measuring Devices ~ 90 K$ each

• 6 GPS Receivers ~ 60 K$ each

• Large Set of Standard Survey Equipment

° Series of Optical Tooling

° Electronic Data Collectors running special software

Estimated value of all equipment ~ 2.5 M$

2/15/94

Rainer Meinke



Photodesorption Experiments
I I

Photodesorption experiments have been performed under an
Interlaborato_-Collaborative Agreement at the Novosibirsk _
Synchrotron Light Source.

• Experimental techniques have been developed that allow to
simulate next generation proton collider vacuum conditions.

• A simple liner, i.e. coaxial perforated tube in thermal contact
with beam tube, has been shown to successfully shield
physiosorbed molecules from synchrotron radiation. If
equipped with cwosorber this liner would meet the beam
tube vacuum requirements

• First experiment with direct measurement of gas density in
cryosorbing tube underway.

Rainer Meinke 2/15/94



Summary

The world class facilities built up at the SSC could be beneficial for
many science and R&D projects.

Development of superconducting magnets which is presently done
by small groups in several National Laboratories would be more
efficient and competitive if concentrated at the SSC.

A collaborat" ith Europe for the construction of LHC (Large
__.,....... _!onw _ . ....

Hadr.onColl!der)would .keepthe US.in.the forefront of mgn energy
physics. Ustng the extsttng SSC factlttteswould be the most cost
effective approach.

Without rapid decisions enormous investments will be wasted.

2/15/94
RatherMelnke
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I. BSCCO POWDERS NOW AVAILABLE FOR SALE via Tech Transfer of

AEROSOL PROCESS FROM ORNL:

A. The Ralventeges t

i. These Exceptionally Homogeneous particles, each

containing the correct stoichiometric ratio of

cations, provide rapid transformation to 2-2-2-3

phase during wire fabrication. This can substantially

reduce wire fabrication time ( vs Solid State Process

Powders).

2. Low carbon content can enhance proper phase formation

and improve grain boundary performance.

3. The particle morphology is well suited for mechanical

deformation and, with no large, hard agglomerates,

this powder is particularly useful for

multifilamentary structures.

4. We can accurately tailor stoichiometries to fit

client "s requirements.

B. The Fabr_cetlon set-up at SCZ/TNZ"

I. Furnace w/temperature controllers and solutions

2. Nebulizer and input to furnace tube, extra port for

additional nebulizer

3. Catch filter on exit side of furnace tube

C. The end product:

1. S.E.M. shot of powders showing particle size and

shperical morphology

2. X-ray of 2-2-i-2 sample showing predominant 2-2-1-2

phase

3. Chemical Certificate of nominal 99.9%

4. This information is summarized in our Data Sheet

D. BuT our BSCCO Powders:

1. Looking for collaborative relationships with

commercial and government organizations - on

stoichiometries chosen by the client.

2. Research size samples available presently, with

scale-up to happen over next 3 months to achieve kilo

size lots.

3. Powders sold based on a nominal set-up fee then $$$

per gram, based on client's desired _roperties.

E. The Next Step = SCALE-UP and OPTIMIZATION:



1. ORNL working on the SCALE' UP process nov, expect

results within the next 3 months that will increase

through put by a factor of 50.

2. We are working to further reduce the carbon content

and improve internal handling practice.



'E.CONDUCTIVE DATA SHEETComponents, Inc.

ty Moons ... Whet the CUlLer hart !

BSCCO
+ PbBeCP,O

Bl_er:C_Cu20 k, 9e.g% purity, Preoumr Powders

8COPE:
This product data sheet charactedzes BSCCO precursorpowdersproduced by

Superconductive Components, Inc. (SCI). The following information is not a
specification;however, it may prove useful to the customw in developing a formal
product specttication.

GENERAL APPUCATION'8:
Sa's BSCCO precursor _ders are composedofindividualparticlescontaining ,

the (xxreotstolchiomeldcratio of metalcations which allows rapid transformationinto
the superconductivestate. The powders can be fabricated into manytypicalshapes .
such as wires,tapes,and bulk geometdes (i.e., sputteringtargets),etc. They canalso
be incorporated in thick fires. Research samples are ourrentlyavailableand can be
shippedapproximately10 daysafter receipt of order. IB,

GENERAL DESCRIPTION:
SCl'stypicalcompositionsforBSCCOare Bi2Sr2Ca,Cu_,Oe.,,,BL_.,Pb,Sr2Ca_Cu3010.,.

Customdopantscan be added and variousstoichiometriesare availableupon request.
SCI's BSCCO precursor powders are characterized as containing small highly
homogeneousparticleswhich are low in Carbon and havegood sphericalshape. The
powder containsno hard agglomerates.

PHYSICAL
Avg. ParticleSize 1.5 rniorons

Partide Size Dislribution D90<6,0 microns
D50<1.5 microns
DI0<I.0 micron

BSCCO Theoretical Density 6.45 gm/cc

Color Brown/Back

TOLL @RE| TIlL ( Ilil(} ) 346--61167 IwAX ( 80e ) ;19a-1t6114

1145 Chellepelike Avenue, ColMIabUl, Ohio 45212 tel(614)446-e26! fix (614)4tl6-0912



CHEMICAL:

TypicalPurity 99.9%
=_

Major alloy or compound +/- 1% atomic

Typical Impurities:

Elem.ent Ava. PPMw
C <800.0

Na <22.0
Mg <24.0
Si 7.0
CI 7.O
Mn 3.0
Fe <150.0
Sn 2.0
Sb < 12.0
Pb <60.0

t

PACKAGING:
The precursorpowdersare double sealedin an Argon filledNalgeneR

containerand sealed inan Argonfilled glass containerand securelyfit intoa
shipping container.

DOCUMENTATION:
A Certificate of Analysisand Compliance (COAC), MaterialSafety.Data

Sheet (MSDS), and appropriatelabelingare included.

COAC: Includesmaterialcomposition,salesorder number, part number,
lot number, productdescription,statementof conformance,
purity, listof impurities,and date of manufacture. Actual analysis
d_ta for impuritiescan be providedat =tra charge.

MSDS: Includesatl requiredinformation.

Label: Includes materialcomposition,part number, and lot number.

Nigene" is a Regis'ered Tmdrmrk ofthe Nllige Company.

TOLL li=REE TEL ( 800 ) 346--6567 FAX (800 ) 292-8654
I Ill 'T' II IIII lllll I II

1145 Chellipecie Aveftue, Collus, Ohio 43212 tel(b14)486-e261 fix (614)486-0912



SEM EDAX

Map of typical homogeneity of BSCCO precursor powders
produced by SCI's proprietary process,

SEM EDAX

Map showing carbon distribution in BSCCO precursor
powders produced by SCI's proprietary process.

TOLl_ FREE TEl_ ( 800 ) 346-65(57 FAX ( 800 ) 2<)2-8654
II II

114S Chesapeake Avenue, Columbus, Ohio 43212 tel(b14)48b-O2b! fax (b14)48b-0912



2000x SEM It

Typical morphology of BSCCO precursor powders
produced by SCI's proprietary process.

TOLL FREE TEL ( 8(_(_ ) 346-'6S67 FAX ( 800 ) 292--8654
I I I III

1145 Chesapeake Avenue, Columbus. 0hJo 43212 t.el{614)486-0261 fax (614}486-0912



750-

X-Ray dilfraclJonof BSCCO precursor powders produced
by SCI.

TOLL FREE TEL (SOe ) 346--6567 FAX (8eO ) 292--0654

1145 Chesmake Avenue, Col_us, Ohio 41212 tel(614)4e&-4)261 fex(614)416-tR12



CERTIFICATEOF
ANALYSISAND COMPLIANCE

f_MATER I AL COMPOS I T I ON : B I Z SP2 CaCu2Ox S . O •

8

PA R T _ LOT

CONFORMS TO SC I / TM T SDec _ POOCOOOXXXXX 30/Q 2 . I S . 94

( ) mctua I (X) t yl_l cal

('tlFM I CAL I MPUR I T Y

N_l , , I I_ _ q t ItBirt. , 2 _ ,

MO . . I _ _q t tll_r_ . . 24

'_ I ............. •

C I ............. 7 ,,.._/_

Mn " 3
.,

Fe . • Iess 1: han• . 150

Sn ............. 2

Sb . • Iess t hsn.. ! 2 llll_
Pb . • I _ S S ¢ ban • . 60

C ............. 77e
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try llolme ... llltat the ¢ustomor Wants 9

(614) 4860261 • 1145 Chesapeake Avenue • Columbus. Oldo 43212 • r,_ (614) 486-0912

ATTN: PLANT MANAGER/SAFETY DIRECTOR/PURCHASING AGENT

SUBJECT : FEDERAL HAZARD COMMUNICATION STANDARD

MATERIAL SAFETY DATA SHEET (MSDS)

:DERAL HAZARD COMMUNICATION STANDARD 1910.1200 REQUIRES MANUFACTURERS '
DISTRIBUTORS TO PUBLISH AND DISTRIBUTE MATERIAL SAFETY DATA SHEETS.

IS STANDARD ADDITIONALLY REQUIRES MANUFACTURERS/DISTRIBUTORS TO
SH A COPY OF THE MATERIAL SAFETY DATA SHEET FOR USERS OF THEIR
ITS. ACCORDINGLY, A MSDS IS ENCLOSED FOR YOUR USAGE.

rPERCONDUCTIVE COMPONENTS, INC., IS SUPPLYING THIS INFORMATION IN
IANCE WITH THE OSHA HAZARD REGULATION 1910.1200_

SUGGEST THAT YOU MAKE THIS INFORMATION AVAILABLE TO YOUR HEALTH
SAFETY PERSONNEL. HAZARDOUS SITUATIONS MAY ARISE IN VARIOUS

'ABRICATION PROCESSES. THESE INCLUDE BURNING, WELDING, MACHINING,
:UTTING, GRINDING AND PICKLING. IN ADDITION, CERTAIN COMBINATIONS OF
INUSUAL AND OR EXTREME CHEMICAL AND PHYSICAL ENVIRONMENTS MAY PERMIT
'OTENTIALLY HAZARDOUS SITUATIONS TO DEVELOP.

HOULD YOU HAVE ANY QUESTIONS REGARDING THE ABOVE COMMUNICATION PLEASE
TE OR CALL US.

INCERELY YOURS,

UPERCONDUCTIVE COMPONENTS, Inc.



TARGETJTERIAL$, }IVC.

(614) 486-0261 • I 145 Chesapeake Avenue • Columbus, Ohlo 432.12 • tAX (614) 486.0912

MATERIAL SAFETY DATA SHEET

Emergency Contact: CHEMTREC 1-800-424-9300

Product
Identification _ Bismuth Oxide syn. Bismuth Trioxide

CHEMICAL FORMULA: Bi20 3
1304-76-3

CHEMICAL FAMILY: Metal Oxide

TSCA Listed on the TSCA inventory.

Physical
Properties Appearance and Odor: Rhombtc'yellow crystals. '

Melting Point: 820°C Boiling Point: 1890°C
Specific Gravity: 8.9
Solubility in Water: Nearly insoluble in water, soluble in HCL
and HNO 3.

PhysicII
HIzsrds Conditions to Avoid: When heated to decomposition emits

toxic fumes of Bi.
Health
Hazards TLV/PEL: Not set

TWA. for Bi2Te3:10 mg/m 3
Not hsted as s carcinogen by NTP, IARC. Routes of entry:
ingestion, injection. There are no reports of industrial Bi
poisoning. All accounts of Bi poisoning are from the soluble
compounds used in therapeutlcs. Intramuscular or
intravenous injections of soluble compounds have resulted in
fatalities and near-fatalitles. Principal organs affected by
poisoning are kidneys and liver. Liver and kidney function
should be followed if large amounts of Bi saltsere ingested.

Emergency
Flrst Aid Skin: Wash thoroughly with soap and water.

Eyes: Flush thoroughly
Ingestlon or Injectlon: CALL PHYSICIAN OR POISON
CONTROL CENTER.
Inhalatlon: Remove to fresh air.

Page 1 of 2



Handling
Procedures Wear gloves, safety glasses, protective clothing. Use air-

purifying respirator if exposed to dust or fumes. Store in
tightly closed container.

Spill/Leak
Procedures Scoop or sweep up, dispose of in approved landfill. Avoid

breathing dust.

THE ABOVE INFORMATION IS ACCURATE TO THE BEST OF OUR KNOWLEDGE.
HOWEVER; SINCE DATA, SAFETY STANDARDS AND GOVERNMENT REGULATIONS ARE

SUBJECT TO CHANGE AND TilE CONDITION OF IIANDLING AND USE, OR MISUSE ARE
BEYOND OUR CONTROL, SUPERCONDUCTIVE _OMPONENTS, INC. MAKES NO

WARRANTY, EITHER EXPRESSED OR IMPLIED, WITH RESPECT TO TH_
COMPLETENESS OR CONTINUING ACCURACY OF THE INFORMATION CONTAINED
HEREIN AND DISCLAIMS ALL LIABILITY FOR RELIANCE THEREON. USER SHOULD'
SATISFY HIMSELF TIIAT lie IIAS ALL CURRENT DATA RELEVANT TO His
PAkTICULAR USE.

Date of Last
Revision 3/10193

Page 2 of 2
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(614) 486.0261 • 1145 Chempeal_ Avenue • Columbus, Ohio 43212 • leP,X (6 i 4) 486.0912

_1 i ii -- ill i i i i i i i i its i smell __ i _ till ii i

MATERIAL SAFETY DATA SHEET
e

iiiiiii i i ii ill ii ill i illlll i i i i iIlII i i illll iill -- ii ii L

?I_,MERGI.NCY CAI,I, CI II,,'M'rl(I,'C 800.424.9300

mmmmmmmNm_NN_NN_N_N_NN_NN_N_m_NNNN.NUNN"NN"NUNN""NN"__ _U • _e ea u._m
BECTXON X-XDENTXFXCATXON

Product Code$ 12495 Revision Dater 3/13/91
Product NomoI Strontium oxide
|Jyltol_yiII| Sty-ant lure monox Ide

Stront la
Chemical Fael tyl Ai_;a t I ne eay'th me't,':_I ox id(_'
Cak_e $ 1314-11-0
14otecu tar Formuta _ SrO

8ECTZON 2- ZNOREDXEHT5

_bNll;a.LJ. 5tr'on't lure ox Ide
C_iaJe '_ PEL TLV
1314-11-0 100 rio t me;t at) t. I shed No l _:.:,_t at._t I _t_t

81[CTION 3- PHYS IC_L- F.0PIT_

_eiting Pointt _pprox. 3000oC
PO tat I tesg 0

SoLubILItY in Mater $ 0.69X
IpecIll'lc Oravity (H2Osl)$ 4.-/
FrNz I vW/He t t I ng Po I nt ; 2430oC
Ev&porat i on Rate (bury L acetate,.l ) | O
Qapor I)evvslty (41r'1): Not appLicabLe
Vapor Pressure | 40me E 2410oC
Apptaralltce aind Odor $ Orey-._h Ite po_de;", o(:1o_-t(._:_;,.:;
Othew $ No data

BECTION 4-FIRE AND EXPLOSION HAZARD DATA

F Lash Po i nt | (oF) No t_ app t i (::ab t •
FLammabLe Limits In _lre X by votumel Lo_er Not appLic:ahie._

UPper No't appticat) te

Auto Ignl t I on Temperatu_el No data,
Ext 1lr_u Ish I n9 Pied I t : If I nvo tved i II a tr Jl-e, u_._;__ dl-y (:hem ! r.a |
extinguishing agents, dry sand, ¢.tcy gy'ound dolomite.
|SPeciaL Fire Fighting Procedures; Do not t,_;,:.: ,ate.:t" el" r',_0..t_o,
dioxide unless 1'ire is massive or' advawi::e:d. _e(:.: ._e._(:tion _. Ha) .-;r,',a 0,0l



Page 2

fire/.Ightln9 procedures needed; use normal procedures which im_l,,te
wear the N][OSH\MSHA approved seL/.-conta i ned bl"eath tng app._r'.mf,F; f l,_n,:.
and chemical resistant cLothlngj hats;, botw and gloves. Tf _,itheut
risk, remove.materlaL /'rom /.ire al-ea.

SECTZON S-HEALTH ]DATA

O_;aA (PEL) ; Not estab t I shed
_d:OZH (TLV) ; Not estab L Ished

e__atGIdet._IOXlCII_

L_-.K); No data
LC_O; No data
Other; No data I

B,.EEEECIS_DE_EXL:I_UE;E

e(2Jl][_EEEEC_6

Zvl_lestlon$ Cat, ses irritation o_" bu_"1_s of _h(.:..,mouth, throat a,d
gastro-i ntest i na L tract.
Skin Contact; Causes irritation or bu_'n!_
Eye Contact; Causes Ir_'itatio, o_" b,ii"li_k
ZtlhiLition| Causes irritation o1" bul"i_!i;
HIdlcaL Conditions, i/. any, Aggravated by the ChemicaL: N..P i_'.._.,.
Other HeaLth Hazards; Nov_¢.:known
Host LikeLy Routes ot' Entryl In,_le:_;tiow

GHBI;_IC_EEEEC.T.8

1_;lest ion| None known
8ktn Contact; None known
Eye Contact; None knoww
Xldlaiot I on; Non_ Pnowv)
Other I No ne k n_wn

Ingestion; Nodata avai Labte but one should oI)'L:._iT_ m_,dic'._I
attent i on,
Skin Contact; Remove contaminated clothing, f'Lood !;I.:in _.dth lar'.qr.
amounts of water, It= Irr'Jtation pe_"sists s.Per: medicaL attP. wtinw.
Eye Contact; ImmediateLy fLue;t, eyes, tncl. udiwg undel'" _Yt:_/i(:|_;t with
Large amounts of water fo_" at Leasl 1,=.;minult_sk. CaLL a phy._icla,.
ZdtaLation$ No speci/.ic Information avai Lot) i e, owe should ,_ht.'0i,
medical attention.

**********************************************************************, _., ._, •_**,,
SECTION a-REACTIVITY

**************************************************** .x.,.x._.** _.*****_ _o_o_ _,o_ _,

][,compatibiLity; acids, C02, At, Hg, H20
Hazardous Decomposition Products: Sr(Ol..I)2
Conditions to Avoid; Thermal dec:omposkitiow, imcompalibLe:_.;
_tab I t Ity$ Stab te
Hazardous PoLymerization; WiLL V_O't OC:(::U_"
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Others Zn the presence of water o_" Large amc)u_t_ of moi_turet thi_
material nay evolve enough heat to Ig.lte easily combustible mat-rlal_.
Play evoL*ve hydrogen if wet and in (:ontac:.t with metals Lib_ ,11.mi..nl _nd
m&g hal i UM, -_

mliotme_meo**_eo_u_eoeoe6_eoeo_NNNNN_NNN_ NN_N_N __NN_N_ N_ NN_e e e e _ _ _ _ _ _ e _ 0__ _
BECT_0N 7-ENV_RONPENTAL ZNFORHAT%0_

eIMIINItlt,10OIOt N410ttIt _ Net _ _ _ _ 411N _tt,l(41tW,If,It tt H ,flA.,It,fl(.H,I(.,K,I(.It H'I(.K''1(N.'K"N..)(_ ,IK,tt et tt,l_,It41tH_N.it_ _ H N H H _ Hit l_,,lt_

RCRA Code$ None
Rig I stated $ Yes

IIPILL and Leak Procedures$ Wearing full pro'tec::ttve e,tuipmF.*,f, (:e_o¢._r'
sPILL with dry sand o_ vermiculite. Htx wc.*LL _nd ca_"(_fulLy tv'a._,fer tn
4 conta i neT,

Waste DisposaLS Consult state, Loc._L o_" t"_:.d_:._"aLEF'_ _-egul_t_n,_; for
pr'oper disposal.

9ECTZON 8-PROTECT]I:ON ZNFORMATZON

_fltlLi|t_ion Re<lLulTImentS$ GLo_e bag o_'" box _ith dry inert
a tmosphe_'e,
Relplra_ory Protectlonl High efficiency particle respir_to:'
Protect lye Otovesl Rut)t)_r
Eye/Face Protect Ion$ ANSZ _pp_"ov(..,d _fety gogg Lr.:_';

SECTION ?-SPEC I AL PRECAUTIONS

Handling and Btorage_ Keep co'n'i'aln_'r 'tigh't'ty r:Lo_._(.:d, Sto:"(._ iw
cooL, dry_ well-ventilated area, Wash th())"ougl'_l.y aX't_;'" ,_;_..'.
Other PTecautlons$ Lab coat And apron, flame aT)d c:h_.:mic.',l r',,,::;i::;t;,-t
covera L Ls, eye_ash capab Le of susta I n_d f Lush i rig, s;afe_y dr'r_f_r.'h .c;hn_,_:_r
and hygienic facilities fo_" washing.

8ECTZON 10-TRANSPORTATZON ZNFORIIATZON-.U, S, D, O, T.

49CF'R 172.101
Proper Oh I pp i n_;I Name: ORM-.B n. o. s •
HazaTd CLasstf ica_ Ion_ ORM.-.B
UN 05 NA1760

SECTZON 11-COHMENTS

Warning: Burns si:in, eyes, _o_._e and throat

Elployers should use this inforllatie_ o.ty as a supptlmentto other i_forlatton 9athered _y thee, aM
should Mke iMepeMent judgNnt of suitability of this i.for_atio_ to ensure proper uf._raM prefect
the health andsafety of eepleyees. This tnforeation is furnlmhlKIwithout _rrantYo and any ese of the
predvct Mt in conforlance with this ItlterlaL Safety Data Sheet, or t_ coeblMtlo, dth dirty eth_*r
preduct or protess_ is the responsibility of the user.



(614) 486.0261 • 1145 Ch_e Avenue . Columbus, Ohio 43212 • PAX (614) 486.0912

MATERIAL SAFETY DATA SHEET

Emergency Contact: CHEMTREC 1-800-424-9300

Product
Identification _ Calcium Oxide

" : CaD
1305-78-8

GHEMICAL FAMILY: Inorganic Salt

TSCA Listed on the TSCA inventory.

Physical
Properties Appearance and Odor: White or greyish-white granular .

powder.
Density: 3.37.
Melting Point: 2580°C Boiling Point: 28500C
Solubility In H20: Soluble in water and acid.

Physical
Hazards Condltlona to Avoid: Disaster Hazard: Violent reaction with

B20 + CaL;I)2, BF3, CIF3, F3, .HF, P205, water.
ncompatible with hydrogen fluor,de, interhalogens;
phosphorus (V) oxide, water.

Health '"
Hazards TLV: AIR: 2 mg/m 3.

Routes of entry: Inhalation of dust. Points of attack:
respiratory system, skin and eyes. CaD is irritating and may
be caustic to the skin, conjuctiva, cornea and mucous
membranes of upper respiratory tract, may produce burns or
dermatitis with desquamation and vesticular rash,
lacrimation, spasmodic blinking, ulceration, and ocular
perforation, ulceration and inflammation of the respiratory
passages, ulceration of nasal and buccal mucosam and
perforation of and nasal septum. Bronchitis and pneumonia
may occur from inhalation of dust.

Emergency
First Aid Skin: Wash thoroughly with soap and water.

Eyes: Flush with water, for at least 15 minutes.
Ingestion: Call physician or poison control center.
Inhalation: Remove to fresh air. Call physician.

Page 1 of 2



Handling
Rrooeduree Wear gloves, safety glasses,protective clothing. Use air-

purifying respirator if exposed to dust or fumes. Store In
tightly closed container.

Spill/Leek
_ocedures Scoop or sweep up, disposeof tn approved landfill. Avoid

breathing dust.

THE ABOVE INFORHATION IS ACCURATE TO THE BEST OF OUR KNOWLEDGE.
HOIfEVER/ SINCE DATAe SAFETY STANDARDS AND GOVERNMENT REGULATIONS ARE

SUBJECT TO CIIANGE AND TIlE CONDITION OF IIANDLING AND USE, OR HISUSE ARJB
BEYOND OUR CONTROL, SUPERCONDUCTIVE (.4'OHPONBNTS, INC. HAKES NO
WARRANTY, EITHER EXPRESSED OR IHPLIED, WITII RESPECT TO TIlE
COMPLETENESS OR CONTINUING ACCURACY OF THE I NFORNATION CONTA INEC)
HEREIN AND DISCLAIHS ALL LIARII, ITY FOR RELIANCE THEREON. USER SHOULD
SATISFY II IHSELF TIIAT IIR IIAS ALL CURRENT DATA RELEVANT TO lilS
PARTICULAR USR.

Date of Last
Revision 3110193

Page 2 of 2



T, RETMATERSINc.
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(614) 486-0261 • 1145 Chesspeske Avenue • Columbus, Ohlo 43212 • PAX (614) 486.0912

MATERIAL SAFETY DATA SHEET
i i . i _ ,i,i] ii i ii , ill ii illm

I,_I_II,3((;I,_N('Y CAI,I, CIII,;M'I°I{I,:C 80()-424-_3()0

BE['TION 1-IDENTIFICATION
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Reports from Working Group Chairpersons

I. WIRE CHARACTERIZATION: ISSUES AND NEEDS- SUMMARY

The wire characterization session was designed to address important issues concerning the
characterization of physical, microstructural, chemical andmechanical properties of materials and
processing variables that are important for the production of superconducting wires and tapes
with good properties. The formal session featured 10-minutes talks by 5 individual speakers,
who discussed a variety of characterization topics, which will be briefly summarized below. The
following "breakout" session attempted to identify the most critical characterization issues in the
opinions of the participants. A summary of this deliberation also appears below.

1. Victor Maroni, Argonne National Laboratory, concentrated his presentation on the
importance of characterizing both the stoichiometry of starting materials and the subsequent heat
treatment schedules. Using the Argonne two-powder process as an example, he indicated the
extreme sensitivity to the composition of the starting powders, particularly to the Pb content of
the Bi-2212. He stressed the importance of the subsequent heat treatment schedule parameters: ,
time, temperature, and 02 partial pressure. Much of the sensitivity to the details of the heat
treatment schedule appear to come from the formation of liquid phases and their effect upon :
reaction kinetics and microstructure. Because liquid phase formation is so sensitive to the
reaction temperature and its control so important to the final Jc, he felt hat an in situ technique
for its detection was essential. He showed some results from an acoustic velocity measurement

apparatus under development at ANL that clearly showed the onset of liquid formation in a
thallium based superconductor.

A separate characterization issue introduced by Maroni was that of determining the actual current
carrying profiles in the finished conductor. Some results from a magneto optical imaging
technique developed at ANL showed large regions of a Bi-tape conductor that carry little or no
current.

2. Rudy Wenk, U.C. Berkely, discussed problems involved with the determination of texture
in ceramic superconductors. With a brief tutorial on definition of textures and determination by
x-ray pole figure analysis, he pointed out the difficulties presented by perovskite-related structures
because angular resolution is not adequate to resolve closely spaced diffraction peaks. Neuton
diffraction results on YBCO polycrystalline samples showing texturing produced by high-
temperature high-pressure deformation indicated the power of this technique, but high cost
prevents its wide-spread use. An improved methodology for analyzing x-ray data was shown to
give good results on cold pressed Bi-2223 powders. This study showed a resulting high degree
of texturing in agreement with a model of homogeneous reorientation of rigid particles during
compression.

3. Mas Suenaga, Brookhaven National Laboratory, discussed issues related to mechanical
strain tolerance of Bi-2223 tape conductors and its determination. He described an apparatus
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developedatBNL thatallowsin situmeasurementof J:in magneticfieldsto 0.5T in an
extensometerthats'unultaneouslymeasuresstress-strain.MeasurementsofYoung'smoduluson
four monocore tapes showed a bimodal distribution with 2 @ 35GPa and 2 @ 75GPa. The l_
under strain measurements showed irreversible degradation in all tapes at strain levels near 0.1%.

4. Jeff Willis, Los Alamos National Laboratory,discussed issues related to the determination

of Jc, primarily from transport measurements of the I-V curves of BSCCO tape conductors. He
pointed out the uncertainties related to determination of core cross-sections due to variations
along the length and other problems, and he made a strong case for reporting an "engineering J_"
(I_divided by the overall cross-section, sheath plus core) as being more relevant for applications.
He then discussed the difference in criteria for J_,electric field versus resistivity, and showed

" from modeled power-law I-V curves that the different criteria could result in large differences
in inferred J_particularly for small n-values. The resistivity criterion appears to give the most
useful information for long tapes. The relation of power-law n-values to flux creep models was
shown to predict decreasing n-values and increasing sensitivity to criteria levels as field and
temperature increase, in agreement with experimental results. He also discussed issues related
to conductor damage caused by application of contacts and by thermal cycling.

5. Amit Goyal, Oak Ridge National Laboratory, discussed mechanical properties'
measurement using an nanoindenter as a local probe. A survey of available information on
elastic modulus and hardness showed no good data on Bi-2223 and a wide variation of Bi-2212 ;

depending on sample type, oxygen stoichiometry and Pb content. He discussed the utility of the
nanoindenter and the method of extracting hardness and the elastic modulii from the unloading
curve. The results of his measurements show that Y-123, Bi-2223 and Bi-2212 exhibit highly

anisotropic mechanical properties (ratios ranging from 1.3 to 1.9) and that, compared to Y-123,
the BSCCO phases are much softer and less stiff.

Breakout Session Discussion Summary

1. In situ monitoring of liquid phase formation during processing. Members of the panel
felt that this was an important issue owing to the sensitivity of the final microsa'ucture and
resulting J_ on control of liquid formation and the requirements this places on temperature
control. Particularly for long tape processing, real time detection of liquid phase formation can
avoid irreversible damage of the conductor. The ANL acoustic velocity technique was cited as
an example e,t"a technique that should be further developed and more widely employed.

2. Studies of local texture in superconductors. Many techniques, e.g. x-ray pole figures,
determine average or global texture, whereas it is clear _hat local grain to grain orientation is
more important for strong intergranularcoupling. Recent discovery of the importance of colonies
for current transport in Tl-based conductors was cited as an example. The electron backscattering
technique should be useful for this purpose and more studies are desirable. The relation of
texture to Jcremains unclear, particularly in the case of round Bi-2212 wires with high J_and no
apparent texture.

i i i i ' ii i i ii i
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3. Determination of local current and flux distributions in conductors. It is now clear that,
even in the best bulk conductors, current flow is very inhomogenous and likely resistricted to a
small fraction ofihe cross-section. We need a local probe of current and flux profiles in order
to correlate strong pathways with local microstructure. The magneto-optic and micro-Hall-probe
techniques were cited as useful for this purpose,

4. High magnetic field measurements. Development of conductors and solenoids from HTS
materials for high magnetic field applications requires testing at high field facilities with the
following capabilities cited as useful: a. High current, 100-200A, in baths of liquid helium and
liquid neon. Pulsed high currents may be required for measurements performed at intermediate
temperatures in a flow cryostat, b. Large bore, high-field magnets for providing a background
field for HTS coils.

5. AC loss measurements were cited as important for transmission line and pulsed magnet

applications.

6. Improved standardization of Jc determination was cited as important. Issues included:
voltage or resistivity criteria, examination of longitudinal cross-sections for sausaging.
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!I. TECHNOLOGY FOR OVERCOMING BARRIERS: WEAK LINKS AND FLUX
PINNING - SUMMARY

A numberof issues were presentedand discussed. While manyof them have a strongoverlap
with those discussed by otherworking-grouppanels, this may be a healthy sign that the field is
narrowingdown its scope. Several key issues were identified: these seem to be universaland
will be discussed in some detail below. Critical development issues, new and/ordifferentareas
of emphasisand facility and/orresourceneeds will be included. In other cases, the panel noted
importantdevelopment issues which need to be addressedby the individualgroups workingin
these areas: the research areas and key questions are given below. Finally, a proposal to
"Develop Standardizationof Measurement Proceduresand Interpretationfor Critical Currents"
was presentedand discussed. The results of those discussions and the panelrecommendations
will be described.

Major Issues for Flux Pinning and Weak Links

Flux Pinning. Flux pinning is i_timately related to the irreversibilitybehavior in a magnetic
field. The low temperature J_ can be enhanced up to a factor 3-4 by introducing ion-track
damage, which produces pinning centers of an almost ideal diameter in each and every Cu-O '
bilayer. However, the value of such performance enhancements may not overcome the practical
processing difficulties for applications at low temperatures. Ion tracks are so ideally suited to :
flux pinning in the highly-anisotropic HTS, that is hard to imagine other methods of attaining
such a perfect microstructure. Nonetheless, since such enhancements play a much larger,
enabling role at higher temperatures,methods of attaining this should be explored. An important
issue is operation at 65-77 K in fields of--4 T (e.g., for motors in liquid nitrogen). Pinning in
the single T! or Hg layer compounds (e.g., T1-1223)without ion tracks is close to those operating
conditions, but the high T_of Hg-1223 or the Bi- and St-substitutedTI-1223may be crucial. The
general feeling is that for these applications, the encouraging results for thickdeposits of TI-1223
is a good start,but that Y-123 (which does not need ion track damage for sufficient pinning) and
Hg-1223 are deserving of furtherparallel studies.

WeakLinks. Here the issue is that powde,r-in-tube and thick deposits are typically polycrystalline
materials and the evidence is that only a small fraction of the actual cross-sectional area is used
to transportcurrent. In some cases, with a high degree of c-axis orientation and in-plane texture,
strongly-linked currentpaths are found, apparently with the transport mostly dependent on the
limitations of flux pinning. However, the effects of any weak-link along these paths needs to be
understood. In most cases, which often lack texture, the current transport is clearly dominated
by weak links. While many agreed that bi-axial texture is sufficient to solve the problem,it was
noted that the Siemens BSCCO PIT did not exhibit such texture and still exhibited a high J¢.
Even for samples with a high degree of texture, there is the potential for segregation of impurities
to grain boundaries with small misorientation angles or with a pile-up of dislocations which
would lead to poor current transport: this is evidenced in the multifilamentary wires of Y-124.

There are several ways to overcomethese problems, each of which should be pursued in parallel:
(1) concentrate on finding ways to achieve excellent texture with clean gain boundaries; (2)
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continue the approach of modifying composition and processing to improve J_ and (3) seek to
determine the reasons that only a small cross-sectional areas is active in practical conductors and
feed back that inf-ommtion into the processing in (2). Two approaches were identified for (3).
The most relevant property is current transport, so the first and most powerful approach would
be to visualize the actual current flow in a polycrystalline sample and then to correlate it with
standard microstructural analyses on the same sample. Since this is admittedly difficult,

especially for three-dimensional samples like PIT, a second approach is to make careful
measurements of the current-voltage characteristics, I(V), andcorrelate them to the microstructure

by modeling with known or measured I(V) for individual gain boundaries and intragranular flux
motion.

AchieyinR Hil_hDegree of Texture. There are three examples of this: BSCCO PIT processing:
deposition onto flat substrates and multifilamentary wires of Y-124. Whilst the weak-link
behavior seems missing for the first two, there are significant questions about the effective use
of cross-sectional area. Transport in the third case is dominated by weak-link effects. Feedback
from microstructur,_l analysis, such as suggested in (3) could be very valuable here.

Composition and Processin_ Modifications. Without using feedback from the microstructural
analysis, such as suggested in (3), this is an Edisonian approach. It stands a better chance of'
significant progress in cases exhibiting a high degree of microscopic homogeneity, e.g., Tl-1223
thick deposits or BSCCO PIT. However, in other cases, including BSCCO PIT, significant :'
feedback is likely necessary to improve the efficient use of the whole cross-sectional area.

Determine MicrostruCture-Properties Relationship through Visualization of J. A number of

probes offer potential to visualize the current flow: magnetooptical films: magnetic force
microscopy: and Hall or magneto-resistance microprobes. Although these cannot probe the third
dimension, they should be adequate for TI-1223 thick deposits and of some value to sliced and
polished PIT if they can be correlated with the microstructure at the surface of the slice. Another
issue is whether the field sensitivity is adequate to visualize current flows on an individual grain
basis.

Determine Microstructure-Properties Relationship through IfV). In this case the properties
measurements are very straightforward, and success will depend on the ability to model the
current flow in such a way to distinguish between flux motion and grain boundary dissipation.
Samples with simple structures (e.g., thick deposits on flat substrates and multifilamentary wires
of Y-124) will minimize the number of modeling parameters to allow testing of the overall

procedure. Another very promising approach is to individually measure sections of PIT (e.g., by
laser cutting). Although more rapid progress can be expected here, it is unlikely to be as
insightful as the above visualization of current flow.

issues Requiring Further Development

Assuming that sufficient pinning can be included through ion irradiation(or a more commercially
promising processing technique), is BSCCO-2223 potentially usable at 65-77 K in a !-4 T field?
The ion irradiated damage is so ideally suited to flux pinning in the highly-anisotropic HTS, with
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pinning centers in each and every layer of an almost ideal diameter, that it is hard to imagine
other methods of attaining such a perfect microsu'ucture.

Will the non-uniform current flow in thick deposits of T1-1223 be solved through biaxial grain

alignment?

Can the encouraging results on metallic precursors for multifilamentary Y-124 be improved at

high fields and temperatures? Is there any hope of using the technique for other materials (e.g.,
Y-123, T1-1223).

Can the biaxially aligned Y-123 deposits on metallic substrates be made into a practical
conductor (i.e., increased thickness)?

Three-dimensional techniques were suggested for studying cracks in the microstructure: an
acoustic microscopy and the varied, complicated and somewhat random structure of PIT may
make identification of cracks from small-angle neutron scattering very difficult. Either technique
needs demonstration before it can be suggested for further comprehensive studies.

Proposal to Develop Standardization of Measurement Procedures and Interpretation for ,
Critical Currents

This proposal, consisting of four sections, was handed out and discussed at the meeting (a copy
follows this report).

What is 3c? And Why Examine l-F? There was considerable support for the idea that an
adequate description of Jccame by specifying: the currentdensity, J: electric field, E, at which
J was measured: and the exponent, n, of the power law expressing the I(V) curve, i.e., E a J_.
The value of using the full I(V) for diagnosis, as expressed in the above was noted.

Techniques: Transport vs. Bean-Model Magneti:ation. There was little discussion of this, but
panelists reported good examples of good agreement between these methods and other cases of
very bad agreement. One potential problem is that of adequately knowing the effective electric
field criterion for the two measurements. Transport measurements have become pretty much the
standard for this group.

Standardize Nomenclature. Here several attendees have already established a nomenclature of

"engineering" to describe the overal[ ,_urrent density, including any Ag sheath material. For
deposits, the substrate should be included, although this introduces an uncertainty when thicker-
than-necessary substrates have been used for convenience. Thus we recommend reporting the
J,(E,n) for overall current density and Js(E,n) for current density in the superconductor portion
of the conductor package. Unless stated otherwise, it should include all of the oxide material,
even if it is not all superconducting.
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Data Accumulation. There was no discussionon the methodof sending data. Itwas agreedthat
such an effort could have value and a numberof volunteers agreed to participate. Argonne
would act as a collector of such data.
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II!. MANUFACTURING ISSUES FOR LONG WIRE LENGTHS- SUMMARY

Oxide powder-in-tubeBi-2223 conductorprocessing has enteredthe pilot-productionmode at
U.S. companies, and commercially viable productsare seen as near. Many of the details of
industry'sefforts to improve propertiesand process controland to scale up to longer lengths
are proprietary.There are a numberof efforts to develop alternatives to oxide powder-in-tube
conductorwhich have shown significantprogressbut are at earlierstages of development.
The selection of oral presentationsemphasizedthese alternative approachesto conductor
fabrication, althoughtime constraintsdictated that only a few such processes could be
discussed.

The seven 10-minutepresentationsby individualsfrom industry, national laboratoriesand a
universityare summarized below. The goal of the break out session was to define issues
importantto the productionof long lengths of conductor. The results of thatsession are also
summarizedbelow.

Leszek Motowidlo of IntermagneticsGeneralCorporationdescribed thatcompany's effort to
develop high performanceroundmultifilamentaryBi-2212 wires. The conductorsare Bi- '
2212/Ag composites fabricatedby the powder-in-tubeprocess. Fabricationinvolves no rolling
and a single heat treatmentinvolving "step-solidification"as developed by E. Hellstromand '
othersat the University of Wisconsin. Conductorscontaining 37 and 7 x 37 = 259 filaments
have been fabricated,and Jc= 165,000 A/cm_ in self-field at 4.2 K has been obtainedin short
samples. J_increases as the filament size is decreased. Among the advantagesof round
wires are that coils may be wound instead of pancakes if desired, twist may be introduced
with less filament distortionand breakage,Jcis not expected to depend on direction of applied
field, and flexibility in the design and geometry of multistrandconductorsis gained. As with
rolled powder-in-tubeconductor.J_decreaseswith length of conductor, presentingthe primary
challenge in scaling up.

LawrenceMasurof AmericanSuperconductorCorporationdiscussed productionand
propertiesof long lengths of Bi(Pb)-2223/Ag composite conductor preparedby the oxidation-
of-metallic-precursor(OMP) process. Multifilamentaryconductorsare fabricatedby the
powder-in-tubeprocess using mechanicallyalloyed metal powders. Oxidationof the metal
precursoris done by diffusion of oxygen throughthe silver at the later stages of fabrication.
Advantagesof the OMP process result from the improved fabricabilityof the metal/metal
composite compared to an oxide/metalcomposite. Higherfilament counts can be obtained
with the OMP process than with oxide powder-in-tube,resulting in improvedstraintolerance.
The greater fabricabilitymay also permituse of larger billets. Presently achievableproperties
of Bi(Pb)-2223 OMP conductorare good, only slightly lower than those of ASC's OPIT
conductors. Scale-upto longer lengths, it was said, appearsto be straight forward,at least for
20,000 A/cm_, H = 0, 77 K. Masurstated the view that for both OPIT and OMP conductora
very importantimpedimentto improving J_is our inability to reliably relate J_to specific
microstructuralcharacteristics.
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ProfessorJ.H. W_angoftheStateUniversityofNew YorkatBuffalopresentedresultson the

processingof(TI,Bi)I,(Sr,Ba)2Ca2Cu3Oxpowder-in-tubeconductor.TransportJcsat77 K,in
self-fieldgreaterthan20,000A/ore2havebeenobtained,thehighestreportedforTI-1223
powder-in-tubeconductor.ProfessorWang attributesthehighJctoimprovedgrain
connectivityand excellentdimensionaluniformityoftheoxidecore.Littlesausagingisseen.
Pressing at room temperature was found to increase Jc significantly. The TI-1223 cores show
little evidence of texture. The Jc at 77 K decreased by a factor of about 30 in a magnetic
field of 0.1 T, illustrating the primary problem in development of T1-1223 powder-in-tube
conductor.

John Bingert of Los Alamos National Laboratory described a multifactor experimental design
addressing thermomechanical processing of monocore Bi(Pb)-2223 powder-in-tube wire. Ten
fabrication and heat treatment variables were chosen, with three levels for each. Jc is the

measured response, although microstructures will be examined. Because the number of
samples required for a full factorial analysis is prohibitive, a fractional factorial design
requiring a total of 178 samples was chosen. At the time of this workshop conductors had
been fabricated and heat treatments were in progress, but no Jc results were available.

f

John DeLuca described GE's process for preparing high JcT1-1223 deposits. The field

dependence of Jc for these materials at temperatures higher than 40 K is very good. As a
consequence, GE is engaged in an effort to scale the process to preparation of long lengths of
conductor on a flexible substrate. A TI-free precursor deposit is prepared by spray pyrolysis

of an aqueous Ba2Ca2Cu3:XAgnitrate solution on a YSZ substrate, in subsequent steps the
nitrates are decomposed in oxygen at 850"C and T1-1223 is formed by reaction with TI20
vapor. Current efforts are directed toward use of flexible metallic substrates and development
of processing steps which can be integrated into a continuous conductor fabrication process.
DeLuca cited their pre-scale-up goal of a flexible tape capable of 10 A/ram of tape width at
40 K in a 1-5 T field. This may be achieved through increases in Jc(H) and/or preparation of
thicker deposits. Scale-up issues listed included the need for higher precursor deposition
rates, the need for precise control of the temperature and TI20 vapor pressure during
thaUination, and the length of post-deposition heat treatments.

Ken Marken of Oxford Instruments, Inc. discussed process control issues in their effort to

develop Bi-2212 conductors made by both dip-coating and powder-in-tube processes. In the
dip-coat process a silver tape is passed through a slurry of precursor powder in a liquid
medium containing an organic binder, resulting in coatings on both sides of the tape. The
tape is then heat treated to remove the binder and melt-process the deposit. Protection of the
coating from handling damage and environmental degradation is a concern for deposits. A
silver sheathed conductor may be obtained by sandwiching the coated s_p between two more
Ag strips prior to final heat treatment. However, the additional silver reduces significantly
the engineering J_,which for bare conductor can be better than for powder-in-tube conductor.
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Powder requirements differ for the dip-coat and powder-in-tube processes. Small particles
I m)result in good slurry characteristics for the dip-coating and low carbon

concentration is not as important as in powder-in-tube fabrication. The primary problem for
both processes is that J_in long length (1-20 m) is 30-50% of J_ in short samples. Among the
possible causes of this decrease are cracks, voids, variations in superconductor layer thickness
and second phases. Marken stressed the importance of careful control of all of the many
process parameters.

Balu Balachandran of Argonne National Laboratory discussed issues in bulk processing of
powders, including control of carbon, composition, phase assemblage, particle morphology,
and scale-up of batch size as needed for production of long wires. He discussed sources of
carbon contamination including exposure to the atmosphere and to organics during milling
and mixing operations and in cleaning solutions. He presented results showing that a low
temperature, low pressure treatment in flowing gas can effectively reduce high carbon
concentrations to acceptable levels.

In the breakout session we attempted to define the important issues concerning HTS
conductor fabrication. Since three compounds, Bi-2223, Bi-2212 and Ti-1223, and a number '
of processes were discussed, and since many issues are apecific to a compound or process,
only a few issues of general importance emerged. Among these were the need for improved
J_performance with respect to field and temperature, improved strain tolerance, and
techniques for making superconducting or very low resistance joints. Of critical importance
in guiding future work is a better understanding of the microstructural determinants of J_(H).
In particular the role of cracks in limiting Jc, and the nature of percolative paths for current
flow warrant study.

Very significant progress has been made in powder-in-tube fabrication of Bi-2223 conductor.
Process parameters leading to high J_materials have been defined and manufacturers are
engaged in efforts to improve process control to obtain short sample characteristics in long
lengths. Among the issues important to this development are how and where cracks form,
control of core dimensions, and quality of the silver/superconductor interface. Development
of on-line, non-destructive characterization methods and modeling of the deformation process
were seen as important to improving fabrication control. Information dcrived may lead to
development of interactive, on-line control of the fabrication process. Improvements in
precursor powders with respect to purity and homogeneity are also important.

The participants agreed that substantial increases in the "engineering J_," calculated using the
total cross-section of the conductors, are needed. To obtain such increases will require not
only improvement in process control but also modifications of process and design which lead
to higher J_than is presently obtained in the best short samples. Minimizing the amount of
silver and strengthening the sheath are important. Additional improvements are likely to
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requiredeterminalio_nof the mechanism(s)for texture developmentandwaysto improve
texture and minimize cracks. Better understandingof phase developmentand how to
minimize the amountand size of second phase particlesis needed. Furtherexperimentation
to correlate precursorpowder characteristicssuch as phase assemblagewith microstructure
and propertiesof reacted conductoris clearly indicated. Better understandingof the
mierostructure/propertyrelationship is needed.

For fabricationof Bi-2223 and Bi-2212 by the alternativeprocesses discussed on the first day,
the primaryproblem is obtainingshort samplecharacteristicsin long lengths. Specific issues
were discussed in the oral presentations. For deposits of 2212 there is the opportunityto
develop base metal substrates,probably with barrierlayers, which arestrongerand cheaper
than silver.

Some alte_atives to the powder-in-tubeprocess which, because of time limitationswere not
discussed in the oralpresentations,show promise. These include continuousdepositionand
encapsulationof precursor powderon silver strips,the jelly-roll approachand variousphysical
and chemical deposition processes to obtain thick deposits.

¢

Threeapproaches being investigatedfor fabricationof TI-1223conductorare spray pyrolysis, '
electrodepositionand powder-in-tube. Success with the powder-in-tubeprocess has been very :'
limited in that weak-linkbehavior remains extreme and superconductingcores arevery poorly
textured. Improvementis expected only if ways are devised for obtainingstronglytextured
material. Success in texturingthroughdeformationprocessinghas been very limited. So far,
only a small numberof compositions have been investigated.

Technic_,.lissues concerning the scale-up of GE's process for thallinationof spraypyrolyzed
deposits on YSZ to long lengths on flexible substrateswere presentedby DeLucain the oral
session. In the discussion he commentedthat this is a large task and that lack of resources is
a serious issue. A community of researchers with common interestis needed.

Control of the composition appearsto be the primaryproblemto be overcome in fabrication
of lengths of Tl-basedconductors by electrodepositionof a Tl-freeprecursorwith subsequent
thallinationby the same process used for spraypyrolyzed deposits. Thallinationof powder
deposits prepared by spray drying, paintingor dip-coatingare methodsby which thicker
deposits may be obtained,but not enough workhas been reportedto evaluatethese
approaches.

Finally, we note that the intrinsicpropertiesof T1-1212compoundsappearto be good. Very
little has been done on conductor fabricationprocesses using this compound.

n Illl II I I I I I Ill nululnl
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IV. PHYSICAL PROPERTIES OF HTS COILS- SUMMARY....

The discussions of this group were focused on the issues related to protection of magnets and
conductors. The group's consensus of the current key issues on this subject are as follows:

I. Malk,net Protection:

Small magnets, which are constructed using high-T_ superconductors, Bi(2212, 2223)/Ag, are
very stable and there will not be any need for protection mechanisms. However, when the
stored energy of a magnet becomes large, the protection of a magnet from permanent
damages aRer a quench is though to become a serious concern. Thus, as a first step to this
problem, comprehensive studies of quench processes should be carried out such that the
critical l,;vel of the stored energy of a magnet, above which some types of protection schemes
will be required, can be analytically detem_ined. Also, the studies should include possible
scenarios for discharge modes for the magnets.

If. C0nduct_rs:
I

Currently fabricated Bi(2212, 2223)/Ag composite conductors are extremely fragile. Thus,
protecting the conductors from mechanical damage is a major concern for winding, as well as '
operation of the magnets. Hence, determination of the critical strain and stress levels, below
which there will be no degradation in I_of the conductors, should be made for various
conductor configurations to be used for different applications. Means for strengthening the
matrix by alloying or attaching supporting members to the conductors, if necessary, may need
serious consideration.

III. Other issues.:

Since there are applications in which the conductors experience ac fields superimposed on dc
fields, such as in generators, it is important to determine the ac losses (<power frequencies)
for such cases to assist design efforts of such systems.

i i ii iii iiii iii i i I i i
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Proposal to Develop Standardization of Measurement
Procedures and Intrepretation for Critical Currents

Ken Gray, Bob Kampwirth and Jeff Hettinger, Argonne National Laboratory

and Marty Maley, Los Alamos National Laboratory

Preamble:

The consistent determination of the critical current, Ie, or critical current
density, Jc, is likely the most important result of research of the Superconducting
Technology Program for Electric Power Systems (STPEPS). In order to simplify
proper comparisons and evaluations of these results, it may be advisable to have
more standardized procedures and interpretations. This document is meant to
begin the process of developing such procedures by accomplishing the following:

(1) address the importance of the shape of the full I-V curve, vs. just the current
at a given voltage criterion or the magnetization after it decays for a certain period .
of time; and also, in particular, the effect of silver sheath materials;

(2) begin a discussion of the relative merits and pitfalls of various experimental _.
techniques for determining Jc, such as transport or Bean-model magnetization;

(3) standardize the nomenclature as regards cross-sectional area used in Jc and
encourage that all reported measurements include sufficient information, e.g., the
length and areas of the superconducting sample and sheath being probed;

(4) begin the process of accumulating data (e.g., I-V) from the various STPEPS
participants.

NOTE: This document should in no way be construed as the final word on these
issues. Constructive suggestions and criticisnl from any or all STPEPS uarticinants
is essential for the evolution of this d0cument and its urocedures into a useful
vehicle for the uro_ram. Thus we anticipate drafting updates, based on such
responses, as needed, and cert_n]y within the 6 month to one year time frame.

NOTE 2: This effort is separate from, but will likely be integrated into, the
round-robin tests by Loren Goodrich involving circulation of the NIST black box.
Together these may begin to form the necessary standardization for the field and
the STPEPS program.

NOTE 3: Separate issues concern sample heating, possible training effects and
the repeatability of measurements, e.g., after thermal cycling. These issues are
related and important, but separate from the focus of this document. It is expected
that everyone will address these issues in an appropriate manner. We would
appreciate receiving suggestions on standard or best ways to avoid any or all of
these problems, and will distribute them to all those who respond to this proposal.
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1. What is Je? And Why Examine l-V?

What is Je? Transport measurements mostly report the current density flowing
at a given fixed_yoltage criterion (e.g., 1_V/cm). For magnetic measurements, the
difference in magnetic moment between increasing and decreasing portions of the
hysteresis loop is used with the Bean model and a characteristic sample dimension,
RB. This analysis roughly determines the net current flowing in the sample, but

, with. a non-fixed and often unknown voltage criterion. However, in either case, to
specify this as the single parameter "Jc" which defines the current carrying capacity
of a sample cannot be totally correct since it depends on the voltage criterion chosen
and the current-voltage characteristics of different samples are not identical.

Why examine I-V? To obtain a single parameter defining the current carrying
capacity requires fitting the I.V to a model which can reproduce a suitable portion of
the actual I-V characteristic from the single parameter. Although in general this is
a difficult task, it can be done for the limiting cases of I-V characteristics dominated
by either a single weak-link, Josephson junction or by purely depinning of flux.
Examples are shown in Fig. 1. Note that the shape of the curves alone cannot
uniquely differentiate between these extremes, and some insight as to the potential
magnitude of the effects is necessary. For example, in Fig. 2, the added dissipation,
i.e., voltage, associated with weak-link effects in polycrystalline materials can be
obtained by directly comparing with similar measurements on epitaxial or single ,
crystalline materials.

t

The ability to evaluate the relative importance of grain boundary effects
compared to flux depinning in practical wire configurations is clearly as important

ttl' t!as being able to define a _c value, since it can provide specific guidance for
synthesis and processing to improve the current carrying capacity of wires. The
most likely prospect for doing this is by evaluating the I-V curves, and the
procedures to interpret these, in complicated configurations of grain boundaries
with unknown individual characteristics, is an ongoing research effort in several
STPEPS laboratories.
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Current-Voltage Characteristics for Josephson
Junctions and Anderson-Kim Flux Creep
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Figure 2. Comparison of I(V) for polyerystalline (a) and epitaxial (b) films ofT1-1223
showing the enhanced dissipation across grain boundaries. An
explicit comparison is shown in (b) for a field of 7 T.
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2. Techniques: Transport vs. Bean-Model Magnetization

Magnetization. In order to determine J from the Bean model and the sample
size RB, it is required to exceed several times the full-sample-flux-penetration field,
H*. However, subsequent measurements below H* are always no more than a lower
limit on J, since the trapped flux near zero applied field can result in large currents
flowing in opposite directions, which thus reduce the net magnetic moment of the
sample.

Subdivision of the sample is necessary to establish the sample dimension as the
correct RB for samples with potentially interconnected grains, such as practical wire
conductors. Samples of isolated grains allow determination of intragranular J, but
that is of limited value for wires, since intergranular transport is essential and
weak links generally seem to dominate this transport.

Even if one is above H*, the effective voltage criterion can be strongly field and
temperature dependent (see Hettinger, et al, Appl. Phys. Lett. 60, 2153 (1992)).

Transport. Transport can be much more susceptable than magnetization
measurements to diabolical defects, i.e., those which occupy a majority of the
sample cross section, e.g., scratches or cracks. This may be particularly emphasized
in narrow cross sections samples.

Low resistivitysheathmaterials,e.g.Ag,make themeasurementsand
interpretationcomplexinregardtodefiningJ and intercomparingwithsheath-less
samples.Itishardtoevaluatetowhat extenttheonsetofvoltagewithcurrentis .
due toa transferofcurrenttotheAg sheath,therebyavoidingregionsofweak
superconductivity.Thisisanothercasewheretheprocedurestointerpretthesein
complicatedconfigurationsisa necessaryongoingresearcheffort.

Comparison between Magnetization and Transport: Even if there are no
diabolical defects and one is well above H*, the equivalence of the measurements
requires that they are at the same effective voltage criteria, and this may be
difficult or impossible to achieve. Thus in either case the most complete and
suitable information is contained in the generic I-V curve (either directly from
transport meas.urements or for magnetic measurements from AM-clAM/dt for
SQUID magnetization or AM-dB/dt, if appropriate for VSM). Even having done
this, equivalence is not guarenteed because of the differing effects of low-resistivity
sheath materials or diabolical defects on these messurements. A few diabolical
defects could have a much smaller effect on magnetization, especially for long,
narrow samples since the most important size scale, RB, is then the sample width.

Recommendation: The preliminary recommendation is to strongly emphasize
transport measurements, since for most applications cur,'ent transport is required
and it provides a fixed, known voltage criterion. However, while a determination of
the current flowing at a fixed voltage criterion, appropriate to a given application, is
the simplest, practical means to compare samples for that afplication, the
significance to other applications and intercomparisons of materials between
research groups requires the greater information found in the I-V curves.
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3. Standardize N_,menclature

It seems unlikely that I-V curves can be used to routinely report the curre,t
carrying capahil/ty of materials and wire conductors and rather that the existing
practice of reporting single, characteristic "J¢" values will continue. In regard to the
discussion in Section I above, it may be appropriate to include the voltage (actually
electric field) criterion when quoting a "Jc" value.

An separate issue for making intercomparisons is the cross-sectional area used.
Their value would be facilitated if a standard method is developed for reporting "Jc"
values in the superconducting material and in the overall conductor cross-sectional
areas. Materials processors prefer the former, while applications engineers require
the latter and the ensuing mixture of definitions makes life more difficult than it
needs to be.

Based on discussions at the workshop in St. Petersburg, let us propose the
following option for consideration:

A. Define and consistently use Js when the "superconductor" cross-sectional
area is used and another symbol, perhaps Je when the "engineering" or total overall
conductor cross-sectional area is used.

B. Report the electric field criterion, Ecrit, and power-law exponent, n, measured.
from the E-J curve at Ecrit using:

E = Const. jn

thusfinallyreporting:Js(E,n) e.g.,Js= 5x105A/cm2(@l_tV/cmand n=2.1).
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4. Data Accumulation

We would like to collect a small number of selected data sets from willing
participants. T_es.e should include a very representive sample(s), but also one for
the 'best' J¢..T.o n_nimize the amount of data, and to simplify intercomparisons, we
suggest reporting data for a field of one Tesla in the unfavorable direction, i.e.,
parallel to the c-axis or perpendicular to the tape or film and at the following
temperatures, which depend on the material. For YBCO and Tl-based compounds
the data should be taken at liquid nitrogen temperature, while Bi-based compounds
should be at liquid helium temperature. For those without magnetic field
capabilities data should be sent for zero field. Depending on the usefulness of these
comparisons, it may be worthwhile to extend them to other temperatures and fields.

The data requested for all measurements includes:

1. length of sample probed
2. shape, width and thickness of superconductor
3. the sheath or substrate material together with its temperature dependent

resistivity, shape, width and thickness
4. expected or measured c-axis orientation
5. zero-field, small current value of To
6. the temperature, field value and orientation for each data set
7. technique, i.e., transport, SQUID magnetometer, VSM with field ramp, other?,
8. the large data set of I-V or AM-dAM/dt for SQUID magnetization (AM-dB/dt if

appropriate for VSM).
9. the value of"Jc you would report for this sample.

For magnetization, the following should also be included:

10. the results of sample subdivisions
11. the measurement or estimation of the full-flux penetration field, H*

The large data sets (e.g., I-V) should be sent by email or on floppy disks with one
of the following formats:

Floppy disks must be formatted for either a Macintosh, IBM or IBM compatible
computer (i.e., some version of DOS or Windows operating system).

Files sent by _-mail can be included as part of the e-mail message or as an
attached file. A _attached files MUST be binhexed before attaching.

From Macintosh computers, files can be sent in either Kaleidagraph, Excel, or
ASCII format. Files from PC s other than Macintosh must be in ASCII (text) or
Excel format.

Internally, the pairs of data (I, V) or (AM, dAM/dt), should be separated by Tab,
Comma, Space or some other defined character with preferred separation in the
order listed, and each pair of data should be separated by a carriage return. File
headers do not have to be stripped off, as that can be done later.

Address: Robert T. Kampwirth
Building 223
Argonne National Laboratory
Argonne, IL 60439, USA

e-mail: bob_kampwirth@qmgate.anl.gov {Note: ( _ ) indicates a space}
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DEPARTMENT OF ENERGY HIGH-TEMPERATURE SUPERCONDUCTING
WIRE DEVELOPMENT WORKSHOP
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1. I represent E_i'_aultry, 1"IgovornmenVIiborstoly, I"1university,or I"1other.
, i iJ

2. Pleaseratethe workehopby che_ktngone box for 811rm_gly 81brongly
each statementbelow: Agree Agree Neutral Disagree Otmlgree

i. The obese forthe workshopwere clearly
stated.

Comments ......

i

,, i i ,,. H ,.,i ,.

b. Teohnkll immee of utmostimportanceto the
DOE progrsrnwerediscussed.

Comments ...............

¢. The followingimportantfunctionswere fulfilled
through my sttendgmcestthe workshop:

r

1) delinuting and ©lsr_ing the key leehnlcal
Issues in HTS wire development. ......... i , . ,i

2) sharingre_ml progrm that may help

resolvekeyteahnir,sl issues, l

3) definingproblem arm that may require
special attentionwithinthe DOE program. i ,

4) providing opportunity for dialogue with
colleagues. .........

5) obtainingadequate informationon
technology available from the laboratories
and private companies.

6) identifyingspecialfacility and resource
needs.

7) suggestingpotential new/dlff_eflt
approaches end pertnershil:4to improve
I-ITSwire performance.

d. There wasadequate exohange of technical
information.

Comments
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e. The time IIIo#ed for each minion was
appropriate.
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2. Please rate the workshop by checkingone box for Sllrongly Strongly
each statement below: Agree Agree Neutral Disagree, Disagree
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f. The meeting tochnlmd balsnoe was
appropriate.

Comments

i_ i i i
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g. Working groups on Thursday were helpfulend
relevant.

Comments

i i,

i i l l

h. Please rate the overall mmhalnoeoof llhe
worlmhop...Shouid 13C_ (Nmllnue to sponsor
suchworkshops?

Comments_

mm.m.m,m,

i. The overall wcltr4dtop oblectlveo were met.

Comments

L

Ex_lem Good Fairj. Please rstethe: Outstanding I.............

Meetingfacilities
,,,,

Accommodetione
i ii

Meals
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3. In youropinion, what ere the crees of HTS wire development that Me not beingfully exploredby the industryor the DOE?
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Thank you for attending the
DOE HTS WIRE DEVELOPMENT WORKSHOP, February 16-17, 1994
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Technical Issues of the Utmost Im_nce to the DOE Program Were Discussed
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The Key Technlcal _ In HTSWlre Development Were l)ellneated and Cladfled
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Recent Progress That May Help Resolve Key Technlcal Issues Was Shared
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Problem Areas That May Require Special Attenllon Wllhln lhe DOE ProgramWere
Defined i
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OppodunllyForOlologueWlthColleoguesWosl,rovlded
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Adequate Informationon TechnologyAvailablefromthe Laboralorl_ and Prlvate
CompankmWasProvlded i
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SpecialFacffi_andIteme_e NeedsWereIdentilZed
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Potential NewlDlffem_ ApproQol_m and Pmlnemhi_ to Improve HTSWire
WereSuggest_ j
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1here Was Aclequale Exohcgngeof Teolvdoal In(olmaUon
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TheMeetingTechnlcolImkmcewm Appmpda_
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D

Working Groups on 111umdayWere HelptUI and Relevant
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Overall Usefulnessof Workshop/Should DOE Continue to SponsorSuch Worl_hops?
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The Overall Workshop Objectives Were Met
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Rcdlltr_ of Work,shop Foclllllw/Accomodollom/M_:tls
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