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OXFORD

Superconducting Technology

ADVANTAGES OF BSCCO-2212/Ag

o Can be melt processed with Ag, allowing:

= excellent grain alignment

—> short heat treatments compared to 2223

— a wide variety of conductor
configurations

= processing with or without deformation

« High J. at high fields has been demonstrated
= 10° A/cm” range at fields above 20 T

—> Record setting fields generated with
2212 insert coils

<49
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OXFORD

Superconducting Technology

CHALLENGES OF MELT
PROCESSING

o Leaking of melt through or around sheath

e Chemical interactions between melt and
insulation or other components

 Bubbling of sheath

o Density change after melt/recrystallization



- OXFORD

Superconducting Technology

PROCESS CONTROL ISSUES

e Elimination of bubbles requires:
—reduction of carbon

« carefully controlled powder calcination
+ minimize exposure to ambient atmosphere
—minimization of residual gas in the powder
and restack billets |
+ control of packing environment
+ billet heat treatment
—control of melt heat treatment

e Elimination of 2212 leakage through sheath:
—minimize sheath defects

—reduce sheath grain size using alloys
—control of melt heat treatment

e Control of 2212 melting behaviof is quite
important and difficult, affected by:

—stoichiometry
—carbon content
—furnace atmosphere .

1



OXFORD

Superconducting Techrnology

- 19-FILAMENT CONDUCTOR

Tape Parameters
e Typical dimensions are 3 mm x 0.2 mm.

e Billets yield 300 m tape length at this size.
e Metal/ceramic ratio is nominally 3/1.
¢ Filament thickness 1s in the 15 - 30 yum range.

e Either all silver matrix, or silver core sheath
~ with alloy bundle sheath.






OXFORD

OST 19 Filament 2212 at 4.2K

300 [ l T T T ] I T T T ] ] i 1 { [ [ ] 1] ] ¥ l ] [} T T ‘ i 1 1 T | ]
"o .
250 +— @ N
—~ : ° :
< X :
w 200 T o al
c - ® i
o - ® ]
5 ) ® )
150 +— ® 4cm sample, 1 cm ta -
(41 - ® @ o 9 -] ® ® > O -
O - L -
= 100 ® o o i
5 B ® ® e o oo
50 1 m sample, 8 cm tap h
~  data courtesy of NHMFL N
0 B ! [ T N | I [ B N | I 111 1 { [ S B | = [ B I } PO B | { ]

o 5 10 156 20 25 30

Magnetic Field (T)
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Superconducting Technology

NHMFL 1T CLASS INSERT COIL

e Results presented by Weijers, et al., ICMC
Portland, 1997.

e Coil stack contains 75 m OST 19 filament
2212 tape.

e J.(4.2K, 18.2T central field) = 110 A/mm’
across entire 75 m.

e At 4.2K coil generated:

2.1 T self field -
1.2 T in 17T background
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OXFORD

Superconducting Technology

19-FILAMENT CONDUCTOR

Tape Performance
e 100 meter heat treated lengths Wlth no bubbles

e Reproducible short sample:
J(4.2K, OT) = 200 kA/cm”

e 1 meter length as 19mm diam. helix:
J{(4.2K, 0T) = 160 kA/cm’
J.(4.2K, 30T) =75 kA/cm®

¢ 5 m double pancake coil:

T(4.2K, OT) = 125 kA/cm’
J.(4.2K, 17T) = 60 kA/cm”

e 50 meter length as 100 mm diam. helix:
J.(4.2K, 0T) =102 kA/cm®

e 75 meter length as 100 mm diam. helix:
J(4.2K, 0T) = 60 kA/cm’

¢ 75 meter length as 46mm OD x 16mm ID

~ stack of double pancakes:
© J(42K, O0T)=79kA/cm’

J(4.2K, 17T) =44 kA/cm’®
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OXFORD

Superconducting Technology

ROUND WIRE

Wire Parameters:
e (0.8 mm diameter
e 121 filaments

¢ 40 um nominal filament diameter
e Ag/SC ratio made in 2 ratios: 2.2 and 3

¢ Filament sheath is pure Ag
e Outer sheath is alloy

Wire Performance:
e Highest 1.(4.2K,0T)=141 A
J.(4.2K, OT) 93 kA/cm”

e Highest. L(4 2K, 15T)=43 A
J(4.2K, 15T) = 28 kA/cm’

e 250 m piecelengths



JRIOAIXO

WW §°() JO 9ZIS [BULJ 18 9JIM 77T JUSWe[L 71

ML
S0\
‘””,".’ |

59



(1) piai4 palddy

o0 ¥ 2z O 8 9 ¥
e ——t—— T 02
0c 1 X|jay "wejp Wl oY Ul W G'0 ] o
oe + ]
[ Xi|oy "welp wwi.pe utw | 1 oo
e or+
O -
M 0s + 1 o8
w 09 4 ]
IIHC i . T OO—.
0L 1  sjuswieas) yeay snojeA ]
- B4 W 80 1
os - oy .0zh
06 b o ovl
of pue 9 M punoy 1SO

(V) uaun) [eonuo

/.



OXFORD

Superconducting Technology

DIP COATED CONDUCTOR

e Short sample Jo(4.2K) > 200 kA/cm” is

reproducible

e 4 m lengths in single pancakes have achieved:
=J,(4.2K) > 100 kA/ecm®
—0.85 T self-field at 450 A with 50 mm OD
=0.25 T in 17T applied field with 50 mm OD

e 100 m lengths in stacked pancake magnets:
—J(4.2K) > 40 kA/cm’

—@Generated fields > 1T

A
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OXFORD

Superconducting Technology

DIP COATED CURRENT LEADS

e Multilayer stacks of dip-coated Ag alloy

e Can achieve metal:ceramic ratios less than 1:1

e High current density compared with bulk 2212

e Compact with high current up to ~60K

e Usable ﬁp to 77K



OXFORD

Superconducting Technology

SUMMARY

e 2212 composites have been fabricated in

lengths greater than 300 meters using both
powder-in-tube and dip-coated methods.

e Melt related defects such as bubbles and melt
leakage have been reduced through improved
process control.

e J.(4.2K, self-field) has been increased to more
than 60 kA/cm” in 50 to 100 m lengths of tape

conductor.

o J.(4.2K, 30T) =77 kA/cm” has been obtained
in 19 filament tape samples. |

o NHMFL insert coil added 1T in 17T‘applied
field using 75 m of OST 19 filament tape.

‘e ], in round wires shows promise for field
applications.
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OBJECTIVE

General: 'To Develop a Low Cost HTSg Tape

Specific:  To Develop a Low Cost Bi-2212 Tape

Chu: 960129 St Petersbarg
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'RATIONALE

e Presently the Work Horse of HTSg Conductors
is BS CCO Tape

» High Cost of HTSg Conductors — ~ $200/(kA-
m) for BSCCO Conductor vs $10/(kA-m)
Proposed by Industry (according to 1996 DoE
report and 1997 NATO ASI at Loen)

e Cost Reduction — Material and Processing

- Materials, e.g. $18/kA-m for Ag (based on Jc
=40 kA/cm2, Jo/Je = 4, @ $5.2/0z. for Ag)

- Processing, e.g. annealing time ~ 7-70 hr

e Previous Experience on HBCCO —
Inexpensive Ni-Substrate at $0.5/Ib for Ni vs
$5.2/0z for Ag) and simple processing e.g.
annealing time 2 hr vs 7-70 hr)

e Decided to start with Bi-2212 on Ni
- Bi-2212 performs well at low temperatures
_= Bi-2212 forms easily
- well-established Bi-2212 on Ag processing
- excellent experience with Hg-1223/Ni tépes

Chu: 980129 St Petersburg



« OPEN PROCESSES FOR Bi-2212 ON Ag
- Doctor Blade Casting
- Dip-Coating
- Electrophoretic Deposition

- Organics Burnout — Partial Melting —
Crystallization — Annealing (Bi-2201 — Bi-
2212 conversion) — Cooling

- Expensive Substrate

- Not Taking Advantage of Thermomechanical
Deformation Effect

« CLOSED PROCESS FOR Bi-2212 IN Ag-TUBE
- PIT
- O2-Diffusion Limited

- Taking Advantage of Thermomechanical
- Deformation Effect

Chu: 980129 St Petersborg
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OUR APPROACH

 THE TWO STEP SPRAY/PRESS PROCESS
FOR Hg-1223 ON Ni

- Ni-Substrate
flexible
low cost
low solubility (< 1%)
small Tc¢-suppression
necessity of buffer layer [Cr/(AgPd)] to
reduce reaction and to improve adhesion

- Two Step (Open) Process

simple

flexibility in process

taking full advantage of thermomechanical
effect whose importance has been
demonstrated in the PIT (closed) method
for BSCCO tapes

Je ~ 7x104 A/em2 at 77 K

Chu: 980129 St Petersbarg



e Bi-2212/Ni BY THE TWO STEP SPRAY/
PRESS PROCESS

- Bi-2212/Ni Interaction
low solubility up to ~ 4% |
(in agreement with Natsume ef al.)
T suppression up to ~ 10 %

(in agreement with Maeda et al.)
slight Hij enhancement
(Fuwa et al.)

- BSCCO Is More Malleable Than HBCCO

- Solvent and Dispersant
alcohol

- Bi-2212 Adhesion to Ni
need of a buffer layer

- Processing Temperatures
compatible

Chu: 980129 St Petersburg
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- Our Process
Bi2O3, SrO, CaO and CuO Powder Mixture
Bi-2212 Powder
Mix with Alcohol
Spray to Ni/Cr/(AgPd)
Press
Preheat
Cooling
Press

- Partial Melt

Crystallization
Annealing

Cooling

Chu: 960129 S¢ Petersbarg
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RESULTS

e Jc42K) ~5x105A/cm2at 0T
~3x105 A/cm2at 9T
(ours)

VS

3.1x105 A/em2at 0T
1.3x105 A/ecm2 at 15T
(Huang et al., 1994)
e Tc~70-80 K

o An Insulating Interlayer Between Bi-2212/Ni
(good for FCLs) .

e Excellent Grain Alignment

e Inexpensive Ni-Substrate

e Short Annealing Time

Chus 980129 St Petersbarg
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FURTHER IMPROVEMENT

e Optimization of Processing Parameters

e Insulating Interlayer Control
e Ni-Surface Layer Control

e Selection of Improved Substrate Materials
(including RABITS and IBAD substrates)

e Demagnetization of the Substrate Materials
While Retaining Other Desirable Properties
(e.g. through alloying)

« Adaptation of EFD to Our Process

o Possibility of Bi-2223/Ni Tapes

Chu: 960129 St Petersburg
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CONCLUSION

e Bi-2212 Tapes with Superior Jc Have Been
Fabricated on Ni-Substrates Whose Cost Is
Only ~ 0.6% That of Ag Used in the Existing
HTSg Conductors, by a Process Which Is
Simpler and Requires Less Processing Time (2
hr vs 7-70 hr during the annealing stage)

 Adaptation of Our Process to Bi-2223 Tapes,

Which Perform Better Than Bi-2212 Tapes at
Higher Temperatures May Be a Possibility

o Optimization in Terms of Substrate Materials
and Control of the Insulating Interlayer May Be

Possible
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HTS Device Development at
American Superconductor

Bob Schwall
DOE Wire Workshop
St. Petersburg FL 1/29/98

What’s BSCCO 2223 good for?

« ASC’s current conductor technology provides:
- Je (77K, sf) >10,000 Alcm?
- Mechanical robustness -
— Long piece lengths

« This supports significant magnet demonstrations.

— SPI 1000 HP motor
~ NRL/NSWC Homopolar Motor
— NRL High Field Magnet

AMERICAN
2 OLIALpk | SUPERCONDUCTOR
CORPORATION
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Operating conditions influence conductor choice

T 1 1 1 1 25
2 2 E
= o <15 E
E . % 1 -
S g
= <
o oS} Cos 4
3 =
8
0 0 L
0 20 30 40 20 60 70 0
Field Perp to Tape Temperature (K)

— 20K — 47T (perp)

s 30 K %%+ 3T (perp)

T+ 40K 1+ 2T (perp)

sae 50K saa 1 T(perp)

oo §0K &+ 0.5T (perp)

AMER
3 0139525 SUPERCONOUCTOR
CORP

SPI Motor Program

» Subsets subcoils e Pole
tested assembly in

progress




NRL/NSWC Program

The Navy and DARPA have supported HTS
development for ship propuision for several years
at NRL and NSWC.
This has included:

— BSCCO conductor development

— Coil technology improvement

— Demonstration motor program

AMERICAN
012972 ppt SUPERCONDUCTOR
CORPORATION

HTS Homopolar Motor

NSWC procured motor coils from two vendors to
a form-fit-function specification

ASC provided Bi 2223 coils; another vendor
provided a mixture of Bi 2223 and Bi 2212 coils.

The motor was initially tested at lower
performance with coils from both vendors

A Navy program decision to.operate the motor at
liquid Neon and liquid Nitrogen temperatures
necessitated the use of only Bi 2223 coils.

The highest performance motor demonstrations
used only ASC coils

AMERICAN
01.29-92p5¢ SUPERCONDUCTOR
CORPORATION

/87
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Homopolar Motor Test Results

Motor was run at NSWC in in liquid cryogens (LN,,
LNe and LHe)

* Results:
-77K 104 HP
- 28K 230 HP

—-4.2K 320 HP

* Next step in program is to run motor on a
cryocooler.

8 SUPERCONDUCTO!
Ol-25-9Tppt R
CORPORATION

NRL High Field Magnet

* As part of the Navy HTS coil development
program ASC is building a high field conduction-
cooled magnet system for installation at NRL

Central Field >6 Tesla

Warm Bore 51 mm

Homogeneity |[1% in 51mm DSV

Ramp Rate >2 Tesla/min
Operating ~20 K
Temperature

Refrigerator ~6 kW

inputpower

AMERICAN
9 012992 ppt SUPERCONDUCTOR
CORPORATION



System Components

Magnet
Cryostat
Cryocoolers

Magnet Protection
System

Field Probes
Power Supply
Computer
Control software

012998 ppe. SUPERCONOUCTOR

Cryoplate Cooling

12

DC and slow ramp HTS magnets may be

conduction cooled from the OD or the ends

AC coils (e.g. SMES) and fast ramp magnets
require extended thermal buswork

ASC Cryoplate utilizes a laminated cooling plate
on individual pancake coils and ensures minimum
thermal impedance

This technology was shipped on the LANL
magnetic separation magnet (M. Daugherty 1995
DOE Peer Review) and other ASC systems

AMERICAN
012952 SUPERCONDUCTOR
CORPORATION

189



NRL System Status

Initial System Cooldown was 1/23 to 1/25/98
First current was 1Q XXXIi
First field run was 1/26/98

AMERICAN
13 01299299 SUPERCORDUCTOR
CORPORATION

System Cooldown

1000

* Magnet cooled « magnet coolee
to 22K in 45 hrs. pasisnl
» Radiation shield
stabilized at 5K _ | A
é 100.%
s. ~ .y ™
E > B, " N
- - B .
10 +
[} 10 20 30 40 )
- Time (Hours)
14 01.25-9%pp¢ SUPERCORDUCTOR
CORPORATION



First Field Run

N
L3

o Magnetwas held I I.;m ' T
at6 Teslafor30  w] 1 i, |acolltsmperstuny 2
min and reached J
thermal equilibrium * r > %2
£ H
* Magnetwas held ; «— =i
at7 Tesla for 30 ¢ s ! E
minutes. ® 2
20 21
0 20
0 20 40 () g0 100 120 140 160 180 200
Time {minutes)
15 or2szpm SUERCONDUCTOR
Summary

» ASC Bi 2223 conductor is regularly produced with
Je (77,sf) > 10,000 Alcm?

 This material is being incorporated in the SPI 1000
HP motor subsets

o Similar material produced record Homopolar

motor performance in a direct head to head
competition.

« First tests of a HTS high field magnet have
produced 7 T at 23 K in a conduction cooled
system.

RICAN
16 0123929 SUPERCONDUCTOR
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DEVELOPMENT OF COATED
CONDUCTORS ON RABITS

J. E. Hack
Midwest Superconductivity, Inc.

A. Goyal
Oak Ridge National Laboratory

D. Moon

Westinghouse Science and Technology Center

1998 DOE Wire Technology Workshop
St. Petersburg, Florida
January 29 -30, 1998

19 N



COLLABORATORS AND FUNDING

Midwest Superconductiviy, Inc.

Ying Xin D. Lenshek
K. Penner M. Dai
M. Reiser H. Muller

Oak Ridge National Laboratory
B. Hawsey D. Norton
D. Kroeger D. Christen
Elliot Specht P. Paranthaman
F. List a host of others
Westinghouse
D. Moon M. Burke
Brookhaven National Laboratory
M. Suenaga
Plastronic
M. Tomsic

American Thin Film Services
L. Homstad

DoE SBIR on High Current Capacity Tape for
Accelerator Magnet Applications
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OUTLINE

. SHORT LENGTH RABITS

. ROLLING OF Ni

. BUFFER LAYER WORK

+ MOCVD PRECURSOR DEVELOPMENT

e ONE METER TAPE DEMONSTRATIONS
. PRODUCTION PROTOTYPE REACTOR

« ECONOMICS

|94
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SET AGGRESSIVE GOALS

DEMONSTRATE A ONE METER TAPE
CONSISTING OF AN HTS FILM ON
BUFFERED RABITS BY SEPTEMBER 30

DEMONSTRATE 10 - 30 METER TAPE BY
END OF 1997, ~
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In-plane alignment of 1 m of Westinghouse 30 m strip
Excluding edge points (triangles), FWHM=10.650.46°
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SUMMARY OF PRELIMINARY .
RESULTS ON Ni AND BUFFER LAYERS

« HANDLING OF 0.002” NICKEL TAPE AT
800C IS NOT A PROBLEM IN THE ATFS
SYSTEM |

« TEXTURE OF Ni OVER LONG LENGTHS
LOOKS VERY CONSISTENT

« NICKEL OXIDE LAYER HAS BEEN
ELIMINATED BUT PROBLEMS WITH

EPITAXY OF BUFFER LAYERS PERSIST

« AN INDEPENDENT EFFORT TO bEPOSIT
BUFFFERS BY MOCVD HAS BEEN

INITIATED AT MSI AND MOCVD WAS
USED FOR THE ONE METER TRIALS

/99
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MOCVD Development Reactor for One
Meter YBCO Tape Demonstration
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PRELIMINARY ECONOMIC ANALYSIS

Precursor -
Initial costs were approximately $30/g
~ After negotiation of spec’s, modest quantities

are below $10/g

Even modest production quantities can drive
this down to $1-2/g

Price of precursor is less than $0.50/m at pilot
production levels

Nickel Tape - -

99.998 - $850/Ib

99.99 -3%390/1b

99.5 -3$20/1b (Ni270)

No discernable difference in texture between
grades

Fully fabricated cost is less than $0.20/g

Costs of Ni and precursor are both less than
$0.50/m in pilot production quantities

Add labor, indirect costs and profit -
$100/kAm at 77K and $10/kAm at 4K in pilot
production are achievable goals

ING



OTHER ACCOMPLISHMENTS

LIQUID PRECURSOR FEED SYSTEM HAS
BEEN USED TO PRODUCE GOOD
QUALITY SUPERCONDUCTING FILMS
ON LANTHANUM ALUMINATE
SUBSTRATES

SUBSTRATE HEATER AND LIQUID
'PRECURSOR FEED SYSTEM FOR

PRODUCTION PROTOTYPE REACTOR
WILL BE DELIVERED IN FEBRUARY

A PATENT FOR A METHOD FOR
IMPROVING TEXTURE IN Ni TAPE IS IN
THE APPLICATION PROCESS AND
CONFIRMING DATA SHOULD BE
AVAILABLE BY THE PEER REVIEW THIS
SUMMER | ~

209
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FUTURE WORK

SET NEW AGGRESSIVE GOALS

Demonstrate a One Meter Tape With a J. >
100,000 A/cm?* By End Of First Quarter Of
1998

Demonstrate 10 - 30 Meter Tape By End Of
Second Quarter Of 1998

BIGGEST CHALLENGE

Ni Rolling And YBCO Depeosition Are Moving
Along But Long Lengths Of Buffered
Substrate Must Be Developed For Progress To
Continue
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Dense CCVD YBCO Coatings Were
Deposited on MgO and LaAlO, Substrates

YBCO on LaAlO,

Y )
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Progresson
Thalhum Wire & Tape

Development

National Renéwable Energy Laboratory
Oak Ridge National Laboratory
Sandia ’Nationa'l Laboratory

. State University of New York at Buffalo

University of Colorado

i —an i

»




- Joint Activities

-

- NREL is working closely with  ORNL on -the
 development of suitable buffers for the bi-axial

texturing: of TI-oxide superconductors on
ORNL.'s RABIT substrates.

| SNL. and. NREL are collaborating on the
thallination of TI-1223 & TI-1212 films.

"

" Tech. transfer of SNL's "hybrid' two-zone to NREL.
(Hybrid work at SNL carried out under OER.)

SUNY (Buffalo): |
SUNY, ORNL, and NREL are evaluating the
advantages of TI-containing precursors and

using the crucible thallination method.

Characterization and study of new TI-1223
compounds with NREL.




Thallium Oxide Tape Development

~ * Rationale for Tl-oxide tapes

o Better field performance than BSCCO
at hlgh temperatures

e Higher T, than YBCO
* Promising H;.,-in doped material

¢ Colony microstructure
* Grains grow somewhat aligned
even without a biaxial substrate

e LAQO is premier substrate for Tl-oxide material
e Remains epitaxial to thickness > 10 pym

e Enhances proper phase development

e LLAO is also excellent for other HTS materials




Buffer Layer Methodology

. Transfer Tl-oxide superconductors to
 biaxial tape substrates, i.e., RABITS

* Buffer layer structure should be as
simple as possible

e Use single crystal substrates for
prototyping buifer structure

TI-oxide superconductor

Biaxial LAO,
Ce0,, etc.

| Other
B T n e nnny: biaxial

buffers




Buffer Growths on RABITS

Configuration Result

LAO/STO/CeO2/Ni Biaxial Texture

LAO/LNO/CeO2/Ni ?
LNO/CeO,/Ni ?

Ce02/YSZ/ CeO2/Ni Biaxial Texture

LAQ/STO/Ce0,/Ni RABITS is Successful!

LAO/LNO/CeO,/Ni RABITS looks promising
on single crystals

A

®
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i
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LAO/STO/CeO, /(100) YSZ Film

108 L IR A ‘p‘ | L L I | S lél i l L) l | R L AL I L O L L} l L S L L} l | L DL B ) l 1
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20 40 60 80 100°
Figure 1 2 Theta (degrees)
HKL: LAO (220) HKL: STO (220)
. HK1: CeO, (220) HKL: YSZ (220)
Figure 2
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LAO/STO/CeO, /Ni RAB1TS Film

8
10 ¥ i 1 l ] I l ] 1 I l 14 I 1 I 1 ] 11 1
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103 1 1 1 L I 1 [ 1 1 l 1 1 1 ] l 1 1 1 1 I 1 1 1 1 l 1 1 L 1 l 1 1 1 1
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Figure 3 2 Theta (degrees)
HKL: LAO (110) HKL: STO (110)
Figure4 HKL: CeO, (220) _ HKL: Ni (220)
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ogt TTe==
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XRD Data for LAO/LaNi1O, (LNO)/CeO,/YSZ Film

108 L B IOINI LR} I LRI DL AL L L ] I N S S | L L R L r LSRR LI LR l LI SN SR S N §
71 £ § @oysz_ @ (400)YSZ
-~ W-2=s / £ ¢ S 7 .
§. 10°12 gc‘ﬁé\lf? N y S ,l
3 ‘:c: >~ i : ‘:i\ /3 > \ | o 2 -
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" lahens,etsl & Doy, et al)

vBcosTo o TRL=-1223 (B1,5¢)

108 (o» Rabts) !
' : O : Hliiab . ;

“E 10°4 W

' " ““““ = =~ O —) E
S "’/I//// o~ YBCORABITS |
i 104j % ...0~. L O 1.4 um ;_
= | "™ T2/ AT TRN E
1034: TI2212/LAO < wm[_\q( 2 - 3
1 e 0.6'11111 , / R‘“’e F

1 02 O 1 1 T\ ] 1 1

1 2 3 4 5 & :7 8
H (Tesla) :

Fig. 1. The magnetic field dependent J, of 2 YBCO/RABITS, compared to other HTS epitaxial ~

thin films that have been deposited on single crystal oxide substrates. Most data are shown for

Hi|c, the appiicarions-limiting orientation. The characteristics with Hijab are typical of the
strong intrinsic pinning observed for all HTS materials.
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St. Petersburg, FL
Jan. 29-30, 1998

R. Feenstra, D. K. Christen, M. Paranthaman

Oak Ridge National Laboratory

tu processed higl

Ce0,/YSZ / CeOz / Ni
Je =100 kAlcm at77 K

‘Ennar _ |
thlckness dependence 1 ~5 um (SrT|O3)
deposition rates up to 10 nm/s (coll. BNL and SU)
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Processing diagram YBa,Cu,0, films
BaF, method

[Feenstra, Lindemer et al., J. Appl. Phys. 69, 6569 (1 991)]
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YBCO Thick Films on SrTiO,; by a

BaF, Post Annealing Process

V. F. Solovyov, H. W. Wiesmann, Li-jun Wu,
R. Budhani, Y. Zhu, and M. Suenaga,

Brookhaven National Laboratory, Upton, NY 11973
and
R. Feenstra

Oak Ridge National Laboratory, Oak Ridge, TN 37831
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Why ?

1) An electron beam deposition is an very

 high rate process (> 0.5 pm/min) and
scaleable to an  industrial process

2) The BaF, post annealing process does
not require irn situ formation of YBCO
and is quite robust against composi-
tional fluctuations.

3) What is not known is how thick a c-axis
oriented film can be made.
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Thus, our initial objective is

(1) to show whether it is possible to

make films with > § pm thick on
- SrTiO; substrates.

and other associated objectives are to
investigate:

(2) J(H) vs. thickness
(3) Kinetics of the YBCO formation

(4) The growth rate and thickness
limiting processes
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Processing diagram YBa,Cu;0, films

OXYGEN PARTIAL PRESSURE R 0 [ATM]

BaF, method
[Feenstra, Lindemer et al., J. Appl. Phys. 69, 6569 (1991)]
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Powder diffraction spectrum and SEM

micrographs of 3 um YBCO film crystallized
under optimized conditions: 725° C 120 mTorr
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Wm National l.sbora_t.ory

Annealing temperature dependence of the

critical current density

We prepared three 3 um thick films, deposited at
100 A/s rate. The films were annealed at optimized

conditions:

Annealing O, pressure Annealing time
temperature C° |mTorr hr

800 330. 3

750 120 10

725 120 14

XRD show c-orientation and temperature
dependence of the films resistivity evidence for
weak-link free behavior of the films:

w

(=4

Q
T

Resistivity p, (WOhm cm)

Annealing temperature
—e—800°C
—e—750°C
—o—725°C

2117,

50 100 150 200 250 300

Temperature T, (K)
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Wm National Laboratory
Measurements of the J, by DC four probe method

at 1 uV/cm electric field strength resulted in the

following J(H) and J(0) dependences (here ©-
angle between C-axis and applied field vector H):

Field dependences of the critical current

density for 3 um YBCO films processed at 800,
750, 725 C.

-
(=

3 um thick YBCO on SrTiO,

77 K, Hjlc o |
Annealing temperature

: o \O ::80020
, \3\0\0\_0_;;3
3 _

o

N )

- O
' 1
Applied field, poH(T)

-t

Critical current density, J_(10°A/cm?)
Q
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Variation of the jp-situ film conductivity of(t)
curves as the oxygen partial pressure In the
annealing atmosphere is changed from 70 to

780 mTorr at 725° C annealing temperature.

3 pmthickness, O, pressure 780 mTorr

-725° C annealing "
temperature 2

S
o

200 mTorr

120 mTorr

............................

=
=S
l

70 mTorr

It
N

Conductivity o, (10° Ohm™)

| Processing time I

1 1 A 1 A 1 A | I 1

0 2 4 6 8 10 12 14
Annealing time t, (hr)

The results show that the processing time change
10% while the oxygen partial pressure is increased
by an order of magnitude and growth habit of the
film changed from purely C_lsubstrate (120 mTorr)

24



Brookhaven National Laboratory

to predominant C||substrate (780 mTorr). The film
with optimum properties (120 mTor) is
characterized by linear change of the conductivity,
which means uniform advance of flat growth front.
The equivalent “growth..rate” . under these
conditions is ~1 A/s. The following figure
demonstrates thickness variation of the of(t)
curve. We observe some thickness dependence
of the o(t) slope, the fact indicates on influence of
surface effects on the growth dynamics.

— Annealing conditions:
f__ 0.6 120 mTorr O, pressure,
O | 725° C temperature
o
=~ 04} l———— T
o] e
2
2
0
-3 0.2 B
L
C )
8 0.4 um

0o 2 4 6 8 10 12 14
Annealing time t , (hr)
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m_Brookhaven National Laboratory

TEM micrographs showing YBCO f Im growth
front. 3 um film, annealing at 750° C for 5 hr,
approxnmately half film is processed.

. | Unprocessed
A5 aterlal

Growth
front

T AR | YECO

SrTiO,
substrate

LR e
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TEM micrograph ~showing details of the
epitaxial growing YBCO - amorphous

precursor interface.

— _ {CuO
% | Fine mixture ins
Fine mix | grains
]
| compounds . \'
? }i i~::‘ oy 2 “"" | .
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Photodiode Counts x 1000
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Photodiode Counts x 1000
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What we know so far from the preliminary
results: |

1) the deposition rate > 0.6 pum/min

2) the evaporation of BaF, is by a thermal
source.

3) we have shown that YBCO layers

thickness can be greater than 3 um, (and we

will most likely be able to make ~ 5 pym
thick layer.)

4) the growth of YBCO layers are from the
substrate. No nucleation of YBCO at the

top surface was noted.
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What we do not know yet: a lot ??

# Effects of ............. on the growth
- rates; the maximum thickness, Jc, etc.

.........

(1) the gas flow rates

(2) the moisture contents in the gas

- (3) the compositions

# Kinetics of the growth
(1) when does the a-layer form ?
(2) what is the role of water ?

(3) what promotes the nucleation of

the a-axis oriented grains in very
thick films ?

329



# Some of other issues are:
(1) Is it possible to make a double or
a sequential coating ?

(2) What is thé best buffer layer ?

(3) Require improvements in the

instrumentation for deposition
rate monitoring.

(4) Yields ?
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NORMALIZED CRITICAL CURRENT (1 /1_)
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Laser Ablation:
Wavelength = 248 nm, Fluence = 2.0 J/cm?2
Substrate Temperature = 740 °C
Oxygen Pressure = 200 mT
Deposition Rate = 10 pulses/s; .03 nm/pulse

TTK transfer fork

J
Ionmill/ RHEED station
400 mJ £ RHEED system
- Beam steering cohmnn
Xy yaster unit
486 computer
. Meissner trap cortrols:
UHYV transfer vessel - 10° gasfow

)y sputter guns

RHEED: 20 kV, Incident angle 1- 2°, Substrate temperature 20 °C
STM, AFM: Nanoscope II & Nanoscope I1I, in air
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Sumw\ary

Axial strain (desired Eicvey > 04 fob.“’o) |

Reﬁerszb(e ' Teceversible $ ouset
Al\S yes 0.7-14%
Chevrel yes - -
Bl ho KA
C-\s . neo —
2; no (et prackic B4T) 12200
- +0.5%
YRCD - coated 7 | ‘o 7‘} ?

Transverse stress (desived Cirrey = 100 th)

Jrreversible € onset

NbsSn §o 100 MP
N‘D;A\ - > 100 I“IP.,
33-2123/43 ~20 MPBa

Cot\ Cecformance.

EP»:): ceacking caw liwmit coil fu(:ormn&.
more thaw €.°  of conductor

Contacts (desired e ™ 107 4o 167% )

Coa"‘ca Yi8co ().,_ov (o':.sz-cw\"
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Wire Workshop
St. Petersburg, Fla.
January 30, 1998

Fundamental Grain-Boundafy Studies Aimed at
HTS Wire Applications

Kenneth E. Gray, Argonne National Laboratory

Collaborators: Dean J. Miller, Michael B. Field, Xiao F. Zhang
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Bulk bicrystal - ANL




J_ (Alem?)

Todt et al STcS-dual seed bulk

o
N m lvanov et al Chalmers-thin film
.' & Heinig et al Wisc.-thin film
¥ Field et al Wisc./TCSUH-melt textured
10%%¢ A Steel et al STeS-thin film’
E O ¢ Sauls et al d-wave
I ¢
5 ¢ . 4
- ¢ ne .
* o A '
10*F 3 E
; ; i>
A o .
) o
Q'.
3 "l . 'E
10 - ° ]
3 ¢
| A
o7 ™
2 - -
102 ou
I 1 1 s 1 1 1 1 1 1 1 1 1 L | 1 1 , V1 1 1
I O 10 20 30 40

Misorientation Angle © (degrees)
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“Summary .

® Thin-film and bulk [001] tilt, bicrystal grain boundaries (GBs) in
YBCO

strong dependence of J. on misorientation angle, ©
® But, J. for bulk GBs are thirty-times-lower in magnitude

yet they are microscopically more-perfect, i.e., ﬂatter, minimally-
faceted and free of impurity phases

® A plausible explanation is proposed here:
pinning of Josephson vortices in these GB types

® Sources of pinning -- variation of Evortex --only large along
meandering GB '

affects current paths on each side of boundary and thus Evortex

d-wave symmetry means E;, and thus Evortex,y depends on GB
plane :

experimental verification for 90° twist and tilt GBs in YBCO

® Control of meandering--empirically: higher deposition rates—larger
meander

nucleation site density--unlikely to explain this

dynamic growth model of grain coarsening
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Field dependence of V(l) curves at 64K
24° Grain Boundary (YBCO/SrTiO,)
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Morphology of CeO, Buffer Layers on YSZ.

* CeO, layer (~20-40nm thick) by e-beam evaporation
» As-deposited and post-annealed in oxygen
 High-J, films by BaF, process only on ann’ld subst.

Surface Roughness'Dep_ends on Preparation & Treatment

- 0.17nmrms

P ?80 e dep. 780C

1.7y s’ annld 780C

. 0.38nm rms
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Strong Flux Pinning and Anomalous
Angular Dependence of J

YB(;‘O(g/RABiTS, 0.6 um thick with J, = 1.4 MA/cm?

H=5T
|

64 ;}A“ o 4. A
: : Ady
“AA .
P Y T YPYYL

BCO/STO
27 um
%0 o = 60 90 120
Hlle  Angle (degrees) 112

Analogous strong-pinning systems
*  Melt-processed/deformed bulk YBCO

*  Heavy-ion irradiated YBCO films
 YBCO films grown on substrate with surface steps

108. h
. H=5T
. 77K
1054 YBCO/RABITS
§ §
< ] A A*MA
ﬁb S
104 ' N Ame!f-processed
1 a4 .l& YBCO filament
] &4
103 35 0 30 60 90 120
Angle (degrees)
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“Thermodynamics is a phenomenological science that describes
the macroscopic properties of bulk systems. Thermodynamics
tells you nothing about microscopic processes that control
rates of reaction.”

Some Important Kinetic Factors

Nature of microscopic process
(transport-rate vs. phase- boundary—reactlon -rate limited)

Interfacial surface areas (with associated free energies)
- grain boundaries
- twin boundaries
- dislocations/defects/vacancies

Diffusion mechanism

Catalysts

21 1m»>
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AB = Incongruently melting compound

T —— o — acowme ———
.

- Recrystallization of pure phase AB from liquid of composition AB is
kinetically difficult (all B crystals must be resorbed).

e Cooling in the primary phase of AB would speed up resorption owing
to liquid - would get larger crystals of AB but also impurity A.

Bevard & Wilder
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Summary of Results on BiSCCO 2212

o At 830°C the 2212 is in equilibrium with 10 phases:

Cao
CuO .
11 9%5, Bi 24+x51.8xyCayCU1 +1:xOxz
014 x 24 (Sr,Ca)14CU24O41
2201 Bi,Sr,CuOs4
4805* Bi4Sr8CU50x
2110 Bi145l‘6.xCa6+xO33

0x21 (Ca,Sr),CuO;
2310 Bi,(Sr,Ca),Ox
Ox11 (Ca,Sr)CuO, * extensive solid solutions

e At 830°C twenty-two four-phase compatibility regions were found
around the 2212. The four-phase volumes are often very shallow due
to extensive solid solution behavior.

e Minimum mélting of 2212:

~825°C (complete melt at 830°C)
phase assemblage = 2212 +2110 + 11 9x5 + CuO

melt composition =41.7:16.1:22.3:19.9
(BiO, 5:5r0:Ca0:Cu0O)

o Initial melt compositions of samples centered in the four-phase com-
patibility regions were used to obtain a preliminary estimate of the
primary crystallization field of 2212:

' BiO;s 20—>42 mol%
SrO 15—35 mol%
CaO 2—25 mol%
CuO 2043 mol%

421
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The 2212 primary phase field lies on the alkaline-earth-poor side of the
2212 solid solution = 2212 melts zncongruently to liquid plus alka-
line-earth-rich phases.

The crystallization field for 2212 is relatively thin (a few mol%) com-
pared to its lateral extension — small changes in composition may

have very large effects on phase assemblages/melting behavior.
Ag saturates in the melts at 6 to 8 mol%.

The presence of silver lowers the melting temperatures 3 to 26°C and
primarily shifts the crystallization field away from CuO. Ag lowers the

viscosity and increases wetting capability of the melts.

Cu enters silver, lowering its melting point.



(Phase Equilibrium Studies, NIST)

Recent Results

Application of 2212 Primary Phase Volume
Data to Melt Crystallization Paths

Determination of Pb Content of Coexisting
Pb-2223 Phases

Development of Graphical Methods For
Representing 5-Component Pb-2223
Phase Equilibria

Measurement of Pb-2223 Subsolidus Phase
Equilibria in 7.5% O

Detailed Mappmg of Pb- 2223 + 2212
Liquidus |

General Model for Pb-2223 Primary
Crystallization Volume in 7.5% O
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BSCCO 2212 Crystallization Path,
Composition I (in air)
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BSCCO 2212 Slow Cooling Experiment,
Composition I, Cooled at 0.2°C/min
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BSCCO 2212 Slow Cooling Experiment,
Composition II, Cooled at 0.2°C/min
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Table 1. Symbols and compositions

of phases in equilibrium with 2223

"o 2l

Symbol

Nominal Composition

2223
2212

014x24

O0x21
3221
2310
119x5
Ox11

Ox11”

“1x20

CaO
CuO

(Bi1.8Pbo.4)Sr2Cag 2CusOy
(Bi1.9Pbo.1)Sr1.5Caq.5Cu20x
Sr7Ca7Cu24044
(Cay.9Sro.1)CuOs3

Big sPb3SroCasCuOy
Biz7.8Pbs.18Sr49.5Ca16.50x
Bi1.8Pbo.4Sr1.6Cag.2CuOy
(Cap.86Sr0.14)CuO2
(Cag.5Sr0.5)CuO2
(Ca1.9Srg.1)PbO4
(Cap.9Sro.1)O

CuO
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Breakout Group Summary
BSCCO Wire

Session Chairmen: D.F.Lee (ORNL) and V.A. Maroni (ANL)

This breakout group organized its discussions around three central themes: (1)
cost/performance of BSCCO composite conductor (in terms of $/kA-m), (2) product
reliability and engineering viability, and (3) a near-term opportumty to forge a market in
the electric utility transformer area. Oral presentations given on the first day of the
workshop clearly emphasized that the current cost of silver-clad Bi-2223 wires was still
around $1000/kA-m and that this cost needed to drop to less than $10/kA-m for most
practical applications. Discussion on this topic within the breakout group embraced a
range of attitudes and opinions. American Superconductor Corporation (ASC)
representatives and others argued that the $1000/kA-m figure is (1) based on wire
performance levels that are lower than the best values achievable today, (2) not
representative of the influences a large commercial market would have on manufacturing
costs, and (3) perhaps in conflict with some notions about how manufacturers should
market high-T. wire and where profit should be made in the manufacturmg of high-T,
devices.

The breakout group generally concurred that lower conductor cost translates to two
factors: higher critical current densities (i.e., amperes per unit area) and lower product
cost per unit volume. The first of these factors involves reaching the highest attainable
value of J., and the pursuit of this goal was given the highest priority because it
represents the greatest opportunity for improvement. Progress on J; will come from a
thorough elucidation of phase formation processes and current-limiting mechanisms in
BSCCO composite conductors. Cost per unit volume was dissected into several goal
areas as follows:

-maximizing the fill factor by minimizing the amount of sheath material required per kA-
m and by optimizing the filament architecture;

-implementing lower cost sheath materials without sacﬁﬁcing performance;

-simplifying the composite conductor fabrication process by reducing the numbér and
duration of labor intensive steps; and

-increasing/impréving the yield of acceptable defect-free product.
In the course of this discussion, further recognition was made of the probability that the
scale-up required to meet a heavier demand for HTS conductor would have a price-

reducing effect in terms of cost/volume advantages associated with the product itself, and
at least some of the materials that go into making it, such as the precursor powder.

The group recognized the compelling evidence presented in several workshop talks that
certain persistent (seemingly inherent) classes of defects must be eliminated or better
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controlled if maximization of J. is to be achieved. This will require better
characterization/quantification of known defect types, such as grain boundaries,
nonsuperconducting second phases, cracks, and voids in terms of origin, size, shape, and
influence on HTS performance properties. Continued studies of the many types of grain
boundary interfaces and interconnects observed in BSCCO wires is recommended to
fully elucidate the current flow mechanisms and associated limitations. This should be
carried out with an eye toward developing methods for engineering the most desirable
types of grain interconnects.

There was also recognition of the need for better understanding of the micromechanics of
the composite conductor deformation process to improve superconducting phase texture,
eliminate voids and filament non-uniformities, maintain filament continuity, and exploit
aspects of the mechanics that facilitate reducing the fill factor. In addition, recent
magneto-optic imaging results showed that the superconducting filaments are
inhomogeneous, with dimensionality and characteristics strongly suggesting that these
defects are cracks. Since these flaws constitute a substantial portion of the filament cross
section, knowledge gained from micro-mechanical modeling of fracture processes could
suggest alternative processing routes utilizing stress states and strain paths that mitigate
crack initiation and create microstructures less susceptible to crack propagation. The
elimination of these flaws would provide an immediate enhancement of J..

There was discussion of the relative merits and possibilities associated with increasing
the self field J; (call it Jos) and with trying to improve the in-field J, (call it Jou) at
temperatures above 20 K. The former appears to require the elimination of defects (as
defined above) and the perfection of BSCCO texture development; the latter appears to
require the incorporation of properly sized nanoscale inclusions/defects throughout the
ceramic core of each filament (in the bulk ceramic instead of at grain boundaries or
interfaces). Success in improving J. may be difficult to achieve, may add expense to the
wire making process, and may concomitantly cause degradation of Jo. Nonetheless, there
is much to be gained in the area of fabrication and operating cost reduction by raising the
effective working temperature of BSCCO-based conductor, and this translates, more than
anything else, into better flux pinning. At this time we know very little about flux
pinning in BSCCO composites, beyond the fact that it is highly variable and there is no
substantive evidence to suggest that it can not be done cost-effectively.

With regard to insuring the reliability and engineering viability of BSCCO-based
conductor in long lengths, it may be time to establish specifications for the materials that
go into the wire-making process, the product wire itself, and the product inspection/
verification methods. It is also important to note that a successful HTS industry based on
BSCCO conductor is not necessarily predicated on 77 K operation even in the long run.

BSCCO wire technology is an established small industry today at temperatures from 4.2
Kto40K.

The opportunity that appears to exist in the utility transformer area concerns the fact that
a large number of transformers will be reaching the end of their expected operating life in
about four to five years. There is then an opportunity to replace some or all of these units
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with high-T. analogs. BSCCO-based composite conductor is the only demonstrated long-
length HTS option that could possibly meet the operational requirements in the specified
time scale. There were, however, some in the breakout group who felt that the existing
research and development support base for BSCCO wire technology was not adequate to
answer the transformer challenge, particularly in areas related to cost reduction.
Penetration of the transformer market by high-T.-based versions (i.e., BSCCO-based)
would provide an excellent demonstration of a DOE development that produced an
energy saving/environmentally friendly solution to a real utility need in the United States.
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Breakout Group Summary

BSCCO Applications

Session- Chairman: Chris Rey (DuPont)

Coming Events

The discussion was quite lively during the break out session. The session opened with a brief
summary of near term HTS systems' tests and events. The discussion quickly turned towards
further recognition of the needed dialog between the utility users and the superconducting
community. It was felt that a "change in culture" was needed in the utility community if a
transition from conventional technology to superconducting technology was ever going to occur.
The utility customers need to be involved in order to get the perspectives and details necessary for
HTS acceptance and commercialization.

Standards

The discussion then turned toward one of the standards for the superconducting community to
adopt in order to facilitate utility acceptance of superconducting products. Standards such as:
ASME, IEEE, ANSI, and OSHA were suggested as logical starting points of reference. It was
also pointed out that where these standards do not apply on "first of a kind" equipment, it was up
to the collective utility and superconductivity community to define and coordinate new standards.

It was also recognized that each utility most likely would have different requirements and use
different standards.

HTS Wire/Tape Cost

The discussion and most of the concern then turned towards the HTS wire/tape cost issue. It was
felt that many of the engineering requirements for the introduction of HTS products could be met,
but that it was HTS wire cost that would ultimately dictate the acceptance of HTS products.

Issues as simple as the continued availability of silver and its price stability were discussed. There
was considerable debate among users as to what is an appropriate initial capital cost for HTS
systems. The question, "Does the initial capital cost for HTS systems have to be less expensive, or
will users pay a premium price for higher performance?" was discussed. Many felt that in order
for HTS products to even be considered, the initial capital cost must be less expensive than
existing conventional technology. The rationale to this point dealt with established markets, where
hundreds or thousands of conventional units were already in place. For these markets, some
companies saw little financial incentive to establish a few new HTS units which had different
OEM needs and requirements, but at the same time had equal or higher initial capital cost.

The opposing viewpoint believed that companies were more concerned with total ownership cost.
Initial capital costs could be up to 15 % higher than conventional technology if the total
ownership was substantially less. The HTS transformer was used as a primary example. The
primary advantages of the HTS transformer were its over capacity capability, lower fire hazard,
and lower environmental impact. Energy efficiency was cited as secondary advantage. It was
recognized that the initial capital cost of the HTS transformer was higher, but its total ownership
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cost could be lower.

Both viewpoints agreed, however, that without successful pilot-scale demonstrations of
HTS systems' performance and reliability, utility acceptance of HTS technology was nearly
impossible. Furthermore, only through continued financial support by the DOE would these

successful demonstrations take place.

Bi-Oxide Conductor

The issue was raised concerning the continued financial support by DOE of first-generation
Bi-oxide-based HTS conductor. All agreed that research and development of second-generation
coated conductors should be vigorously pursued, however, it was felt that the continued support
of Bi-oxide-based conductor should be re-emphasized. Some felt that the efforts were mutually
beneficial and that the introduction of successful Bi-oxide-based HTS systems would promote a
more widespread acceptance of coated conductor. As summarized by one statement, "It's the only
material system we have that is technically viable at the present time."

Cryogenic Funding

The issue of providing new funding for improved cryogenics, out of existing funds for
superconductivity, was hotly debated. The issue quickly divided itself into two schools of thought.
Some felt that while providing new funding for improved cryogenics was an important issue, it
could not be justified with the present size of the DOE HTS budget. They felt that the projected
DOE funding for superconductivity was best spent supporting the existing HTS projects, and if
additional funding became available later, then the issue could be reevaluated. Others felt that
since cryogenics were an integral part of any HTS system, it was necessary to support further
development of improved cryogenics. In particular, lower systems cost and higher reliability were
the two primary issues that most people felt needed to be addressed. Proponents of this view felt
that, until HTS materials have sufficient current densities to operate at liquid nitrogen
temperatures, it will be necessary to rely on cryocooled systems.

Commercialization Workshop

Finally, some suggested that DOE sponsor a commercialization workshop. The purpose of the
workshop would be to bring in companies not in the field of superconductivity, which could
provide guidance, experience, and expertise in trying to bring new research products into the
commercial market. Related fields such as biotechnology, telecommunications, and computer chip
hardware were suggested as possible candidates.
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Breakout Group Summary

Second Generation Conductors and Fundamental Issues for HTS Wire Development
Session Chairmen: Don Kroeger, Steve Foltyn, Marty Maley

Discussion in this group related primarily to YBCO coated conductors on flexible metal
substrates, since another breakout group provided a forum for discussion of fundamental issues

in BSCCO wire development. Coated conductor issues were discussed under the following three
headings:

TEXTURED TEMPLATES

THE SUPERCONDUCTOR

SCALE-UP, MANUFACTURING, COST

TEXTURED TEMPLATES

Within the Department of Energy program, two approaches to fabricating flexible metal strips
with textured surfaces on which the superconductor can be deposited epitaxially are being
heavily pursued: IBAD, or ion-beam-assisted deposition of a textured oxide buffer layer on
metal strip, and RABITS, or rolling-assisted biaxially textured substrates, in which an oxide
buffer layer is deposited epitaxially on a metal strip which has been textured by

thermomechanical processing. Technical issues and challenges for these two approaches were
discussed.

® IBAD

. Deposition rate
-Development of adequately textured YSZ layer is relatively slow

-Thin MgO IBAD layers are highly textured and appear to be an attractive
alternative

Reproducibility and uniformity over length
Effect of surface roughness of metal substrate
Mechanisms for texture development have not been established
Modeling studies are needed
-Is there an upper limit on texture?
-Dependence of Texture on thickness, rate
3 Can other materials, e.g. perovskites, be textured?

* & & o
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® RABITS

. Developments of alternatives to nickel which are
-Stronger
-Non-magnetic
¢ ac losses in Ni
¢ Fundamental understanding is needed of cube texture development particularly with respect to
-Alloys
-Effects of impurities
-Composite structures
-Limits to degree of texture
Development of new and better buffer layer architectures
Development of chemical, i.e., non-vapor deposition processes for buffers
¢ Uniformity of texture over length, reproducibility

* <&

e OTHERS

The group suggested that other methods of preparing a textured buffer layer should also be
investigated, including:

. Deposition onto inclined substrates
¢ Combinations of inclined substrates with IBAD

The mechanism by which texture develops on inclined substrates has not been established.

THE SUPERCONDUCTOR

Issues raised concerning the superconductor related primarily to grain boundaries and weak-link
behavior. A need for fundamental understanding of the causes of weak-link behavior was
identified. It was noted that recent results demonstrate that the relationship between J_ and the
FWHM of a phi scan is not unique. Therefore a need was seen for measures or indices of grain
alignment in the superconductor, which correlate well with J. Grain orientation maps and grain
boundary misorientation statistics which can be derived from electron backscatter diffraction are
useful supplements to x-ray diffraction characterization.

Additional suggested activities and questions included:

. Correlation of gb microstructures with weak-link effects

L Study of grain size dependence of J,
-Do small angle boundaries pin flux?

¢ More detailed studies of J_ vs. gb misorientation
-Need better data at low angles; define plateau
-Effects of gb type, gb plane
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* Further study of deposition process parameters

~Temperature

-Rate
. Can the buffer layer induce flux pinning defects in the superconductor?
. Are there advantages to other superconducting compounds?

-High J, TI-1223 films have been made on RABITS
-Hg-1223, RE-123?

SCALE-UP AND MANUFACTURING

Many comments under this topic related to cost, as determined by processing and the properties
of the product. There was little discussion of the appropriateness or achievability of the $10/kA-
m target price, but use of the kA-m pricing unit provides clear motivation for maximizing J..

Issues related to J; included:

Deposition rate

J. vs. thickness of superconductor

Mechanical properties and strain resistance vs. thickness of superconductor
Performance in field-J vs. H

Mechanical properties, handling of thin (~ 25 um) metal substrates
Double-sided deposition?

* ¢ 6 6 o o0

Issues related to scale-up to long lengths included:

* Heating of continuous tapes for in-situ formation of YBCO
-Temperature uniformity over deposition area

-Width of temperature window
. Composition control-improved methods are needed for monitoring
deposition rates in a continuous, long-length process
* Maintenance of texture over length in roll-textured metals and epitaxial and
IBAD buffers
* Patterning of the superconductor layer to reduce ac losses
. Choice of deposition process for superconductor

-Vapor deposition, in-situ formation of YBCO
-Non-vapor, or “chemical” processes
-Vapor deposition of precursor - BaF,, Y, Cu

Demonstration of technical feasibility by preparing at least moderate lengths of conductor with
good properties is the most important task facing us. Scale-up of processes for preparation of
long lengths, it was agreed, must be done through collaborations between the national

laboratories and industry. Projects are presently in progress at national labs to prepare meter
lengths of conductor by both IBAD and RABiTS approaches. Collaborative projects with
industry directed toward preparation of longer lengths are also underway.
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SUMMARY

of the

Wire Development Workshop

January 29-30, 1998

by Thomas P. Sheahen

The Superconductivity Program for Electric Systems of the Department of Energy held its
annual Wire Development Workshop in St. Petersburg, Florida on January 29-30, 1998. These

notes were taken rapidly during the consecutive presentations, and are not necessarily complete.
OPENING TALKS

Program Manager Dr. James G. Daley of DOE opened the workshop Thursday morning by
noting that 130 people attended, as contrasted to about 80 in the past. Jim briefly recapped the goal
of the program: it is still to produce wire with 100 times the current-capacity of copper or
aluminum, and without the resistive losses. This wire will be used in electrical devices which must
be very large, in order to offset the cost of refrigeration. Internationally, we are competing with
Japan and Germany; in the field of coated conductors, we are about even now, but the United States
is starting to move ahead. Last year, 150 km of HTS wire were delivered.

John Simpson spoke on behalf of Florida Power Corporation, our host at this year’s
meeting, and presented a “user perspective” to the attendees. Today, the electrical energy delivery
service is a mature industry. Bulk power transmission is about 97% efficient; from generator to
home is about 94% efficient. Transmission lines are always of great interest; currently, Florida
Power is working on a 500 kV line.

Simpson gave an example of the complexities faced by utilities: At present, their power
flows geographically in a “horseshoe” pattern, and they really need a connecting link to decrease the
risk of blackouts. While a blackout would cost about $90 million, the cost of the connecting link
would be $80 million. Moreover, many opponents of the project challenged it on various legal
grounds. So they abandoned the link project, and instead introduced a fast load-shedding scheme.

In another category, utilities are trying to find alternatives to overhead lines. Underground
cable is preferable to the public, but it has technical obstacles. Also, the interties between systems
are not easily able to carry huge amounts of power. With all the wheeling of power that people will
want to do in the years ahead, various kinds of new tielines will be needed, which are not cheap:
putting up 450 miles of 500 kV line would cost $600 million. Basically, peninsular Florida needs to
generate and use its own power; Pinellas County, for example, contains 1400 families per square
mile. With the growth and population density being experienced, Florida Power needs a variety of
cost-effective options to increase its transfer capabilities. Hopefully, superconductivity can help
improve the performance of their transmission system; improved transformers are one likely
application.

The first plenary talk was by Bruce Strauss and David Sutter from the High Energy Physics
part of Energy Research within DOE. High Energy Physics may become a leading customer for
HTS wire someday.
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Dr. Strauss characterized their business as making extremely sophisticated “microscopes”.
Since the early 1960s, consecutive improvements at various accelerators have been made; their
magnets now reach fields of 13.2 tesla. At one time, High Energy Physics was the main purchaser
of superconducting wire. Cryogenic stabilization was a key to their success. A 1968 workshop at
Brookhaven introduced the idea of “Enthalpy stabilization”. We learned how to make tiny
filaments, and to twist wires. In an accelerator today, cryogenics is less than 10% of the capital cost,
but cryogenics comprises nearly all of the operating costs. Still, that cost is much smaller than it
would have been using resistive wire.

At the very high magnetic fields in use today, force-containment is a big issue. A
superconducting dipole magnet has a lot of stress on the mid-plane, due to Lorentz forces, which
escalate as B”. Holding magnets together has been a big learning process over the past 30 years.

NbTi wire has improved in J. a lot in recent years; J, = 3500 A/cm’ is now the state of the art.
Today, wire is ordered in “ton” lots. Magnet technology is the enabling technology for High Energy
Physics.

g What does the future hold? The Large Hadron Collider (LHC) at CERN in Switzerland is
going to use 8-tesla magnets in an existing tunnel. Beyond that, there are three major items being
discussed: a) the next linear collider; b) Jupiter, a proton-collider, also known as the VLHC, or
Very Large Hadron Collider; c) a muon-muon collider. The trouble with muons is that they go
away so fast: their lifetime is 10°® sec in their reference frame, and only a few milliseconds in the
laboratory frame. If B =3T were used, it would require hundreds of miles of tunnels for such a
“low field” approach. IfB = 15 T were used, one would have to design the magnets to
accommodate great forces. Texas A&M, as well as LBL, have various designs to minimize the
stresses.

The attraction of HTS is that the upper critical field (H,,) is so large; we can achieve fields
around 15 T, while still having J.above 1200 A/mm? and an engineering J. around 250 A/mm?.
Still, the cost of the structure to hold it together will go up as B%. The goal is to build magnets
having B > 12 T, running above 4.2 K, with controllable AC properties, manageable mechanical
properties, and manageable manufacturing methods. Strauss emphasized that High Energy Physics
needs “length, length, length” for magnets that will be 1000 feet long. Finally, all this has to be
affordable, at a cost near that of a 10-tesla magnet made of NbsSn. HTS could be very helpful here.

Session One: First Generation Wire Development

Intermagnetics General Corp.: Venkat Selvamanickam described the progress made by

IGC’s cooperative agreement with Argonne and Oak Ridge. They are now producing powder-in-
tube (PIT) Bi-2223 wire at the rate of 100 km/yr, in a new factory that has been running for 7
months. Their wire contains 37 filaments, and the pieces are typically 100 m long.

Cost reduction is the key to success. Cost has dropped several orders of magnitude in recent
years. The cost now is about $30/meter, which equals $1000/kA-meter. IGC expects its
manufacturing speed to increase rapidly in the next few years, and realistically expects to lower the
production cost to $100/kA-m. They are also working to get the volume fraction of BSCCO up to
40% (60% silver), and are improving mechanical properties as well.

The key improvement now is that the properties are uniform over the full length. Their
chemically-derived powder is much better than solid-state powder; it provides finer particles, and
more uniform filaments. A new method known as Consolidated Precursor Rod looks favorable.

Bi-2212 is also being made by IGC, as a tape coating a substrate. The SPI program to build
a HTS transformer (Waukesha Electric) is the main user of IGC’s Bi-2212. This wire is now being
produced at up to 13 amps in long lengths, at a price of $6 to $10 per meter.

IGC is also starting an effort to make surface-coated YBCO.
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Oxford Superconducting Technology: Ken Marken reviewed their progress at making Bi-
2212 conductors. Using melt processing, they have attained J. = 10° A/cm’ above 20 tesla. Oxford
is attentive to several process-control issues: reduction of carbon, residual gas, control of the
melting behavior; control of the heat-treatment step are crucial. They use a 19-filament conductor,
typically 3 mm x 0.2 mm, and the filaments have diameters of 15 - 30 microns. The critical current
levels off at 100 amps, and stays there up to over 30 tesla, at 4.2 K. The engineering critical current
(3.) is about 19 kA/cm” in this material. Testing was done at the NHMFL in Florida; the magnets
are eight stacked pancakes. Oxford hopes to make a round-wire version of Bi-2212, containing 121
filaments (of about 40 um diameter), in which the silver to HTS ratio is 2.2 to 3.0.

Oxford has also tried dip-coating of conductors. The current leads fabricated by dip-coating
are better than those made of bulk Bi-2212.

EURUS Technologies: Mike Tomsik discussed their AC loss measurements. They have
found a way to decouple the filaments, which reduces AC losses considerably (but the decoupling is
not total). By putting a sheath around their conductor, they get greater strength.

American Superconductor: Bart Riley reviewed their work on Bi-2223 using the Powder-
in-Tube (PIT) process. ASC is getting long lengths with low defects, across a large operational
temperature-field range. In short lengths, Jc gets better all the time. Riley stated that their Jc is
double what anybody else has, about 70,000 A/cm®. Moreover, their trend-line over time is steady,
so they are confident of still better Jc in the future.

For long lengths (pieces > 100 m), ASC measures current in self-field at 77 K. Typically,
85 amps are being carried. For this geometry, they obtain 5000 A/cm’, with a standard deviation of
o = 15%. Their generation-2 wire gets 9150 A/cm’, with o = 7.4%. The low-end performance has
improved by 130%, which is very encouraging for future improvements.

The cost-of-manufacturing this wire is in the range of $10 - $100 per kA-meter. As the fill-
factor increases, the cost of silver decreases, and Je improves. Fill-factors of 40% have been
demonstrated in short samples. Power-transmission cables need good mechanical properties, which
requires high fill-factors.

Bart Riley also presented a list of “where we need help”: On the technical side, it contained
items such as higher fill-factor, replacement of silver, weak-link mitigation, flux-pinning
enhancement, and connectivity enhancement. Riley is optimistic about the future, saying “we can
get there if we apply the effort.”

Texas Center for Superconductivity at the University of Houston: Professor Paul Chu
described their recent efforts. First of all, TCSUH is trying to reduce the cost of Bi-2212 tape. At
$5.20 per ounce for silver, the cost of the silver alone is $18/kA-m, which is already above the
$10/kA-m target.

In another project, TCSUH has been able to deposit Hg-1223 on nickel, which is a lot
cheaper. They use a 2-step spray/press process for this, and so far have gotten J, = 70,000 A/cm’ at
77 K. Subsequently, they tried making Bi-2212 on nickel by the same 2-step spray/press process.
They do a lot of heat-treating tricks here, operating in a very narrow temperature range near 850 C,
and are getting excellent grain alignment. Using Ag/Pd layers as well as Cr, they obtain a S-micron
thick layer of semiconducting material in between the Bi and the Ni. Unfortunately, some Cu, Bi
and Ca diffuses into the Ni; and T, is depressed to 70 K. However, at 4.2 K and 9 tesla, J. is about
300,000 A/cm’ in this Bi-2212. _

Further improvements are needed in the areas of: optimization of process parameters, and
control of nickel substrate surfaces. TCSUH plans to use IBAD and RABITS to improve substrates.
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They also want to de-magnetize the substrate to improve AC behavior. Finally, they hope to apply
this to Bi-2223 eventually.

The questions-and-answers that followed this set of presentations dealt mainly with issues
of reducing cost.

Session Two: Pre-Commercial Prototypes

Southwire Company: Cable Project: Uday Sinha described their 3-year project to make 30
meters of 3-phase HTS cable that will carry 1250 A at 12,500 V. The cable will be tested in the year
2000, running between two Southwire manufacturing plants. They have made several different
varieties of Cable. In 1997, they designed, installed & tested the stranding machine, which is inside
acleanroom. In 1998, their timetable has slipped some, but they expect to get tape-conductors from
IGC in a couple weeks. A 15-foot cable is to be tested in February 1998, with measurements of
inductance, capacitance and loss-angle. It will be run continuously for 7 days. Sinha expects to
learn a lot from these tests: thermal insulation, cryogenic dielectric materials requirements, etc.

Over the next 5 years, Southwire’s tape needs are to make tape that will carry 30 amps, with
a yield strain of 0.2%, able to withstand > 100 Mpa. By 1999 they will need 20 km length, and by
2001, 36.5 km; the cumulative length of all samples will be 81.5 km.

Waukesha Electric Systems: Transformer Project: Sam Mehta described their S-year

program to build a 30 MVA HTS transformer. There is a window of opportunity ahead soon,
because so many transformers are aging and-will need to be replaced; if people buy replacement
transformers of a conventional type, Waukesha won’t be able to sell them HTS transformers.

So far they have a 1 MVA prototype, which will be cooled down within the next two
months. In 1999 and 2000, they hope to build a 10 MVA prototype. During phase 1, they have
done a conceptual design of a 30 MVA transformer, which looks favorable compared to traditional
30 MVA units. Waukesha has chosen to use cryocooled BSCCO, for several reasons, notable that it
is the most cost-effective system.

Intermagnetics General: Magnet Development: Mike Walker addressed the subject of
wire cost. the cost ($/kA-m) figure that IGC gets by pushing beyond where they are now is still
above § 10/kA-m. For a big transformer such as Waukesha has in mind, the wire costs about
$500,000. That cost has to drop below $300,000, in order to compete with other transformers. For a
Fault Current Limiter, the cost-constraint is very severe.

Cost is also the major problem in IGC’s magnet development project. It is equally possible
to cryocool LTS (down to 4.2 K), and that sets a competitive price range. Moreover, the cost-targets
are constantly declining, as competing technologies improve. The first commercial application may
be in the accelerator at Fermilab, meeting the needs described by Bruce Strauss and Dave Sutter.

Rockwell Automation: Motor Project: Boris Shoykhet stated that their goals are to build a
1000 hp motor by 1999, and a 5000 hp motor by 2001. The test-stand has been built; testing will
begin about a year from now. Stator Windings and Pole Assemblies are being fabricated. The
refrigeration system will deliver about 60 watts of cooling. Wire comes from ASC; but they still
need to have the wire cost only $ 10/kA-m.

Lockheed Martin: Fault Current Limiter: Eddie Leung reviewed their progress: In the

summer of 1995, they tested a 3000 A FCL; its normal operating current was 85 A at a voltage of
2.4kV. They are now building a bigger unit -- a huge device, which goes on a trailer. The coil is
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about 1 meter in diameter, but they hope to reduce that in the future. This “phase-two” unit will be
15.5 kV, with a normal operating current of 1200 A; it is expected to withstand 2 one-second faults
within 15 seconds.

The next unit after that will carry 2037 A under normal conditions, peaking at 9000 A rms.
It will operate at 40 K, occupy about one cubic meter, store 20.7 kJ of energy, and sustain a
maximum voltage across the coil of 15,500 V.

1997 saw Lockheed Martin file 4 new patent disclosures relating to the FCL: {Iron ring
approach, hybrid coil approach, advanced heat-sink design, the no-biased power supply}.

The high cost of HTS wire has been a major concern. Leung contacted many suppliers, and
got a range of price quotes from them, averaging $ 1222 /kA-m. This is two orders of magnitude too
high. (Remember that NbTi costs $ 1/kA-m and Nb;Sn costs $ 8/kA-m.) By running the FCL at 40
K, Leung feels they can get the $1222 figure down to $ 680/kA-m. Of course it would be cheaper
still to run at 77 K, but YBCO coated-conductor is further away.

In conclusion, Eddie Leung stated that existing Bi-2223 tape conductor works, technically,
but is too costly. Therefore, coated-conductor development is terribly important.

Pirelli: Cable Project: Mujib Rahman reviewed the improvements that have taken place
since their first-generation tapes two years ago. At that time, I, was 33 A, the length was 200 m, and
the strain limit was 0.3%; also, AC losses were 9 x 10° W/m at 7 A rms at 55 Hz. Today’s cable,
which is the warm dielectric design, is definitely better: I is 20 to 80 A, length > 250 m, strain is
0.2t0 0.5%. The trouble is, the price is $ 1200/kA-m.

Where do we need to go? Rahman looks at it from the customer’s point of view: ordinary
cable (Cu, Al) runs in the 0 to 2000 A range, whereas HTS conductor will go up to 5000 A. There is
no value in running HTS cable below 2000 A. A cable length over 1000 m is needed, with defect-
free and consistent material. The critical current must be 1. = 200 - 300 A.

Still, cost is the most important issue. Copper costs $12.50/kA-m, and right now HTS is
100 times more expensive. Allowing for cryogenic costs, HTS must come in below $10/kA-m in
order to be competitive. Rahman emphasized that industry needs to focus on the cost question.

American Superconductor: Wire Production: Bob Schwall began where Bart Riley left off
earlier, reminding his audience that it is essential that there be stable support for R&D on BSCCO,
and continued prototype-system development. ASC has aftained Je > 10,000 Alem? with
mechanical robustness in long lengths. Their philosophy is that at 4 K, NbTi is the conductor of
choice; below 15 K, Nb;Sn; but above 20 K, HTS is needed. At 20 K, ASC comes pretty close to
Bruce Strauss’ criteria for the needs of the high-energy physics community.

ASC derives some of its support from the military. DARPA and the Navy have supported
HTS work for minesweepers and for ship propulsion. A homopolar motor-generator was run back in
the early 1980s using NbTi; lately the coils have been replaced w1th HTS coils supplied by ASC and
others. In tests of the refurbished motor, it delivered

104hpat 77K
230hpat28K
320hp at4.2K.
These numbers are all close to the performance of the Rockwell Automation motor.

ASC is also working on a big new high-field magnet program. They have just completed
testing a unit, and found that it takes 45 hours to cool it to 22 K, using cryoplate cooling. That
magnet was then held for 30 minutes at 7 tesla.

Concluding, Schwall said that Bi-2223 conductor is good, applications are going well now,
and ASC is optimistic about the future.
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Session Three: Second-Generation Wire - Private Sector

Midwest Superconductivity: John Hack described their coated-conductor work. Midwest
has an SBIR from the High Energy Physics office of DOE to make high-J. tapes, using MOCVD
techniques, and RABITS to prepare the substrate. So far, J, = 640,000 A/cm® at 77 K. They are
making progress, but the challenge is: how do you make long lengths of MOCVD wire? At present,
their MOCVD reactor is set up to produce one-meter long YBCO tapes for demonstration. Midwest
has not yet made a one-meter tape. They also are building a reel-to-reel system for depositing
YBCO, and think that 50 m is the most they can do.

Midwest has set very aggressive goals. Westinghouse is scaling up the RABITS process
from Oak Ridge, and has accomplished a lot. The texture along the tape is good. Preliminary
results include that the texture of the nickel is fine, and they can handle 2-mil thick nickel tape at
800 °C without trouble. The NiO layer has been eliminated.

Difficulties include the great variability in materials from lot to lot and vendor to vendor.
Midwest has to clean up the barium content of the chemicals reaching them; this goes under the
name of In-house Qualification. The chemicals are extremely sensitive to moisture and oxidation;
for example, yttrium picks up moisture easily.

John Hack also reported on their economic analysis: the Ni tape and the precursor cost only
about $0.50/m; when labor, indirect cost and profit are added, they wind up at § 100/kA-m at 77K,
and § 10/kA-m at 4.2 K. In the immediate future, Midwest will continue to work with its one-meter
apparatus. They look forward to someday having long lengths of buffered substrate.

Intermagnetics General: Venkat Selvamanickam explained that they start with a RABiTS
substrate, apply a buffer, and then coat with YBCO; all these components are made at IGC. They
have made good, well-textured substrates, and supplied samples to many national laboratories. So
far their buffer layers have been put down using thermal evaporation, but they are experimenting

with rf sputtering to deposit buffer layers. When they calculate the economic numbers, they get an
eventual cost of $ 180/kA-m.

American Superconductor: Les Fritzemeier said that ASC uses the CCVD method, always
in one atmosphere air. They shoot the precursors at the substrate, without heating the substrate.
This is outside the bounds of conventional CVD. The thickness of the films they have made ranges
from < 10 nm up to > 5 microns.

ASC’s cost analysis is optimistic; they believe they can reach the goal of $10/kA-m.

MicroCoating Technologies: Shara Shoup discussed how they apply very dense YBCO
coatings to MgO and LaAlO; substrates. They are getting good epitaxy of the YBCO, and very
uniform films. Using CCVD, they also get good results for buffer layers of CeO,, YSZ, etc. They
obtain the lowest FWHM values of anybody. The buffer layers are smooth, dense and continuous.
They have even deposited at the very fast rate of 100 nm/min. They can grow CeO; on nickel.

MicroCoating Technologies is very happy with their progress. Shoup also asserted that their cost
analysis shows commercial feasibility.

3M: Jonathan Storer, substituting for Ame Funkenbush, described their collaborative effort
with Stanford University (Prof. Bob Hammond). 3M hopes to apply something from their own
technology base that can enhance the known IBAD and RABITS products.

Their focus is on developing control methods to overcome the widely-varying vapor
pressure of YBCO. Bob Hammond uses Stanford’s electron-beam equipment to deposit the
precursor material. YBCO film deposition is still a very tough problem.
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Atomic-absorption remote sensors have been built for Y and Ba; a Cu sensor is still under
development. They have constructed a vacuum coater, and are characterizing it now. They have
gotten good results with BaF,. 3M’s roll-to-roll coater is working well, too.

In questions addressed to this group of speakers, Alan Wolsky of Argonne directed attention
to the very severe penalty going from Jc to Je when the thick substrate is compared to the thin
YBCO coating. This is recognized as a major limitation. Everyone is hopeful of getting the YBCO
coating up to a few microns thickness, but there may be additional mechanical problems, such as the
films lifting off the substrates. Also, the variability of Jc as a function of increasing film thickness
was discussed; this too is an active area of research concern.

To a question from Udaya Rao of FETC about the possibility of texturing Ni/Cu substrates
which are non-magnetic, Selvanamickam replied that IGC is working on this.

Session Four: Second Generation Wire - Federal Laboratories

National Renewable Energy Lab: Dick Blaugher stated that work continues on thallium, in
a collaboration with several national labs and universities, supported by Basic Energy Sciences of
DOE. They are able to make good buffers (CeO,, YSZ) on nickel using RABITS techniques;
Blaugher showed pole figures to verify this. Their electrodeposited films of T1-1223 also show
good texture. NREL is working toward getting Jc to hold up at higher magnetic fields. The
advantage to T1-1223 is that in the LN, range (64-77 K), it would meet the needs for transformers
(<0.5 T) and transmission lines (< 0.02 T). Electrodeposition is relatively cheap, and therefore TI-
1223 is still in the running. NREL is also doing some work on (Pb, Bi) compounds.

Los Alamos: Paul Arendt described progress using the Jon Beam Assisted Deposition
(IBAD) technique, especially in preparing YSZ and MgO buffers. They are building an
IBAD/RHEED apparatus to make better films.

The variation of Jc with position along the tape has improved greatly in the last two years,
but there is still room for improvement. They now have 1.1 m IBAD-YSZ templates, and IBAD-
MgO production has improved one-hundred-fold in speed. Their YBCO films showIc> 100 A ina
5 cm tape, which implies Jc > 20,000 Alcm’.

Oak Ridge: Ron Feenstra discussed the BaF, method, which is a scaleable process for
making YBCO coated conductors. This method differs somewhat from the usual methods. They
first put buffers of Ce0,/YSZ/CeO, on a nickel substrate. The BaF; process (first introduced by
AT&T Bell Labs in 1987) is a two-step process. There is a low-temperature deposition step
followed by a high temperature annealing step. This way, two complex processing steps are
decoupled. The idea is just to get the right stoichiometric mixture down onto the substrate, and then
form YBCO crystals by chemical reactions. This relaxes the control requirement, at the expense of
an extra processing step (the high-temperature anneal). The substrate is an important actor in the
process.

Results have been favorable: photomicrographs show good crystal structure, and Jc vs. B
looks good as well. Moreover, as the thickness increases, Jc remains nearly constant all the way out
to 2 microns thickness of YBCO. They see a critical thickness for C-axis growth.

Oak Ridge is now constructing a second system, to look at other issues, such as:
a) enhancing reproducibility —

b) studying growth mechanism

c) devising monitoring techniques for film deposition

d) establishing windows for processing parameters.
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Brookhaven: Mas Suenaga presented their work on YBCO thick-film formation.
Brookhaven is also using the BaF, process, in collaboration with Feenstra et al at ORNL. The
advantage is in the possibility of industrial scale-up, because electron-beam deposition is a very
high-rate process (> 0.5 microns/minute). The unknown factor- is, how thick can the YBCO coating
be made. Brookhaven set out to find this thickness limit. They found they can put down rather
thick coatings, provided that the composition is controlled carefully. A 3-micron thick YBCO film
on SrTiO; at 77 K shows Jc dwindling from 10° to 10° in the usual way. In the BaF, process, the
fluorine doesn’t leave the compound until the YBCO forms. There is a thin amorphous boundary
between YBCO and YBFO.

Suenaga gave a list of what is known so far:

a) BNL has a deposition rate > 100 Angstroms/sec (0.6 microns/min.),

b) evaporation of BaF, is by a thermal mechanism,

¢) we can make YBCO this way up to 3 pm, and hopefully up to 5 pm,

d) the growth of YBCO layers is only upward from the substrate.

What we don’t know yet includes: )

a) effect on the growth rate of various factors: {gas flow rate, moisture content in the gas,

compositions}

b) kinetics of the growth: {when does the a-layer form, what is the role of water, what

promotes nucleation of a-axis grains in thick films}

Argonne: Balu Balachandran summarized the international perspective on coated
conductors: '

In Japan, Fujikura is doing IBAD for YSZ, then PLD or MOCVD to add the YBCO; they
get Je = 1.1x 10° A/cm’ at 77 X in no field. Sumitomo uses Jnclined Substrate Deposition. ISTEC
obtains Jc = 10° for 10-micron thick YBCO; Jc is greater at thickness below 2 microns, but then
levels off. NRIM is using laser ablation for YBCO. Hitachi is using hot-rolling of silver, with
spray-pyrolysis of T1-1223.

In Germany, U. Munich, U. Gottingen and Siemens are all working on IBAD.

For all competitors in the coated-conductor business, speed = cost. Uniformity gives good
yield, which reduces cost. Monitoring and control also improves yield, reducing cost. Everyone
worldwide has to work on all these areas.

In the question/answer session to these speakers, the thickness of attainable films was
considered. If the surface temperature is well controlled during growth, then the in-situ process of
growth is controlled, in which case very great thicknesses should be possible.

Session Six: Fundamental Research Issues for HTS Wire Development

National Institute of Standards and Technology: Terrel Vandevah discussed phase-
equilibrium issues, which are being studied at NIST. She reminded listeners that thermodynamics is
about equilibrium, and never tells you how fast a reaction will proceed. The kinetics determine the
speed of reaction. Kinetics is for microscopic processes, and thermodynamics is for macroscopic
processes.

In this business, it is necessary to deal with incongruent melting, which requires you to deal
in kinetics. In a 5-component system, such as Pb-BSCCO, you’re dealing with a 5-dimensional
phase space. There are no shortcuts, and it may take a decade to analyze. There are very complex
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mixtures precipitating out when BSCCO is cooled. The Pb-BSCCO primary crystallization volume
is only a thin wafer in that 5-dimensional space.

Jack Ekin of NIST covered the electromechanical properties of superconductors. First of
all, there is a limit to scalability, because the weight scales as X, while strength scales as X>. This
means that new problems crop up as things get bigger.

In magnets, hoop stress needs to be taken into account. If axial stress is applied to a Nb;Sn
wire, J. and H,, will change in a certain way. The main determinant of the importance of strain on J.
is the slope of the critical field curve. When the strain in Nb;Sn exceeds 0.8%, filaments start to

break, and then it is impossible to do reversible stress-strain measurements any more. If very small
filaments are used (< 0.4 micron), the strain tolerance goes up to 1.4%.

In BSCCO, the irreversible strain limit is down around 0.2%. When the transverse stress
exceeds 20 Mpa, Jc starts to deteriorate. It is not yet known if reducing filament diameter will help.
The outlook for BSCCO in tension is very bleak.

In YBCO, it appears that tensile bending can withstand 0.5% strain, and 1% in compression.

Summarizing, Ekin stated that in the A15 compounds, there is reversibility, and they are
generally better in stress-strain survival. But in YBCO and BSCCO, we do not see a reversible
strain effect at fields of practical interest. We wish we could get the reversible strain effect to hold
even out to 0.6%.

Argonne: Xen Gray discussed grain boundary issues. We know that conductance is bad at
the grain boundaries. In coated conductors, at Argonne they can make very flat grain boundaries.
However, the electrical properties seem to be better in grain boundaries that are not of such superb
quality. Why?

At a grain boundary, there is essentially a Josephson junction, and thus there will be a
Josephson vortex across the grain boundary. Because it is confined to the area of the grain
boundary, it’s an elongated vortex. At a conventional [old-fashioned, Abrikosov] vortex, pinning by
defects deters vortex motion and helps to keep Jc high. In the Josephson vortex case, a much larger
size needs to be pinned.

This implies that a meandering boundary may be preferable to a perfectly flat boundary.
Consider a grain boundary in terms of the Dynamic Coarsening Model: the radius of a grain is
related to the binding energy. An epitaxial grain has the highest binding energy; a misaligned grain
is lower in binding energy. Good epitaxial films are normally made at high temperatures. A
meandering boundary is made when high deposition rates and somewhat lower temperatures are
used. It is possible to get almost an order of magnitude change in Jc here, depending on details.

Los Alamos: Steve Foltyn succinctly categorized the issues for improving performance of
coated conductors. From a very long list, three major categories of issues emerge:

Longer: continuous processing, process control and uniformity.

Faster: IBAD speed, deposition rate for YBCO.

Better: Increase Ic and Jc, maintain or improve Ic in magnetic fields.
Foltyn discussed their high-deposition rate YBCO process, using PLD; the deposition rate is up
from 2 to 240 Angstroms/sec. By annealing this rapidly-deposited material, they believe Jc can be
made much higher. Unfortunately, high deposition rates sometimes give badly-misoriented crystals,
but annealing such films can restore Jc again.

Los Alamos has a collaboration going with Oxford (England) to study how Raman
Spectroscopy can identify cation disorder.

For improving Ic, the goal can be stated as “What will it take to get to a 1 cm wide tape that
will carry 1,000 Amps?” The empirical limit on Jc seems to be around 5 x 10° A/er® (at 77K, in
self-field). However, Jc is not that high in one-micron thick films — 10° is more typical for thicker
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films. Jc levels off for thicknesses of 3, 4, 7 pm. Also, the weak-link character of YBCO grain
boundaries set a practical limit. Thus, for a 10 micron film, 1 cm wide, Ic = 500 A is optimistic but

plausible. Such a coating applied to both sides of a substrate could carry 1,000 A.

University of Wisconsin: David Larbalestier considered various limits to Jc. In LTS, the
current is usually limited by vortex-pinning. In HTS, there are many contributing factors, especially
weak links. The process of percolation plays a crucial role here.

At Wisconsin, they have been looking at filamentary conductors provided by American
Superconductor, and have done some magneto-optical imaging of individual filaments. They are
also looking for ways to heal residual crack damage.

C-axis transport of current is a major target for study, because if C-axis performance can be
improved, the overall Jc in the wire is greater.

As is well known, granularity of YBCO is an obstacle to high-current, high-field
applications. The angle 8 between grains is a major factor here; using IBAD, some defects in the
substrate propagate through to the YBCO layer. They have compared a “granular IBAD” weak-link
with a “well-connected IBAD” weak link, and found that, although the Jc values are quite different,
both links have H* = 5.5 tesla at 77 K.

Oak Ridge: Dave Christen reviewed the effects of substrates on thin films. In general, for
coated conductors, there is epitaxial growth from textured substrates; that growth is C-axis oriented,
with planar grain boundaries. But there are strong influences on the YBCO from the substrate. For
example, the transport properties of the {001} tilt-boundaries matter; as does the distribution of
grain-boundary orientations, because individual grain boundaries have both symmetric and
asymmetric faces. There seems to be a strong-coupling component between the symmetric faces.
Most of the interface is weak-coupled, but a small fraction is strong-coupled. Oak Ridge has
generated a simulated I-V curve using this model, and it fits the data reasonably well.

To attain high Jc, it is necessary to have low-angle grain boundaries from one grain to the
next, so the current can meander along the path. If the grain-to-grain orientation is less than 5°,
there is excellent percolation conduction.

In the question and answer part of this session, discussion dealt mostly with grain-boundary
angle effects. Ken Gray of Argonne emphasized that it is first necessary to get rid of macroscopic
defects (scratches, etc.) before any grain-boundary effects can be seen. 'David Larbalestier pointed
out that when there are large-angle grain boundaries, there are much greater stresses and strains in
the material.

Breakout Groups

The workshop then split into three breakout groups:
BSCCO wire,

BSCCO applications,

Coated Conductors and Fundamental Issues.

Each group was directed to synthesize the key results and issues in their area, add to the list of

issues, prioritize them, and suggest new experiments. After lunch the attendees reconvened to hear
the reports from each breakout group.
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BSCCO Wire: Vic Moroni of Argonne summarized the deliberations of this group. He
recalled that their report last year called for improvements in Jc, better performance in magnetic
fields, and enhancing performance of long-length conductors.

This year, cost is the main concern with each of three categories of issues:

a) Increasing Jc is the leading priority; but note that if the fill-factor is increased, Je goes up
without changing Jc. Also, removing cracks and second phases, and getting better grain alignment,
will improve Jc.

b) Process simplification is needed. Reliability issues include quantifying, understanding
and controlling processes. One key topic is the micromechanics of deformation, which bears on
strain tolerance, etc. To pursue this, we need better fools for looking at microstructure.

c¢) Finally, the cost of the sheath material needs to come down.

Maroni made the point that BSCCO is the only demonstrated long-length HTS option
available now. BSCCO is not “just” a 77 K superconductor, but is used over a very wide range. We
can expect the operating temperature to move upward from 20 X gradually over time.

In the discussion period that followed, Jim Daley noted that the fraction of the program
devoted to BSCCO has been declining slowly in the past few years. Jim stated that BSCCO is the
only option available for the next 4+ years, so there will still be support for BSCCO.

BSCCO Applications: Dick Blaugher of NREL spoke on behalf of this break-out group.
There are several important milestones coming up this year:

o A 1 MVA transformer will start cool-down next week (Waukesha Electric)

o A 50-m long transmission line, carrying 2000 A at 115 kV, will be tested at Pirelli.

o A 15 kV-class FCL will start testing in October 1998 at Southern Cal. Edison.

o A 1000 hp motor will begin testing at Rockwell Automation next year.

The group agreed that performance and cost requirements must be addressed. The cost of
BSCCO conductor has to come down.

Certain key issues were identified:

a) Commercialization of the superconducting electric power devices will require a “change
in the culture”.

b) All customary standards (ANSI, IEEE, EPA, etc.) must be followed in order to achieve
commercial success.

c) In areas where there are no standards, we must define some standards; but standards do
add ‘cost, so this must be done thoughtfully. ~/

d) Because of utility deregulation, there is very little market for HTS technology. It will be
difficult to sell any new technology to utilities.

€) Demonstration/prototyping is crucial for convincing utilities with respect to performance
and reliability. It has to be done within a “utility framework”. Therefore, some of the upcoming
tests will be crucial.

f) Producers and users (i.e., utilities) need to maintain an open, two-way dialog.

g) Continued support for BSCCO conductor development is still needed. This is the only
thing we have at this time with which to make coils.

h) Refrigeration and cryogenic support is a key component of successful
commercialization. If this fails, everything fails.

In the discussion period, it was noted that the resources for refrigeration work must come
out of the SPI program, but the wire groups don’t want their money shifted away. Present day off-
the-shelf cryogenic equipment is not necessarily optimum; no great research breakthroughs are
needed here, just engineering development work. Jim Daley posed the question whether part of the
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program should be devoted to cryogenic engineering and equipment development. He said that if
people think so, it would be possible to ask for more money in FY2000 to pursue such efforts. The
alternate viewpoint of some participants was that cryogenic considerations are secondary, because
the cost of wire is so high that the program assets should be put there. It was agreed that the fotal
system must be cost-optimized, which means both wire and cryogenics. The consensus was that
additional funds for cryogenics would be very helpful, but not at the expense of the SPI projects.

Coated Conductors and Fundamental Issues: There are three subcategories here:
textured templates, the superconductor itself, and issues related to scale-up/manufacturing,

a) Pertaining to textured templates, the main discussion was about IBAD and RABITS -- it
is not clear that we even know why these methods work. That opens the door to suggestions of
using inclined-substrate deposition, and bases other than YSZ or MgO (Sumitomo has had some
success here).

The largest issue relating to RABiTS is the need for something stronger than nickel and
non-magnetic, to reduce AC losses. If nickel is to be used, AC losses will be very significant: With
a 2-mil nickel substrate, the AC loss in a transmission line is high, but it is less of 2 problem in
applications where the magnetic field is higher in the first place. )

We need a fundamental understanding of how to produce texturing in alloys. Also, with
RABITS, the buffer-layer architecture determines the epitaxy of the superconducting layer.
Accordingly, we need a reproducible process for making good buffer layers.

b) For the superconductor itself, grain boundaries are the most important issue. Large-angle
grain boundaries need to be eliminated. This in turn involves a cost trade-off and it affects the
choice between deposition methods. Grain size may also be an important determinant of Jc. The
macroscopic textuire does not uniquely determine the outcome; the FWHM does not tell the whole
story. There can be a wide variety of grain-boundary misorientation angles; and the current can
meander along an irregular path.

Furthermore, it was noted that Jc is influenced by the thickness of the HTS layer. In thick
films, Jc is down by a factor of 5 from what can be achieved in thin films; and yet, in a magnetic
field of 3 to 5 T, Jc is greater in thick films. So studying Jc in field needs to be done. Los Alamos
so far has tested samples up to 2 pm thick. A related question is that of flux-pinning. We seek a
processing system with optimum flux-pinning, but there are some very fundamental questions
unanswered. Nobody understands why some films are so very good; indeed, the best thin films are
distinctly better than single crystals.

Alternate deposition processes were discussed, especially the BaF, method. It was noted
that dip-coating can be easily scaled up, as Kodak has done for years. The trick with YBCO is to
understand how the deposition rate affects the microstructure.

¢) Scale-up/manufacturing include giving attention to increasing Je: double-sided coating
is desirable, but that is hard to manufacture. There are also difficult issues with joining technology,
buckling of film, compression/tension effects, etc. Deposition processes and deposition rates can be
controlled with in-situ monitoring, but the national labs are not currently geared up to address such
measurements; which have to be left to industry.

Concerning the problem of manufacturing heated continuous tapes, it was agreed that this is
difficult to solve over long lengths. The question was posed: is a one-meter continuous tape good
enough for the labs to hand off this technology to industry? (The general consensus was “no”.

AC losses, as well as Neodymium compounds, were discussed by this group. It is possible
that Nd might be easier to use than standard YBCO, but the window of tolerance will be smaller for
Nd compounds.

Manufacturing cost was not discussed very much by this group, except to note that the
issues are about the same as they were last year. It was agreed that the cost analysis can best be
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done by the wire manufacturers, but industry does not feel that this technology is far enough along
yet to warrant a cost analysis at this time.

In the discussion session, getting the cost down was the major topic. Martin Maley noted
that we have to put more emphasis on cost-related issues; as an-example, he cited the deposition of

HTS material by faster and more economical methods, such as Bob Hammond’s electron beam,
WRAP-UP

Jim Daley made some concluding remarks: The findings of the break-out groups will be
assembled along with the proceedings, and mailed out to all participants. He thanked the
representatives of Basic Energy Sciences and High Energy Physics for attending, and expressed
hope that we will continue to strengthen relations with those parts of DOE. Jim noted that EPRI
continues to be a strong backer of the program, which it has been from the start.

The Superconducting Partnership Initiatives are proceeding well. The proposals for this
year have been evaluated, and notifications to bidders have been sent out. This part of the program
will occupy center-stage for the rest of this year.

Finally, Jim Daley announced that the Annual Peer-Review meeting will be held in
Washington DC at Loew’s L’Enfant Plaza Hotel on July 20-22, 1998.
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