ORNL/HTSPC-16

ORNL Superconducting Technology
Program for Electric Power Systems

Annual Report for FY 2004

< SUPERCONDUCTIVITY
~ FOR EBELECTRIC SYSTEMS



DOCUMENT AVAILABILITY

Reports produced after January 1, 1996, are generally available free via the U.S. Department of
Energy (DOE) Information Bridge:

Web site: http://www.osti.gov/bridge

Reports produced before January 1, 1996, may be purchased by members of the public from the
following source:

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22161

Telephone: 703-605-6000 (1-800-553-6847)

TDD: 703-487-4639

Fax: 703-605-6900

E-mail: info@ntis.fedworld.gov

Web site: http://www.ntis.gov/support/ordernowabout.htm

Reports are available to DOE employees, DOE contractors, Energy Technology Data Exchange
(ETDE) representatives, and International Nuclear Information System (INIS) representatives from
the following source:

Office of Scientific and Technical Information
P.O. Box 62

Oak Ridge, TN 37831

Telephone: 865-576-8401

Fax: 865-576-5728

E-mail: reports@adonis.osti.gov

Web site: http://www.osti.gov/contact.html

This report was prepared as an account of work sponsored by an agency of
the United States government. Neither the United States government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process,
or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect those
of the United States government or any agency thereof.




ORNL/HTSPC-16

ORNL SUPERCONDUCTING TECHNOLOGY PROGRAM
FOR ELECTRIC POWER SYSTEMS

ANNUAL REPORT FOR FY 2004

Compiled by
R. A. Hawsey
A. W. Murphy

Edited by
W. S. Koncinski
D. M. Kroeger

Manuscript Completed: April 2005
Date Published: July 2005

Prepared for the
Office of Electricity Delivery and Energy Reliability
U.S. DEPARTMENT OF ENERGY
(TD 5001)

Prepared by the
OAK RIDGE NATIONAL LABORATORY
P. O. Box 2008
Oak Ridge, Tennessee 37831-6285
Managed by
UT-Battelle, LLC
for the
U. S. DEPARTMENT OF ENERGY
Under contract DE-AC05-000R22725






Contributors

»

Lefttoright: S. Kang, A. A. Gapud, C. Cantoni, F. A. List Ill, S. W. Schwenterly, L. Heatherly, Jr.,
H. M. Christen, A. W. Murphy, M. P. Paranthaman, T. Aytug, D. F. Lee, C. M. Rey, M. J. Gouge,
D. K. Christen, R. A. Hawsey, P. M. Martin, E. D. Specht, R. C. Duckworth, R. Feenstra,

S. Sathyamurthy, Y. Zhang, D. R. James, A. Goyal, and J. A. Demko

Not pictured: D. B. Beach, S. W. Cook, A. R. Ellis, B. W. McConnéll, |. Sauers, and J. R. Thompson






Contents

L0 0111 o111 £ i
LISt OF FIQUIES..... .ottt h bt b st e e et se bt nn e e e n e e e e s iX
I ES ) 1= o] =TT XXi
F N o (=Y (o I I = 1 0 RS xxiii
EXECULIVE SUMIMIBIY ...ttt e e e e bt nn e n e nrenr e n s XXVil
1 Technica Progressin Applications DevVElOPMENt ..........cceceeveieereieeieese e 1-1
11 Ulterad ORNL HTS Cable Superconductivity Partnership with Industry (SP1).......cccceue... 1-1
12 Waukesha Electric Systems (WES)/SuperPower/ORNL 5/10 MVA HTS

TrANSFOMMEY SP ...ttt b nr e 1-9
13 SuperPower Matrix Fault Current Limiter CRADA ..ot 1-14
14 Genera Electric Co. HTS GeNErator SPl.........cooi et 1-17
15 Conductor Engineering: Overcurrent StudieSin HTS TAPES........covvvrerenenesieseeseeeeeeees 1-22
16 Conductor Engineering: On the Effect of NiW on the Inductance

aNd AC L0OSSOf HTS CalIES......oviiiieiceriesese et 1-25
17 Conductor Engineering: AC L0SSESiN YBCO TaPES......cceoveererereniesresie e 1-27
18 DIieleCtriC MaterialS RED .......uviiiiiiiiiiiiiiiiiiiiie ittt eeeeeeeeeeeennees 1-28
19 CryOgeNICS INITIALIVE. .....ecieiie ettt sttt e st e e e s besreentesneennenee e 1-29
1.10  SPI Oversight/ReadinESS REVIEWS.........couiiiieieieieese e 1-29
111 2003 IEEE Conference on Electrical Insulation and Dielectric Phenomena........................ 1-31
O B C 1 (= 000U 1-31
2. Technical Progressin Wire DeVEl OPMENE..........ccueiririiirisesieseeeeee e 2-1
21 High-Performance Y BCO Coated Superconductor WIF€S...........ccccvveevevieeveesieseeseseeseenes 2-1
2.2 Oxidation of Carbon on Nickel-Based Metallic Substrates

Implications for HTS Coated CONAUCLONS...........coueereririerienieseeseesee e 2-7
2.3 Identification of a Self-Limiting Reaction Layer in Ni-3at%W

Rolling-Assisted Biaxially Textured SUDSIFALES ...........ccveeeiiiieie e 2-14
24 Perovskite-Type Buffersfor YBCO Coated CONAUCLONS..........cccveereriririeseneesieseeseeneeeenens 2-23
25 Growth of Lanthanum Manganate Buffer Layers for Coated

Conductors viaa Metal-Organic Decomposition ProCESS...........ccccvvveeeeveieese e 2-27
2.6 Epitaxial Growth of EusNbO; Buffer Layers on Biaxially Textured Ni-W Substrates........ 2-31
2.7 Alternate Buffer Architectures for Improved YBCO Coated Conductors............cccceveeneee 2-35
2.8 Chemical Solution Deposition of Lanthanum Zirconate Barrier

Layers Applied to Low-Cost Coated Conductor Fabrication..............cceceveeveeveseeseseecnee, 2-38



2.9

2.10

211
212

2.13

214

215

2.16

217

2.18

2.19

2.20
221
2.22

2.23
2.24

2.25

2.26

2.27

31
3.2
3.3

Detection of Interfacial Strain and Phase Separation in MBa,CusO7.4
Thin Films by Raman Spectroscopy and X-Ray Diffraction Space Mapping..............cc......

Investigation of TiN Seed Layersfor RABITS™ Architecture
with Single-Crystal-Like Out-0f-Plane TEXIUFE...........cccvieeceericeece e

Growth of YBCO Films on MgO-Based RABITS™ Templates.........ccccovveevivveevieneeeeennnn,

Faster Conversion Process Produces ex situ Y BCO Coated Conductors with
Critical Currents Greater than 350 A/CM-WIAth @t 77 K .....vveeiieeeeee e reeeee s

L ow-Pressure Conversion Studies for YBCO Precursors Derived by PVD and
@ I 1Y g T L

Growth of YBCO Filmswith High Critical Current at Reduced Pressures
by the BaF; X SItU PIOCESS.......cueciiciecee ettt ettt ee e

Comparison of Y Ba,CuzO;.5 Precursors Made by TFA-MOD and BaF, ex situ
Processes and their Post-Deposition Processing under Low Pressure Conditions................

Growth of Epitaxial TiN Thin Films on Biaxially Textured NiW Substrates
0 S 01 11 =1 o O

Preparation of YBCO Films on CeO,-Buffered (001) Y SZ Substrates
by aNon-Fluorine MOD MEthOd ...

Non-Fluorine-Based Bulk Solution Technigues to Grow Superconducting
YBaCUzO7.5 FIIMS—A REVIEW. ..ottt ettt sbes s saae s saee e

Epitaxial Growth of Solution-Based Rare Earth Niobate, RE;NbO-; Films
on Biaxially Textured Ni-W SUDSITELES.........cccoeeiiririsieriesesiee e

Pulsed Electron Deposition of YBCO PreCUrSors.........oovveeveieevesieese e svesee s
An Approach for Electrical Self-Stabilization of HTS Wires for Power Applications.........

Characterization of Suitable Buffer Layers on Cu and Cu-Alloy Meta Substrates
for Development of Coated CONAUCLONS .........ccceiuririreiiriesresr e

Electrical and Magnetic Properties of Conductive Cu-Based Coated Conductors...............

Simultaneous Inductive Determination of Grain and Intergrain Critical
Current Densities of YBCO Coated CONAUCLOTS..........ccoueerereriereeriereeeeeeesiesie e

Magnetism and Ferromagnetic Loss in Ni-W Textured Substrates
{01 Q@07 (='o l @0 1o [§oi (o] £= NSO

Improvement of In-Field Transport Critical Currentsin (Y ,BaCuOs/Y Ba;Cu;O;)xN
Multilayer Films on Ni-Based Textured SUDSITELES............ccoerereeieeeeieisesese e

Modeing Current Flow in Granular Superconductors and Implications for
Potential APPIICALIONS. .......cooiieiiriiese st sr e e sn e

Summary of Technology Partnership ACHVITIES.........ccoviiiiriieecee e
27000 | {011 o RS
Relationship to the DOE MiSSION ......ccccciiieiiiiicie st ee ettt ens
FUNGING -ttt nb e n e nr e n e e e e e

Vi

2-124



34
3.5

4.2

4.3
4.4

4.5

4.6

4.7
4.8
4.9

4.10
4.11

Technology Partnership APPrOaCh........c.cceeiiieeie e
Program iNVENTIONS..........couiiiirieeees et sr e e e e nneanes

Events, HONOIS, NG AWAITS. ........ccveeeiiereee ettt e e ettt e s ettt e e s st e e s s eebaeessssraeesssareeesseareeas

Mike Gouge Named Editorial Board Member for the Journal of Superconductivity:
Incorporating NOVEl MagNEtiSIM ..........coeiiieieieeeenesese e

ORNL Showcases Superconducting Wire Technology at “ Superconductivity Day

ONTNE HITT L.
Goyal Co-Edits Book on High-Temperature SUperconducCtiVity ...........c.ccoeeereeienienienennenn.

ORNL'’ s Superconductivity Project Inventors named Patent Award Recipients

G MAY 25 COIBIMONY ...ocviiieie ettt e e s e s te e be e s beesaeesateenseebeesteesseesneesnseans

ORNL Superconductivity Researchers Partnered with North Carolina S& T State

University to win $1.4 million NSF Grant.........cccceeeinrineieneeneesceseseseses e

Paranthaman named an Associate Editor of the Journal of the American

(O0c = 4Tl o o 1= O
ORNL participates in Superconducting Cable Kick-off Event on Capitol Hill ..................
ORNL Team Leader Co-Editsan issue in MRSBUIIELIN ..o

Amit Goyal named to Executive Editorial Board for the Encyclopedia

Of SUPET CONAUCTIVITY ...ttt
Day of Science—November 17, 2003 .........ccoo oo eeese e e e e seeeee e
The 2004 SUMMEr INLEIN PrOgram.......ccvieeieceee sttt

PresentatioONS/ PUBDIICALIONS .......eeeeeee ettt ettt et e e e e e e e e e e e s s eeeass e eeeeeesseaannreereeeses

Vi

31
3-2

4-1
4-1

42

4-2

4-2
4-2
4-3

4-3
4-3
4-4

51






List of Figures

Figure

1.1

12
13
14.

1.5
1.6.
1.7.

18.
1.9
1.10.

1.11.
1.12.

1.13.

1.14.
1.15.

1.16.

1.17.

1.18.
1.19.
1.20
1.21.
1.22.
1.23.
1.24.
1.25.

Page
Electric and cal orimetric measurements of ac |osses compared
with losses calculated by using the monoblock model ... 1-1
A 7-kA overcurrent pulse voltage response of the HTS cable.........ccocoveiiiiiiicicce 1-2
A 10-kA overcurrent pulse voltage response of the HTS cable.........ccoevviieciiiccnieciee 1-2
Comparison of the voltage-current characteristics before and after
the overcurrent testsfor the HTS Cable.......ovieiiiieee e 1-2
Parallel resistance approach to the flux flow model ..........ccccvvveiviecce i 1-3
Voltages for the cable calculated by using the flux flow model ...........ccccovvveviiiecnieciee 1-3
Calculated fraction of current in the superconductor based on the
FIUX FIOW MOGEL ...t sttt e e saeenae e 1-3
Estimated laminated HT S tape heat CapaCity .........ccovveeveieeieesi e 1-4
Simulated thermal response of the cable for the 10-KA pulse.........ccooeieveve e, 1-4
Comparison of the measured temperature response at 3 kA s
for the damaged and undamaged Cable..........ccv e 1-5
AC losses normalized to a per-phase basis for the 3-m cable...........cccoovvveciviiccececee 1-5
Partial discharge inception strength as a function of electrode gap
AN SIFESSEA VOIUME ...ttt e e sre et e aesneenee e 1-5
Partia discharge inception strength as a function of stressed volume
FOr SEYCASE 2850 KT ...ttt sttt eseeseenestesseseensenseneenenneans 1-6
Triaxial cable three-phase termMINGLION. .........cccovriririrec e 1-6
Fault current and induced shield current from a single line-to-ground
FAUIL ON PRBSE ... ettt st e ae et sae et e s beenaesresreentenre s 1-7
Measured voltages across the phase 1 main conductor of data taken
in June 2000 compared with measurements taken in June 2004............cccooeeveeveveerieceennn, 1-8
Measured voltages across the phase 1 shield conductor taken in June 2000
compared with datataken in JUNE 2004 ...........ooeeiiirieieriereeeeee e 1-8
The 5/10-MVA transformer being lifted off itstrailer at the WES main plant..................... 1-9
The 5/10-MV A transformer leaves the WES Progress |1 building.........cccccoveevvveceiecienee 1-10
Phase A diode COMPAITSON.......ccuitiieiiereeir ettt nr e sr e n e e eneas 1-11
Vacuum and cryocooler temperatures during warmup, 1/22/04............cccoeveieieneneieeieeen 1-11
Crack between high-voltage terminals (HV-11 on left) on the A-phase.........cccccccevveennee. 1-14
Close-up of the inner diameter of the ceramic electrical break............cccovvvevvieccecvceeee, 1-14
Cryostat used for preliminary MFCL COOlING tESES........coviiriiiireieeeeeeesese e 1-15
Layout Of tEMPErAtUrE SENSOIS .......ccviiierieitieiesteseestesteetesreeeeste s e sse s e esaesreesaessesssessesneensesres 1-15



1.26

1.27.
1.28.
1.29.
1.30.

1.31.

1.32.

1.33.

1.34.

1.35.
1.36.
1.37.
1.38.

1.30.

1.40.

141,

1.42.

1.43.

1.44.

1.45.

1.46.
1.47.

Temperature profiles at vVariouS [OCaLiONS..........cceiieieieiiece e sne s
Assembly of 52-kV, 250-kV BIL bushing into the high-pressure cryostat..............c.ccoeueee.
Influence of water contamination on silver emissivity at 33 K.........ccocvirinineneneneieeens
Influence of air contamination on silver emissivity at 32 K .......cccocvveeveveevenc e

Emissivity degradation comparison between pure water contamination and water
vapor in air contamination experiments at different levels of assumed humidity.................

Comparison of absolute emissivity degradation of silver-plated
copper samples dueto direct water contamination .............ccecveveereieecese s e

Comparison of relative emissivity degradation with respect to the
room-temperature value of silver-plated copper samples due to
direct Water CONTAMINGLION..........cc.eirreirieirree et sn e

Emissivity degradation of asilver-plated copper sample due to the presence of
G100 iN the VACUUM SPECE ......c.eeueeueeiieieeieete sttt en e sn e

Comparison of water degradation of emissivity for silver-plated copper samples
with different room-temperature EMiSSIVItIES........ccvceeceieeiececee e

Typical negative impulse vVOltage WaVEFONM ..o
Typical negative impulse breakdown voltage waveform.............cccooerninnincsesceee
Schematic diagram of experimental setup for accelerated aging tests........ccoccvvvveevvceennene

Phase-resolved PD pattern for a selected composite sample obtained
for the 60-S data SCAN AUIELION ........ccveieeeeeierieete e

Three-dimensional PD plot for a selected composite sample obtained
for the 60-S data-SCaN AUIELION..........ceiirieieieeeee ettt

Copper-laminated Y BCO tape resistivity increase during a 1.36-kA pulse (top)
and voltage-current curve measured after the shot compared with theinitial
Lo U1V = (0] 0] 1 1) P

Resistivity change of the copper-plated BSCCO sample during a 450-A,
320-MS OVEICUITENE PUISE.......eeeieieieeiieieeiesie sttt nb e sn e sn e n s

Copper-laminated Y BCO tape resistivity increase from a 200-ms pulse (top)
and a 330-MS PUISE (DOTEOM) ...t

The addition of astrip of copper raised the peak achievable current whileit
decreased the resistivity increase of the copper-laminated YBCO sample.........ccccccveeennee.

Diagram of inductance measurement setup of HT S cables with respect to
76.2-MM COPPES PIPE GIOUNG .....vevriiitesiee ettt se e sr e s sn s e e ens

Measured ac loss as a function of peak current ratio compared with equivalent
ferromagnetic loss for the Ni-10%Cr-2%W substrate, the Norris elliptical model,

and the thin strip model for (left) the 1-cm YBCO conductor and (right) the

020 T g T = 1@ @ oo g o 1 o o SRR

Normalized ac losses for 1-cm and 4-mm Y BCO on Ni-10%Cr-2%W substrates...............

PD inception for three types of Material 1 samples at room temperature and
IN TIQUIT NITTOGEN.....c.ceeieitese et nb e n e n e e e e



1.48.
1.49.

2.1
2.2.
2.3.
24.
2.5.

2.6.

2.7.

2.8.
29.

2.10.
2.11.

212

2.13.

2.14.

2.15.

2.16.

2.17.

2.18.

2.19.

2.20.

Schematic of Materia 2 cylinder showing electrode geometry and puncture location ........ 1-29

The decrease in puncture strength of Material 2 with cylinder thickness.............cccccoeeneee. 1-30
Schematics of HT S superconducting architeCtures...........oooecvieeve e 2-2
Schematics of the IBAD process wire arChiteCtUresS.........couecvveeveieece s 2-2
Schematic Of the RABITS™ PIOCESS. ......ccccoueireieerireriesre e 2-3
Electrica performance for world's second generation HTSWire........ccccooeevevecceeceseesiee 2-5
Thermal desorption spectrafor a bare Ni/3at%\W tape heated sequentially to

1000°Cin 2 x 10°° Torr of first hydrogen, then water, and finally oxygen...........cccccc...... 29
CO desorption spectrafor a Ni/3at%W tape heated to 800°C for arange of

OXYQEN PAItI8l PIrESSUMES.......c.eieeueeieeieeieese sttt sr et r e s e e e e b nenr e nennenn s 2-10
CO desorption spectrafor abare Ni/3at%W tape heated in an oxygen

partial pressure of 5x 107 Torr for arange of temMPErature..........co.ovueeveevereereeeereecereeennenens 2-10
Integrated area beneath CO desorption spectrain Fig. 2.6(8) ........ccooevvrererererierieneeseeeenens 2-10
CO desorption spectra measured experimentally at 800°C compared with

those obtained via adiffusion MOGE ..........cco o 2-11
Carbon remaining in the substrate as a function of heat-treatment time at 800°C............... 2-12
Properties of a 240-cm length of bare Ni/3%W tape processed continuoudly at

~850°C in an oxygen partia pressure of 5x 107 TOM ........c.eeeiereeeeeeeeeeeeeee s 2-12
HTS tape for a Ni/3at%W substrate containing 52 at. ppm C showing severe

FIIM AEtaChIMENT........o ettt ee e 2-13
Schematic representation of a 1-D diffusion model that describes

carbon removal from HTS coated conductor SUDSIFAEES ..........coeeeeeerenenesese e 2-14
Composite cross-sectional image of a 6.4-um-thick YBCO film deposited by

PLD 0N Ni-W RABITS2 MAENTl ......cooiriiriiiiiieieieeeeses s 2-16
Cross-sectional images of the interface arealocated between the seed layer and

MELEI SUDSITALE. ... ettt et s ee et e e et e be e e e seesneeneesaeeneenee e 2-17

High-resolution EDS line scan taken in cross section across the interface
between the Y ,05 seed layer and metal substrate, showing the presence
Of the NIWO 4 PRESE ... ettt ee e 2-18

Selected area electron diffraction patterns taken of the reaction layers
within the Ni-W RABITS2, revealing the (L00)NiWO, // (00L)Ni-W

orientation relalioNSNIP .......ceeei e e e e re e 2-18
High-resolution images of the RABITS2 samples comparing the thickness of the

NIWO, N0 NIO LQYEIS.....c.eceieieeee e 2-19
Standard free energy change for the formation of select Ni and W oxidesvs

EEIMPEIBIUIE. ...ttt e e e r e sr e sae e sanenaneene s 2-20
Theideal ABO; PErOVSKItE SITUCLUIE ........c.veueiiieieciirieriesie et 2-23

Xi



2.21.

2.22.

2.23.

2.24.

2.25.

2.26.

2.217.

2.28.
2.29.

2.30.
2.31.

2.32.

2.33.
2.34.

2.35.

2.36.

2.37.

2.38.

2.39.
2.40.

241.

Field dependence of the transport critical current density, J., for a 200-nm-thick
PLD YBCO film on sputtered SrRuO4/LaNiO; multilayers on biaxially textured
NI SUDSIFALES.. ...ttt sttt e e e st e et e eeseeeeesaeeneeseeeneeneeneas

Temperature dependence of the net resistivity for YBCO/SrRuOs/LaNiOs/ Ni tape...........

Field dependence of the transport critical current density, J., for A 200 nm-thick
PLD YBCO film on sputtered Lag ;SrosMnOs/Ni multilayers on biaxially
LEXEUrEd CU SUDSITALES.........eeiveceeeeesteeie ettt ettt et s re e e saeeneestesnaesesreensenreas

Temperature dependence of the net resistivity for the
YBCO/Lag7S03MNO/NI/CU LAPE ... ettt ee e

Field dependence of the transport critical current density, J., for a 200-nm-thick
PLD YBCO film on sputtered Lag 7SrosMnO4/Ir multi-layers on biaxially
tEXTUrEd NI-W SUDSIFELES........eeeeeesieee ettt e e e sreenee e

Temperature-dependence of the net resistivity for two
YBCO/Lay7Sr03MNO/I/NI-W LBPES .....ocuveiicieeiecieees sttt nne s

Cross-sectional TEM bright-field image of the 200-nm-thick YBCO film on
L8y 7SrosMNOs/Ir buffered Ni-W tape. ..o

XRD patterns after firing at 900°C with different water vapor partial pressures..................
XRD patterns of products after firing at 1100°C with various water vapor

XRD patterns of products after firing at various temperatures with 2 Torr H,O...................

Secondary €lectron image of the surface of the film after firing at 1100°C with
(@ 2Torr HyO and (b) 3TOM HaO ..ottt st

Backscattered electron image of the surface of the film after firing at 1100°C
with (@) 2 Torr HoO and (B) 3 TOM HoO ...

(002) LMO poale figure showing cube-on-cube epitaxy of the LMO film.........cccceevenennee.

High-temperature XRD setup with linear detector (upper right)
and sample-heating Strip (IOWEr FIGhE) ........ooeiieeer s

Typical 6—20 scan obtained for a 20-nm-thick EusNbO; buffered Ni—W substrate
heat-treated at various temperaturesin a high-temperature in Situ XRD. .........ccccccvivivrinnene

Typical room-temperature 6-20 scan obtained for a 20-nm-thick EusNbO; buffered
NI-W SUDSIIELE ...ttt

Typica EusNbO; (222) pole figure obtained for a 20-nm-thick film grown on
the textured Ni-W SUDSIFELE .........cooiiiee et

Phi and omega scans obtained for a 20-nm-thick EusNbO- film grown on
the textured Ni-W SUDSITALE ........c..oo ittt sttt et e sb e e saaeeens

SEM micrograph of the film surface deposited ON Ni-W ........ccooiiiiiiincneeeeeeeeee

A typical 6-26 scan for a40-nm-thick LZO film grown on biaxially textured
Ni-W substrates by metal-organic depOSItION............covireierereneieeeeeesese e

AFM scan of the surface of an 80-nm-thick LZO film (two coats) grown on a
biaxially textured Ni-W SUDSIFALE ..........cceeeecieiieie sttt s

Xii



242

243.

244,

245,

2.46.

247.

2.48.

2.49.

2.50.

2.51.
2.52.
2.53.
2.54.
2.55.
2.56.

2.57.

2.58.

2.50.
2.60.

2.61.

2.62.

2.63.
2.64.

Superconducting properties of a 0.8-um-thick MOD-Y BCO film grown on CeO,
(sputtered)/Y SZ (sputtered)/MOD-LZO (80 nm) buffered Ni-W substrates........................ 2-37

A typical 6-26 scan for a 0.8-um-thick MOD-YBCO film grown on MOD-CeO,
(60 Nm)/MOD-LZO (120 nm) buffered Ni-W SUDSLIatES...........cccceeviiieeieieeie e 2-37

Superconducting properties of a 0.8-um-thick MOD-Y BCO film grown on
MOD-CeO, (60 nm)/MOD-LZO (120 nm) buffered Ni-W substrates..........ccccevvevvivernnee. 2-37

XRD patterns of multiple coats of LZO showing proportional increase in the
(004) peak intensity with the number of coats with no detectable amount
Of the (222) PEEK ......eveeeeee ettt st st s neare e 2-40

RHEED patterns of LZO multiple coats of LZO showing good surface crystallinity
Of the Sol-gel derived FIIMS ........coi s 2-40

A typical 6-26 scan obtained for a 20-nm-thick LZO film on Ni-W substratesin a
high-temperature in situ XRD showing nucleation of LZO during the heatup to
thE PrOCESS LEIMPEIGIUIE. ......evieeeeie ettt ettt e et e st et e st e sa e tesaeesesbeenaesresreensenrens 2-41

High-resolution cross-section TEM of LZO film on Ni-W substrate...........cccceeveeinienennns 2-41

Comparison of critical current density-B performance of solution-deposited LZO
as a seed layer and as a barrier layer with atraditional all-vacuum buffered Ni-W

substrate USING PLD-Y BCO.......coiiieececeeie ettt te sttt aesreenae s 2-42
Raman Cu(2) mode band with fitted curve and component bands of

(8 Y-123/STO, (b) Eu-123/STO, and (C) EU-123/Er-123/STO........cccoveirriirieinierinieneeennas 2-46
LI LTS 01T 2-47
(OO5) diffraCtion SPACE MEADS. ......ceueeuerierrerrerresr et sr e e enenresr e resrennenneneas 2-48
(006) diffraCtion SPACE MEADS. .....c.ceueeuerierrerrerrer ettt sr e e e s b snesresrennenneneas 2-48
(104)/(014) diffraCtion SPECE MEPS.......ciiieerieiiete st eree e ste e e ste e e e seesresseesbesreesesreens 2-51
(200) diffraction space MaP Of STO.......ccciiiiiriieee e 2-54
FWHMs of the TiN (002) rocking curves vs corresponding FWHMSs of the (002)

substrate rocking curve for TiN films on differently textured substrates............cccccvveeeenne. 2-58
EBKP maps showing grain boundaries larger than 3° of a TiN film on Cu (left),

and the underlying Cu SUbSLrate (FghL) ......ccvieeeeieeese e s 2-58
Comparison of the J(H) curves for four samples having different out-of-plane

texture but SImilar iN-Plan@tEXtUre ... ..o 2-59
A typical 6-26 scan for a 30-nm-thick MgO film on textured Ni substrate..............cce...... 2-61
The » and ¢ scans obtained for a 30-nm-thick e-beam MgO film grown on

TEXEUNEO NI SUDSIIAEE ...ttt e e seesreeeenae s 2-61
Typica MgO (220) pole figure obtained on a 30-nm-thick e-beam MgO film

grown on textured Ni SUDSIFELE .........ccoiiieeieiiee e 2-62
SEM micrograph obtained on (&) crack-free 30- and (b) cracked 300-nm-thick

Yo @ RSN g o TS 2-62
AFM images obtained on both 60- and 300-nm-thick MgO surface.........ccccceevvvecevecienene 2-62
A typical 6-26 scan for a 50-nm-thick MgO film on textured Ni-W substrate..................... 2-63

xiii



2.65.

2.66.

2.67.

2.68.

2.69.

2.70.

2.71.

2.72.
2.73.
2.74.
2.75.
2.76.
2.77.
2.78.

2.79.
2.80.
2.81.

2.82

2.83.

2.84.

2.85.
2.86.

2.87.

2.88.

Typical 6-26 scan for a 60-nm-thick sputtered LaMnO; film on e-beam

MgO-buffered Ni SUDSIFALE...........ccieieeiecie et s ens 2-63
The o and ¢ scans obtained for a sputtered 60-nm-thick LaMnO; film on e-beam

MO buffered Ni SUDSITALE.........ccceiieieciecie et nne e 2-63
A typical 6-26 scan for a200 nm thick PLD-YBCO film on sputtered

LaMnOs-buffered MgO/Ni SUDSIFELE...........covviiieeiececeee et 2-63
Field dependence critical current density for a 200-nm-thick PLD-YBCO film

on sputtered LaMnOs-buffered MgO/Ni SUDSITELE...........cceiverrerieiecieeeeeeeesesesie s 2-63
Schematic temperature-time diagram of the “fast” conversion process (solid) and

the “baseline” process (dashed) in the standard 1-atm furnace system...........ccoceeeeerveeennne 2-67
Time-dependent variations of the peak intensities of BaF, (111) (open symbols,

left axis) and YBCO (002) (closed symboals, right axis) reflections during fast

(samples A, B) and baseline (sample C) CONVErsion PrOCESSES ......ccvviverveireeieesreseessesseeneenns 2-67
Variation of the critical current normalized to 1-cm width with layer thickness d

of ex situ processed YBCO coatings on RABITS™ templates.........cccccvveveeveveeneesieeinennenn, 2-69
XRD results during a slow conversion of a 0.3-um-thick PVD precursor............ccccceevvenee. 2-72
XRD results during a slow conversion of a0.23-um-thick MOD precursor .............ccce...... 2-73
XRD results during afast conversion of a 0.3-nm-thick PVD precursor...........cccceceeeeeennene. 2-74
XRD results during a fast conversion of a0.23-nm-thick MOD precursor ............cccccveuee. 2-74
G, vs P(H,0) for thin PVD and MOD PIreCUrSOrS...........coviiiiiniciiesieiesiesisiss s 2-74
Schematic diagram of the reduced-pressure Conversion ChambEr ...........cccooererereereeieciennens 2-75
Critical-current field dependency of several high critical-current samples

processed in asimilar fashion ... 2-76
Temperature dependence of resistivity for sasmplesJY12 1and JY12 7......ccccooevviveeenene 2-76
SEM micrographs of Sample JY 12 1 ... 2-77
SEM micrographs Of SAMPIE JY 12 7 ....oeeeeeceee e 2-77
XRD 6-26 scansand YBCO(113) polefiguresfor samplesJY12 1andJY12 7................ 2-77
Atomic-force microscope images of the MOD-TFA precursor (a) and

the BaF; PreCUIrSOr (10) ..ottt 2-79
A mixed c- & a/b-axis-oriented YBCO film produced from a MOD-TFA precursor

annealed at 780°C, P(O,) = 200 mTorr, and P(H20) = 12 MTOIT ....cueecvvvveiece e 2-80
Magnetic field dependence of critical current density at 77 K of YBCO films..........cccc.e.. 2-80
XRD 6-26 scan patterns of MOD-TFA and e-beam BaF, precursors

at as-deposited and QUENCNE SLALES............cceivieeeierere s 2-80
XPS spectrafor as-deposited and quenched precursors indicating the differencein

chemical states of F, CU, @N0 Ba........cccooeiiiiirinese e 2-81
XRD 6-26 scansfor TiN films deposited at a substrate temperature of 650°C

and at an rf sputtering power of 100 W in a N,:Ar mixture gas (O, 7, 15, 50%,
AN ONTY N2 GBS) ...ttt r e et n b nenn e s e ens 2-83

Xiv



2.89.

2.90.

291

2.92

2.93

2.94.

2.95

2.96.

2.97.

2.98

2.99

2.100.
2.101.

2.102.

2.103

2.104.
2.105.
2.106.
2.107.
2.108.

2.1009.

XRD (111) pole figure of TiN films deposited at substrate temperatures of
(&) 550, (b) 600, (c) 700, and (d) 780°C in a15% N,:Ar mixture gas and
at an rf sputtering POWEr Of 100 W .......ooviiiiiieieeeee e

XRD 6-26 scansfor the TiN films deposited substrate temperatures of 600, 650,
and 700°C in @ 7% N2 AT GAS MIXIUIE......c.veiveieieeeeee e

XRD 6-26 scansfor the TiN films deposited at substrate temperatures of
650, 700, and 780°C in a 50% N,:Ar gas mixture and an rf sputtering
01TV ) 0O N RS

XRD 6-26 scansfor the TiN films deposited at a substrate temperature of
650°C in a15% N,:Ar gas mixture and rf sputtering powers of 80, 100, 120,
150, BN 200 W ...ttt ettt st e e sestesaestesee e e seeseeseesensesseneenseneenennens

Trangition critical current density with different humidity-to-dry ratio values and
with magnetic field for samples annealed at 740°C in 180-ppm oxygen pressure
for 30 Minwet and 30 MIN ArY ......oceiieieceee et enaesre s

Four-probe-method critical transition temperature for samples annealed at 740°C
in 180-ppm oxygen pressure with different humidity-to-dry ratio values...........cccceeveneee.

The 6-20 XRD patterns of films annealed at 740°C in 180-ppm oxygen pressure
with different humid-to-dry ratio VBIUES............ccoeoiiiiiiirieceeee e

The X-ray 0-26 scan pattern for a sample annealed at 740°C in 180-ppm
oxygen pressure for 30 min wet and 30 MIN Ay .......coooeieieneene e

The X-ray w-scans of the YBCO (005) plane for samples annealed at 740°C in
180-ppm oxygen pressure with different humid-to-dry ratio values...........cccccoveevereeennnene

The X-ray ¢-scans of YBCO (113) plane for samples annealed at 740°C in
180-ppm oxygen pressure with different humid-to-dry ratio values...........cccccvvvevevivcnennee.

Pole figures of YBCO (113) plane for films annealed at 740°C in 180-ppm oxygen
pressure with different humid-to-dry ratio ValUES...........ccoceeveieeciiiice e

RBS spectra of athin film of YBCO on Y SZ buffered with CeOs......oovvvvveiviicieceiee,

SEM micrograph of 200-nm-thick TMAP-derived films annealed at 740°C
in 180-ppm oxygen pressure with different humid-to-dry ratio values..............ccocvvvreiinnne

Diagram of the oxygen partial pressure vs temperature for Y BaCuzO7 materid ..............

Oxygen partial pressure vs temperature diagram showing liquid-phase boundaries,
stability of YBCO, tetragonal -to-orthorhombic transition line, and lines of constant
oxygen stoichiometry Of YBapCUgOr_y .eeoververeerirrieeierieeieniesieesie s see et eee e enee e

Schematic diagram of reel-to-reel continuous dip-coating unit.............cccevcvvveveneececeennn,
Thetypical microstructure of 20-nm-thick Gd,Os seed layer on Ni-W substrate.................
AFM scan of the 20-nm-thick Gd,O; seed layer on Ni-W substrate.............ccoccvveeevereeennee.
The various architectures devel oped by using solution seed layers..........cccccevvvveveieecienene

The field dependence of critical current density for YBCO films grown
ON VANTOUS SEEA |BYEI'S ...ttt en e e n e

Critical-current-density data on the 0.8-m solution seed ORNL RABITS™........ccccccvvennene

XV

2-90
2-91

2-94



2.110.

2111

2112.

2.113.

2.114.

2.115.

2.116.

2.117.

2.118.

2.119.
2.120.
2.121.

2.122.

2.123.

2.124.

2.125.

2.126.

2.127.

2.128.

2.129.

Temperature dependence of resistivity for YBCO film on STO (100) single-
crystal substrates grown from i0dide PreECUISOIS..........ceerririirrerierieeeeeeeese e

Scanning electron micrograph of YBCO film on STO (100) single-crystal
substrates grown from i0dide PreECUISOIS .......cuivuieeerie e seee ettt ae s

Magnetic field dependence of the transport J. of Y bBa,Cu;O-., film deposited by
solution process (solid circle) compared with YBCO film deposited by ex situ
BaF, process (open circle) on STO (100) single-crystal SUDSLrates.........cocevvveeveesieseeeseenne.

A typical 6-26 scan for a 20-nm-thick REsNbO; (RE =Y, Gd, Eu) film grown on
biaxially textured Ni-W substrates by MOD. RE3;NbO; film has a preferred
(o= ST 0 1= g1 = 1 o] S ST

The o and ¢ scans for a 20-nm-thick Gd;NbO; film grown on biaxially
textured Ni-W substrateS Dy MOD ..o

The (111) pole figure for 20-nm-thick (a) Y sNbO, (b) EusNbO-,
2 To (o) T AN o SO

SEM micrograph for a 20-nm-thick (a) Y 3NbO;, (b) EusNbO;, and
() GA3NDO7 fIlM SUIMACE. ...

A typical 6-26 scan for a 200-nm-thick Y BCO film grown on three coats of
60-nm-thick Gd;NbO; buffered Ni-W substrates by PLD .........ccocoiiieeiineeie e

Superconducting properties of a 200-nm-thick YBCO film grown on Gd;NbO;
buffered Ni-W SUDSIrEES DY PLD ........ccoiiiiieeceeeeenee e

Schematic representation of the pulsed electron deposition apparatus.............c.ceceeeereereennns
Photograph of the PED reel-to-reel deposition SyStem ........cccocvveeveieecececciece e

Spatial variation of the deposited material, determined from profilometry
and afit to GauSI AN PrOfIlES.........ocviiiiii s

Composition (determined by ICP-MS) for films deposited at various background
pressures and using a target of composition (Y F3)(BaF2)2(CUO) 3 ..c.vecvecieveeviecieeiecie e

Composition of the deposited material as afunction of processtime...........ccoceeveereiveieenne

Thetypical trace (voltage as function of time, with the PED trigger signal
defining the zero of time) can be fitted well with an exponentially
MOTITIEA GAUSSIAN.....c.viveeeieieeeeeeeie ettt bttt b e bbbt ne e e e eaeas

Integrated area of ion probe traces (from least-square fits to a exponentially
modified Gaussian curve) as afunction of chamber pressure..........cccocevvveececeeceece e,

Correlation between deposition rate and ion probe peak signal
FOr tWO LYPES OF TAIGELS. ... ettt

Various target mounting approaches used for the study of growth
FALE AELENTONBHION ...ttt b e se et r e nn e

Growth rate as function of process time for the various target-
MOUNEING BPPIOBCNES .......eveveeeeeeee ettt sr e b b e e s e se e e senb e b e renrennennennas

lon probe peak voltage as function of process time for the various target
MOUNLING GPPFOACKNES .......eeceeiiecee ettt et s ae e e st e e e e steeaeebesaeeneenreens

XVi



2.130.

2.131.

2.132.

2.133.

2.134.

2.135.

2.136.

2.137.
2.138.
2.139.

2.140.
2.141.
2.142.
2.143.
2.144.
2.145.

2.146.
2.147.
2.148.
2.149.

2.150.
2.151.

2.152.

X-ray diffraction 6-20 pattern of a 1-um Y BCO film on conductive
L SMO(40 nm)/Ir(400 nm) buffered, biaxially textured Ni-W substrate..............ccccevveeneenee. 2-115

Cross-section TEM bright-field image of the 0.2-um-thick YBCO/LSMO/
Ir/Ni(W) composite structure showing well-defined interfaces

DEtWEEN ThE [AYEI'S. ...t 2-115
Temperature-dependent net resistivity measurements for 0.2 and 0.7-um

thick YBCO samples grown on conductive LSMO/Ir/Ni-W SUbStrates.............ccoeeverveeennne 2-115
The |-V curves obtained from the 0.2-um-thick YBCO on conductive

LSMO/Ir/Ni-W in afield of 1 Teslaand for the bare Ni-W substrate..........cccccoeevereeenee. 2-116

RHEED patterns of an epitaxid TiN film on (001) Cu (left) as deposited
in a vacuum background and when exposed to an oxygen partial pressure
of 8x 10°° Torr at atemperature of 600° (FIGNL)..........c.eveeverrereeeeeeeeeeeeereeresee s seeseeseeseseeseas 2-118

Critical current density vs applied magnetic field for a Y BCO film deposited on
MO/MgO/TiN/Cu/MgO(crystal) (black line and dots), and atypical YBCO films

deposited on single crystal STO (Gray liNE) ......covveeeeie e 2-118
STEM image of a Y BCO/LMO/MgO/TiN/Cu multilayer structure on MgO single

crystal acquired with high-angle annular dark field detector ..., 2-119
High-resolution STEM micrograph of the LMO/MgO interface.........ccoeevvveevevvcceeseneenne, 2-119
6—20 XRD scan of aYBCO/LMO/MgO/TIN/CUNIAI Sample ........coeveveeveneneneneseeene 2-120

Magnetic field dependence of critical-current-density curves measured
at 65 and 77 K, for a YBCO film on the conducting buffer structure

OF LSIMOINI/CU ..ottt se et s sesnesenaeneseenennennnnes 2-121
Ideal current vs electric field characteristics for amodel conductor architecture................. 2-122
The |-V curves obtained from the actual sampleinafiddof 1 Teda.......ccccceocvvvecieivceennnne 2-122
Ferromagnetic hysteretic loss, W, due to the Ni layer in YBCO/LSMO/NI/Cu.................... 2-123
Magnetic hysteresSiS100PS & 50 K ..o 2-124
Numerically calculated dimensionless factors g and x asafunction of all.............cccuc........ 2-125
Temperature dependence of J.°® (closed symbols) and J.° (open symbols) for

IBAD-a(¢), RABITS™-a (%), and RABITS™-D (8).....ccccrerrirrereririeeriee e 2-126
Magnetization M vs applied magnetic field H for all samples studied.............cccooeiiiiennns 2-128
Variation of saturation magnetization of Ni;_ W, aloyswith W-content X............c..ccceueue.. 2-129
A plot of M® vstemperature T for Ni-5at. %W and Ni-6at. %W .............ocoeeeerveeeeeeeeeeennne 2-129
Dependence of Curie temperature of Ni;_W, alloys on W-content x, with present

results and thoSE Of M@l AN .........cooiiieie et 2-129
The magnetization M vs H for lossy, electroplated Ni at atemperatureof 120K................. 2-130

Hysteretic loss per cycle W as afunction of field excursion Hy., for undeformed
Ni, Ni-6at.%W and Ni-5at.%W samples (prepared by vacuum casting
(AMSC, ORNL, and Oxford) or powder metallurgy methods (ORNL) ..........cccecevvveeenene. 2-130

Histogram showing maximum hysteretic loss W of samples studied .........ccccoovvveeevvieennee. 2-130

XVii



2.153

2.154.

2.155.

2.156.

2.157.

2.158.

2.159.

2.160.
2.161.

2.162.

2.163.

2.164

2.165.

2.166.

2.167.

2.168.

2.169.
2.170.

2171

2.172.

Hysteretic loss per cycle for Ni-3at.%W and Ni-5at.%W as a function of
number of half-cycles of deformation.............cceiriiiriiinere e

Hysteretic loss for undeformed Ni-5at.%W vs dc bias field at temperature
of 77 K and afixed aC field Of 5 O ........cccoiiiiiiiiiiice e

Ferromagnetic loss as a function of applied ac frequency for two different
fixed VAlUES OF @C FIBI....c.eeicceeeceee et

Critical current density of two films with 211 nanoparticles (filled symbols)
compared to PLD film without (open symbals), in applied field H || ¢ at
thE LEMPEIBLUINES SNOWN......c.eiieieeieeieeie ettt ne e n e

Log-log plot of two filmswith 211 nanoparticles compared to PLD film without
in applied field H || ¢ at the temperatures shown, indicating the estimates of
a (dotted lines) for the power-law regime between 0.1 and 1 T where Jo ~ H™ ...

Critical current density vs angle between the applied magnetic field and
cdirection,a 1 Tfor 77K,at1Tand 2T for65K,andat 2 T for 40K ......ccecvrvrvnvrnenne.

Attempt to fit mass-anisotropy curveto dataat 65K, 1 T, using
JHEO)] = L THE(B)] ™2 sttt sttt sannaas

Different ways in which a4x4 array of hexagonal grainscan bearranged............cccceeenene

Schematic showing the relationship between critical current and boundary angle,
with plateaus at (a) 4° and (b) 1.8° dueto granular diSSIPation............ccceeevererereerieneeeenenn

[lustration of the algorithm for finding the minimum current sum across
tNELAPE WILN ... e e nre s

The center pixel has an energy of (a) 5, (b) 4, or (c) 7, depending on which
(012 1 0 L 1] 1 I TSSO TR PP P PSSR

Grain structures generated by the model on a 300 x 300 pixel grid with MCS
numbers of (a) 10, (b) 100, and (C) 1000 .........ccerrerreierereeeriesresr e

Definition of the total number of pixels (P), the average number of pixels per
grain (p), and the number of grainsin the width (N,,) and length (N;) directions.................

Indexing of cells, edges and verticesin the square pixel model for a
conductor C columnsiong and R FOWSWIGE ........cccceeveiiieeie e

Plot showing grain growth rate in the Anderson model ...........cccvvveveiiccce e,

(a) Histogram showing the distribution of absolute grain sizesfor MCS= 3
(p=1.9) and MCS =30 (p = 4.7) and (b) the normalized distribution
which for high values of plie onasingI@ CUIVE............cocvveeviiiiee e

Modeled samples for which N; =25 and Ny = 10 ....eeoiiieeeceee e

(8) The dependence of the calculated sample critical current density on the value
of p (N, = 200, N,, = 20) and (b) comparison of p=1 and p=>5 for various
conductor 1engths (N = 40)......ccui ettt s re e e besaeenenre e

Dependence of calculated critical current density on grain size for two different
conductor shapes, 210 x 10 mm square and a3 x 30 mmrectangle (P =5) ..ccccceveervrceeenne

Log-log plots of critical current density vs length for various conductor widths
foraFWHM of 10° with(@ p=21and (D) P=5...ccciiri e

Xviii



2.173.

2.174.

2.175.

2.176.

4.1.

4.2.
4.3.
4.4,
45,

4.6.

4.7.

Plots demonstrating the relationship between critical current density and sample

width and length for aFWHM of 10° with (@) p=1and p=5....ccccceiriririnrenercceeene

Graph showing how the critical current is reduced as the FWHM increases,

and how it depends on the current carried by the grains...........cccccvveeve e,

The effect of the FWHM and the intra-granular critical current density
(represented by €, the equivalent angle) on critical current density as

predicted By the MOE ... e

Graph showing regimes of dominance of grain boundary dissipation (GB),

intragranular dissipation (IG) and the combination of the two (mixed).........ccccvvvevvvveenene.

Attendees at the Superconductivity Day on the Hill, sponsored by the Coalition for the

Commercia Application of Superconductors, February 26, 2004..............ccooeveiercieeieeene.
MRS Bulletin special issue, AUQUSE 2004............coeieeieiieeesie e e e s nes
Parans Paranthaman with students at the 2003 ORNL Day of Science.........cccceeevvvvvevnenee.
Summer interns from North Carolina A& T University with mentors...........cccceoveveenenene.

Interns Jennifer Williams, ateacher from Carter High School in Knoxville, and
Nicolas Cunningham, from Middle Tennessee State University, with ORNL

(000 01C0 g == A0 Y, = L TSRO

Interns Erin Stuart, from Indiana University of Pennsylvania, and Nicolas
Cunningham, from Middle Tennessee State University, with ORNL

MENEOT, PAITICK IMTAITIN ..ttt ettt e e ettt e e e e e e e s sera e e e s sabreessssareeessaraeeesearreeeseanees

Alex Thorn (left), intern from Princeton University. Kartik Venkataraman,

visiting researcher from the University of WiSCONSIN..........ccccvvveveiieve s

XiX

4-4

4-5






List of Tables

Table

11
12
13.
14.
15

1.6.
21

2.2.

2.3.

24.
25.

2.6.
2.7.

2.8.

29
2.10.
2.11.

2.12.
3.1

3.2
3.3.
3.4.
4.1

Page
Fault currentS apPlI€a.........cov i 1-2
Results Of faUlt SIMUIBLIONS.........cccoiiiiieieee e 1-7
Samples tested for overcurrent [iMitations...........cccoveeveieeiese e 1-23
Radia dimensions and winding directionsfor cables A and B...........ccocviininiicncicienns 1-26
Measured room-temperature (295 K) inductances of cables A and B compared
with numerical and analytical VAIUES.........ccovveeie et 1-26
Impulse breakdown of the Material 2 cylindrical tube ...........ccooeieiiiiinieece 1-29
Considerations involved in developing the second generation of HTS
LTI L= o)V L 2-6
Measured electrical and texture properties of thick YBCO films on the RABITS1
material (YBCO/CeO,/Y SZ/CeO,/Ni SUDSIIELE).........ccueuereeeereeiirieerieerie st 2-15
Measured electrical and texture properties of thick YBCO films on the RABITS2
material (YBCO/CeO,/Y SZIY ;03/Ni-W SUDSIIALE).......cceeueeireireeiiiieee e see e eie e 2-15
Texture data on Various SEEA [GYEIS.......ccuciiieiririrese s 2-37
Literature values for lattice parameters of tetragonal and orthorhombic
M=123 MBLENTAIS .....vevieeieeeeeeeee ettt e e ettt st bbb e b nnene s 2-44
Band-fitting results for Raman spectra of M-123/STO SPECIMENS. ......cceevvveeerrereereeieeseene 2-47
Buffer layer architecture and FWHM for ® and ¢ scansfor YBCO
SAMPIES L, 2, 3, BNA 4 ...ttt st et s ae et ae et e tesneetesreeneennens 2-59
Processing parameters and electrical properties of YBCO films derived
from TMAP QDPIOBCN ........oiiicee et aenre s 2-88
Summary of the growth of YBCO filMS......c.coviiiiiieeseeeeeeee s 2-99
Magnetic properties of Ni-W allOYS........ccooeiiiiniiinereee e 2-129
A summary of the values of o for measurements on [001] tilt boundariesin
thin film YBCO in SElf-field @ 77 K ....oooiiiiciceeeese s 2-139
Vauesof o, and B used in percolation MOES. ........ccccvieirerrinse s 2-140
Superconductivity Program summary of cooperative agreements as of
SePtEMBDEr 30, B004...... ..ottt ettt e e e 33
Invention disclosures during FY 2004 .........cceoeeiiieeie ettt s 34
PatentSissued iNFY 2004 ..ot 34
Cumulative [IStiNG Of PALENLES .......cveerieeiirteriertere e 35
2004 Summer Intern Program INfOrmation............ccoeeveveeieeii s 4-4

XXi






Abbreviated Terms

NOMENCLATURE

AO in-plane texture

Aw® out-of-plane texture

p normal-state resistivity

c standard deviation

B, irreversibility field

c(2x2 centered (2 x 2) superstructure

Gp precursor growth rate

H magnetic field

Hmax maximum magnetic field

I critical current

L peak current

I propagation current

| s root mean square cable current

J. critical current density

J &8 intergrain critical current density

JCG intragrain critical current density

Je engineering critical current density

K. critical current per unit width of conductor
langmuir 10 Torr/s

ML surface adsorbate atoms per surface substrate atoms
M_, saturation magnetization

Pas pascal .second

P.o base pressure

P(COy) CO; partial pressure

P(CO) CO partia pressure

P(H,0) water vapor partial pressure

P(O,) oxygen partial pressure

T teda

T critical temperature/transition temperature

thickness

ACRONYMS AND INITIALISMS

ac

acac
AEP
AFM
AMSC
ANL
APS
ASTM
BIL
BSCCO

aternating current

acetylacetonate

American Electric Power

atomic force microscopy

American Superconductor Corporation
Argonne National Laboratory

Advanced Photon source

American Society for Testing and Materias
basic impulse level

Bi-Sr-Ca-Cu-O
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CCAS Coadlition for the Commercia Application of Superconductors

CCvD combustion chemical vapor deposition

CEIDP Conference on Electrical Insulation and Dielectric Phenomena
CRADA cooperative research and devel opment agreement
Csh chemical solution deposition

CTFE chlorotrifluoroethylene

dc direct current

DMF dimethyl formamide

DOE U.S. Department of Energy

DOE-HQ DOE Headquarters

DSM diffraction space mapping

e-beam electron beam

EBKP electon backscattering Kikuchi pattern

EBSD electron backscatter diffraction

EDS energy-dispersive spectroscopy

EDX energy-dispersive X-ray diffraction

fcc face-centered cubic lattice

FM ferromagnetism

FWHM full width at half maximum

GBMD grain-boundary misorientation distribution

GE Genera Electric

GM Gifford-McMahon

GzO gadolinium zirconium oxide
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Executive Summary

Thisreport presents the results of projects conducted by Oak Ridge National Laboratory (ORNL)
and itsindustry and university partners working in the U.S. Department of Energy’s (DOE’S)
Superconducting Technology Research Program for Electric Systems. Funded primarily by DOE’s Office
of Electricity Delivery and Energy Reliability, ORNL projects include research and development toward
second-generation high-temperature superconducting (HTS) wires, the Superconductivity Partnerships
with Industry, and strategic research in materials and process development. Many of the articlesin this
report are adapted from papers submitted for open-literature publication; presentations at the annual DOE
Peer Review in July 2004; and presentations given at the Applied Superconductivity Conference,
Materials Research Society meetings, and other conferences and workshops held during FY 2004.

Among the Superconductivity Partnerships projectsincluded in this report isthe HTS cable project
with long-time partner Southwire Company. Progressis reported toward development of atriaxial cable
and terminations. For this, all three phases of the cable are concentric with one another, and the outer
shield layer can be made of nonsuperconducting metal such as copper. This cable has the potential to
revolutionize the development of distribution-voltage cables, asit uses half the superconducting wire of
competing technologies and is the most compact cable technology in development. A new project with
SuperPower involving extensive devel opment and testing of high-voltage bushings and other materials
for the Matrix Fault Current Limiter project is also described.

Progressis also reported in second-generation wire development in more than two dozen articles.
Short samples of 2G wires based on the rolling-assisted, biaxially textured substrate (RABITS™)
exceeded 400 amperes per centimeter width in FY 2004. There were dramatic increases in conversion rate
of precursors deposited ex situ on RABITS™. Along with these results came an increased understanding
of the role of carbon impuritiesin substrate and buffer layer performance, the first all-solution buffered
substrate with acritical current in excess of 100 amperes per centimeter width, and devel opment of
improved understanding and new models of current flow in superconducting materials on textured
templ ates.
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1. Technical Progress in Applications Development

1.1. Ultera/ORNL HTS Cable Superconductivity Partnership with Industry (SPI)

J. A. Demko, R. C. Duckworth, A. R. Ellis, P. W. Fisher, M. J. Gouge, D. R. James, J. W. Lue, |. Sauers,
and M. Young

1.1.1 Testing of a 1.5-m, Single-Phase Cable Made with Copper-Laminated HTS Tapes

1.1.1.1 Cable Description

Two layers of Bi-Sr-Ca-Cu-O (BSCCO) high-temperature superconducting (HTS) tape with 50-um-
thick copper laminations made by American Superconductor Corp. were wound into a 1.5-m nominal
length cable. Cryoflex™ dielectric was wound over the HTS layers to simulate the build of atriaxial HTS
cable. The sample was instrumented with three thermometers at the center of the cable at different radial
positionsin the Cryoflex™ layers. A heater was wound just outside the HTS tapes to provide for
calibrating measurements of ac loss by the calorimetric method. V oltage taps were spaced 1.37 m apart on
the HTS conductor. The former was filled with Araldite epoxy to prevent cooling by liquid nitrogen on the
inside of the cable. The cable dc critical current at the 1-uV/cm criterion was measured in aliquid nitrogen
bath to be 4750 A.

1.1.1.2 AC Losses

The ac losses were measured electrically by using alock-in amplifier and a calibrated Rogowski coil.
The Rogowski coil has an amplifier on the output signa that introduces a phase error in the measured
current. A calibration of the phase error was made by using a coil that is purely inductive. The measured
phase error was in agreement with the manufacturer’ s specifications for the device. The ac losses were also
measured calorimetrically by comparing the temperature rise from the application of an ac current with the
temperature rise measured by using the calibration dc heater. All of these results, along with the ac losses
calculated with the monoblock model, are shown in Fig. 1.1. The monoblock model provides an upper
bound to the ac losses and
is about twice the value of

10 I I I I
I I I I

AC Loss (W/m)

7
/
r

/

o

.

B Calorimetric

& Electrical
Monoblock

= Power Law (n=3.8)

-

4

[y

Y 3
@

Pk 4

'Y

P 3
)
¥
'3

A

*

0.1
1000

Current (A)

Fig. 1.1. Electric and calorimetric measurements of ac losses
compared with losses calculated by using the monoblock model.
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measurements. The
calorimetric measurements
are somewhat higher than
the electrical measurements
but are less than the
monoblock model
calculations.

1.1.1.3DC
Overcurrents

The copper-laminated
HTS cable was subjected
to dc overcurrentsto
simulate faults that would
be experienced in a utility
setting. The series of dc
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overcurrent pulses ranged from 6 kA to 10 KA for the durations shown in Table 1.1. The energy input into
the cable was calculated by numerically integrating the product of the measured current, |, and measured
voltage, V, over the duration of the pulse, t, and dividing by the length, L, according to Eqg. (1).

1 7=t
E=— TLVI dr )

Figure 1.2 shows a 7-kA pulse. At that current, the voltage drops over the pulse, indicating a possible
redistribution of current within the HTS cable. Figure 1.3 shows a 10-kA fault with adrop to 1 kA after the
fault. The voltage across the cable continuoudly rises during the fault, an indication of heating of the
conductor. At the end of the fault, the cable voltage drops to a small value when 1 kA is applied, indicating
that the cable has not heated up enough to significantly degrade the performance as a superconductor.

The dc voltage-current characteristics were measured before the fault current testing and after the
application of some of the faults. The VI curves before and after the completion of the fault current testing
are shown in Fig. 1.4. The measurements are the same, indicating no degradation of the conductor due to
the application of these faults. This demonstrates that this conductor is suitable for thislevel of fault
condition.

Table 1.1. Fault currentsapplied 8000 16
. 7000 1 Current L~ Voltage T4
Current Duration Energy
6000 1
(A) 6] (Im) 25000 - 1105
< E
6,000 1.1333 7.8 § 4000 8 %
6,400 0.9 19.4 ©30001 1° %
2000 14
7,000 0.9 52.8
1000 1,
8,000 0.8 2215 04 " " . . 0
9,000 0.7 360.0 P et Y
10,000 0.6 647.3
Fig. 1.2. A 7-kA overcurrent pulse voltage
response of the HTS cable.
12000 180 0.35
,— Voltage
10000 & T 030 1 ——Before
f T 140 —=- After
8000 1 4120 _ R %7
< F 100 3 E 020
& 6000 4 o s
= 80 % % 0.15 4
4000 4 60 = g
0.10 4
40
2000 1 2 0.05 4
0 — 4 - . 0 0.00 +—aid T T
0 1 2 3 4 5 0 1000 2000 3000 4000 5000 6000
Time (s) Current (A)
Fig. 1.3. A 10-kA overcurrent pulse voltage Fig. 1.4. Comparison of the voltage-current
response of the HTS cable. characteristics before and after the overcurrent

tests for the HTS cable.
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1.1.1.4 Flux Flow Analysis

When the HT S tape is operated at currents above the
critical current, the voltage drop aong the superconductor
becomes high enough that current is shared by the matrix and
the conductive lamination. This can be represented by three
paralel resistances as shown in Fig. 1.5, which is analyzed by
the flux flow method [1].

The normal metal resistance data for this tape was
measured as a function of temperature, T, and includes the silver
alloy matrix and the lamination materials. It is expressed in units
of ohms per meter and calculated by alinear fit of the data
[Ea. ()]

% =1.11x10°T - 3.10x107,

RLaminate
AN —
Ruiatrix
— AN
Ruts
— AN
Fig. 1.5. Parallel resistance
approach to the flux flow model.

@)

Two approximations were assumed in the implementation of the flux flow calculations. Firgt, the
critical current (1) was assumed to vary linearly with temperature and is zero at 104 K. Second, it was
assumed that the n value is constant. The HTS material follows the power law relation given by Eq. (3).
The values needed for this characterization are obtained from the measured dc V-I characteristics. The
constant C is determined from the 1 uV/cm criterion for critical current.

v C('_]
|C

3)

Figure 1.6 shows the nonlinear voltage dependence of the cable with temperature for different
operating currents above the critical current. The measured voltages across the cable from the application
of overcurrent pulses areindicated in Fig. 1.6 by the open symbols. From these voltages, the temperature
of the cable during apulseis seen to fall between 82 K and 84 K. These temperatures could not be
confirmed with measurements because the thermometers response times are too slow. Even so, the
estimated temperatures indicate that the HTS tapes heated about 2 K for the 10-kA overcurrent pulse.
Figure 1.7 shows the calculated fraction of the current carried by the superconductor as afunction of

temperature for the range of overcurrents applied.
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Fig. 1.6. Voltages for the cable calculated by Fig. 1.7. Calculated fraction of current in the

using the flux flow model.
model.

superconductor based on the flux flow
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1.1.1.5 Fault Current Thermal Analysis

The overcurrents were simulated using a composite tape specific heat shown in Fig. 1.8. The adiabatic
temperature rise based on these specific heats for the energy input into the cable islessthan 3.7 K. The
calculated response for the 10-kA pulse at different timesis shown in Fig. 1.9. The calculated temperature
increase of 1.8 K is consistent with the observed fact that the cable remained superconducting after the
overcurrent application.
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Fig. 1.8. Estimated laminated HTS tape heat  Fig. 1.9. Simulated thermal response of the
capacity. cable for the 10-kA pulse.

1.1.1.6 Performance of a Damaged Cable

A few tapes were purposely cut to simulate minor damage to aHTS cable and to measure the
degradation of the cable performance. The damage resulted in a decrease of the critical current to 4360 A.
Figure 1.10 shows the measured temperature rise at 3000 A before and after damage of the cable. Even
though the critical current is degraded, the cable reaches a stable operating temperature but at a higher
value with the damage. The ac loss at 3000 A s is 4.8 W/m in the damaged condition. The current was
switched off at 400 min.

1.1.2 Tests of 3-m Triaxial Cable at NKT

A 3-m-long, triaxial cable was designed, fabricated, and tested to quantify ac losses at phase currents up to
3.4 kA. The HTS BSSCO conductor was stabilized with normal conductors to accommodate fault currents
in a utility application. The 3-m cable was cooled down to liquid nitrogen temperatures, and the total ac
loss was measured at 3-kA phase current (at 60 Hz) to be much lower, about 5 W/m at an average cable
temperature of 77 K and a pressure of 3 bar. To verify the order of magnitude of the three-phase
measurements, supplemental measurements were made on the three single phases. In Fig. 1.11, the single-
phase ac losses (measured with both an electric and thermal technique) are shown along with the total
three-phase loss (measured with a thermal technique) normalized to a per-phase loss basis. As noted in
earlier triaxial cable experiments, the accumulated single-phase losses are larger than the corresponding
three-phase loss. The nature of the ac losses were investigated in similar experiments conducted at alower
temperature (72.5 K) and alower frequency (40 Hz). Both experiments indicate that the nature of the
observed ac lossisindeed hysteretic.

In separate experiments, stability was demonstrated by operation for 2.5 h at the design current of
3 kA rmsand at atemperature of 80 K. A second operation point was verified by stable conditionsfor 3 h
at 3.4 kA rms current and atemperature of 76 to 77 K.
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Fig. 1.10. Comparison of the measured
temperature response at 3 kA,s for the
damaged and undamaged cable.

1.1.3 Triaxial Cable Termination R&D
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Fig. 1.11. AC losses normalized to a per-
phase basis for the 3-m cable.

Testing of filled (for enhanced thermal conductivity) and unfilled epoxy composite materials
continued in a small-scale flat electrode configuration, medium-scale “baton” samples, and full-scale
“barbell” sized samples. The latter two have a cylindrical electrode geometry. Improvementsin curing have
led to good, void-free samples in the flat and baton geometries but not in the larger barbells. Sufficient data
have now been accumulated to assess the volume effect, which leads to areduction in partial discharge
(PD) inception voltage with increased stressed volume, as shown in Fig. 1.12. For comparison, Fig. 1.13
shows asimilar plot of PD inception voltage for a reference epoxy (Stycast 2850 KT). The Stycast KT
does not meet the design dielectric requirement at large volumes. The epoxy compositein Fig. 1.12 barely
meets the design requirementsiif it is completely free of voids. Because of the marginal performancein
attaining an absence of defects and the difficulty in ensuring that the full-scale application could be made
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Fig. 1.12. Partial discharge inception strength as a function of electrode gap and stressed

volume.
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Fig. 1.13. Partial discharge inception strength as a function of stressed volume
for Stycast 2850 KT.

free of defects (voids), use of the material in a cable termination is problematic. It could be acceptablein
applications with smaller stressed volumes.

To be successful the concentric triaxial cable termination requires a high-thermal-conductivity
dielectric material for insulation between phases. Tests on the candidate dielectric base and filler materials
showed that their properties were not going to scale to the size necessary for the full-scale 3000-A s
termination. Thus work related to their development was terminated. A design study based on utilizing the
concentric design with available diel ectrics with lower thermal conductivity showed that they would only
work with addition of internal cooling to the termination.

Space and surface-area limitations inside the internal phase in the termination made this additional
cooling requirement unachievable. Therefore, alternate termination designs have been explored with the
objective of developing adesign that utilizes available dielectrics within their normal stress limits. To this
end, designs were evaluated that
separated the triaxial phases while cold,
thus eliminating the need for high-
thermal-conductivity diglectric materials.
A termination design has been devel oped
and modeled that meets the 3,000-A,
110-kV basic impulse leve (BIL), and
fault overcurrent requirements of the
AEP Bixby project (see Fig. 1.14).
Materials and shop orders were placed to
fabricate afull-scale test dielectric system
with liquid nitrogen cooling at
atmospheric pressure. In paralle with
this, a half-scale model of the dielectric

Fig. 1.14. Triaxial cable three-phase termination.
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system has been fabricated. Testing with pressurized (up to 6-bar) liquid nitrogen cooling in an existing
cryogenic pressure vessel wasiinitiated at the end of the reporting period.

1.1.4 An Investigation of the Current Distribution in the Triaxial Cable and its Operational
Impacts on a Power System

An investigation of the current distribution in a three-phase triaxial superconducting cable is under
way to study phase imbalances under steady-state operation and to assist in the congtruction of a transient
model to study operational impacts of the cablein apower grid. Thetriaxia cable consists of three
superconducting concentric phases inside a copper shield. Each phase is composed of multiple layers of
BSCCO tape wound helically in opposite directions. Current distribution within the cable is determined by
using an electric circuit model containing the self and mutual inductances resulting from both axial and
tangential fields. An ac lossterm is also included in the model. Building on the e ectric circuit model, a
lumped cable model is used to investigate the effects of the triaxial cable on a power grid when faults are
applied to the system. Cable lengths practica for future applications (~10 km) are considered.

Fault currents were observed through
simulation of an electric circuit model for a 16-km- ¥ fault initiated
long triaxial cable. The dynamic resistance of each 20 1
phase was modeled by nonlinear resistance elements
in the Alternative Transients Program to account for

i
o

current (kA)

normal-state cable operation. An equivalent source 0

impedance was included that represented the short- 10 ]

circuit impedance of the generator and the short-

circuit capacity of the transformer. The prefault 20 fautt current 7'

operating condition of the cable was obtained in the 2 shield current
same manner as the steady-state operation, by using 0 001 002 003 004

time (seconds)

apurely resistive load. After one 60-Hz cycle, a
single line-to-ground fault was applied to phase C at
the load end so that the calculated fault current and
induced shield current could be observed (see

Fig. 1.15). Other fault types were conducted,
including a double line-to-ground fault

between phases A and C and athree- Table 1.2. Results of fault simulations

Fig. 1.15. Fault current and induced shield
current from a single line-to-ground fault on
phase C.

phase fault. Peak phase and shield

iti Iinner | i | y I ;
currents for each case are presented in Condition (KA ) (k:&z:i) (k;\ ;:ak) ( k: ;:k )
Table 1.2. Results from Table 1.2 show o1 50 = —
that currents are induced in the shield Prefault : : : _
and unperturbed phases when afault Singlelinetoground ~ 4.07 4.04 20.1 1.65
occurs, athough the induced phase Dowblelinetoground 260 a1 25 10

currents are small compared with that
of the shield. Of the three fault types 3-phase 22.0 19.2 216 0.85

considered in this study, the three-
phase fault resulted in the lowest shield current.

1.1.5 DC Critical Current Measurement of a 30-Meter Cable

The Southwire Company’s 30-m HTS cable system has been running at the Carrollton, Georgia,
facility since 2000. As part of the operational data collected from this system, the dc critical current has
been measured annually to demonstrate the continuing good performance of the HTS tapes. The
connections, made on the external bus, include a significant resistive component in the measurement. The
results for the phase 1 main conductor are shown in Fig. 1.16; results for the phase 1 shield conductor are
shownin Fig. 1.17. Asin the past measurements, the main conductor has a critical current greater than the
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Fig. 1.17. Measured voltages across the phase 1 shield conductor taken
in June 2000 compared with data taken in June 2004.

maximum current of the dc power supply (3000 A). Thus the results for the main conductor show alinear
resistive relationship due to the copper bus work. (The different opes are due to variations in external
connections.)

For the shield, the dc critical current is lower and the raw voltage exhibits a nonlinear deviation from
astraight line at higher currents. When the linear portion is subtracted out, the typical voltage-current
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characteristics of HTS materials are exhibited as shown in Fig. 1.17. The results from June 2000 and June
2004 are the same, indicating no degradation in critical current.

1.1.6 Modifications to the HTS Cable Test Facility Cryogenic System

It was determined from the results of earlier testing of thetriaxia cable that modifications were
necessary to the subcooler vacuum pump system in order to reach the desired operating temperatures for
the HTS cable heat load. An analysis of the flowsin the subcooler piping has been performed to
understand the limitations of the existing system. It was decided that to achieve the required vapor flow
from the subcooler, alarger vacuum pump and corresponding heater (vaporizer) would be necessary.
These items were received in the first quarter of FY 2004 and were installed into the cable cryogenic
cooling system in the second quarter.

1.2 Waukesha Electric Systems (WES)/SuperPower/ORNL 5/10 MVA HTS
Transformer SPI

S W. Shwenterly, J. A. Demko, A. R. Ellis, D. R. James, and |. Sauers

During the last quarter of FY 2003, the
transformer was removed from its vacuum tank and
ingpected. Several leaks were found in the liquid
nitrogen system and were repaired with Stycast epoxy.
Helium leak checks on individual joints after the
repairs indicated aleak rate of at most 107 atm-cc/s.
The short circuit around the C-phase core was found to
result from contact between the inner liquid nitrogen
shield and the inner bore of the HTS coil set. It was
eliminated by wedging the shield inward dightly and
inserting a strip of insulation. A new compact
turbopump vacuum system was installed (see
Fig. 1.18).

In October 2003, the transformer was
reassembled, and the tank was pumped down below
3x 10™* torr. Global leak checks were performed on
each system by pressurizing it to 1 atm with helium
and reading |eakage into the evacuated tank. The
indicated values were 3 x 10~ atm-cc/s for the helium lifted off its trailer at the WES main plant.
and liquid nitrogen systems and 2.4 x 10~ atm-cc/sfor ~ The new compact turbopump vacuum system
the core cooling system, which were improvements can be seen.
over the values for the first cooldown in June 2003. All
room-temperature electrical tests were at nominal values, and there was no sign of the C-phase short
circuit. The transformer was cooled down below 30 K during 10 days in late October and early November.
The process was very smooth with no technical problems.

During November, the transformer was disconnected from all its utilities, loaded onto a flatbed truck,
and transported while till cold about two blocks to the WES main plant for installation on their test floor
(seeFigs. 1.18 and 1.19). The operation went well, and normal temperatures and vacuum were quickly
established at the new site. Preliminary electrical tests showed that no damage had occurred.

Testing on the transformer resumed in December with three-phase high-current, low-voltage tests.
The tests done on June 23, 2003, were repeated on December 16, 2003, with 116 A, 80 A, and 60 A on the
high-voltage windings. A comparison of the temperature curves for the inner and outer cooling shellson
Phase A is shown in Fig. 1.20. In both tests, the tank vacuum started in the mid-10"° torr range and rose
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above 10~ torr by the time the current
was reduced to 60 A. The tank vacuum
level corresponds closely to the vapor
pressure of solid nitrogen at the
temperature of the cryocooler heat
exchangers, which generally run about
2 K colder than the coils. Vacuum
performance should be improved by
warming the transformer above 60 K to
remove cryopumped residua air and
nitrogen from the heat exchangers. The
coil temperature curves for June 23 and
December 16 show very similar
Fig. 1.19. The 5/10-MVA transformer leaves the WES behavior, indicating that the short
Progress Il building_ circuit around Phase C was evi dently
not the source of the excess heating.

The maximum high-voltage winding line current that could be applied without excessive heating of
the coilswas less than the rated current of 116 A. Phase A was heating much faster than the other phases,
but flowmeter measurements indicated that the flow was dividing evenly between the phases. This finding
may indicate a problem in the A-phase conductor. The tank vacuum levels in these tests corresponded
closely to the vapor pressure of solid nitrogen at the temperature of the cryocooler heat exchangers, which
generaly run about 2 K colder than the cails. It was theorized that vacuum performance could be improved
and heat loads reduced by warming the transformer above 60 K to remove cryopumped residual nitrogen
from the heat exchangers. This was done in late January 2004. The two coil cryocoolers were cycled on
and off to control the warming rate. The tank pressure peaked at about 4 torr with the coils at 55 K and
heat exchangers at 70 K (see Fig. 1.21). The whole system was allowed to warm to about 90 K while the
tank was pumped down to the low 1072 torr range. The liquid nitrogen cooler and one coil cooler were then
restarted to recool the system. Thereafter the coils were always kept at about 50 K by only one cooler
during standby periods to prevent excessive cryopumping of leaking nitrogen.

During January it was difficult to get access to the WES ac power test equipment because of the
demands of their heavy production schedule. It was clear that an independent source of low-voltage, high-
current ac power was needed. A large, three-phase variac bank that had been used to power a heater in the
ORNL Large Coil Test Facility was loaned to WES in February. The heater was connected to the
5/10-MV A transformer through a voltage step-down transformer, allowing the full rated current to be
applied in short-circuit mode. In March, the low-voltage, high-current tests were continued with this setup.
The second cryocooler was started, and the coils were cooled below 40 K. With no burden of condensed
nitrogen, the A-Phase cails still warmed rapidly with the maximum expected load of the WES plant if the
transformer were installed in the substation. However, when the current was reduced, stable temperatures
were maintained for 16 h. All the coil-cooling shellswere at 42 to 43 K except for the Phase A inner shell,
which was at 47 K. The vacuum was better than those in previous runs, at 3 x 10~ torr. However, this
vacuum level is still high enough to add roughly an extra 100 W of heat load due to molecular flow heat
transfer. Theinitia heating rates of the coils observed when current was applied can be used to estimate
the total ac losses, using the known heat capacities of the coils. This calculation gives much higher losses
than the losses that were estimated in the design calculations. This excessive ac |oss in combination with
high heat 1oads from poor vacuum resulted in an overload of the cryocooler cooling capacity at currents
below the rated operating current.

Having established that stable operation was possible, an attempt was made to operate at up to twice
the rated operating current. Additional cooling was provided by circulating liquid helium through the
auxiliary circuits on the coil cooling shells for these tests. Stable operation at the rated current of 116 A
was achieved on the first day of tests before the helium dewar ran out. On the second day, another dewar
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was connected for overcurrent testing. The current was held for an hour at values up to 127 A with stable
conditions. However, the HTS leads were approaching their maximum safe temperatures. The current was
raised to 200 A for about 15 min and then to 230 A. After about 3 min at 230 A, the coil temperatures
started running away, even with maximum helium flow, and the power was shut off. The coils still
operated properly at 60 A the next day with normal cooling, indicating that no damage had occurred from
the overcurrent tests.

In late March, open-circuit high-voltage tests were attempted. A three-phase, 4.4-kV transformer was
connected to the low-voltage winding of the 5/10-MV A unit. The high-voltage winding of the unit was
open-circuited. The 480-V primary of the supply transformer was energized by the ORNL variac to
provide a variable ac voltage source. The variac voltage was raised in steps of 50 V, corresponding to steps
of 460 V on the 5/10-MV A unit. The voltage was held for 5 min at each step. After about 2 min on the
third step, with 1368 V on the low-voltage side and 8.2 kV on the high-voltage side, a snap was heard and
the voltage collapsed. All the fuses on the ORNL variac that supplied Phases B and C of the 5/10-MVA
unit were blown. A spike in the tank vacuum was seen. The ratio tester was connected, and it was found
that Phase B had high excitation current. Megger tests at 500 V showed only 1 MQ between the low-
voltage and high-voltage windings but showed a high value of 500 to 1000 MQ between both windings
and ground. However, low-voltage resistance tests with a digital voltmeter showed infinite resistance. This
voltage dependence of the insulation resistance usualy indicates an external carbon track. Capacitance
tests showed high dissipation factors, particularly between the low-voltage windings and ground. However,
dc resistance measurements on all windings showed no changes from previous values, indicating that the
conductor had not been damaged.

In early April, single-phase short-circuit tests confirmed that Phase B was drawing full rated current at
only 25% of the voltage of the other two phases, indicating a section of shorted turns. A single-phase high-
voltage test was carried out with both sides of Phase B shorted, Phase A low-voltage winding open, Phase
C low-voltage winding energized, and Phases A and C high-voltage windings open. Another breakdown
occurred with 13 kV across the high-voltage phases. After that, there was only 22-Q of resistance between
the high-voltage and low-voltage windings. At that point, it was impossible to carry out further testing, and
the transformer was warmed to room temperature for disassembly and inspection.

When the tank was vented to the atmosphere and opened, a strong, ozone-like odor was noted. The
four low-voltage |eads (designated X0 through X 3) were brought out through the top multiple-layer-
insulation (MLI) blankets through sections of polyvinyl chloride (PV C) pipe. The pipe sections extended
severa inches beyond the MLI blankets and helped support the leads above them. The insulation was
burned off the lead from the low-voltage “Y" connection to the X0 bushing. The pipe segment that held
the X0 lead had partially melted, and the lead had drooped down and melted alarge groove in the outer
MLI blanket. A hole, which appeared to be arc damage, was found in the insulation on the Phase A low-
voltage lead X1 at the X1 bushing. A similar hole was found in the insulation on the Phase C low-voltage
lead X3 where it entered its PV C support tube through the MLI.

A multimeter showed that the top of the melted MLI wasin electrical contact with the liquid nitrogen
plumbing before the MLI was moved. That contact was broken when the C-phase low-voltage-side top
MLI was peeled back. A “rainbow” pattern on the tank wall was also visible on the core clamp, the tank
cover, and the top of the MLI. The pattern is indicative of an evaporative deposition and is spread
uniformly around the spot where all the MLI had melted. There do not seem to have been two separate
depositions, based on the uniformity of therings.

The working assumption is that al the melting damage occurred during the single-phase short-circuit
testing that was done after the 2x rated current tests. A thermocouple on the X0 lead reached as high as
480 K during the last single-phase short circuit tests. The thermocouple islocated on the X0 lead, just
inside the bushing. The test was done after the 2x current test and after theinitial failure of B-phase during
voltage testing. The damage to the X3 lead may have been a flashover to the now bare X0 lead, but thereis
no direct evidence of that. It is possible that a flashover between the two leads occurred earlier; the melting
of the insulation on X0 lead would have masked any damage. Thereis no evidence of a corresponding
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point to the flashover from X1 lead. Thereis no line of sight between the flashover mark on X1 and the
mark on X3.

When the MLI over the low-voltage leads was removed, it was found that the low-voltage neutral
interconnects between A-phase and B-phase and between B-phase and C-phase had suffered serious
overheating. The insulation wrapping had been carbonized, and the PV C tube that served as electrical
isolation where the interconnect passed through the tight space under the support and over the top
panels/frame was melted. The insulation materials have melting points in the range of 250 to 400°C
(525 to 675 K). PVC melt temperature is on the order of 200°C (475 K). The burn temperature would be
higher than that. All indicators are that the temperature of the low-voltage neutral leads would have had to
exceed 500 K to cause the damage shown.

Also visible was a pattern of brown deposition on the low-voltage top panels. A comparable
deposition was seen on the bottom of the MLI blankets. Under the support, the deposition was thick and
crumbly. Elsewhere, where the deposition was darkest, it was dlightly sticky to the touch. The deposition
was also evident on the plumbing and the ceramic breaks. All deposits were removable with acetone.

The most likely time when the damage occurred is during the 2x rated current test. During that test,
even in the phase set that heated up the most, the temperatures at the top of the low-voltage leads did not
rise more than 10°. However, the temperature of the low-voltage-side top liquid nitrogen shield panels on
A-phase and B-phase rose more than 60°. These two panelslie just below the low-voltage interconnect
leads. Thistest was done before any of the voltage tests. There was no visible evidence of avoltage
flashover, athough the dusty nature of the remaining insulation could easily hide a flashover. There was no
visible damage to the fine copper wires of either of the interconnect cables in the examinable area or the
interconnects outside the melted PV C sections. Even with damaged insulation, a breakdown from the
interconnects to the liquid nitrogen panels would have been unlikely because they stay near ground
potential during a three-phase high-voltage test.

A finite-element calculation was performed at ORNL to estimate the heating in the X0 lead and low-
voltage neutral interconnections. It showed that the leads were indeed undersized in relation to their
lengths. A single 4/0 cable was used for each neutral interconnection, and two #6 wiresin parallel were
used in the X0 lead. With the ends of the neutral interconnections perfectly heat-sunk at 80 K, the
calculation showed that the center of each lead reached over 450 K at low-voltage currents of 700 A,
corresponding to 1x operation. At 2x operation, the leads are unstable and heat up continuously, which
explains the burned insulation. Three 4/0 cables would be needed in each interconnection for proper
2x operation. For the X0 lead, the calculation shows a peak temperature near 1000 K at 1x operation.
Three such cables would aso be needed for proper operation at that current. The X0 lead was sized for
only 0.1x operation because single-phase tests were not originally anticipated.

In the cails, afine powder deposit was observed on every inner and outer copper cooling shell. Itis
possible that the powder is aresidue from the evaporated insulating material or the MLI, athough it
seemed to be evenly dispersed across the surfaces of all copper cooling shells, starting afew inches from
the bottoms and tops. There was no evidence of surface arcing anywhere on the cails.

Surface cracks were found in the epoxy between the high-voltage leads on A-phase and C-phase, but
not on B-phase. The crack on A-phase, measured with the feeler gauge, was approximately 22 mm deep.
The crack on C-phase measured approximately 15 mm deep. The cracks in A-phase extended from HV-11
toward HV-I (Fig. 1.22), and the same or another crack continues on until it disappears under the clamp.
The bore scope was not able to get a clear view on the other side of the clamp to either confirm or deny the
continuation of the crack. No visible cracks were seen in the epoxy on the low-voltage side of any phases.
No additional cracks were found in C-phase when examined with the bore scope.

During voltage testing, it was discovered that the ceramic electrical break between LV-I1 and the
liquid nitrogen plumbing on A-phase was only loosely resting in the coronaring. A slight tap caused the
failure seen in Fig. 1.23. The ceramic break was the one that evidenced a substantial leak during theinitial
assembly of the transformer. It was repaired with black Stycast. During repairs after the first testsin 2003,
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Fig, 1.22. Crack between high-voltage terminals Fig. 1.23. Close-up of{ e inner diameter of
(HV-1l on left) on the A-phase. the ceramic electrical break.

there was no confirmed evidence of acrack at that location, athough there was alow-level leak at the top
of A-phase that was never specifically identified. This ceramic break was probably the source of the liquid
nitrogen system leakage in the final series of tests.

A look at the inner diameter of the remaining pieces revealed that the ceramic break was not properly
cleaned after being welded on the corona shield. Clearly visible is the green residue typical of flux leftin a
metal tube. Also visible is substantial corrosion back into the pipe. Nothing of interest was found in the
ceramic side.

After the interconnections were removed from all the coils, it was possible to make individual
insulation resistance measurements on them. Phase A had a short of about 361 Q from the high-voltage to
low-voltage winding, and Phase B had a short of only 16 Q from high voltage to low voltage. Phase C still
had high high-voltage-l ow-voltage insulation resistance, and al the coils had good insulation resistance
from the windings to the grounded cooling shells.

In the fourth quarter, the top yoke was removed from the transformer core by WES, and the coils were
lifted out and shipped back to SuperPower. At the SuperPower facility, several shorts were found between
the paralld HTS tapes in the low-voltage windings, particularly on Phase B. Phase A was cooled down
with liquid nitrogen for critical current and impedance tests, but the results were inconclusive because
problems with the plant liquid nitrogen supply prevented bringing the whole coil to 77 K. Further tests are
planned. SuperPower is now conducting a root-cause analysis of the high-voltage failuresin collaboration
with Prof. Robert Degeneff at Rensselaer. Both nondestructive and destructive inspection methods for
inspection and analysis are being considered. Because cutting a coil open will be a difficult and expensive
process, a preliminary nondestructive inspection (e.g., X ray) is needed to determine the best places for the
cuts. A paper on the final series of test results was presented at the 2004 Applied Superconductivity
Conference in October 2004. Also, a complete chronicle of the entire HTS transformer development and
testing program has been written and submitted to DOE.

1.3 SuperPower Matrix Fault Current Limiter CRADA
S W. Schwenterly, A. R. Ellis, D. R. James, and |. Sauers

ORNL is collaborating with SuperPower, Inc. to develop their new concept for a matrix fault current
limiter (MFCL), which consists of an array of HTS elements arranged to go normal simultaneously in a
fault. The fault current is shunted to a paralléel array of normal reactive elements that effectively limits the
maximum current in the fault and allows downstream breakers to open. After the fault clears and the
breakers close again, the HTS elements quickly return to the superconducting state and restore normal
operation.
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A cryogenic cooling test cryostat was described in the 2003
annual report. Whileit is being designed and built, preliminary
cooling tests are being performed in an existing cryostat, shown
in Fig. 1.24. Liquid nitrogen at 77 K is circulated through the
coil of copper tubing at the lower end, which isimmersed in
pressurized supercritical nitrogen. This coil simulates the
cooling ring that is attached to the cryocooler in Superpower’s
design. The foam discs above the coil simulate the vacuum
above the pressurized tank that would surround the MFCL
array. A disc heater mounted below the coil simulates the array
heat load. Two temperature sensors are mounted above and
below the G-10 plate that is on top of the coil. Initial tests at
3 am and 5 atm supercritical nitrogen pressure indicate that the
lower sensor (which is closer to the heater) stays about 2 K
warmer than the one above the plate for power inputs up to
300 W. Good temperature stability was obtained.

Next, the temperature was measured at various locations
for different heater power levels. The basic setup was modified
to increase the temperature sensors from 2 to 12, as shown in
Fig. 1.25. The G-10 plate that was just above the cooling cail in
the earlier experiment was also replaced with a copper plate.
The results show that the temperature profiles are relatively
independent of heater power. Because the cryostat has no high-
current bushing to provide a heat
load, the liquid level tendsto rise |
within 20 cm of the top plate, as can
be seen by the sharp temperature
increase that occurs at that location n i
(see Fig. 1.26). Below the liquid s i
level, there was very little o
temperature difference between the
two radial sensor locations. The dip
in temperature at the position of the .
copper plate is probably an artifact 2 —
due to adifferencein sensor 31.3 %q
calibration because the sensors
came from a different manufacturer.

Design of anew top flangeto
be fitted with a50-kV high-voltage

E= 7

Fig. 1.24. Cryostat used for
preliminary MFCL cooling tests.

10F FLANGE

bushing was completed, and the 4 S— ) -
flange was fabricated at aloca
machine shop. ORNL participated Fig. 1.25. Layout of temperature sensors.

in the Technical Advisory Board

meeting at SuperPower on May 4, where data were reviewed from the second round of testing at the

Florida State University Center for Advanced Power Systems. An R&D cooperative research and

development agreement (CRADA) between ORNL and SuperPower was approved in late June 2004.
Dielectric testing in support of the MCFL SPI program commenced in August 2004. From August 9

to 13, technical staff from SuperPower visited ORNL for safety training and indoctrination, badging, and

initial high-voltage experiments on candidate MFCL dielectric materials. Testing continued during a
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Fig. 1.26. Temperature profiles

second round of experiments from September 13 to
September 23. Extensive high-voltage testing was carried
out on a prototype 52-kV, 250-kV BIL high-voltage
bushing/lead assembly for the MFCL. Breakdown tests
using various el ectrode geometries relevant to the MFCL
design were also carried out in liquid nitrogen. During the
first series of tests on the bushing/lead assembly (see

Fig. 1.27), negative impul se tests resulted in breakdowns
in the range of 63 to 80 kV in 3-atm, 300-K nitrogen gas
and 2.2-atm, 77-K nitrogen gas. Tracking was found on a
Teflon deeve around the high-voltage lead. After the
thickness and length of the sleeve were increased, no
further tracking was observed at the test voltages. Another
large series of ac and impulse breakdown tests was carried
out in an open bath of liquid nitrogen in which sphere-
plane and coaxial electrode sets were used.

at various locations.

|

.

Fig. 1.27. Assembly of 52-kV, 250-kV BIL
bushing into the high-pressure cryostat.
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1.4 General Electric Co. HTS Generator SPI
R. C. Duckworth, A. R. Ellis, M. J. Gouge, R. Grabovickic, D. R. James, and |. Sauers

1.4.1 Emissivity Experiment

General Electric has tasked ORNL to evaluate the emissivity of candidate cold surfaces with and
without contamination because radiation is amagjor heat load on cold HTS rotor components. Water
contamination studies have been carried out on a silver-plated copper sample at temperatures of 33 to
35 K. From the baseline measurement, degradation occurred when water vapor was added to the system;
emissivity increased from a steady-state value of 0.028 to 0.051 when 0.420 mg of water was added to the
system. The emissivity caused by contamination was higher than the room-temperature measurement of
0.045.

Figure 1.28 shows the influence of water 0.06 Room
contamination mass on the emissivity of asilver- 0.05 e /ﬂﬂzerme
| ]
plated copper sample. The sample was a =

17.8 x 38.1 cm (7 x 15 in.) thin rectangle plated
with silver on both sides. The water leak entered

Emissivity [-]

through a¥zin. stainless steel tube pointed directly 0.02 \value a
at one side of the sample at arate of 1.25 x 10~ g/s. - equitbrium
The slow temperature decrease that was observed in .

the shield and the lack of any appreciable change in 0 100 200 300 400 500

the vacuum pressure (8 x 10~ torr) during and mass of water [ug]

immediately following the water injection indicated

that the change in the heat 1oad was largely due to Fig. 1.28. Influence of water contamination
radiation effects. on silver emissivity at 33 K.

Figure 1.29 shows the degradation of the
emissivity due to air contamination. Air contamination was introduced after the experiment was shut down,
and sufficient time was given to pump out the water contamination. The air leak entered through the same
Yoin. stainless steel tube from the room-temperature environment at arate of 1.27 x 10°° g/s. Equation (4)
was used to calculate the amount of water vapor so that the water contamination results could be compared
with the air contamination results:

w=062—Pr @)
P—p,
where p, isthe vapor pressure of water at a given humidity.

Humidity of 50% provides good agreement between the contamination surfaces (Fig. 1.30).

M easurements of the emissivity degradation that is associated with direct water contamination were
carried out on areplated silver-plated copper sample at temperatures of 30 to 32 K. The measurements
were taken to seeif the absolute value of emissivity at room temperature had any effect on the emissivity at
30 K and the degradation of emissivity due to water contamination. This sampleinitially had aroom-
temperature emissivity of 0.045 at 300 K, but the emissivity decreased to 0.038 after the sample was
replated. Figure 1.31 shows the emissivity degradation due to water contamination for the silver-plated
copper sample before and after replating. It is clear that the replating had an effect on the absolute value of
the emissivity; however, when the relative changes of emissivity with respect to their corresponding room
temperature values are compared, there is afair amount of consistency between the two samples
(Fig. 1.32).
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Fig, 1.31. Comparison of absolute emissivity Fig. 1.32. Comparison of relative emissivity
degradation of silver-plated copper samples degradation with respect to the room-
due to direct water contamination. The values  temperature value of silver-plated copper

of emissivity at room temperature of 0.045 and samples due to direct water contamination.
0.038 represent the same sample before and The values of emissivity at room temperature of
after it was replated. 0.045 and 0.038 represent the same sample

before and after it was replated.

In addition to water contamination, preliminary measurements have been made of the emissivity
degradation due to the presence of G10 within the vacuum space. Figure 1.33 shows the emissivity asa
function of time for the test setup with and without G10 and shows the net change in emissivity due to
G10. However after examination of the background measurements and the measurement of the leak rate of
the system with and without G10, further refinement of the experimental system is needed to distinguish
between the outgassing of the G10 and a variation in the o-ring seals of the system.

Preliminary measurements have been made of the emissivity at 30 K and the degradation of emissivity
due to water on anew silver-plated copper sample. The sample had alower emissivity at room temperature
(0.021 +/- 0.002), which resulted in alower emissivity at 30 K (0.010 +/- 0.001). The previous sample
with the lowest emissivity had aroom-temperature emissivity of 0.038 and an emissivity of 0.014 at 30 K.
While the relative change for the new sample was smaller than previous sample, the initial emissivity was
significantly smaller. Figure 1.34 shows the degradation of the emissivity as afunction of water mass.

Each mass point is a stepwise introduction of 110 pg of water onto the diver-plated copper surface. The
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copper sample due to the presence of G10 in the degradation of emissivity for silver-
vacuum space. The net G10 effect was found by plated copper samples with different
subtracting the relative change in the silver emissivity room-temperature emissivities.

due to the background effects from the change in
emissivity as a function of time for the composite test
system with G10 present.

emissivity datafor the new sample were significantly higher than the previous data, but the data for the old
sample took into account alevel of background contamination that was due to leaks in the cryostat at the
time that may account for some discrepancy between the two samples. The initial measurement of the
emissivity at 30 K is repeatable (meaning that an emissivity of 0.01 was measured on successive
measurements after the water vapor was removed), and arepeat of the emissivity degradation will be done
to confirm these findings.

While this wide data range could have an impact on the design allowance of the refrigeration system
for the 100-MV A demonstration generator, the real-life case occurs when the emissivity degrades due to
outgassing water vapor from G10 onto the silver-plated copper surface. Preliminary measurements have
been made of this effect, but further testing is needed to verify the one-to-one correspondence on the direct
water contamination and the indirect water contamination from the G10. The effect of baking the G10 and
the relative thickness of the G10 are other issues that will be examined.

1.4.2 High-Voltage Ramp to Failure and Impulse Breakdown Tests on HTS Wire Insulation

One-layer and turn-to-turn dielectric strengths were measured for two types of superconducting wire
insulation. Both insulations were tested for ac ramp to failure and impul se breakdown voltage at room
temperature. The ac ramp-to-failure voltage tests on both types of insulation with one layer were performed
according to the American Society for Testing and Materials standard ASTM D-3353-98. Impulse
breakdown tests were performed by exposing the turn-to-turn insulation to a series of three 1.2/50-us
negative impulse voltage waves of equal peak value. Figure 1.35 shows typical negative impulse voltage
waveform recorded on a Tektronix TDS 380 scope.

The peak value of successive three-voltage wave sets was increased until breakdown of the insulation
occurred. Figure 1.36 shows atypical negative impul se breakdown waveform with a voltage collapse
captured by the scope.

Measurements of the turn-to-turn dielectric strength with respect to the impul se breakdown voltage
were completed for two candidate types of superconducting wire insulation at room temperature and at
liquid nitrogen temperature. A relatively large number of samples (more than 45) were prepared and tested.
The turn-to-turn tests were performed on HTS tapes with the insulation applied. The statistical distribution
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Fig. 1.35. Typical negative impulse voltage Fig. 1.36. Typical negative impulse breakdown
waveform. voltage waveform.

of the measured impulse breakdown data (1.2/50-us rise/fall) was presented in the form of Weibull plots,
which indicate the insulation failure probability at a given voltage. For both insulation systems being
considered, the impulse breakdown voltage increased going from 295 to 77 K. One type of wire insulation
failed to meet Genera Electric requirements and was excluded from future accelerated aging tests.

1.4.3 Accelerated Pulsed Aging and Partial Discharge Inception Voltage Tests on HTS
Tape Insulation

Accelerated aging tests for HTS tape insulation were initiated. The experimental setup for these tests
was assembled as shown in Fig. 1.37.

In accelerated aging tests, the turn-to-turn insulation is exposed to elevated electrical stress conditions.
Measurements are performed at several voltage levels with several samples at each voltage level so that the
statistical distribution of insulation aging data can be obtained. The accel erated aging tests provide the
insulation n value, which is required to estimate the insulation lifetime under normal service conditions.

Accelerated pulsed-aging and partial discharge inception voltage (PDIV) tests on the selected
insulation between two adjacent superconducting tapes were completed at ambient temperature and were
initiated at liquid nitrogen temperature. In the pulsed-aging tests, the turn-to-turn insulation was caused to

HV Bus HV Transformer HYV Bus
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Current
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Stop

TDS4104A B Chate Hold Trigger
Pulse counter Trigger & hold
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Timer / Scaler
TENNELEC TC 562P

Fig. 1.37. Schematic diagram of experimental setup for accelerated
aging tests.
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fail by a series of positive polarity high-voltage pulses with the specified magnitude (above the PDIV),
width, and repetition rate. The time to breakdown and the total number of pulses at a given aging voltage
were measured by atimer and a digital pulse counter, respectively. Aging experiments were performed on

five samples at each voltage level so that the statistical distribution of the time to breakdown could be

obtained. The two-parameter Weibull distribution
function was used to calculate the time to breakdown
with a cumulative failure probability of 63.2%. The
applied voltage vs the thus-obtained time to
breakdown was presented on alog-log plot with the
linear regression fit. The dlope of the linear
regression fit was used to determine the insulation n
value and to estimate the insulation lifetime under
normal service conditions. At ambient temperature
the slope of the lifetime aging curve was found to
decrease at alower voltage, which indicates a
change in the aging mechanism(s). Future pulsed-
aging tests will determine whether different aging
mechanisms are also found for the case of cryogenic
temperatures and whether the rate of aging decreases
significantly when the tape samples are cooled to
liquid nitrogen temperature.

In PD tests, the selected composite samples
with lapped tape insulation between two
superconducting tapes were exposed to a series of ac
voltages of equal duration and increasing magnitude
until PD initiation was observed on the insulation
condition monitor digital PD system. The measured
PDIV for al composite samples tested at room
temperature compared favorably with the
corresponding air Paschen curve value. A typica
phase-resolved PD pattern with the occurrence of
PD pulses superimposed on the applied voltage
waveform for a selected composite sample is shown
in Fig. 1.38. The corresponding three-dimensional
plot with the number of PD pulses as a function of
charge amplitude and phase angleis shown in
Fig. 1.39.

1.4.4 Panel Discussion at IEEE Summit
Power Meeting

+B74
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Fig. 1.38. Phase-resolved PD pattern for a
selected composite sample obtained for the
60-s data scan duration.

ase ange )

Fig. 1.39. Three-dimensional PD plot for a
selected composite sample obtained for the
60-s data-scan duration.

ORNL was invited to participate in a panel session on Advances in Superconducting Machinery at the
2004 IEEE Summer Power Meeting (June 6-10, Denver, Colorado). The panel was sponsored by the
Synchronous Machinery Subcommittee of the Electric Machinery Committee. The session chair was
Konrad Weeber of GE. An overview of the material presented was submitted as a brief paper, entitled
“Electrical Insulation Materials for Superconducting Coil Application,” by D. Randy James and Isidor
Sauers. ORNL also presented a panel paper on cryogenic cooling of HTS electrical machines.
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1.4.5 Measurements of Temperature Dependence of Partial Discharge in Air Gaps
between Insulated BSCCO Tapes

PD in air-filled gaps trapped between two adjacent insulated BSCCO HTS tapes was investigated
experimentally [2]. PD measurements were performed at several temperatures, ranging from 295 to 41 K.
At each temperature a series of ac voltages of equal duration and increasing magnitude was applied to the
inter-turn insulation until PD was initiated and observed on the insulation condition monitor digital PD
system. The PD data were presented in the form of phase- and amplitude-resolved PD patterns. The PD
initiation voltage and PD extinction voltage observed at a particular temperature were measured on an
oscilloscope. Experimentally obtained values for initiation and extinction were compared with the Paschen
curve valuesfor air, and the effect of temperature on PDIV was documented.

1.4.6 Partial Discharge and Accelerated Pulsed Aging of Insulation between Parallel
Plane-Plane Stainless Steel Electrodes and between BSCCO Tapes at Room Temperature

PD and pulsed aging were measured at room temperature for chlorotrifluoroethylene (CTFE) thin
films between two parallel plane-plane stainless stedl electrodes and for polytetrafluoroethylene (PTFE)
lapped tapes between two adjacent BSCCO HTS tapes[3].

In the PD experiments, selected samples of PTFE and CTFE insulation were exposed to a series of ac
voltages of equal duration and increasing magnitude until PD was initiated and observed on the insulation
condition monitor digital PD system. The measured PDIV was comparable to the air Paschen curve value
for each sample. Typical PD datawere presented in a phase-resolved PD pattern and a three-dimensional
plot.

In the pulsed-aging experiments, the samples were caused to fail by a series of positive-polarity high-
voltage pulses with a specified magnitude (above the PDIV), width, and repetition rate. Thetimeto
breakdown and the total number of pulses at a given aging voltage were measured by atimer and a digital
pulse counter, respectively. The aging data were presented in the form of alog-log plot of applied voltage
vstime to breakdown to determine the n values for the lifetime performance of CTFE thin films and PTFE
lapped tapes when used in the above configurations.

1.4.7 Quench Detection and Protection

A trip to Genera Electric was conducted on August 3, 2004, to informally review HTS generator
rotor coil R&D and a proposed quench protection scheme.

1.5 Conductor Engineering: Overcurrent Studies in HTS Tapes
J. W. Lue, M. J. Gouge, and R. C. Duckworth

1.5.1 Experimental Procedure

A series of experiments with overcurrent pulses were performed on BSCCO and Y BCO tapes. Each
of the 20-cm-long HTS tapes was laid straight on a G-10 cylinder, covered with layers of Cryoflex™
dielectric tapes to simulate an HT'S cable construction, and tested in an open liquid nitrogen bath. The
effect of reducing the peak conductor temperatures via electrical and thermal stabilizers was also tested by
laying an extra copper strip (3.05 x 0.25 mm) on top of the HTS tape. Table 1.3 shows the seven different
sample configurations tested in the experiments. Sample 1, made by American Superconductor
Corporation, has a 15-um-thick layer of copper plated around it. Sample 3, also made by American
Superconductor, is composed of two 25-um-thick layers of stainless steel laminated on both sides of a
silver-alloy BSCCO tape. Sample 5, also made by American Superconductor, is composed of a 50-um-
thick layer of copper laminated on the HTS side of a' YBCO tape. Sample 7 consists of two strips of copper
and was used to verify and calibrate the temperature measurements and thermal analysis procedures.
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Table 1.3 Samplestested for overcurrent limitations A 3-kA, 30-V dc power supply was
oI , used for both the voltage and current
. . imensions le
Sample Configuration (mm) A) measurement of the HTS conductors and

for supplying the overcurrent pulses. A

; gﬂg:ig :;gg ‘Cu 427x0.25 ﬂz thin-film resistance temperature detector
- _ was laid under the HTS tape or between
3 Stainless steel laminated 475 % 0.345 126 theHTS tape and the copper Strip a the
4 ssBSCCO+ Custrip 129 center of the conductor to measure the
5 Cu-laminated YBCO 10x0.149 161 temperature of the conductor. The voltage
6 Cu-laminated YBCO + 148 of the middle 10 cm of the conductor
7 2 strips of Cu 3.05x0.25 - (i.e., the span between the 5- and 15-cm

points on a 20-cm-long tape) was
monitored to find the voltage excursion of the conductor during the current pulse. First, the voltage-current
curve of the sample was measured. Then a short overcurrent pulse was applied to the conductor. The
voltage-current curve was measured again to see whether there was any degradation to the HTS tape. This
process continued until the HTS tape was damaged or the power supply reached its limit. The second
series of tests on a given sample configuration was to set the overcurrent level somewhat lower than the
electromechanical or power supply limit and to increase the pulse length to increase the heating to the
conductor. A thermal limitation was found for each of the HTS samples.

1.5.2 Electromechanical Limitation of HTS Tapes

The power supply was remotely controlled by 1400 L 710°
a square-wave voltage pulse to supply a pulsed 1200 - N 1610°
current to the sample. The shortest pulse length 1000 | [ A b 5109
that could be obtained with an appreciable flat top g X 1 o
was about 35 ms. In a series of teststo find the < Rl l\ ;41078 )
electromechanical limitation of HTS tapes, the - 600 N 1310 2
pulse length was set from 35 to 60 ms. For 400 | ]\ 1210
samples 1 and 3 (BSCCO tapes plated with copper 200 | 1) 11 10°
and laminated with stainless steel, respectively), 0 s 5554 55 —5d
the maximum peak current obtained was ~1 KA. Time (s)
After this high-current pulse, the voltage-current
curve was found to be the same as the initial curve. 80 ‘ ‘
e e optairgaoicd o || S
overcurrent pulseto at least 1 kA without being g 40 |
electromechanically damaged. For sample 5 (a > E
copper-laminated Y BCO tape ), there was no 20
change in the voltage-current curve after being 0
pulsed to 1.23 KA. Figure 1.40 (top plot) shows i ]
the resitivity increase of the conductor when the 20100 0 140 160 180
peak current was increased to 1.36 kA and the | (A)

voltage-current curve was measured after the pulse
shot ascompared to the |n|t!al f:urve (ppttom plob). resistivity increase during a 1.36-kA pulse (top)
There was aslight degradation; the Cr'_t'(_:al_ current and voltage-current curve measured after the
decreased from 161 to 157 A. The resistivity shot compared with the initial curve (bottom).
increase indicates that the Y BCO tape was heated

to an average temperature of 370 K. At the sametime, the electromechanical load on the YBCO tape
produced a buckling compressive stress of 0.38 MPa (56 psi). A thermal limitation test indicated that the
small degradation was more likely from the electromechanical oad.

Fig. 1.40. Copper-laminated YBCO tape
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1.5.3 Thermal Limitation of HTS Tapes

Theresistivities of the copper-plated BSCCO, the stainless stedl laminated BSCCO, and the copper-
laminated YBCO tapes were all measured from room temperature to about 70 K with a Gifford-McMahon
(GM) cryocooler. Superconducting transition temperatures of 109 K were found for the BSCCO tapes and
91 K for the YBCO tape. The resistivity above

the superconducting transition can be fitted 800 : 18 10':
quite well with linear functions of temperature. 700 | e {710
These linear temperature dependences were 600 | !:f' / {——p A 16 10°
extrapolated above 300 K in the present < 500 ¢ 7~/ 1510° 3
experiment to determine the average 400 | f Vi 1410° g
temperature reached in the conductors. The 300 [/ '\ 1310° 2
pulse-heating limits on the HT'S samples were 200 ¢ {/ N 12 10°
found by applying pulse currents between 450 100 - / 1110°
gnd 750 A and by incr_easi ng the pulse duraIi_on e 5 5340

in successive shots to increase the Joule heating Time (s)

in the conductor. Figure 1.41 shows a 450-A,
320-ms pulse shot for sample 1 (the copper-
plated BSCCO tape). Theresistivity of the tape
increased sharply during the pulse and reached

Fig. 1.41. Resistivity change of the copper-plated
BSCCO sample during a 450-A, 320-ms
overcurrent pulse.

apeak of 7.6 x 107 Q-m, which corresponds to 1000 . 610"
atemperature of 725 K. The subsequent 800 | T I 510°
voltage-current measurement showed no : [-\NA E
difference from the initial measurements. The . 900¢ / / \ 14107 5
. < [ ] 8 R
next shot at 450 A for 330 msraised the peak = 400 | 1310 g
temperature to about 800 K. The tape was 200 | <__I / \ 12108
significantly degraded; the critical current ol I / 1 110%
dropped from 119 A to below 50 A. For sample i / ]
5 (the copper-laminated Y BCO tape), a shot of 20224 25 28 3"
675 A for 200 ms that raised the average tape Time ()
temperatureto 370 K (Fig. 1.42). After that 1200 12107
shot, there was no change in the voltage-current f ] 1107
characteristics. The next shot of 330 ms 1000 / T
increased the peak temperature to 670 K. After 800 |- / 1810°_
that, the critical current of the YBCO tape < e00 L&/ 1610°

dropped from 160 A t0 90 A, alarge 400 E / / ] 41052

degradation. soo | I / \ 2 10°

1.5.4 The Effect of an Additional Strip of ol T~

1 0
2.2 2.4 2.6 2.8 3 3.2
Copper Time (s)

Higher peak currents can be drawn from
the power supply when a strip of copper with a
comparable cross section to that of the HTS
tape isadded in paralld to the HTS tape. For
example, in samples 2, 4, and 6, the peak current reached about 2 kA. However, about 60% of the total
current flows through the copper strip during the overcurrent pulse. Therefore, the peak current in the HTS
tape was actually lower than it was during the tests of the HTS tape alone. Figure 1.43 shows that the peak
current obtained for sample 6 went to 2 kA as compared to the 1.36 kA shown in Fig. 1.42. The conductor
temperature only reached 230 K as compared to 370 K without the added copper strip. Thus, the shunting
function of the additional copper increases the electromechanical limitation by about a factor of two.

Fig. 1.42. Copper-laminated YBCO tape resistivity
increase from a 200-ms pulse (top) and a 330-ms
pulse (bottom).
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2500 2510° Longer pulse lengths can also be tolerated
| YBCO + Cu-strip A/\__) ] without overheating the HT S tape. In sample 2,
2000 | & 1 210° the pulse length at a current of 710 A was
1500 P [Y ] 15105 extended to 600 ms (as compared to sample 1
< i / \ ] B of 450 A for 320 ms) without degrading the
~ 1000 | 1110° 2 BSCCO tape. In sample 6, the pulse length at
/ \ 1, 845-A current was extended to 640 ms (as
500 ¢ /o \ 1510 compared to sample 5 of 655 A for 330 ms)
0Lk j ~— 1o with only asmall degradation in critical current,
2 b2 23 24 25 from 148 to 142 A in the Y BCO tape.

Time (s)

Fig. 1.43. The addition of a strip of copper raised 1.5.5 Conclusion

the peak achievable current while it decreased the Electromechanical and thermal limitations
resistivity increase of the copper-laminated YBCO of overcurrent pulses were measured on
sample. BSCCO and YBCO tapes. With pulse lengths

as short as 35 ms, the BSCCO tape with a
critical current of about 115 to 130 A and the YBCO tape with acritical current of about 150 to 160 A can
be pulsed to at least the 1-kA range without el ectromechanical damage. Longer pulses at moderate
overcurrents indicated that both HTS tapes can be heated to over 400 K without suffering degradation.
However, heating accel erates as the temperature and the resistivity of the tape gets higher. Thus, a prudent
design peak temperature of the HTS tape for short-circuit, overcurrent faults would be 200 to 300 K. Other
considerations with regard to the HTS cable, such as nitrogen pressure surge or vapor generation and thus
high-voltage breakdown, may further limit the design temperature. When an additional copper strip of
about the same cross section as the HTS tape was added, both the overcurrent magnitude and duration
limitations about doubled, apparently because of the shunting function and the added heat capacity of the
copper strip.

1.6 Conductor Engineering: On the Effect of NiwW on the Inductance and AC Loss
of HTS Cables

R. C. Duckworth, M. J. Gouge, J. Caughman, J. W. Lue, and J. A. Demko (ORNL); J. Tolbert (Ultera);
and C. L. H. Thieme and D. T. Verebelyi (AMSC)

The impact of Ni-5at%W substrates on ac loss and inductance of HTS cables was examined. Two
1.2-m prototype cables were made with stainless steel laminated BSCCO tapes and were wound on a
25.4-mm-diam former. Each cable consisted of two layers of 15 BSCCO tapes wound at opposite lay
angles and had an estimated critical current of 3000 A at 77 K. One cable had four additional layers of
4.8-mm-wide Ni-5at%W tape co-wound with the BSCCO tapes to simulate a commercia second-
generation HTS cable. The Ni-5at%W tapes had the same width as the BSCCO tapes and a thickness of
50 um. Through the use of a coaxia copper ground, the cable inductance was measured at room
temperature and at liquid nitrogen temperature (77 K); high-frequency rf measurement techniques were
used. Experimental results for the cable inductance and ac |oss were compared with the results of
numerical calculations to determine the significance of the Ni-5at%W substrate contribution.

Table 1.4 summarizes the dimensions of each 1.2-m cable. For the purposes of our discussion, “cable
A" refersto the prototype cable without Ni-5at%\W tapes; “ cable B” refers to the prototype cable with Ni-
5at%\W tapes. With respect to the materials used in these cables, the HTS tape was 4.8-mm-wide stainless
sted laminated BSCCO tape and the Ni-5at%W tape was 4.8-mm-wide and 50 um thick. For cable B, the
sequence of Ni-5at%W and HT S tapeis equivalent to afour-layer YBCO cable in which two tapesin a
given layer would be connected with the stabilization layers in contact with one another and the Ni-5at%W
substrates opposite each other (“face-to-face architecture”).
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Table 1.4. Radial dimensions and winding For the inductance measurements of cables A and B, a
directionsfor cablesA and B Sencore LC103 Capacitance and Inductor Analyzer was
. Diameter ~ Lay angle used to measure the inductance of the cable with respect to a

Materia (mm) (degrees) 76.2-mm-diam copper tube grounded to the instrumentation,
Cable A as shown in Fig. 1.44. Two G10 plates were placed on each

Former + bedding 26.42 copper end plug to isolate the cable from the copper ground

15 HTS 27.18 +20 and to center the cable inside the copper ground. For the

15 HTS 28.19 -20 inductance measurement, awire was used to short the
CableB copper end plug to the copper shield at one end; the other

Former + bedding 26.42 end had the ground and copper end plug connected to the

15 Ni-W 26.54 +20 probe assembly of the LC103. A small current ramp (< 1 A)

15HTS 27.43 +20 with afrequency of 1 MHz wasintroduced, and the

15Ni-w 27.56 +20 inductance was found from the ratio of the measured

ig H'T\év %:gg :28 electromotive force to the rate of current change over

Ni-W 28.70 _20 several cycles. This measurement was carried out at room

temperature and at 77 K. The measured room-temperature

1.2 m HTS Cable (1.55 m total length) inductances for cables A and B are

\ 262 mm 1D C b compared with theoretical and numerical
.Zmm opper tube .
valuesin Table 1.5.
Theincrease in the inductance by 25%
in cable B (see Table 1.5) was attributed to
T the Ni-5at%W tapes because, according to
G10 spacers analytical coaxial inductance expressions,
Fig. 1.44. Diagram of inductance measurement setup the inductance of cable B was supposed to
of HTS cables with respect to 76.2-mm copper pipe decrease because of the increase in the radial
ground. build of cable B with respect to the fixed

ground. With respect to temperature effects, the inductances of cable A and B did not change when the
cable temperature was lowered to 77 K. The inductance for cable B at 77 K was 0.25 puH/m. Thereisa
large difference between the numerical results for cable A and B because the stored energy in the
ferromagnetic substrate does not behave as 1% and because the inductance was calculated at alow current.
The inductance decreases quickly to avalue of 0.23 pH/m at a current of 1 kA and approaches an
asymptotic value of 0.218 uH/m at higher currents due to the saturation of the Ni-5at%W. According to
the numerical model, replacement of the Ni-5at%W tape with a nonferromagnetic tape would result in an
inductance closer to that predicted by the analytical mode.

As determined from the experimental results and analysis, Ni-5at%W tapes influence both the
inductance and ac losses in single-phase prototype cables. A 25% increase in inductance from 0.20 pH/m
to 0.25 pH/m was observed when the Ni-5at%\W tapes were co-wound with stainless steel BSCCO tapes.
With respect to ac loss, the addition of the Ni-5at%W substrate produced a ferromagnetic loss contribution
of 25% to the ac loss such that | e/l = 0.7. The ferromagnetic loss was 0.25 W/m of atotal ac loss of
1.05 W/m. To minimize the contribution of the Ni-5at%W tapes to the inductance and ac loss leads,

Table 1.5. M easured room-temperatur e (295 K) inductances of cables A and B
compar ed with numerical and analytical values

Cable Inductance (uH/m)
M easured Analytical formulation Numerical calculation®
A 0.20 0.204 0.209
B 0.25 0.201 0.339 (0.206)

& Stored energy calculated with FlexPDE.
®The value for the cable inductance when cable B has nonferromagnetic substrates but the same
radial build is given in parentheses.



Technical Progress in Applications Development  1-27

one can pursue severa technical options. One option isto move from afour-layer cable to atwo-layer
cable. Another isto reduce the amount of Ni-5at%W substrate exposed to the magnetic field produced by
the cable. It was shown that by changing from a four-layer to atwo-layer cable by increasing the YBCO
conductor performance to 300 A/cm-width, the ferromagnetic loss can be reduced from 0.25 W/m to
0.07 W/m. Another approach is to reduce the thickness of the Ni-5at%W from 75 pm to 50 um where
possible. This would further reduce the ferromagnetic lossin atwo-layer cable to 0.045 W/m. These
techniques would allow the fabrication of HTS cables with YBCO on Ni-5at%W substrates while the
development of nonferromagnetic substrates such as Ni-9at%W takes place.

1.7 Conductor Engineering: AC Losses in YBCO Tapes
R. C. Duckworth, J. A. Demko, M. J. Gouge, and J. W. Lue

Electrical measurements of the ac losses at 77 K due to applied ac currents have been examined for
1-cm-wide and 4-mm-wide Y BCO coated conductors on Ni-10%Cr-2%W substrates. Each sample was
nominally 15 cm long with a conductor architecture of Ni-10%W-2%Cr/Ni/Y 203/Y SZ/Ce02/1 um
YBCO/3 um Ag. Thecritical currents were nominally 100 A/cm-width; the 1-cm sample had a measured
critical current of 98 A, and the 4-mm sample had a measured critical current of 40 A. Figure 1.45 shows
the losses as afunction of current for the 1-cm and 4-mm samples, respectively, in addition to showing the
equivaent Norris dliptical and thin strip models.

0.1
===N. Elliptical
——N. Thin strip
1 ‘ ‘ W Actual AC loss
——Est. FM loss [ |
= Actual AC Loss
— Est. FM Loss T 0.01 7'4
0.1 ™ —N. Elliptical Model s /-
_ — N. Thin Strip . = .
£ o b 3 I/
3 - V] 2
;‘ 0.01 / 3 n 4 -
@ 0.001 /
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0.001 —
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0.0001 0.1 1

Ipeak”c ['] Ipeakllc

Fig. 1.45. Measured ac loss as a function of peak current ratio compared with equivalent
ferromagnetic loss for the Ni-10%Cr-2%W substrate, the Norris elliptical model, and the thin strip
model for (left) the 1-cm YBCO conductor and (right) the 4-mm YBCO conductor.

Two conclusions may be drawn from these results. (1) the ferromagnetic lossis significantly lower
than that observed with previously measured Ni-5at%W substrates, and (2) both samples have a dightly
higher loss when compared with the Norris elliptical model. Because the ferromagnetic loss is significantly
lower, the ac loss data can be reduced further by dividing by the square of the critical current of the
sample. As shown in Fig. 1.46, the transport losses have a width dependence, but it is really a dependence
on the critical current because the critical current per unit width between the samples are nearly the same.
If the critical currents of the 4-mm sample were increased, their losses would be lower.
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1.8 Dielectric Materials R&D
1.E-05 J"‘
A. R. Ellis, R. Grabovickic, D. R. James, and
e
" L® I. Sauers
@ 1E-06 .
3 _ . 1.8.1 Partial-Discharge Data
(9N} *
2 5; o Sample disks of three types of acommercial
T E LE-07 al® plastic (referred to here as Materid 1, 1a, and 1b)
%’ =) were tested for PD. One type of Material 1is
€ . = 1 cm data unfilled while the other two (aand b) arefilled
=z 1E08 Norris Elliptical || meaterials with 30%
— Norris thin strip and 40% filler, respectively. The diskswere 4 in.
+ 4 mm data in diameter and 3 mm thick. The electrodes were
1.E-09 B 3.5in. in diameter, leaving about a0.25-in. ring

0.1 |peak/|c

Fig. 1.46. Normalized ac losses for 1-cm and
4-mm YBCO on Ni-10%Cr-2%W substrates.

Room Temperature

FPL Inception Wokage (kWrms)

urdfilled filled a filled b

Sample Type

InLN2

PO Inception Wokage (krms)

urdfillad filled a filled b

Sample Type
Fig. 1.47. PD inception for three types of
Material 1 samples at room temperature
and in liquid nitrogen. Error bars indicate the
standard deviation of all measurements for the
given sample type.

of sample outside the electrode. The room-
temperature data were taken with the samples
immersed in oil. For each sample type, two or
more disks were tested, and for each disk there
were two to four independent runs. The results at room
temperature and in liquid nitrogen are shown in
Fig. 1.47.

The PD inception voltage was operationally
defined as the voltage at which the average charge of
al PD pulses accumulated over 60 swas 5 pC. There
was considerable variation in PD inception voltages
from sample to sample of the same sample type and
even from run to run on the same sample disk. The
reason for the variation is not known at present.
Because of the scatter in the data (as indicated by the
error bars, which give the standard deviation for each
sample type), there is no significant difference between
the unfilled and the two filled sample types.

The three sampl e types showed a small increasein
PD inception going from room temperature to liquid
nitrogen. It is somewhat surprising that the filled
samples did not show a more significant decrease in
PD inception than the unfilled samples. It is possible
that the PD may be coming from the triple junction
where the electrode, sample, and oil (or liquid
nitrogen) come together, which could explain why the
PD inception appears to be independent of the sample
type. On the other hand, the liquid nitrogen data
indicate that the PD inception increases despite the
lower dielectric constant of the liquid nitrogen over
that in oil, which would have the tendency to reduce
the strength, implying that the material property
Material 1is playing arolein the PD inception voltage.
The lowest PD inception strength for all sample types
and temperatures, approximately 15 kV/mm, provides
at least alower bound for these materials.



Technical Progress in Applications Development  1-29

1.8.2 Flashover and Puncture Strength of Solid Cylinders

Cylinders of acommercia materia (designated Materia 2) were tested for puncture and flashover
strength by negative polarity lightning impulse (1.2 x 50 ps) voltages at room temperature and in liquid
nitrogen. The liquid nitrogen tests were performed in an open bath at 1 bar and in a high-voltage cryostat at
elevated pressure. Figure 1.48 shows a schematic of a cylinder and electrode arrangement. The breakdown
results are summarized in Table 1.6. A log-log plot of the puncture strength as a function of cylinder
thicknessis shown in Fig. 1.49. Based on the four data points obtained thus far, a minimum cylinder
thickness of 6 mmis predicted to meet a 200-kV BIL.

half of longitudinal cross section of cylindrical tube showing outer and inner electrode

puncture

g 2” wide outer
location

electrode
I's 8” cylinder

|
—

1” wide inner
electrode

axis

Fig. 1.48. Schematic of Material 2 cylinder showing electrode
geometry and puncture location.

Table 1.6 Impulse breakdown of the Material 2 cylindrical tube
Dimensions: 8 in. (203 mm) long, 3.5 in. (89 mm) diam

Thickness, in. (mm) Air (1 atm) Liquid nitrogen
1/16 (1.6) 250V/mm  Flashover  47.9 kv/mm Puncture (1 bar)
1/16 (1.6) - - 48.5 kv/mm Puncture (1 bar)
1/8 (3.2 - - 40.0 kv/mm  Puncture (high pressure)
1/2 (12.7) - - 25.4 kv/imm  Flashover (high pressure)

1.9 Cryogenics Initiative
M. J. Gouge and J. A. Demko

Kick-off visits were conducted in early November 2003 to Praxair and Cryomech to review the
technical approach that the contractors specified in their respective proposals and the cryogenic R&D
infrastructure at the vendor locations to conduct the 3-year R& D program. No funds were provided for the
Praxair and Cryomech Cryogenics Initiative subcontractsin FY 2004 due to budget reductions by the DOE
Office of Electric Transmission and Distribution. The intent isto shift the 3-year work scope 1 year
forward to FY 2005-2007.

1.10 SPI Oversight/Readiness Reviews

M. J. Gouge and S. W. Schwenterly (ORNL); S. Ashworth (LANL)

Thiswas an active year for the SPI Readiness Review Program. The Matrix Fault Current Limiter
(MFCL) Review on Octaber 14 and 15, 2003, included a report on design progress since the conceptual
design review in June, the AEP Sporn substation study update, cryostat tests and overcurrent (low-voltage)
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Fig. 1.49. The decrease in puncture
strength of Material 2 with cylinder
thickness (upper). The BIL voltage

based on the straight line fit to the log-log

plot in the upper graph (lower).

testing of the MFCL tubes at Nexans, and matrix mock-up
modulesin the test cryostat at the Florida State University
Center for Advanced Power Systems.

A review of the Flywheel Project was conducted at the
Boeing facilities in Seattle on October 21 and 22. Boeing
presented a comprehensive overview of its program,
including the work that has been accomplished over the past
severa years and the future direction of the program. Much
of the focus was on reviewing the 3-kW/10-kWh system, for
which component testing resulted in a flywheel failure during
aspin test.

The Open Magnetic Resonance Imaging System being
developed at Oxford Superconducting Technology was
reviewed on November 14, and Oxford staff provided an
update on their tradeoff evaluation between bare and
sheathed BSCCO 2212 tape conductors. Additionally, ateam
led by Steve Ashworth, of Los Alamos National Laboratory
(LANL) reviewed the Long Island Power Authority
(AMSC/Nexans) and Albany (SuperPower/SEI) HTS cable
projects during November and December.

A three-person team again led by Steve Ashworth,
reviewed the Ultera (Southwire/NKT/ORNL) HTS cable
project on February 10 and 11, 2004, at Southwire Company,
Carrollton, Georgia.

M. J. Gouge conducted an informal progress review of the 100-MVA HTS Generator Rotor Project at

GE, Schenectady, New Y ork, on May 3, 2004. The following day he participated in a Technical Advisory
Board Meeting for the SuperPower MFCL Project in Schenectady.

A readiness review of the Rockwell HTS motor project was conducted on August 19, 2004.
Reviewers were Paul Bakke (DOE-Golden), Mike Gouge (ORNL), and Bill Schwenterly (ORNL).
Participants from Rockwell included Rich Schiferl, D. Panda, Joe Zevchek, and Boris Shoykhet. The
format included presentations by Rockwell, technical discussions, and alaboratory hardware tour, which
included components from the previous 1000-HP HTS motor demonstration and the present R& D focus
areas. A readiness review report was prepared and sent to Rockwell management and DOE-HQ.

The R&D focus areas for this project are as follows:

motor-drive interaction,

eddy-current heating in end regions,

aternate (second-generation) HTS wire,

alternate HTS motor topologies,
on-board refrigeration,

cryogenic persistent switch,

composite torque tube creep and fatigue, and

coil quench protection.
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1.11 2003 IEEE Conference on Electrical Insulation and Dielectric Phenomena

Isidor Sauers and D. Randy James attended the 2003 |EEE Conference on Electrical Insulation and
Dielectric Phenomena (CEIDP) held in Albuguerque, New Mexico, October 19-22, 2003 [4]. Two poster
papers were presented and published in the annual report of the CEIDP. All major topics of electrical
insulation were covered, including material characteristics, aging, space charge, breakdown and flashover,
outdoor insulation, gases, modeling, PD, treeing, €lectrohydrodynamics, and biodielectrics. Many of the
papers deal with topics and mechanisms relevant to cryogenic insulation. Of particular interest was PD in
voids, which isacommon problem for epoxy insulation. Cryogenic insulation papersincluded
electrification of liquid nitrogen in polymeric pipes and breakdown associated with bubble formation in
liquid nitrogen. Several discussions were held with attendees on how voidsin epoxy are formed and how
they can be mitigated
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2. Technical Progress in Wire Development

2.1 High-Performance YBCO Coated Superconductor Wires”
M. P. Paranthaman (ORNL) and T. lzumi (ISTEC-SRL)
2.1.1 Introduction

Since the discovery of high-temperature superconductors, notably bismuth strontium calcium copper
oxide (BSCCO) and Y Ba,Cuz0_, (YBCO), researchers al around the world have searched for waysto
produce affordabl e flexible wires with high current density. The potential use of high-temperature
superconductor (HTS) wires for electric power applications include underground transmission cables, oil-
free transformers, superconducting magnetic-energy storage units, fault current limiters, high-efficiency
motors, and compact generators. Much progress has aready been made, from the near-term
commercialization of the first-generation BSCCO superconductor tapes to the continuing advancement of
second-generation Y BCO coated conductors.

Potentially lower manufacturing cost and improved properties in magnetic fields at liquid nitrogen
temperatures are some of the advantages of YBCO coated conductor composites over BSCCO
multifilament composites. BSCCO wireis formed by essentially surrounding a powder with asilver tube
followed by deformation and heat treatments to produce a narrow tape. The Y BCO coated conductor
technology is afundamentally different approach, based on producing an epitaxia thin film on aflexible
metal substrate.

The U.S. Department of Energy’s (DOE'’s) target price for the conductor is close to the current
copper wire cost of $10/kA-meter. The strategic goal is to achieve HTS wire with a current capacity
100 times that of copper. Robust, high-performance HTS wire will certainly revolutionize the electric
power grid and other el ectric power equipment as well.

American Superconductor Corporation (AM SC) has been widely recognized as one of the world
leaders in using the oxide-powder-in-tube process to manufacture first-generation HTS wires based on
BSCCO materials. AMSC has achieved electrical critical currents of more than 125 A in piece lengths of
several hundreds of meters, and a champion current of 170 A at 77 K and self-field at the standard
4.1 mm width and 210 um thickness [1]. However, due to the higher cost of first-generation wire, the
researchers shifted their research toward the development of a second generation of wires based on
YBCO. One of the main obstacles to the manufacture of commercia lengths of YBCO wire has been the
phenomenon of weak links (i.e., grain boundaries formed by the misalignment of neighboring YBCO
grains) that are obstaclesto current flow. Careful aignment of the grains can produce low angle
boundaries between superconducting Y BCO grains, thus alowing more current to flow. In fact, below a
critica misalignment angle of 4°, the critical current density approaches that of Y BCO films grown on
single crystals[2]. The other important advantages of second-generation wires over first-generation wires
arethat YBCO has better in-field electrical performance at higher temperatures, potentially lower cost to
process, and low ac losses. Schematics of first- and second-generation HTS wire architectures are shown
inFig. 2.1.

Several methods have been developed to obtain biaxially textured substrates suitable for high-
performance Y BCO films, including ion-beam-assisted deposition (IBAD), Rolling-Assisted Biaxially
Textured Substrates (RABITS™), and inclined substrate deposition (1SD). The industry standard for
characterizing the second-generation wire is to divide the current by the width of the wire. With either a
3-um-thick YBCO layer carrying a critical current density of 1 MA/cm? or a 1-um-thick YBCO layer
carrying acritical current density of 3 MA/cm?, the eectrical performance would jump to 300 A/cm-
width. Conversion of these numbers to the industry standard of 0.4-cm-wide HTS wire would correspond
to 120 A, which is comparable to that of the commercial first-generation wire manufactured by AMSC.

" Adapted from M. P. Paranthaman and T. Izumi, “High-Performance YBCO Coated Superconductor Wires,” MRS Bulletin 29 (8), 533 (2004).
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Fig. 2.1. Schematics of HTS superconducting architectures. Left: first-generation
BSCCO multiflamentary wire composite. Right: second-generation YBCO coated
conductor composite.

Further increasing the thickness or finding away to incorporate two layers of YBCO (either a double-
sided coating or joining two Y BCO tapes face to face) in a single wire architecture would then give
performance exceeding first-generation tapes (i.e., high overall engineering critical current density at
77 K).

In the IBAD process, an ion beamis used to grow textured buffer layers onto a flexible but
untextured metal, typically anickel alloy. After theinitial announcement of an IBAD process that uses
yttria-stabilized zirconia (Y SZ) by lijimaet al. [3], researchers at Los Alamos National Laboratory
(LANL) perfected the process and achieved high-performance YBCO films on IBAD-Y SZ templates [4].
To date, Y SZ, gadolinium zirconium oxide (GZO) or magnesium oxide (MgO) IBAD templates have
been used to make YBCO tapes. The schematics of the IBAD architectures are shown in Fig. 2.2. The
RABITS™ process, developed at ORNL, utilizes thermomechanical processing to obtain flexible,
biaxially oriented nickel or nickel-alloy substrates [5]. Both buffers and YBCO superconductors are then
deposited epitaxially on the textured nickel alloy substrates. The starting substrate serves as a structural
template for the YBCO layer, which has substantially fewer weak links. For comparison, first-generation
wires made by the oxide-powder-in-tube process are expensive because the primary component is high-
purity silver. However, inthe RABITS™ process, the silver isreplaced by alow cost-nickel or nickel
aloy, which alows for fabrication of less expensive HTS wires. A schematic of the RABITS™ processis
shownin Fig. 2.3.

During the RABITS™ process, an untextured metal alloy is rolled to produce a particular desired
rolling texture, which, upon annealing results in a sharp cube texture. Epitaxial buffer layers (generally, a

Silver Overcoat
YBCO

Buffer Layer(s)
IBAD Template

Si.N

Substrate =
Polycrystalline metal

Fig. 2.2. Schematics of the IBAD process wire architectures. Left:
YSZ/Gd,Zr,0; (GZO) template. Right: MgO template.
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Ni Ni seed layer, abarrier layer, and acap layer) are
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§ i @ substrate. Epitaxial superconductors such as' YBCO
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DEPOSTION RABITS have used pulsed laser deposition (PLD) to grow
Fig. 2.3. Schematic of the RABiTS™ process. YBCO with acritical current density of

1.2 MA/cny at 77 K and self-field on short 1SD-
MgO templates with Y SZ/CeO, buffers. Recently, the THEV A group in Germany [8] has achieved grain
alignment of 7 to 8° in MgO-I1SD tapes. By using in situ € ectron beam co-evaporation to grow
DyBa,Cus0; films, they have achieved an improvement of 1 to 2° in the MgO layer. Thetypical HTS
coating thicknessis between 1.5 and 2.0 um. THEV A has also reported acritica current density of
2.3 MA/cm? in 20-cm-long tapes with a critical current of more than 400 A/cm-width. Several meter-long
tapes exhibited critical current densities of 1.4 to 1.5 MA/cm? at 77 K and self-field.

2.1.2 The State of the Art

Recently, several industries have demonstrated that they can produce second-generation wiresin
10- to 100-m lengths with critical currents ranging from 50 to 300 A/cm-width. For example, methods
have been devel oped to produce oriented templates for growing high-performance Y BCO coated
conductor wires. Thisincludes IBAD-MgO [9], ISD-MgO [8], RABIiTS™ [10], and IBAD-GZO [11]
templates. High-rate Y BCO deposition processes, including trifluoroacetate-based metal-organic
deposition (TFA-MOD) [12], metal-organic chemical vapor deposition (MOCVD) [13], and high-rate
pulsed laser deposition (HR-PLD) [14], have a so been developed. These developments represent the
current status and future prospects for methods to produce Y BCO coated conductor composite wire.

2.1.2.1 High-Performance Templates

The requirement for athick Y SZ buffer layer (~1.0 um) to achieve proper texture such that the
subsequent YBCO films have high critical current densities may limit the economical fabrication of long-
length coated conductors. However, the IBAD-MgO exhibits good texture soon after the nucleation, and
only about 10-nm-thick MgO films are needed to optimize the texture [9]. The texture development in an
IBAD-MgO template depends strongly on the smoothness of the starting nickel alloy tapes. In
collaboration with SuperPower, LANL has already optimized the reel-to-reel electropolishing of Ni alloy
substrates and has achieved substrates with a surface roughness of lessthan 1 nm.

Perovskite buffers such as LaMnQOs, SITiOs, and SrRuO; have been found to be compatible with
IBAD-MgO substrates. In atypical IBAD-MgO template, atotal of five buffer layers areinvolved: (1) an
Al,Os barrier, (2) an amorphous Y ,0s as the nucleation layer, (3) an IBAD-MgO layer, (4) ahomo-MgO
layer, and (5) alayer of either S'TiO; or LaMnO;. On IBAD-MgO templates, 1.4-um-thick YBCO films
with acritical current of 109 A (in a3.8-mlength) and 144 A (in a 1.6-m length) have been achieved.

The most commonly used RABITS™ architecture by AMSC consists of a starting template of
biaxially textured Ni-W (3 or 5%) with a seed layer of 75-nm-thick Y ,Os, abarrier layer of 75 nmY Sz,
and a cap layer of 75-nm-thick CeO, [10]. In that architecture, all the buffers have been deposited by
using all physical vapor deposition (PVD) processes. However, efforts are being made to replace these
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layers with alternative architectures and multifunctional buffers deposited by industrially scalable thin-
film deposition methods. Recently, AMSC has achieved a high critical current of 250 to 270 A/cm-width
with a standard deviation of 2.0 to 4.0%. For certain applications, it iS necessary to start with completely
nonmagnetic substrates such as Ni-W 9% or Ni-Cr-W substrates. Efforts are under way to address these
issues.

For deposition of Y SZ, pyrochlore-based GZO has rather higher optimized temperatures (~200°C)
than room temperature, which are difficult to maintain during deposition because of the indirect heating
from the source [11]. In addition, better in-plane textures were observed in GZO within a shorter time
(being as much as half that for Y SZ). Fujikura has produced 100-m lengths of YBCO tape by PLD on
GZO0 templates with an average in-plane texture (A®) of 10° and atape moving speed of 0.5 m/h. In
addition, self-epitaxial CeO, caps produced by PLD on IBAD-GZO templates had much improved texture
(A® of ~3°) in avery short time. Furthermore, no cracks were observed in the CeO, layers. High-critical-
current YBCO films were grown on CeO,/IBAD-GZO templates by using both PLD and TFA-MOD.
High critical currents were realized by the multiple-coating method, especialy by TFA-MOD.

Very recently, THEV A group reported the growth of DyBa,Cu;O; films with critical currents of
122 A/cm over 10-m-long ISD-MgO by using electron beam evaporation [15].

2.1.2.2 High-Performance Coatings

The MOD process involves three steps: coating, decompasition, and reaction [12]. AMSC has used
MOD YBCO and RABITS™ templates to produce high-performance Y BCO coated conductors. The
most commonly used MOD process involves the use of yttrium, barium, and copper TFAS in methanol.
The decomposition step involves the slow (10-h) burn-out step to reduce volatility.

The YBCO film thicknessis limited to less than 0.5 um. Therefore, new copper precursors have
been developed at various places to reduce the volatility of the copper and the fluorine content in the
precursors, to increase the thickness of the films to more than 0.5 um, and to shorten the YBCO
processing time. The Y BCO growth rates have been increased up to 10 nm/s for processing the YBCO
films under reduced pressures. The MOD Y BCO films have alaminar microstructure, unlike the
columnar microstructure for PLD YBCO films. AMSC routinely uses 0.8-um-thick MOD YBCO on
RABITS™ templates to produce 10 m x1 cm lengths of second-generation wires. However, it isabig
challenge is to produce ~1.5-um-thick YBCO filmsin asingle coat. The incorporation of dispersed
“nanodots’ (nanoparticles) in the YBCO matrix has been shown to enhance critical current retention in
magnetic fields. Enhancement of flux pinning in YBCO/REBCO filmsis currently of great interest in the
HTS community.

The MOCVD process has been widely recognized as a viable high-throughput method [13].
However, the cost of the precursors could still be an important deterrent to its use. SuperPower has
produced 18-m lengths of Y BCO tapes with an end-to-end critical current exceeding 100 A on IBAD
templates and high deposition rates (12 nm/s) with critical current levels of 230 A/cm-width in short
lengths.

The incorporation of rare-earth elements has been evaluated as a method to improve flux pinning in
HTS conductors. Samarium-doped (10%) Y BCO films exhibit acritical current density of 230 A/cm. In
comparison, undoped YBCO films exhibit a critical current of 193 A/cm. The observed c-axis peak at
77 K and 1 Tedla (applied magnetic field) is also higher and broader for the doped sample than for the
undoped sample. SuperPower is aggressively pursuing this MOCV D process for commercial
manufacturing of coated conductors. Recently, SuperPower has also achieved world record performance
of 6000 A-mina57-mHTS YBCO wire, 60% greater than the previous world record, which Fujikura
announced last year. In that case, PLD was used to deposit the YBCO.

The HR-PLD method has been used on IBAD-Y SZ templates to produce Y BCO films with a critical
current of 480 A/cmin short lengths and 360 A/cm in 6-m tapes[14]. Recently, it has been shown that
HR-PLD hasincreased film deposition speed to 60 nm m?h. Further increase of deposition speed, to
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140 nm m?/h, is possible. It is still abig challengeisto use the PLD process to fabricate |ower-cost
YBCO coated conductors. We have to wait and see how this process comes out in the future.

2.1.3 Summary

The electrical performance for the world' s second-generation HTS wiresis shown in Fig. 2.4. Design
engineering and performance considerations regarding conductor geometry for power applicationsin
2010 are summarized in Table 2.1 [16].
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Fig. 2.4. Electrical performance for world’s second generation HTS wire.
Source: P.N. Arendt, private communication.
Abbreviations:
IGC: Intermagnetics General Corporation
LANL: Los Alamos National Laboratory
ZFW: Zentrum fuer Funktionswerkstoffe gGmbH Windausweg (Germany)
SRL-ISTEC: Superconductivity Research Laboratory International Superconductivity
Technology Center (Japan)
Fujikura Ltd. (Japan)
AMSC: American Superconductor Corporation
ORNL: Oak Ridge National Laboratory
KAIST: Korean Advanced Institute of Science and Technology
Edison-EMS (Spain)
THEVA (Germany)
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Table 2.1. Considerationsinvolved in developing the second gener ation of HTS wires by 2010°

Design and engineering consider ations Perfor mance and oper ating specifications
Face-to-face Je: = 1020 kA/lcm? at 30to 65K and 3T
Neutral axis I =100-200 A at operating conditions
Alternate conductor designs l. = 1000 A/cm-width @ 77 K and self-field
Conducting substrates Stabilizer design
Two-sided coating Stress = 200 MPa (300 MPa) @ 77 K
Current carrying capacity of stabilizer Irreversible strain limit = 0.4-0.6 % tension
Low ac loss Compression for magnets = 0.3-1 %
Length: 100-1000 m bend diameter =2t0 3.5 cm
Width:< 4.1 mm ac loss = 0.25 W/KA-meter
High-volume price: ~$10/kA-m nvaue> 14

4Compiled at the Coated Conductor Development Roadmapping Workshop |1 (U.S. DOE, Washington,
D.C., July 28-29, 2003).

In summary, several templates comprising of IBAD-Y SZ, IBAD-GZO, IBAD-MgO, 1SD-MgO, and
RABITS™ have been developed, and superconductivity companies around the world are in the process of
taking the technology to the pilot scale to produce commercially acceptable 100-m lengths. In addition,
three different methods (MOD, MOCV D, and HR-PLD) have been used to demonstrate high critical
currentsin YBCO coated conductors exceeding 10 min length.
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2.2 Oxidation of Carbon on Nickel-Based Metallic Substrates: Implications for
HTS Coated Conductors

F. A Lig, L. Heatherly, D. F. Lee, K. J. Leonard, and A. Goyal
2.2.1 Introduction

For the past decade, the development of HTS coated conductors has relied predominantly on
nominally pure nickel and nickel-based aloy substrates. These substrates (generally ~50-100 um thick)
provide astrong, flexible support for an epitaxial multilayer structure consisting of a variety of oxide
buffers (~0.1-0.5 um thick) and superconductors (~0.3-3 pum thick) [1-4]. Nickel and nickel-based alloy
substrates can also provide a potentially significant and unintended source of carbon—carbon initially in
the form of a substrate impurity. The role that the carbon can play in conductor fabrication is addressed in
this paper.

One of the challenges for successful fabrication of HTS coated conductors is to maintain mechanical
integrity of the multilayer structure throughout all processing steps. Detachment of the buffer layers from
the substrate is occasionally observed during processing and |eads to a catastrophic degradation of
conductor performance. In order to reduce the tendency for buffer layersto detach, the factors
contributing to detachment must be identified, understood, and controlled. Clearly, many factors can
contribute to buffer layer detachment including (a) film stress (both thermally and growth induced),

(b) film porosity and morphology (leading to enhanced diffusion and interface reactions), and

(c) interfacial segregation of impurities. In this study, we attempt to demonstrate that the oxidation of
carbon impurities to form CO can be a significant factor contributing to buffer layer detachment and that
asimple heat treatment of the substrate in oxygen can effectively eliminate detachment caused by CO
formation.

The oxidation of carbon impuritiesto form CO on refractory metal surfaces has been known for
some time and has in some cases been used to measure the bulk diffusivity of carbon [5,6]. Similarly,
studies of CO desorption from oxygen-covered nickel surfaces [7-10] have led to afairly detailed
understanding of underlying reaction mechanisms for CO desorption. Using Auger e ectron spectroscopy
and temperature-programmed desorption, List and Blakely [10] identified three distinct CO peaks for
nickel surfaces exposed to oxygen at room temperature. The lowest temperature peak (75-275°C) was
associated with desorption of molecularly adsorbed CO from the background gas. The next peak (275—
475°C) was related to a reaction between adsorbed oxygen and carbon bond to surface defects. The third
peak (325-925°C), which was generally the most intense peak, was associated with a surface reaction
involving adsorbed oxygen and carbon that had diffused from within the nickel. A carbon oxidation
reaction similar to that associated with this third peak is believed to result in CO formation at the
oxide/metal interface of HTS coated conductors.

The minimum level of interfacial CO that might be expected to lead to buffer layer detachment is
perhaps ~1 monolayer (one CO molecule for each surface substrate atom). A simple calculation shows
that in order to generate ~1 monolayer of interfacial CO on each side of a nickel-based, 50-um-thick
substrate, a carbon impurity level in the substrate of only ~7 at. ppm is required. Carbon impurity levels
for commercially available nickel and nickel-based alloys range from ~100 at. ppm (for Ni-270) to
>2000 at. ppm [11]. These levels of carbon clearly suggest the potential for commercially available
substrates to produce substantial amounts of interfacial CO (~14 to >286 monolayers).

The degree to which interfacial CO contributes to buffer layer detachment of HTS coated conductors
depends in part on how much CO is actually formed. The maximum amount of CO that a substrate can
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generate per unit area is determined by the substrate’ s thickness and carbon impurity level. The actual
amount of CO generated during a particular processing step depends a so on the rate of CO formation and
the duration of that processing step. Typical processing steps for HTS coated conductor fabrication
involve elevated temperatures (650-1250°C), oxygen partia pressures [P(O),] in the range 10°° to
10" Torr, and durations from 15 to 100 min. If the rate of CO formation is assumed to be determined by
the lesser of (@) the rate at which carbon diffusesto the interface or (b) the rate at which oxygen impinges
on the surface, then the actual amount of CO generated during a particular processing step can be
estimated.

The characteristic carbon diffusion time, z, for asubstrate of thickness, d, is given by (d/2)¥D, where
D isthe bulk diffusivity of carbon in the substrate. If D is taken to be that reported for carbon in nickel
(Do = 0.1 cm?/s, E4 = 33 kcal/mole) [12], then for a 50-um-thick substrate, T ranges from ~68 min for
650°C to ~3 sfor 1250°C. The impingement rate of oxygen is proportional to P(O), [13] and is roughly
equal to 1 monolayer/s for P(O), = 10°° Torr. Considering a 650°C processing step for a 15-min duration
and P(O), = 10°° Torr (the typical processing step producing the least CO), the amount of CO generated is
roughly 22% (15/1) of that possible based on the carbon supply. For a high-purity Ni-270 substrate
(~100 at. ppm C), oxidation of carbon for this processing step would not be limited by oxygen supply and
could result in the formation of as much as ~3 monolayers of interfacial CO. Higher temperature, longer
time, and higher carbon impurity would lead to the production of even more interfacial CO. Clearly, both
the potential supply of carbon and the kinetics of carbon oxidation are sufficient during typical HTS
processing to produce CO in adequate quantities to contribute to buffer layer detachment.

2.2.2 Experimental

The nickel-based metallic samples used for this study were cut from the same aloy tape as that used
for substrates for HT'S conductor fabrication. The tape was prepared from a 2.5-mm-thick coil (Ametek
Specialty Metal Products) with anominal composition Ni/3at%W. The coil, derived by powder
metallurgical methods, was rolled at room temperature to a thickness of 50 um and then dlit to afina
width of 1.0 cm (Hamilton Precision Metals). The resulting tape was then continuously cleaned
ultrasonically in Micro solution (Cole-Parmer Instrument Co.) and distilled water for 30 min each and
finally steam-cleaned in a~250°C distilled-water steam jet. Carbon analysis of the cleaned, as-rolled tape
by LECO Corp. revealed a carbon impurity level of 581 + 5 at. ppm (~111 wt. ppm).

Temperature-programmed desorption was accomplished in a sealed, all-metal, hydrocarbon-free
vacuum chamber. A base pressure of ~5 x 10™ Torr was attained after a pumpdown of ~2 h. The major
component of the residual gas was water vapor. Each stationary sample (~30 cm long) was suspended
between two water-cooled copper electrodes. Tension was applied to the sample with counterweights
(~170 g) attached to each end. A new, 75-um-diam type K thermocouple pair was spot welded to the edge
of each sample to monitor temperature. Resistive heating of the metallic sample was accomplished with a
zero-crossing, phase-angle-fired, 60-Hz current controller, which limited thermocoupl e offset and noise.
The sample was heated up to areaction temperature (750 to 1000°C) at arate of ~100°C/s. The
temperature stability at the reaction temperature was ~+0.5°C, and the average quench rate following
reaction was ~75°C/s to below 300°C.

The vacuum chamber was equipped with manual precision leak valves attached to sources of
hydrogen (H, 99.9999%), oxygen (*°0, 99.998%), isotopically pure oxygen-18 (20, 99%), and
isotopically pure water (H,"°O 99.99%). Before the sample was heated to the reaction temperature, the
partial pressures of the reactant gases were set by using a differentially pumped quadrupol e mass
spectrometer (SRS RGA 200) and the manual precision leak valves. To reduce the sengitivity of the mass
spectrometer to desorption from surfaces other than the sample's, a probe tube (attached to the mass
spectrometer) was positioned to within 1 mm of the sample’ s surface. During the temperature-
programmed desorption, the sample temperature and the partial pressures of the reactant gas and potential
product gases (e.g., CO, CHs, H,O, CO,) were all recorded digitally every 2 s.
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Meter lengths of the thermally processed tape were prepared in a second vacuum chamber. The all-
metal sealed chamber was equipped with areel-to-reel tape-handling system and had a base pressure of
~5x 1078 Torr. Moving tapes were heated radiantly by a pair of parallel, resistively heated Inconel sheets.
An optical pyrometer was used to determine the temperature of the Inconel. The length of the hot zone in
the chamber was ~5 cm. Oxygen was introduced into the chamber by a precision leak valve and was set
and controlled by a quadrupole mass spectrometer. During the course of heat trestment, tape position,
tape speed, heater current, and the partial pressures of oxygen and carbon monoxide were recorded
digitally as afunction of time.

2.2.3 Results and Discussion

The evolution of vapor-phase products was monitored

during thermal treatment of bare Ni/3at%W substrate so =T 71 | eno)
that reactions that might contribute to the detachment of ez ]L._./( @ 2x10° Torr |
epitaxial oxides from nickel-based metallic substrates could f 1¢ ]
be identified. Gases that are present during typical 9

processing of HTS conductor include hydrogen, water, and © T T Water,0)
oxygen. Shown in Fig. 2.5 are the thermal desorption e2T @ 2x10° Torr|
spectra obtained for a cleaned, as-rolled Ni/3at%W sample f 1 1
that was sequentially exposed to 2 x 10°° Torr of hydrogen, 9

water, and oxygen (*°0,). For both hydrogen and water, = |=—2% " 77 ydrogen )
little change in the partial pressures of O,, CHs, and CO e 21— Engz @ 2x10° Torr |
was observed during thermal treatment at 1000°C. The f 1 :
small feature in the CO desorption spectra observed during 0

heat-up for both hydrogen and water exposureislikely o 1288 1 [ \
from room-temperature molecular CO adsorption on the oo S S

bare metallic substrate [10]. Observation of the CH; species ] 2 3 4 5 6
isan indication of the formation of volatile hydrocarbon Time (min)
compounds.

-
o
-

. . Fig. 2.5. Thermal desorption spectra
For oxygen exposure, adramatically different fo? a bare Ni/3at%W tappe h eatgd

desorption spectrum is observed (see Flg 2.5). The partial sequentially to 1000°C in 2 x 10~ Torr
pressure of oxygen dropped to ~1 x 10 Torr during heat- of first hydrogen, then water, and

up and remained at that level for ~1 min beforereturningto  finally oxygen.

2x 10°Torr. The CO partial pressure rose from ~1 x 10°°

to ~3 x 10°® Torr during heat-up and remained at that level for ~1 min before returning to ~1 x 10°° Torr.
No change in P(CO,) was observed during this thermal treatment. When the sample was heated a second
time in oxygen, the desorption spectrum (not shown in Fig. 2.5) indicated constant P(CO) and P(O,)
during the entire heat treatment to 1000°C. These results suggest that the reaction to form volatile CO
involves (a) oxygen in the vapor phase and (b) a depletable source of carbon.

Datafor desorption of CO were gathered on bare Ni / 3at%W substrate for a range of P(O), and
temperature so that a better understanding could be obtained of the reaction mechanism and the reaction
kinetics underlying the formation of CO. Isotopically pure oxygen-18 (**0, 99%) was used for oxidation
to differentiate CO desorption (**C™0; amu = 30) from N, and CO background (**N, and **C*®0;
amu = 28). Figure 2.6 shows the results for heating to 800°C for arange of P(O,). Similarly, Fig. 2.7
shows the results for heating in 5 x 107 Torr P(O,) for arange of temperature. Interesting trends in the
datain these two figuresinclude (a) the complementary behavior of P(O,) and P(CO) throughout the heat
trestment, (b) the saturation of the reaction (“flat-topping”) that occurs at low P(O,) or high temperature,
and (c) therelative constancy of the integrated CO partia pressure (see Fig. 2.8).
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Fig. 2.7. CO desorption spectra for a
bare Ni/3at%W tape heated in an
oxygen partial pressure of 5 x 10 Torr
for a range of temperature.

A simple model to describe the observed behavior is
based on the following surface oxidation reaction:

2C+0,=2CO T (%)

Carbon from within the sample reacts with oxygen from the
gas to form carbon monoxide, which desorbs and is pumped
away. For each molecule of oxygen consumed, two molecules
of carbon monoxide are produced.

The rate at which the surface reaction in Eqg. (5) proceeds
isadirectly measurable quantity [i.e., P(CO) vstime] and
depends on anumber of factors. Among these factors are the
rate at which atomic carbon is supplied from the substrate to
the surface and the rate at which molecular oxygen is supplied
from the vapor to the surface. The supply of carbon to the
surface is assumed to be governed by the following one-
dimensional diffusion equations:

0 2c

ac

=D
ot ot
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and

J—D% 7
¢ X ()

where ¢, D, and J. represent the concentration, diffusivity, and flux of carbon in the substrate,
respectively. The supply of oxygen to the surface is assumed to be proportional to the partial pressure of
oxygen:

Jo=aP
0=%"o, (8)

where J, represents the flux of adsorbed oxygen at the substrate surface and o is a proportionality factor
the includes the sticking coefficient of oxygen to the surface.
A numerical solution of Eq. (6) and Eq. (7) can be

easily obtained by using an appropriate choice of boundary 2.0 71 o :mm o]
conditions, including Eq. (8), and asingle adjustable ° — 37uTorr P,
parameter, o. The results of this solution are plotted in S 15 7 24puTor Py, |
Fig. 2.9 for the case of heating to 800°C for arange of = 1.7 uTorr Py,
P(O,). Similarly good agreement between experiment and O 10 \ —— 0.7uTorr P, | |
model is obtained for heating in 5 x 10°° Torr P(O,) for a Y
range of temperature. The model clearly reflects al major S ne | : |
trends observed in the data and thereby helps validate the x0T\ Experimental
assumptions on which the model is based. 11\ a
The model suggests that the flat-topping of the CO 0.0 — —
desorption observed at low P(O,) or high temperature is 207 |
associated with areaction regime in which the supply of =
oxygen to the surface israte limiting. To test that idea, the 2 15T T
surface of aclean, as-rolled sample was first covered with =
an adsorbed ordered sulfur overlayer (c(2x2), ;CT 1.0 + .
~0.5 monolayer coverage) [14], and then the sample was O ‘\
heat-treated at 800°C in 5 x 10° Torr P(O,). The CO %_, 05 + \ Model i
desorption results for this sulfur-covered sample are aso =
shown in Fig. 2.10. Compared with the CO desorption for 0.0 \ b
aninitialy clean surface, the CO desorption for a sulfur- 0 5 10 15 20 25 30
covered surface is substantially more sluggish at 800°C and Time (min)

5x 107 Torr P(O,). The value of « required to fit the
model to the sulfur-covered datais~9 % of that requiredto ~ Fig. 2.9. CO desorption spectra
fit the clean surface data. These results are consistent with measured experimentally at 800°C
the notion that adsorbed sulfur occupies some of the gpmpared with those obtained via a
. . iffusion model.
surface sites on which oxygen adsorbs or carbon and
oxygen react and thus reduces the rate of CO desorption. A similar reduction in the rate of CO desorption
may be expected for a substrate covered with a dense, crack-free, epitaxial oxide.

The model also suggests that the time integral of P(CO) is a quantity proportional to the amount of
carbon removed from the sample. To obtain the constant of proportionality requires knowledge of the
carbon content of a sample for two different times. LECO carbon analysis was conducted for samples
both before and after a30-min heat trestment at 800°C in 5 x 10°° Torr P(O,). This oxygen treatment
reduced the carbon content from 580 to 21 at. ppm. Approximately half of the 21 at. ppm C determined
after heat trestment can be attributed to room-temperature CO adsorption that followed the heat treatment
and preceded the carbon analysis. Based on these measurements, avalue of ~3.35 ppm/uTorr/sis
obtained for the proportionality constant relating the time integral of P(CO) to the carbon content for this
particular vacuum system and sample size.
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100 . Figure 2.10 shows the accumulative time integral of
‘ the P(CO) datain Fig. 2.6 expressed in terms of the
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T —— 50uTorr Py, carbon removal from carbon controlled to oxygen
£ €01 W/ c(2x2) § i controlled is evident in Fig. 2.9. For high P(O,), where
o little or no CO desorption flat-topping is observed, the rate
§ Oxygen-controlled of carbon removal is determined predominately by carbon
5 O7T Carbon-controlled | diffusion in the substrate. For comparison to the observed
(g carbon decay for high P(O,), the characteristic carbon
> (d/2)? diffusion time at 800°C, 7 = (d/2)2/D, isshownin
20 T ] Fig. 2.10.
For low P(O,) (0.7 x 107 Torr), or for conditions
where the surface reaction sites are blocked (e.g., an
0 l - - - T S-covered surface), theinitial rate of carbon removal in

Time (min)

Fig. 2.10. Carbon remaining in the

Fig. 2.10 isdetermined by the effective supply of oxygen
to the substrate surface. In thisregime, the initial rateis
reduced with respect to that observed for high P(O,), and
theinitial slope for carbon removal is proportiona to an

substrate as a function of heat-
treatment time at 800°C.

effective partial pressure of oxygen. For processing

conditions where extremely low P(O,) is encountered,

such as during substrate annealing in vacuum at 1250°C
with atantalum getter, where the equilibrium P(O,) is approximately ~107*® Torr [15], essentially no
carbon is removed and no CO isformed. Interestingly, thislow- P(O,) vacuum annealing of the substrate
is associated with especially frequent detachment of buffer layers during subsequent processing.

Lengths of Ni/3at%W substrate were prepared with
different amounts of carbon removed by oxygen treatment so
that the effect of carbon oxidation on buffer layer detachment
could be assessed. Theresultsin Fig. 2.10 provided the basis
for selecting processing conditions for removal of carbon.
Figure 2.11 shows results for a 240-cm length of substrate
that was continuously processed at ~850°C in 5 x 10°° Torr
P(O), for different timesin the reel-to-reel vacuum system.
Different processing times were achieved by varying the tape
speed through the fixed-length (~5 cm) furnace [Fig. 2.11(€)].
During processing, P(CO) was continuously monitored with a
mass spectrometer [Fig. 2.11(d)]. Higher P(CO) was
observed for higher tape speed. This observation is consistent
with the expectation that a higher delivery rate of a carbon-
containing substrate to the furnace leads to higher rates of
carbon oxidation and CO desorption.

After being thermally processed in oxygen, the 240-cm
length of substrate was characterized in areel-to-reel X-ray
diffractometer [16]. Shown in Fig. 2.11(c) isthe 6-26
intensity for the NiWO,(100) diffraction peak—the only peak

al
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Fig. 2.11. Properties of a 240-cm
length of bare Ni/3%W tape
processed continuously at ~850°C
in an oxygen partial pressure of
5x 107° Torr.

in the 6-26 spectrum not associated with the metallic substrate. The X-ray intensity of this crystalline

oxideis significantly greater for the lower tape speeds. This may be the result of competition for oxygen

between carbon and the metal. As carbon levels are reduced, more oxygen is available for metal
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oxidation. The NiWO, formed during the thermal processing in oxygen was absent after vacuum
annealing at 1250°C for 15 min, which is the next step commonly included in conductor fabrication.

Auger electron spectroscopy was also used to examine the surface composition for regions of the
240-cm length of substrate treated for different dwell times [Fig. 2.11(b)]. Longer dwell times are
associated with higher surface concentrations of W and O and lower surface concentrations of Ni and S.
Thisresult is consistent with the X-ray result shown in Fig. 2.11(c).

Sections of the 240-cm length of substrate were analyzed for carbon content by LECO Corporation
so that the effectiveness of the oxygen treatment for carbon removal could be established. The levels of
carbon [Fig. 2.11(a)] determined for these sections annealed for different times at ~850°C in 5x107° Torr
P(O,) arein good agreement with those estimated from CO desorption at 800°C in the same P(O,)

(Fig. 2.10).

One goal of this study isto demonstrate a relationship
between CO formation and detachment of the epitaxial _
oxide buffer layers of HTS coated conductors. In pursuit of
this goal, portions of the 240-cm length of oxygen-treated 22 23 24 25 26 2
substrate, as well as portions of untreated substrate, were '
further processed to prepare coated conductors by standard
methods. For both the untreated substrate (581 ppm C) and
the treated substrate (159 ppm C), extensive detachment of
the buffer layers was observed during or immediately
following their deposition. For the treated substrate
containing 52 ppm C, detachment was not observed during
buffer layer deposition but was first observed during
processing of the superconducting layer [Fig. 2.12(a)]. For
the treated substrates containing minimal carbon
(=21 ppm C), no detachment was observed throughout the
entire conductor fabrication process[Fig. 2.12(b)].
Moreover, high critical current densities (>1 MA/cm?, 77K,
self-field) were measured for them and for similarly
processed, carbon-depl eted substrates. These results clearly
indicate that a relationship exists between oxygen treatment
and buffer layer detachment and suggest that CO formation Fig. 2.12. (a) HTS tape for a Ni/3at%W

at the oxide-metal interface may contributed to this substrate containing 52 at. ppm C
detachment. showing severe film detachment.
. (b) HTS tape for a Ni/3at%W substrate
2.2.4 Conclusions containing minimal carbon (~21 at. ppm)
Carbon impurities in substrates commonly used for showing no film detachment.

HTS coated conductors can contribute to the detachment of

buffer layers. Thermal treatments in reduced pressures of high-purity hydrogen or water vapor do not
appear to remove significant amounts of carbon from the substrate. A similar treatment in a reduced
pressure of oxygen dramatically reducesthe level of carbon. The kinetics of carbon removal in the form
of CO can be understood in terms of a simple diffusion model (Fig. 2.13). Based on these results,
procedures have devel oped that effectively remove carbon and eliminate buffer layer detachment from
lengths of continuously processed substrate.
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2.3 ldentification of a Self-Limiting Reaction Layer in Ni-3at%W Rolling-Assisted

Biaxially Textured Substrates

K. J. Leonard, A. Goyal, S Kang, K. A. Yarborough, and D. M. Kroeger

2.3.1 Introduction

The development of rolling-assisted biaxially textured substrates (RABITS™) for the growth of
epitaxially aligned Y Ba,Cu3O;_s (Y BCO) films as a cost-effective approach to the fabrication of coated-
conductor tapes has progressively matured. RABITS™ consists of layers of meta oxide buffers
epitaxially deposited with either a cube-on-cube or rotated cube-on-cube orientation on { 100} <100>
textured Ni or dilute Ni-alloy substrates [1-3]. The buffer layers provide abarrier to Ni diffusion from the
metal substrate into the superconductor during deposition or ex situ processing of the YBCO layer, while
providing atemplate of reduced lattice mismatch between YBCO and substrate for c-axis-aligned
epitaxial growth. Numerous RABITS™ architectures, along with different deposition methods for
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producing biaxially textured buffer layers that have been investigated, have successfully yielded high-
quality YBCO films[1-5]. Understandably, emphasis has been placed on the development of fewer, more
cost-effective layers that can provide a stable template for YBCO deposition.

Recently, two bodies of work examining the thickness dependence of the critical current density on
Y BCO microstructure were reported on [6,7]. These experiments involved the pulsed laser deposition
(PLD) of YBCO filmsup to 6.4 um thick under the same conditions on two different RABIiTS™
architectures. Thefirst, RABITS1, consisted of a 12-nm-thick CeO, seed layer deposited on textured Ni,
with additional 300-nm-thick yttria-stabilized zirconia (Y SZ) and 20-nm CeQO, buffer layers grown on
top. The second substrate, RABITS2, consisted of a 150-nm Y ,0; seed layer deposited on Ni-3at%W (Ni-
W) substrate, with 150-nm Y SZ and 20-nm CeO, buffer layers. The critical current densities of the thick
YBCO films and the film texture determined through X-ray diffraction (XRD) arelisted in Tables 2.2 and
2.3 for RABITS1 and RABITS2, respectively. The critical-current-density values were cal culated from
the four-point probe measurements of critical current conducted at 77 K in self-field without micro-bridge
patterning. Limitations in characterizing the filmsto 120 A prevented the full determination of critical
current in films thicker than 1.0 um of the RABITS2 materias under self-field. For those films, a zero-
field critical current density was cal culated from in-field measurements at 0.5 Teda, assuming that a
factor of 4to 5 drop in critical current density occurs from self-field to that of 0.5 Tesla[7]. Thus arange
of calculated values are presented for the 2.9- and 4.3-um-thick filmsin Table 2.3. During measurement
of the 6.4-um-thick film on RABITS2, a crack was generated across the sample upon reaching 60 A. Itis
believed to have been the result of sample heating.

Table 2.2. Measured electrical and texture properties of thick YBCO filmson the
RABITS1 material (YBCO/CeO,/Y SZ/CeO,/Ni substrate)

Y BCO thickness Je a b a-axisfraction
(um) (MA/cn?) 207 AT 000y, (002) % Cube
0.19 26 107 073 0.0 %8
0.43 14 104 070 0.0 90.4
16 0.59 103 076 0.03 89.7
3.0 0.45 108 073 0.05 79.9

Source: B. W. Kang, A. Goyal, D. F. Lee, J. E. Mathis, E. D. Specht, P. M. Martin, D. M.
Kroeger, M. Paranthaman, and S. Sathyamurthy, J. Mater. Res., 17, 7, 1750 (2002).
4Change of in-plane texture between Y BCO and Ni substrate cal culated as the ratio of the
FWHM of X-ray intensities of (113)YBCO to (111)Ni.

®Change of out-of-plane texture between YBCO and Ni substrate calculated as the ratio of
(005)YBCO to (200)Ni/Ni-W.

Table 2.3. Measured electrical and texture properties of thick YBCO filmson the
RABITS2 material (YBCO/CeO,/YSZ/Y ,04/Ni-W substrate)

YBCO thickness Je a-axisfraction
(um) MA/emd) A0 A0 5 o00)/1c,(002) % Cube
1.0 1.18 0.90 0.79 0.0 92.5
2.9 09-11 1.03 0.78 0.1 93.5
4.3 0.65-0.81 1.09 0.89 0.2 87.9
6.4 - 0.96 0.91 0.1 95.8

Source: S. Kang, et d., J. Mater. Res,, in review (2003).

The use of Ni-W for the roll-textured substrates has been a recent development in RABITS™
materials [8]. These substrates possess a sharper texture over earlier pure Ni tapes, with in-plane and out-
of-plane textures of A = 7° and Aw = 5-6°, respectively, as compared with A¢p = 9-10° and Aw = 7-8° of
the Ni substrates [6]. The use of a'Y 05 seed layer in RABITS2 instead of CeO, is another upgrade.
Cracks appeared within the CeO, seed layer, possibly the result of volumetric changes between CeO, and
Ce,O; forms that occurred during subsequent processing of the tapes under varying oxygen partial
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pressures. Seed layer cracking as aresult of structural changes, thermal expansion mismatch, or epitaxial
strain can provide an easy pathway for base metal oxidation and the initiation of uncontrolled NiO growth
from the base metal into the upper layers of the coated conductor. NiO growth into the YBCO layer asa
result of buffer layer crack formation has a detrimental effect on both the physical properties of the films
aswell astheir mechanical durability. (It has never been detailed in literature.)

Dramatic improvementsin electrical properties and
YBCO film quality have been observed for the Ni-W
substrates as compared with earlier Ni tapes (see Tables 2.2
and 2.3). The microstructures of the YBCO layers for both
the RABITS1and 2 films have been characterized by cross-
sectional transmission electron microscopy (TEM) [9,10].
Asshown in Fig. 2.14, exceptiona quality was observed
within the 6.4-um-thick YBCO film deposited on
RABITS2 throughout its thickness and across the film over
a considerable distance. (Optimization of the processing

YSZ/CeO

conditions and determining the thickness of the Y,O; layer ¥203 o

NiO *
m

required to produce a suitable seed layer are being
investigated in a separate study.) . , ,
The improvements to the film properties of the Fig. 2.14. Composite cross-sectional

RABITS? | felt t tweiah the additional |mage_of a6.4-pm-th|ck_ YBCO f|_Im
2Bl o2 Samples were Tett o outwergn the adaition deposited by PLD on Ni-W RABiTS2

gains posed solely by the tighter texture of the Ni-W tapes material.

and that of a nonoptimized buffer layer. Therefore, acloser

investigation of the multilayered films deposited on Ni-W was performed. It was observed in the study,

that the growth of the NiO layer was limited by the formation of a second reaction layer (alayer of

NiWQ,) at the substrate interface. The following text identifies and characterizes the NiWO, layer, in

addition to illustrating its dramatic effect of limiting NiO growth.

2.3.2 Experimental

The deposition of the buffer layers was conducted under alow water partial pressure to prevent NiO
formation prior to YBCO film deposition. A XeCl excimer laser (A = 308 nm) was used to deposit YBCO
films ranging in thickness from 1.0 to 6.4 um on 2.5 x 0.5 cm samples. A deposition rate of 5 to 13A/s
was conducted at 790°C under an oxygen partial pressure of 120 mTorr. Following deposition, the films
were cooled to room temperature at a rate of 5°C/min under an oxygen partial pressure of 550 Torr. The
thickness of the YBCO films was verified during cross-sectional TEM examination. (For descriptions of
the development of biaxially textured Ni-W substrates and the conditions used for deposition of the buffer
layers, see Ref. 8))

Prior to preparing cross-sectional samplesfor TEM examination, an additional 1.0-um-thick Ag
layer was deposited by rf magnetron sputtering on top of the Y BCO film to preserve the integrity of the
coated conductor from damage incurred through sample preparation. An annealing treatment in O, was
required to adhere the Ag layer to the sample: 10°C/min ramp to 500°C, 1-h hold, 5°C/min cool to 350°C,
then furnace cooled. The samples were cleaned, cut in two, and glued silver-sides-together with M-bond
610. Additiona pieces of YSZ single crystals were glued onto the sides of the sample stack to thicken the
cross section for support. The sample stack was cured at 115°C for 1 h while held under pressurein
Teflon-jawed vise at 2 Ib-in. of torque to ensure a uniformly thin glue line. Samples were then cut with a
diamond wafering blade into approximately 1.0 x 1.0 mm square samples of 0.5 mm thickness.

The samples were set within the centers of 3-mm-diam graphite rings and were held in place with
two-part epoxy (Gatan 601-07-001). Following drying overnight, the epoxy was cured for 1 h at 115°C.
The 3-mm-diam samples were mechanically ground to a 90-um thickness with a 3-um surface polish
prior to milling in a Gatan Model 691 precision ion polisher. Milling was done with a 5-keV beam at an
angle of incidence of 8° with the dual guns impinging from both top and bottom of the sample at a
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direction perpendicular to the glue line. Beam energies and angles of incidence were reduced in the later
stages of sample polishing to prevent excessive ion damage. At no time were the samples exposed to

water.

Philips Tecnai 20 (LaBg, 200kV) and CM 200 (FEG, 200-kV) transmission electron microscopes
equipped with energy dispersive spectrometry (EDS) units were used to examine the cross-sectioned
samples. The CM 200 microscope was used in both conventional and high-resol ution scanning modes.

2.3.3 Results

The overall quality of the YBCO films deposited on the Ni-W RABITS2 substrate is best
exemplified by the cross-sectional view of the microstructure of the 6.4-um-thick Y BCO sample, shown
in Fig. 2.14. The thick film shows long, columnar c-axis-oriented grains throughout the thickness; no
randomly oriented grain formations were observed within the sample. The deposition of such athick of a
film without the formation of so-called “dead zones’ is encouraging in the development of high-current-
carrying superconducting films. (For further in-depth analysis of the Y BCO microstructure, see Ref. 10.)

When the cross section over alatera
distance beyond the 8 um shown within the
composite image of Fig. 2.14 was viewed, no
NiO formation into the upper layers of the
conductor was observed. The NiO layer present
along the interface of the buffer and substrate
was found to be very uniform and relatively thin.
Thisfinding was different from that observed
within the RABI TSI substrate, as shown within
the cross-section image of the 3-um-thick YBCO
filmin Fig. 2.15(a). In the thickest of YBCO
films deposited on the RABITS1 substrate, the
NiO reaction layer was found to be well in excess
of 100 nm thick and very irregular. For
comparison, the 2.9-um-thick YBCO film
deposited on RABITS2 isshown in Fig. 2.15(b).
The development of NiO within both sets of
RABITS™ substrates occurred during the YBCO
deposition process and not during buffer layer
deposition. The thinner NiO layer within the
RABITS2 samples, which aso showed a greater
uniformity over distance, was separated from the
Ni-W substrate by an additional layer.

The layer of materia between the Ni-W substrate
and the NiO was identified by EDS during high-
resolution scanning TEM analysis as consisting
of Ni-W-O species and was |ater identified as
NiWQ;, through diffraction. The EDS line scan
generated by a 1.4-nm-diam electron beam probe
scanned 100 nm across the interfaces from the

Y ,05 seed layer into the Ni-W substrate is shown

Fig. 2.15. Cross-sectional images of the
interface area located between the seed layer
and metal substrate. (a) Thick and irregular NiO
produced within the 3.0-um-thick YBCO film
deposited on RABITS1. The hole within the NiO
layer is a milling artifact. (b) Bright-field image of
NiO and NiWO, layers developed within the
2.9-um-thick YBCO film on RABITS2. (¢ and d)
Dark-field images of the NiWOQ, layer using the
(100) reflections within the 2.9- and 6.4-pm-thick
YBCO films, respectively, on RABIiTS2.

in Fig. 2.16. The line scan was conducted with the beam direction paralel to the Ni-W[100] and

Y ,04[110] zone axis directions. Although not conducted under ideal kinematical conditions, the scan
allowed the interfaces to remain parallel to the beam due to the biaxia texturing of the films. No distinct
tungsten oxide phase was observed through EDS analysis, or as will be shown later, through electron
diffraction or high-resolution imaging. The NiWO, phase was determined to range in thickness between 5
and 8 nm for all the RABITS2 samples regardless of the YBCO film thickness. The uniformity in
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Y05 NiO S| mw thickness and coverage of the NiWO, layer between the
’ S NiO and Ni-W substrateis further illustrated in the dark
“ field images of the 2.9- and 6.4-um-thick YBCO samples
" in Figs. 2.15(c) and (d), respectively.
E The precise identification of the Ni-W-O phase
S measured by EDS and its relationship to the Ni-W substrate

5000 -

and NiO layer was determined through select area
diffraction (SAD) analysis about the Ni-W[010] and [110]
zone axis (Fig. 2.17). The Ni-W[010] // Y ,05[110]
epitaxial relationship between the buffer layer and substrate
isillustrated in the SAD pattern shown in Fig. 2.17(a).
Present within the diffraction pattern are the (111) and
(100) reflections from the NiO and NiWO, phases,
respectively. The (100) reflection of the NiWO, phaseis
observed at adlightly smaller d-spacing than (002) Y,0s. In
a section of the sample where the Y ,O3 layer was milled
away but where the underlying NiO and NiWQO, layers
were |eft intact, the SAD pattern along the Ni-W[010]
direction revealed the additional
b {111} NiWO, reflections not seen due to the
Y,04{ 222} intensities[see Fig. 2.17(b)]. The
(hm;v E . NiWQ;, intensities produced a pattern that is close
Ll to, but tilted from, the [011] zone axis, asthe
/® {011} reflections are missing. What is observed
from the patternsin Figs. 2.17(a) and (b) isthat
° the (h0O) planes of the monoclinic NiWO, phase
are parallel to the (200) planes of the cubic Ni-W

0 20 40 60 80 100
Position (nm)

Fig. 2.16. High-resolution EDS line
scan taken in cross section across the
interface between the Y,03 seed layer
and metal substrate, showing the
presence of the NiWO, phase.
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substrate. When the sample was tilted a ong the
<100> direction within these two phases to the
[110] zone of the Ni-W phase, two well-defined
patterns clearly emerged and identified the

. .
® (100)_(1io)‘ (100)
" (220) . 2
T g

(010)NiWO4 (00QNiWO4

NiWQ, phase.

In one location within the sample tilted to
the [110]Ni-W zone, the NiWO, phase showed a
¢ [001] orientation relative to the Ni-W
[Fig. 2.17(c)]. Although the NiO (111)
reflections are still present, no NiO zone axis was
aligned within that section of the film. In an
adjacent region within the sample, diffraction
patterns of both the NiO[110] and NiWO,[010]
were observed to be in relationship to the Ni-
WI[110] zone. The NiWQ, (100) planes were
found to be parallel to the (200) Ni-W planes,
although multiple variants of the NiWO, phase
are possible for agiven Ni-W direction. Thisis
particularly evident in the high-magnification
image of Fig. 2.18(a), which shows the NiWQO,
layer within the 1.0-um thick YBCO sample
taken when the beam direction was paralel to the
[010] zone axis of Ni-W. Within the layer of the
NiWO, phase, two lattice image contrasts were

Fig. 2.17. Selected area electron diffraction
patterns taken of the reaction layers within the
Ni-W RABITS2, revealing the (100)NiWOQO, //
(O01)Ni-W orientation relationship. (a) The Ni-
WI[010] zone axis illustrating the rotated cube-on-
cube texture with the Y,03[110] pattern along with
the (111) NiO and (100) NiWO, reflections. (b) Ni-
WI[010] zone axis in a section of the sample with
the Y,0; buffer milled off, revealing the {100} and
{111}NiWQ, intensities. (c) The Ni-W[110] zone
axis with [001]NiWO, pattern, and from an adjacent
location under the same tilt conditions. (d) the
NiW0O,4[010] and NiO[110] zone axis patterns.
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observed for agiven tilt condition. The
first, imaged as lines representing the { h00}
planes observed in the upper right portion within
thefigure, is oriented with its zone axisttilted
relative to the [010] Ni-W. In the lower |eft
corner of the figure, a precise |attice image of
the [001] zone axisis observed within the

Ni-w NiWQO; film. Although a curvature in the sample

100] Som may result in localized tilting of the NiWQO,
zone axisinto alignment, and although the
sampleisrelatively thick at that location,
making it difficult to see aclean break in
orientation between adjacent grains, variations
in orientation relative to the substrate were
nonethel ess observed through diffraction.

Theimages within Fig. 2.18 givea
comparison of the changesin NiO thickness
occurring within the films for an increasing time

[001]

Ni-W [100]

NIW
. : o at YBCO deposition conditions, or increasing
Fig. 2.18. High-resolution images of the YBCO film thickness. The images were all
RABITS2 samples comparing the thickness of taken with the beam direction parallel to Ni-

th_e NiwQO, and _NiO.Iayers. Taken in cross section W[010]. Therefore, the images were taken
with the l:_)eam d|re<_:t|c_)n parallel to the Ni-W[010], precisely in cross section to show the true
YBCO thickness within the samples are (a) 1.0 ym, thickness of the NiO and NiWO, lavers. The
(b) 2.9 um, (c) 4.3 um and (d) 6.4 um. X ) 1 WSs 3y ers.
NiWQ;, thickness showed little or no change
between the samples held for the minimum and
maximum Y BCO deposition times. The 5- to 8-nm-thick NiWQO, layer showed very smooth interfaces to
both the Ni-W substrate and the NiO layer. The NiO layers within the four samples examined also
showed little change. Thickness of the NiO layer within the 1.0-, 2.9- and 4.3-um-thick YBCO films was
approximately 20 nm; the 6.4-um-thick YBCO film had aNiO layer of approximately 25 nm. In
comparison with the 3.0-um-thick YBCO film deposited on the RABITS1 substrate [Fig. 2.15(a)], the
development of NiWO, clearly has a limiting effect on the growth of the NiO phase. More importantly,
the barrier it createsto Ni diffusion reduces the development of NiO and its penetration through cracks
within the buffer layers. Such penetration would produce either spallation or cracking within the YBCO
film.

2.3.4 Discussion

The conditions and mechanisms through which the NiWO, phase devel ops within the substratesis
not fully understood at thistime and is currently being investigated. Even within the thinnest of the
Y BCO samples deposited on the RABITS2 material, a continuous NiWO, layer had already been fully
developed and shows no difference to that contained within the samples held more than six times as long
under Y BCO deposition conditions. There are two plausible routes of NiWO, formation within these
materials (based on thermodynamics of the phases involved, observations made in this work, and from
information culled from literature).

When considering the development of the phases produced at the buffer-substrate interface, one must
look at both the PLD procedure in developing Y BCO films and the thermodynamic properties of the
phases involved. The buffered substrates are initially heated to 790°C under a vacuum of 1 x 10°° Torr,
after which deposition of the YBCO occurs under an O, partia pressure of 120 mTorr followed by a
5°C/min cooling under a550 Torr O, environment. Based on the results of a galvanic-cell study of the
phases within the Ni-W-O system [11], on established thermodynamic reference data[12], and by
following the work of Jackson and coworkers[13], the standard molar Gibbs free energies of formation
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for NiWO,, WO;, and WO, are substantially greater than that of NiO for a given amount of O, (Fig. 2.19
left). Therefore, the formation of atungsten oxide is very favorable within the Ni-W substrates. During
initial heating of the buffered substrate to the deposition temperature or during Y BCO deposition, the low
partial pressure of O, within the chamber and consequently even lower pressure at the interface between
the substrate and the buffer may be below the stability range of NiO but not that of the ternary and binary
tungsten oxides (Fig. 2.19 right). Therefore, it is possible that the formation of the tungsten oxides occurs
at that stage. Although it is possible that a reduction of the buffers may occur during the heating of the
sample to the deposition temperature because of the minimal presence of hydrogen in the high-vacuum
PLD chamber, the free energy of formation of tungsten oxidesis not as great asthat of the individual
phases consisting of the buffer layers[13], and it is unlikely that tungsten oxides will form during sample
heating.
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Fig. 2.19. Left: Standard free energy change for the formation of select Ni and
W oxides vs temperature. Right: Equilibrium oxygen pressures for the dissociation
of select Ni and W oxides vs temperature. Data plotted according to calculations
reported in R.E. Aune, S. Sridhar and D. Sichen, J. Chem. Thermodynamics 26, 493
(1994) and comparable to those found in M.W. Chase, NIST-JANAF
Thermochemical Tables, fourth edition, American Chemical Society (1998).

Assuming that tungsten oxide forms during the Y BCO deposition portion of the PLD process, the exact
form of tungsten oxide can only be speculated on at this point. However, WO, can be ruled out due to its
high vapor pressure, which could lead to spalling of the upper buffer and film layers. Although WO; does
not appear within the final fabricated samples of this study, it is thermodynamically possible to develop a
NiWO;, layer at its expense when NiO is present, as shown in the following reaction:

NiO + WO, = NiWO, 9

The development of NiWO, through the reaction in Eq. (9) has been reported on by El-Dahshan
eta.[14] and C. Louro et a. [15] in the oxidation of nickel-tungsten alloys. In addition to the
thermodynamic considerations of WO; formation, it may also be more kinetically feasible due to its cubic
crystal structure (bec, a, = 7.521A), in which low |attice mismatches between the WO; and Y ,0; phases
are calculable.

The formation of NiWO; at the interface first cannot be entirely ruled out, however, because many
variables and unknowns exist for the kinetics of the oxidation reaction. The formation of NiWQ, from the
interface may have been aided by the presence of sulfur, intentionally added to the surface of Ni-W
during the annealing processesto aid the epitaxial growth of the seed layers by producing an ordered
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surface structure within the metal [16]. Similarly, in astudy by Atanasova and Halachev [17], the
development of NiWO, instead of WO; within Ni-W/AI,O; catalysts was induced when phosphorus
concentrations at the interface exceeded 1 at/nm?. In samples with higher W concentrations, however,
WO; was present regardless of phosphorus content. The presence of either sulfur or phosphorus may
locally order the dilute Ni alloy at the surface, allowing for an easier nucleation of aternary compound.

With the development of either WO3; or NiWO, occurring first at the substrate—seed layer interface, a
depletion of W at the interface would promote the development of NiO. Examination of the films through
EDS revealed a dight depletion of W within the metal substrate and no measurable level within the NiO
layer. The further growth of the NiO layer at the interface in this case is governed by the diffusion of Ni
through the NiO layer forming and by the tungsten oxide layer. Similar results were reported on by
Strawbridge et a. [18] on the oxidation of dilute nickel alloys at 1200°C. In their work, NiO scale
formation in abinary alloy containing 4 wt. % W was substantially less than that of a 5% Cr alloy, and
internal oxidation occurred in NiWQ, particles that were not fully incorporated into the NiO scale. Had
NiO formed first within the Ni-W RABITS™, then the rg ection of W ahead of the growing front could
have produced a boundary layer of NiWO, or WO;. The development of an NiO reaction layer prior to
the formation of NiWQO, may initialy favor the explanation of the relatively unchanged NiO thickness
between samples seeing ever-increasing hold times at 790°C under an oxygen partial pressure of
120 mTorr. It is possible that either an NiWO, or aWO; layer had developed primarily in this regime and
that the NiO layer formed during the slow cooling after Y BCO deposition under the higher oxygen partial
pressure of 550 Torr. In support of this, the NiO layer within two 0.2-um-thick Y BCO samples deposited
on pure Ni RABITS1 from an earlier investigation [9] were examined. Both samples were deposited
under the conditions described within this paper, but one sample was held at 790°C at an oxygen partia
pressure of 120 mTorr for 20 min longer (smulating a 1-um-thick deposition requirement) prior to
cooling under the same conditions as the other sample. Although changesin the YBCO microstructure
were observed between the two samples, the thickness of the NiO layer was unchanged.

While an 800°C isotherm calculated by Aune et a. [11] illustrated that an Ni-3at%W alloy would be
within the Ni-NiO-NiWO, phase field, confirming the lack of WO, phases present in the examined
RABITS™ samples, these materials are far from equilibrium conditions. If WO; formsiinitially during
YBCO deposition and begins to be consumed by NiWO, once NiO beginsto form in the higher oxygen
environment of the cooling stage in PLD, the decreasing temperatures may result in a change in kinetics,
making WO; harder to form. As temperature decreases, so must the diffusion rate of oxygen to the
substrate interface. Based on the following equations for the same amount of oxide formation, the
development of NiO would require less oxygen than would the devel opment of WOs:

Ni + /20, = NiO (20)
W + 3/20, = WO, (11
This, in association with the further development of NiwO,, would account for its removal in observed

samples.

The uncontrolled growth of NiO is not observed in the Ni-W RABITS™ and is attributed to the
complex formation of atungsten-based oxide. Thisin part played an important role in the improved
physical and microstructural properties of the YBCO films. Because the samplesin the PLD chamber are
secured to a heat block during deposition, the uniform and minimal reaction layers produced in the Ni-W
RABITS™ may have aided in the uniformity of hesat transfer to the YBCO at all stages of processing to
yield an improved film. As previoudy reported, the YBCO films on the RABITS2 substrates did not have
randomly oriented grain formations within the upper portion of the film as were observed in the
RABITS1 materials and originally attributed to film surface cooling during deposition of the YBCO.

As the deposition of buffer and YBCO layers require a higher oxygenated environment to produce
stable and stoichiometric layers [13], the development of a self-passivating or limiting reaction layer
within Ni-based substratesis of great interest. In addition, this may allow for the reduction in number or
specific requirements of the buffer layers needed between the Ni substrates and YBCO. Currently, work
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is being conducted on understanding the conditions and mechanisms of NiWO, development within Ni-W
RABITS™ and the ways in which it can be used to improve coated conductor technology for long-length

tapes.
2.3.5 Conclusions

The development of a self-limiting reaction layer within Ni-W rolling-assisted biaxially textured
substrates was investigated. The formation of a 5- to 8-nm-thick layer of NiWQO, identified through cross-
sectional TEM analysis was found to restrict the growth of NiO to between 25 and 30 nm. The NiWO,
layer was found to be oriented with a (100) // { 100} Ni-W orientation relationship; however, NiWO,
growth directions of [001] and [010] to the <100>Ni-W were observed. The restricted growth of the NiO
layer was believed to have been partially responsible for the dramatic improvement observed in the
properties and quality of PLD YBCO films on the Ni-W substrates when compared with earlier pure Ni

tapes.
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2.4 Perovskite-Type Buffers for YBCO Coated Conductors

M. P. Paranthaman, T. Aytug, H. Y. Zhai, A. A. Gapud, P. M. Martin, K. J. Leonard, A. Goyal, and
D. K. Christen

2.4.1 Introduction

The RABITS™ and IBAD approaches have been identified as the |eading techniques to fabricate
long lengths of high-performance Y BCO coated conductors[1-3]. In the standard RABITS™ approach, a
three-layer buffer architecture of CeO./Y SZ/Y ;05 is used to fabricate long lengths of buffered tapes by
epitaxial deposition on thermomechanically textured Ni alloy substrates. Such a structure would need at
least a 50-um layer of Cu stabilizersto stabilize the superconductor during an overcurrent situation. On
the other hand, the use of Cu substrates with fully conductive architectures would be desirable because
they would enable reduced ferromagnetism, higher electrical conductivity, higher thermal conductivity,
and lower cost compared with Ni and Ni- alloys. Hence, it is essentia to devel op a superconductor with a
fully conducting laminate structure having a nonoxidizing protective buffer layer to prevent substrate
oxidation and diffusion of substrate components into the other buffers and/or superconductors and to
stabilize the superconductor during an overcurrent situation. It would also eiminate the need for the Cu
stabilizer layer on top of the superconductor and would result in an increase in the overall engineering current
dengity.

Perovskite-based oxide buffers
play an important role in second-
generation YBCO coated conductors.
Theideal ABO; perovskite structureis
shown in Fig. 2.20. In addition, the list
of perovskite-type oxides that have
been developed for YBCO isaso
shown in Fig. 2.20. The material
properties vary from insulators to

Material  Lattice % lattice % lattice Property
parameter mismatch mismatch
(pseudo  vs. YBCO vs. Ni
cubic) A

BaCeO,3 4377 13.55 21.59 Insulator
BaZrO, 4.193 9.27 17.34 Insulator
SrRuO, 3941 3.08 1117 Metal

SrTiO 3.905 2.16 10.26  Insulator

SrTi(Nb)O; 3.905 2.16 10.26  Semiconductor

mg‘;ﬁ%ﬁzrssﬁgNrTg?i ﬁgr)]ducu ng Ideal A803 Perc_)vskite LaMnO;  3.880 1.60 9.70 Insulator
! Structure showing the | (LasnMno,;3860 098  9.07 Metal

SrRUQ; (SRO), and Lag 7Sr0sMnO; Octahedral and 12-fold .

(LSMO) have been explored as co-ordination of B and LaNiO, 3.859 098  9.07 Metal

potent|a| candidates for this StUdy A-site cations NdGaO; 3.841 0.51 8.61 Insulator

Sputtering was used to devel op severa LaAlO, 3793 -0.75  7.35 Insulator

conductive multilayer architectures. Fig. 2.20. The ideal ABO3; perovskite structure. The table

Herewe rePO“ our successful . provides the list of oxide buffers developed for YBCO coated
demonstration of the fully conductive conductors.

architectures for YBCO coated
conductors.

2.4.2 Experimental Procedure

Radio-frequency sputtering was used to grow SRO/LNO multilayers on biaxially textured Ni
substrates. The sputter targets used for these experiments were made by lightly packing single-phase SRO
and LNO powdersinto a 4-in. copper tray. LNO layers were deposited at temperatures ranging from
450 to 500°C in the presence of Ar/H, 4% gas mixtures. The deposition rate was approximately
0.042 nm/s, and the resulting thickness was 300 nm. The details of the experimental conditions were
published earlier [4,5]. Subsequent growth of SRO layers on LNO-buffered Ni substrates was performed
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at temperatures ranging from 600 to 650°C under 10-mTorr argon. The deposition rate for SRO was
0.048 nm/s, and the resulting thickness was 400 nm.

The LSMO/Ni multilayers were grown on biaxially textured Cu substrates. To minimize the Cu
diffusion and also to reduce the oxidation rate of the substrate, a protective 1.6-um-thick Ni overlayer was
deposited by dc sputtering at a temperature of 600°C in a reducing atmosphere of forming gas (Ar/H,
4%). Subsequent growth of the LSMO layers on Ni-buffered Cu substrates was performed at a
temperature of 550 to 625°C by rf sputtering in amixture of forming gas and 2 x 10°° Torr of H,0. The
typical LSMO thickness is around 300 nm. The details of the experimental conditions were published
earlier [6].

The LSMO/Ir multilayers were grown on biaxially textured Ni-W 3 at.% substrates. Ir metal is
identified as having excellent oxidation and corrosion resistance among platinum group elements. In
addition, its native oxide, IrO, is also a conducting layer with low oxygen diffusivity. These properties
make Ir a unique candidate for this study. Ir thin films were deposited on Ni-W substrates by dc
sputtering at atemperature of 550 to 650°C in the presence of Ar-H, 4%. Subsequent LSM O deposition
was performed at 625 to 700°C in the presence of forming gas and 5 x 10~ Torr H,O. The details were
published earlier.[7].

YBCO films were deposited on the three multilayers by PLD at 780°C in 120 mTorr oxygen with an
average laser energy of 400 to 410 mJ. A stoichiometric YBCO target was used. Deposition was followed
by annealing under 550 Torr oxygen during cooldown. Typical Y BCO thickness varied from 200 to
700 nm. The crystalline structure of the films was analyzed by XRD techniques. Scanning electron
microscopy (SEM) micrographs were taken with a Hitachi S-4100 field emission microscope. Cross-
section examination of the samples were conducted with a high-resolution TEM equipped with an energy-
dispersive spectrometry (EDS) unit. The films were then prepared for current density measurements by
depositing silver current and voltage leads, followed by oxygen annealing at 500°C for 1 h. A standard
four-point probe technique with a voltage criterion of 1 uV/cm was used to measure the transport critical
current density.

2.4.3 Results and Discussion

LNO buffers were grown epitaxially on biaxially textured Ni substrates by sputtering. YBCO films
grown on LNO-buffered Ni had a reduced transition temperature and poor superconducting properties,
mainly due to the diffusion of Ni from the substrate into the superconductor. SRO buffers were aso
grown untextured on Ni substrates. Highly textured SRO layers were grown on LNO-buffered Ni
substrates. YBCO films with acritical current density of 1.3 MA/cm? for athickness of 200 nm have been
achieved on conducting architecture of SRO/LNO/Ni substrates. The field-dependent critical current
density for thetapeisshown in Fig. 2.21. Theirreversibility field for thistapeis 7.5 T. The temperature-
dependent net resigtivity for YBCO/SRO/LNO/Ni conducting structure is shown in Fig. 2.22. YBCO film
showed a metallic behavior from room temperature down to the transition temperature of 91 K. The
measured room-temperature net resistivity was around 15 uQ-cm. Thisindicates that there was some
contact barrier between the superconductor and Ni substrate through SRO/LNO. Secondary ion mass
spectrometry (SIMS), SEM, and X-ray analysis indicated the presence of nonconducting impurities at the
buffer-Ni interface. However, NiO impurities were not observed before the YBCO deposition. As can be
seen from Fig. 2.22, the SRO/LNO layers were fully connected to the underlying Ni substrate.

Sputtering was used to grow Ni overlayers epitaxially on biaxially textured Cu substrates. Highly
textured LSMO layers were then grown on Ni-buffered Cu substrates. YBCO films with a high critical
current density of 2.3 MA/cm? were grown on conductive L SMO/Ni/Cu structures. The field-dependent
critical current dengity isshown in Fig. 2.23. The measured irreversibility for the tapeisaround 7.5 T.
The temperature-dependent resistivity for YBCO/LSMO/Ni/Cu tape is shown in Fig. 2.24. The room-
temperature resistivity for thistapeisaround 6 pQ-cm; the measured transition temperature is 90.4 K.
SIM S analyses indicated that the LSMO layer is agood Ni diffusion layer. However NiO impurity was
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Fig. 2.21. Field dependence of the
transport critical current density, J., for a
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Fig. 2.22. Temperature dependence of the
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LaNiOs/Ni tape and for a biaxially textured
Ni substrate.
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Fig. 2.24. Temperature dependence of the
net resistivity for the YBCO/Lay 7Sro3
MnOs/Ni/Cu tape. Also shown for
comparison are the pn-T data for an as-
grown Lag 7Sro3sMnOs/Cu tape and for a
biaxially textured Cu substrate.

also observed at the Ni/LSMO interface. Also, Cu and Ni layers are completely miscible, and Cu/Ni
interdiffusion depends mainly on the Y BCO process temperatures. That iswhy thick Ni overlayers were
deposited. However, the presence of thick Ni overlayer contributes to the ferromagnetism in the tape.
Hence, there is a need to develop afully conductive architecture based on nonmagnetic overlayers. For
comparison, resistivity data for both LSMO/Cu and Cu tapes are a so plotted in Fig. 2.24.

Ir buffers were grown epitaxially on biaxially textured Ni-W substrates. LSM O buffers were then
grown on Ir-buffered Ni-W substrates. YBCO filmswith acritical current density of 2.2 MA/cm? (for a
200-nm thickness) and a critical current density of 1.3 MA/cm? (for a 700-nm thickness) were grown on
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conductive LSMO/Ir/Ni-W tapes. The field-dependent critical current density isshown in Fig. 2.25. The
irreversibility fieldis 6.8 T for a200-nm-thick YBCO filmand 5.8 T for a 700-nm-thick YBCO film.
Their temperature-dependent resistivities are shown in Fig. 2.26. Resistivity data for Ni-W and
LSMO/Ir/Ni-W tapes are also shown for comparison. These resistivity dataindicate that YBCO films are
completely connected to the underlying Ni-W substrate. Thisisthe first demonstration of the fully
conductive architectures developed for second-generation Y BCO coated conductors. Their observed
transition temperature is 88-89 K. The cross-sectional TEM bright field image for 200-nm-thick YBCO
film on fully conductive LSMO/Ir/Ni-W substratesis shown in Fig. 2.27. All the interfaces are clean, and
there is no formation of oxide impurities at the substrate-buffer interface. The selected area diffraction
datataken at al theinterfaces indicate that YBCO, LSMO, and Ir films are cube-on-cube oriented. Ni-W
and Ir aso interdiffuse under certain conditions. Details are currently under investigation. Efforts are
being made to grow conductive LSMO/Ir buffers on textured Cu substrates. The results will be published
later.
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biaxially textured Ni-W substrate.
2.4.4 Summary

We have developed three conductive architectures of YBCO/SRO/LNO/Ni; YBCO/LSMO/Ni/Cu;
and YBCO/LSMO/Ir/Ni-W for second-generation Y BCO coated conductors. Detailed temperature-
dependent resistivity dataindicate that fully conductive architectures were observed for YBCO/LSMO
/Ir/Ni-W tapes. A self-field critical current density of 2.2 MA/cm? was observed for it. These results
demonstrate that fully conductive architectures of YBCO/LSMO/Ir may be suitable for biaxialy textured
Cu or Cu-alloy substrates.
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2.5 Growth of Lanthanum Manganate Buffer Layers for Coated Conductors via a
Metal-Organic Decomposition Process

K. Venkataraman, E. E. Hellstrom, and M. P. Paranthaman
2.5.1 Introduction

The growth of epitaxial films of MBa,Cuz0; (M-123, where M =Y or arare earth element) on
metal substrates is being pursued worldwide as a means of fabricating HTS wire in long-length form for
electric power applications [1-3]. This approach to devel op coated-conductor HT S structures for high-
current devices relies on transmitting the cube-textured epitaxy of the substrate to the M-123 film. The
substrate can be a cube-textured metal (such as Ni or aNi-base aloy) or ametal to which a cube-textured
seed layer has been applied. In addition, a buffer layer is usually required to prevent constituent metal
atomsin the substrate from diffusing into the M-123 film and to retard metal substrate oxidation during
M-123 growth. Hence, the architecture of an M-123 coated conductor typically consists of the metal
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substrate, a seed layer (if one is needed), a buffer layer, a cap layer to enhance the epitaxy transmission,
and the M-123 film.

Recently coated conductors that were about 8 m long and that had critical currents of more than
100A/(cm-width)™ have been fabricated by using the RABITS™ process[4]. In the RABITS™ approach,
afour-layer architecture of CeO./Y SZ/Y ,0O4/Ni/Ni—-W is used to fabricate long lengths of buffered tapes
by epitaxia deposition on athermomechanically textured aloy [5]. Typically, the layers are grown viaa
combination of vacuum processes, such as rf magnetron sputtering, and nonvacuum chemical solution
deposition (CSD) processes, such as sol-gel deposition or metal-organic deposition (MOD) [6]. A simpler
three-layer RABITS™ architecture of CeO,/Y SZ/CeO,/Ni-W, in which the MOD is used to deposit the
CeO, seed layer, has also been reported [7]. To reduce costs, increase throughput, and ssimplify and
streamline the coated-conductor fabrication processes for commercial viability, it is desirable to replace
the multilayer RABITS™ architecture with a CSD-grown single buffer layer that is both a good epitaxia
template for Y-123 growth and a strong diffusion barrier.

LMO has been identified as a suitable candidate for this purpose, given the low diffusivity of Ni and
O through it [8] and the close lattice match of its pseudocubic lattice parameter to Y-123 and cube-
textured RABITS™ Ni—W [8]. LMO has been successfully grown by rf magnetron sputtering on bare
RABITS™ Ni-W [8], on MgO-buffered Ni aloy [5], and on LaAlO; and SrTiO; by using CSD, [9-12].
However, there has been no report of LMO growth on bare Ni alloy substrates The processes described in
the literature [9-12] are not suitable for growing LMO films on bare metal substrates because they
employ highly oxidizing atmospheres such as air or pure O,. This paper reports the first successful use of
an MOD process to grow an epitaxial LM O film on abare RABITS™ Ni-W tape.

2.5.2 Experimental Procedure

The MOD precursor solution was prepared by adding 0.454 g of La(lll) acetyl acetonate hydrate
(La(acac)s.xH,0) and 0.352 g of Mn(l11) acetylacetonate (Mn(acac)s.H,0) to 3 mL of acetic acid and
stirring over a hot plate at ~70°C for about 1 min. Longer heating times resulted in rapid gelation of the
solution. 1.5 mL of methanol was added slowly to the mixture to prevent gelation, and heating with
stirring was continued for another 10 min. The total volume of the solution was 5 mL, with a cation
concentration of 0.2 M per cation, assuming La acac has one water of crystallization. Heating was
continued for about 10 min. Then, afew drops of 99% ethanolamine were added to stabilize the solution.
The cation precursors were from Aldrich Co., and the solvents were from Alfa Aesar. The solution was
stable for 3 to 4 days before gelation occurred. Substrates used for the study were 2 x 1 cm cube-textured
(~99% cube-on-cube, typical (111) Ap ~7.5° (002) Aw ~5.5°) Ni-W (3 at.% W). These substrates had a
C(2x2) sulfur superstructure that had been formed by vacuum-annealing the substrates at 700 to 800°C in
the presence of 5x 107 to 1 x 10°° Torr H,S. They were preheated at ~120°C for ~1 min in an oven to
remove volatile surface species. Then the precursor solution was spin-coated onto them at 2000 rpm for
30 s. The coated substrates were then fired at temperatures between 800 and 1100°C for 15 minin
flowing humidified forming gas (Ar/4%H.), then rapidly cooled to room temperature in the same
ambient. Forming gas was used to prevent oxidizing the Ni-W substrate during firing. The heating ramp
rate was ~500°C/min, whereas the cooling times were typically about 20 min. Samples were fired at
various soak temperatures and H,O contentsin the forming gas to study the effects of the variables on the
growth characteristics and quality of the fired films.

The forming gas was humidified by passing one stream of forming gas through awater bath at room
temperature and by combining it with adry stream of forming gas before it entered the furnace. Each
stream was controlled by a separate flowmeter, thus allowing mixing of the streamsin different
proportions. The relative humidity of the wet stream, measured by a Cole-Parmer humidity meter, was
~71% at 21.8°C, which corresponds to a partial pressure of water of ~19.6 Torr.

The films were characterized by XRD and SEM (LEO 1530 FE-SEM). A Philips XRG3100
diffractometer (Cu-K,) was used to record 6-20 XRD scans of the samples to provide information on the
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phases present in the film, their degree of texture, and thickness. A Picker 4-circle diffractometer (Cu-K,)
was used to obtain detailed epitaxy information from pole figures.

2.5.3 Results
Figure 2.28 shows the XRD scans of samples fired at -
900°C in forming gas containing various water contents. wo| 7T ‘Wi’ ]\mww\ﬂ/ \M
LMO was observed to form when fired with P(H,O) = Ll eue / \
2 Torr. At al higher water vapor partial pressures, MnO Eh R o
and La,O; were observed, except for the sample fired with N [ / K
P(H,0) = 8 Torr, which consisted of LaO and MnO. e y
Figure 2.29 shows that LMO formed at P(H,0) = 1 R S-S N \
and 2 Torr at 1100°C, but did not form with 3 Torr of H,O 122\:‘,,2( oo N
or in dry forming gas. At 1100°C, La,0Ozand MnO, were mez,:ww;“Wf M
observed to form in dry forming gas, whereas La,0O; alone 20 (degrees)
was fqrmed in3Torr HZ_O' .. . Fig. 2.28 XRD patterns after firing at
Figure 2.30 shows increasing intensity of the LMO 900°C with different water vapor
(011) peak in ©6-26 XRD scans with increasing firing partial pressures.
temperature. The lowest temperature we studied where
LMO could be detected was 850°C, and it was also Jep o,
observed at 1100°C, the highest temperature we studied. 100 JL Pheo =3 o1t
Figures 2.31(a) and (b) are secondary electron images of 1200
the surfaces of two samplesfired at 1100°C, one with — OO e
2 Torr of H,0 in the forming gas ambient [Fig. 2.31(a)], Ea
and the other with 3 Torr of H,O [Fig. 2.31(b)]. The 2-Torr g _
sample formed an LMO film, whereas XRD showed that § o reT
the 3-Torr sample formed L&0;. (XRD did not show a =
peak for a phase that contained Mn.) - AL Prco = 0101t
Figure 2.31(a) shows that the surface of the LMO film Y e
is homogeneous, well developed, uniform in coverage, and 26 (dogrees)
apparently smooth. In contrast, Fig. 2.31(b) shows arough Fig. 2.29. XRD patterns of products
surface consisting of segregated islands, with no smooth, after firing at 1100°C with various
uniform film present. water vapor partial pressures.

Figures 2.32(a) and (b) are backscattered electron
images of these same two films. Figure 2.32(a) shows the
backscattered electron image of the LMO film, which
appears to be uniform in elemental composition. The image 800
in Fig. 2.32(b) shows bright (La-rich) and dark (La-
deficient) regions corresponding to the separate oxides and
island structure seenin Fig. 2.32(b).

The (200) LMO pole figurein Fig. 2.33 was obtained
from afilm made at 1100°C with 2 Torr H,O. It indicates a
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2.5.4 Discussion Fig. 2.30. XRD patterns of products

All of the water vapor partial pressures used in this after firing at various temperatures

study were selected such that the oxygen partial pressure with 2 Torr H0.

set by the H,:H,O ratio in the forming gas at the reaction temperature was low enough to keep the Ni-W
substrate from oxidizing. No peaks from NiO or Ni-W oxides were seen in any of the XRD patterns. The
datain Figs. 2.28 and 2.29 show that water vapor partial pressurehas a strong effect on the conversion of
the metal-organic precursor to LMO. We found that at 1100°C, there is a narrow window (between 1 and
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Fig. 2.33. (002) LMO pole figure
showing cube-on-cube epitaxy of the
LMO film. (1100°C, 2 Torr H,0)

firing at 1100°C with (a) 2 Torr H,O
and (b) 3 Torr H,0.

2 Torr H,O) in the water vapor partial pressure at which
LMO forms. This corresponds to oxygen partial pressures
between 3.5x 10" and 5 x 107 bar. La,0s and MnO;,
formed with dry forming gas, whereas only La,0O; formed
with 3 Torr H,O. The XRD pattern for the 1100°C 3-Torr
sample showed a phase that contained Mn. We have not
studied this finding further.

Figure 2.30 shows that temperature has an important
effect on the quality of the film. Only the (011) peak is seen
in the XRD pattern, indicating the LM O is highly oriented.
Because al films had similar thicknesses (~30 nm as
observed from SEM images of sample cross sections), the
increases in intensity represent higher degrees of
crystalization, epitaxy, and grain size. Our best quality
film formed at 1100°C with 2 Torr H,O. That was the
highest temperature we studied.

The LMO film grew with a(011) orientation rather than the (001) orientation of LM O films grown
on similar RABITS™ substrates with a c(2x2) sulfur superstructure when rf magnetron sputtering was
used [8]. A report [13] indicates that LM O films grow with the (110) orientation on clean Ni surfaces.
The Ni surfaces of the RABITS™ tape sections used in the experiments described here had a c(2x2)
sulfur superstructure, so it is not clear why the films did not grow with the (001) orientation.
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2.5.5 Summary

We used an MOD precursor to deposit an epitaxia thin film of LMO on atextured, bare Ni-W alloy
substrate. The LM O had a (011) orientation on the substrate. We found that LMO only formed in a
narrow range of water vapor partial pressure (at 1100°C, between 1 and 2 Torr H,0). The best film was
grown at 1100°C with 2 Torr H,0.
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2.6 Epitaxial Growth of EusNbO; Buffer Layers on Biaxially Textured Ni-W
Substrates

M. S. Bhuiyan, M. P. Paranthaman, D. Beach, L. Heatherly, A. Goyal, and E. A. Payzant (ORNL);
K. Salama, University of Houston, Texas

2.6.1 Introduction

As an dternative to the relatively higher cost and complexity of vacuum deposition techniques,
chemical solution processing techniques have emerged as viable low-cost nonvacuum methods for
producing ceramic oxide powders and films [1-3]. These processes offer many desirable aspects, such as
precise control of metal oxide precursor stoichiometry and composition, ease of formation of epitaxial
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oxides, relatively easy scale-up of the film and possibly low cost. In the Rolling-Assisted Bi-axially
Textured Substrate (RABITS™) approach, athree-layer architecture of CeO,/Y SZ/Y ,04/Ni-W is used to
fabricate long lengths of buffered tapes. The purpose of the buffer layersisto retard oxidation of Ni, to
reduce the lattice mismatch between Ni and Y BCO, and to prevent diffusion of Ni into YBCO.

We have been examining solution routes to epitaxia buffers on Ni-W substrates to simplify the
multilayer buffered architecture to asingle-layer buffered architecture. In recent years, various rare-earth
oxides (RE;O3) and rare-earth zirconium oxide (REZr,0-) films have been grown epitaxially on biaxially
textured Ni and Ni-W substrates by solution based methods [4-8]. A new series of single rare earth
niobate (Gd;NbO-) buffer layers [9] has been reported for the growth of superconducting YBCO films on
biaxially textured Ni-W (3 at.%) substrates. Preliminary results show that YBCO films with a critical
current density of 1.1 MA/cm? can be grown on GdsNbO,-buffered Ni-W substrates. Here we report in
detail about the nucleation and growth of EusNbO; on Ni-W substrates. EusNbO; has a cubic pyrochlore
structure with alattice parameter of 10.672 A (pseudocubic | attice parameter: 3.773 A). It has agood
chemical compatibility with Ni-W and good thermal stability. In this paper, we describe our successful
development of the growth of EusNbO- buffer layer on rolled Ni-W substrates by sol-gel method.

2.6.2 Experimental Details

All solution manipulations were carried out according to standard Schlenk techniques under an
atmosphere of argon. Niobium ethoxide and 2-methoxyethanol (Alfa) were used as received. Europium
acetate (Alfa) was purified beforehand. Europium acetate was prepared by the reaction of europium oxide
(Alfa, 99.99%) with afivefold excess of 25% acetic acid at 80°C 1 h [10]. The resulting clear solution
was filtered, and the solvent was removed. The precipitate was dried at 120°C under dynamic vacuum for
16 h. A small sample was allowed to react with excess water and was then dried to constant weight at
35°C to form the well-characterized tetrahydrate. The weight gain of this sample allowed us to estimate
that the degree of hydration of the europium acetate after vacuum dryingis 1.5+ 0.2.

A europium methoxyethoxide solution in 2-methoxyethanol was prepared by charging a flask with
1.234 g (3.75 mmoles) of europium acetate and 10 mL of 2-methoxyethanol. The flask was refluxed for
1hat 130°C, and 0.398 g (1.25 mmoles) of niobium ethoxide was added. The contents were rediluted
with additional 2-methoxyethanol, and the distillation/redilution cycle was repeated twice more to
compl etely exchange the metal akoxide ligand for the methoxyethoxide ligand. The final concentration
was adjusted to produce 10 mL of a0.50 M stock solution. The solution was spin-coated onto short
(2 x 1 cm) cube-textured Ni-W substrates at 5000 rpm for 30 s, and the samples were heat-treated at
1050°C for 15 min in areducing atmosphere of Ar-4% H,. The samples were introduced into a preheated
furnace kept at 1050°C after a 5-min purge with Ar-4% H, gas mixture at room temperature. After a
15-min heat-treatment at 1050°C, the samples were quenched to room temperature with the same
atmosphere. The heating and cooling rates were in the range of 350 to 400°C/min. An individual
treatment produced a EusNbO- film that was about 20 nm thick. Multiple coatings were made to prepare
thick films.

The EusNbO; films were characterized by XRD for phase purity and texture and by high-temperature
XRD for nucleation. SEM was used to determine homogeneity and microstructure. A Philips model
XRG3100 diffractometer with CuKa radiation was used to record the 620 XRD patterns. A Picker
4-circle diffractometer was used for texture analysis. High-temperature in situ XRD experiments were
carried out in a flowing atmosphere of He-4% H, and heating ramp of 400°C/min on a Scintag PAD X
diffractometer with an mBraun linear position-sensitive detector (PSD) covering an 8° range centered at
20 = 31°. A Hitachi S-4100 field emission SEM was used for microstructural analyses of the samples.

2.6.3 Results and Discussion

For in situ high-temperature XRD, the samples were heated from room temperature to 1200°C at a
heating rate of 400°C/min in a reducing atmosphere of He—4% H, (see Fig. 2.34). The 6—20 XRD patterns
were recorded at 400, 600, 800, 900, 1000, 1100, and 1150°C. A plot for nucleation of EusNbO; film on
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Fig. 2.34. High-temperature XRD
setup with linear detector (upper
right) and sample-heating strip
(lower right).

{200)

2:Theta (Deg.)

textured Ni—W substrates is shown in Fig. 2.35, which
indicates that the nucleation of the film took place around
800°C.

A typical 6—20 XRD scan for a spin-coated EusNbO;
film on the Ni-W substrate is shown in Fig. 2.36. The intense
EusNbOy; (004) peak reveals the presence of a c-axis-aligned
film. The typical (222) polefigureinlog scale for a EusNbO;
film grown on the Ni-W substrate shown in Fig. 2.37
indicates the presence of a single cube-on-cube texture. The
o (out-of-plane) and ¢ (in-plane) scans of these films on the
Ni—-W substrates are shown in Fig. 2.38.

The EusNbO; film has a good out-of -plane and in-plane
texture with FWHM of 6.8° and 8.21°, respectively, as
compared to the Ni-W substrates values of Aw = 5.51° and
Ap =6.72°.

The sample SEM micrograph shown in Fig. 2.39
indicate that the EusNbO; buffer layers provide very good
coverage for the Ni-W surface. Most of the Ni-W grain
boundary grooves on the Ni-W surface were found to be well
covered. Figure 2.39 also shows that the buffer layersare
continuous and free of cracks.

These results indicate that sol-gel techniques can
produce continuous, dense, and crack-free buffer layers on
rolled Ni-W substrates. Efforts are being made to deposit
YBCO by PLD on EusNbO- (sol-gel)/Ni-W.

2.6.4 Summary

We have successfully developed a new chemical
solution process to grow epitaxial EusNbO; buffer layerson
Ni-W (002) substrates. In-plane and out-of-plane alignments
indicate that the buffer layers are sharply textured. Pole
figures of buffer layers show a predominantly cube-on-cube
texture. The continuous, dense, and crack-free microstructure
revealed in the SEM micrographs indicate that the surfaces of
the buffer layers deposited on rolled Ni-W substrates
the sol-gel process are suitable for deposition of
YBCO film.
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2.7 Alternate Buffer Architectures for Improved YBCO Coated Conductors

M. Paranthaman, S. Sathyamurthy, and A. Goyal (ORNL); T. Kodenkandath, X. Li, W. Zhang, C. L. H.
Thieme, U. Schoop, D. T. Verebelyi, and M. W. Rupich (AMSC); M. S Bhuiyan (University of Houston)

2.7.1 Introduction

High-temperature superconductors, discovered in 1987, are moving into the development of second-
generation wires or tapes. The first generation relied on BSCCO; the second generation is based on
Y BCO superconductors, which have the potential to be less expensive and to perform better in liquid
nitrogen temperatures under applied magnetic fields. RABITS™ has been used to fabricate high-
performance Y BCO coated conductors. The RABITS™ process utilizes thermomechanical processing to
obtain flexible, biaxially textured Ni-alloy substrates [1,2]. Buffer layers play akey rolein transferring
the texture of the meta substrate to the YBCO and prevent reaction between the substrate and the
superconductor. The RABITS™ architecture consists of a starting template of biaxialy textured Ni-W
(3 at.% or 5 at.%) with a 75-nm Y ,05 seed layer, a 75-nm Y SZ barrier layer, and a 75-nm CeO, cap layer
[2]. All the buffers are deposited by physical vapor deposition (PV D) processes. However, efforts are
being made to replace these architectures with simplified architectures comprising multifunctional buffers
deposited by industrialy scalable methods such as chemical solution deposition (CSD). CSD offers
significant cost advantages over PV D. Solution coating is amenable to the application of complex oxides.
Reel-to-reel dip-coating or slot-die coating can be used to scale up the solution deposition process.

Both Lay,Zr,O; (LZO) and CeO, buffers have been identified as potential candidates for this study. A
metal organic deposition (MOD) process has been developed to grow highly textured LZO and CeO,
layers on biaxially textured Ni-W substrates [3,4]. Recently, 10-m lengths of RABITS™-based YBCO
coated conductors with a critical current of ~270 A/cm have been fabricated with high uniformity and
reproducibility [5]. The chalenge isto match the performance of American Superconductor’s current
PVD buffer stack with low-cost, nonvacuum solution techniques. In this paper, we report our recent
success toward fabrication of all-MOD buffer YBCO tapes.
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2.7.2 Experimental Procedure

Biaxially textured Ni-W (3 at.% or 5 at.%) substrates were used for this study. All the substrates
were anneal ed under suitable H,S atmospheres to get the desired sulfur ¢(2x2) superstructures at the
Ni-W surface. The LZO precursor solution was prepared from lanthanum isopropoxide (Alfa, La40%
assay), zirconium n-propoxide in n-propanol (Alfa, 70%) and 2-methoxyethanol (Alfa,
spectrophotometric grade). The details of the solution preparation were reported earlier [3]. A total cation
concentration of about 0.5 M was used to grow LZO films with a thickness of 40 nm in asingle coat.
MOD was used to prepare the precursor solution for CeO, films. Spin coating was used to deposit both
LZO and CeO; films with atypical speed of 2000 rpm. About 0.8-um-thick MOD-YBCO films were
deposited on MOD buffers by using American Superconductor’s modified TFA process[5].

XRD was used to characterize the samples for phase purity and texture; the microstructure of both
buffers and the Y BCO were monitored by atomic force microscopy (AFM), and SEM. Theresistivity and
transport critical current density were measured by using a standard four-point probe technique. The
voltage contact spacing was 0.4 cm. A 1-uV/cm criterion was used for calculation of the critical current
density values. Deposition of Ag electrica contacts onto the samples was followed by an O, annealing in
1 atm for 30 min at 500°C.

2.7.3 Results and Discussion l

A typical 6-20 XRD pattern of a single coat 40-nm-
thick LZO film on atextured Ni-W substrate is shown in
Fig. 2.40. The 6-26 scans indicate the presence of strong c-
axis (004) aligned films. Detailed X-ray studies indicate the
presence of ahighly textured LZO film. To replace the e-
beam Y ,O; seed in the RABITS™ architecture with MOD
seed, it isessential to compare the texture data of various
MOD seed layers with that of e-beam Y ,05 seed. The texture
data obtained on various seed layers grown on biaxialy : : . . .
textured Ni-W 5 at.% substrates are shown in Table 2.4. It is 26 28 30 32 M4 36

LZO (400)

Intensity (arb. units)
— LZO (222)

very clear that the texture of MOD LZO seedsis comparable
to that of e-beam Y ,03 seeds. Even though the texture of
MOD CeOQ; is also good, we did not pursueit further. Thisis
mainly due to the crack formation in thick CeO, filmson
textured Ni substrates. Both SEM and AFM studies indicate
that LZO films are smooth, continuous, and crack-free. The
typical AFM scan for 80-nm-thick LZO coated Ni-W
substrate is shown in Fig. 2.41.

The performance of MOD LZO seeds was tested by

20 (deg.)
Fig. 2.40. A typical 6-26 scan for a
40-nm-thick LZO film grown on
biaxially textured Ni-W substrates by
metal-organic deposition. LZO films
were processed at 1100°C for 15 min in
flowing Ar/H, 4% gas atmospheres. LZO
film has a preferred c-axis orientation.

using magnetron rf sputtering highly textured Y SZ barrier layers and CeO, cap layers on top of LZO
layers. Results (current-volt plots) are shown in Fig. 2.42. YBCO films with a critical current density of
2.7 MA/cm?, corresponding to acritical current of 212 A/cm-width, were obtained. Thisresult is the first
demonstration of the performance of an MOD LZO template carrying a critical current of more than

200 A. Secondary ion mass spectrometry (SIMS) analysisindicated that the properties of LZO seeds are

comparable to the properties of e-beam Y ,0; seeds.

Multiple spin-coatings were used to grow thick LZO films. Between each coating, films were heat-

treated at 1100°C for 30 min in Ar/H, 4%. Highly textured 120-nm-thick LZO films were grown in three
coatings on biaxially textured Ni-W substrates. Both MOD-CeO, and YBCO films were grown on MOD
LZO layers. A typica 6-20 XRD pattern of 0.8-um-thick MOD-YBCO films grown on all-MOD buffers
of CeO,/LZO isshown in Fig. 2.43. These scans indicate the presence of a strong c-axis (00l) aligned
YBCO films. The measured current-voltage plots obtained on al MOD YBCO coated conductors are
shown in Fig. 2.44. YBCO films with acritical current density of 1.75 MA/cm?, corresponding to
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Table 2.4. Texture data on various seed layers

Sample

Full width at half maximum (degrees)

(002) omega

(002) omega

Pt = 90 Phi = 0 (112) phi  True, in-plane
Ni-W 5%
(AMSC) 5.55 8.71 6.84 454
zfAﬁs SsCe)eol e-beam 4.93 7.92 6.96 5.21
CeO, seed MOD
ORIy 5.47 9.03 6.85 443
Y203 seed MOD
(ORNL) 8.41 22.14 7.99 —
5
MOD YBCO (0.8 pm)
\ (AMSC)
= 77K & Si. Sputtered CeO,
= 1. =212 Alcm (AMSC)
é 5227 Mame Splltiered Yo7
s, (AMSC)
MOD LZO (80 nm)
. (ORNL)
Ni-W/50% (AMSC)
(o] St

Fig. 2.41. AFM scan of the surface of

an 80-nm-thick LZO film (two coats)

grown on a biaxially textured Ni-W

substrate. The rms surface roughness is

around 4.7 nm.
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Fig. 2.43. A typical 6-26 scan for a

0.8-um-thick MOD-YBCO film grown

on MOD-CeO, (60 nm)/MOD-LZO

(120 nm) buffered Ni-W substrates.

YBCO film has a preferred c-axis
orientation.
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Fig. 2.42. Superconducting properties of a
0.8-um-thick MOD-YBCO film grown on CeO,
(sputtered)/YSZ (sputtered)/MOD-LZO

(80 nm) buffered Ni-W substrates. A self-field
critical current density of 2.7 MA/cm? at 77 K
was obtained.
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Fig. 2.44. Superconducting properties of a
0.8-um-thick MOD-YBCO film grown on MOD-
CeO, (60 Nnm)/MOD-LZO0 (120 nm) buffered
Ni-W substrates. A self-field critical current
density of 1.75 MA/cm? at 77 K was obtained.
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acritical current of 140 A/cm-width, were achieved. Thisisthe first demonstration of the all-M OD-based
high-performance Y BCO coated conductors. Efforts are being made to analyze the film, and the results
will be published in the future. the all-M OD route promises to be a lower-cost process to fabricate long
lengths of high-performance Y BCO coated conductors.

2.7.4 Conclusions

A chemical solution deposition process has been developed to grow highly textured LZO and CeO,
buffer layers. About 40-nm/coat LZO films were grown reproducibly on Ni-W substrates. Detailed
texture data indicated that the performance of MOD LZO seeds was comparable to that of e-beam Y ,05
seeds. MOD-YBCO filmswith acritical current of 212 A/cm were grown on MOD-LZO seeds with
sputtered Y SZ and CeO, caps. In addition, MOD-Y BCO filmswith acritical current of 140 A/cm were
grown on all-MOD buffered [CeO, (60 nm)/LZO (120 nm)] Ni-W substrates. Efforts are being made to
achieve the near-term goal of 300 A/cm on all-MOD buffers.
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2.8 Chemical Solution Deposition of Lanthanum Zirconate Barrier Layers Applied
to Low-Cost Coated Conductor Fabrication

S Sathyamurthy, M. Paranthaman, H. Y. Zhai, S Kang, T. Aytug, C. Cantoni, K. J. Leonard,
E. A. Payzant, H. M. Christen, and A. Goyal (ORNL); X. Li, U. Schoop, T. Kodenkandath, and
M. W. Rupich (AMSC)

Currently, acommon RABITS™ architecture employs a Ni-3 at.% W (Ni-W) alloy substrate with a
nickel overlayer followed by a buffer layer sequence of Y ,Os/Y SZ/CeO,. The superconductor isthen
deposited on the CeO, cap layer. A variety of deposition techniques are used for the deposition of the
various layers. The Ni overlayer is deposited by dc-sputtering, the Y ,0O; seed layer is deposited by
electron beam evaporation, and the Y SZ barrier layer and the CeO, cap layer are deposited by rf
sputtering. Because of the variety of deposition techniques, scale-up of the architecture would be complex
and expensive. We have reported our results with a scal able nonvacuum sol ution-based deposition
technique for the deposition of LZO seed layers directly onto Ni-W substrates. We obtained consistent
and reproducible properties and critical current densities of up to 2 MA/cm?. We found that LZO seed
layers can be consistently deposited on the Ni-W surface by the sol-gel process and that they show
optimal adhesion to the substrate. This technique eliminates the need for the Ni overlayer. Recently, using
sol-gel—processed LZO as asingle buffer layer, we demonstrated a critical current density of 2 MA/cm?
for a0.2-um YBCO layer deposited by PLD. In this report, we explore in-depth the use of sol-gel—
processed LZO films as seed and barrier layers, thus simplifying the coated-conductor architecture from
YBCO/CeO,/Y SZ/Y ;,O4/Ni/Ni-W to YBCO/LZOINi-W or Y BCO/CeO,/LZO/Ni-W. The smplified
architecture will render the conductor fabrication route more scalable and cheaper. We report on the
epitaxial growth and characterization of sol-gel—processed LZO buffers on Ni-W substrates, including
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onset of the nucleation and growth of the layers, the properties of the interface between the Ni-W
substrate and the LZO layer, and the crystalinity of the surface of the LZO film. We a so report on the
performance of these LZO films as barrier layers during the PLD of YBCO films of various thicknesses.
We a so demonstrate high critical current density on YBCO processed by atrifluoroacetate-based MOD
process on CeO,-capped LZO barrier layers on Ni-W substrates.

The coating solution was prepared from alkoxides of lanthanum and zirconium. Lanthanum
isopropoxide (Alfa, La40% assay), Zirconium n-propoxide in n-propanol (Alfa, 70%), and
2-methoxyethanol (Alfa, spectrophotometric grade) were used as received. The alkoxides were handled in
an argon-filled glove box, and the solution preparation was carried out under an argon atmospherein a
Schlenck-type apparatus. Stoichiometric quantities of lanthanum isopropoxide and zirconium n-propoxide
were dissolved in 50 mL of 2-methoxyethanol in a 250-mL round-bottom flask. The solution was
refluxed in excess 2-methoxyethanol. Based on the studies reported in the literature [1,2], we believe that
lanthanum and zirconium methoxyethoxides are formed. The isopropanol formed during the exchange
reaction was distilled out along with the excess 2-methoxyethanol. Solutions with atotal cation
concentration of 0.25M and 1 M were used to coat thin (20-nm) and thicker (100-nm) films of LZO,
respectively.

The Ni-W tapes were fabricated by cold-rolling to total deformations of greater than 98%. The
details of this process have been reported earlier [3]. The Ni-W substrates, 1 cm wide and 50 um thick,
were then cleaned by reel-to-reel ultrasonication in isopropanol at arate of 1m/h. Cleaning was followed
by arecrystallization anneal by inductive heating in a reel-to-reel vacuum chamber under 3 x 10™" Torr of
H,S and aresidence time of 20 min at 1250°C to obtain the desired cube texture. The substrates, about
3 cmlong and 1 cm wide, were spin-coated with LZO films at a spin speed of 2000 rpm for 30 s. The
samples were then annealed at 1100°C for 15 minto 1 h.

XRD was used to characterize the phase purity and texture of the LZO layers. SEM was used for
homogeneity and microstructure, and Rutherford Backscattering Spectroscopy (RBS) was used for
composition and thickness analysis. A Philips XRG3100 diffractometer with Cu-K,, radiation was used to
record 6-20 XRD patterns. The texture analysis was performed with a Picker 4-circle diffractometer. The
microstructural analysis of these samples was performed with a Hitachi S-4100 SEM with afield
emission gun. The measurement of thickness and analysis of composition were performed by RBS;
5-MeV He*" ions were used at near-normal incidence and were detected at a 160° scattering angle. With
RBS, thickness could be measured to within 0.5 to 1 nm and the composition to within 5%. The
nucleation and growth of LZO from the amorphous film were observed with high-temperature in situ
XRD in aHe-4%H, atmosphere on a Scintag PAD X diffractometer with an mBraun linear PSD covering
an 8° range centered at a 26 of 31°. Atomic force microscopy (AFM) and reflection high-energy electron
diffraction (RHEED) were used for the analysis of the surface quality of the LZO films. The interface
between the substrate and the LZO films was characterized by using a Philips CM200 TEM with afield
emission gun. The performance of the LZO films as a barrier layer was evaluated in this study by
depositing YBCO films by two approaches. YBCO films were deposited by PLD directly onto LZO-
buffered Ni-W substrates (Y BCO/LZO/Ni-W). Additionally, YBCO films were deposited by a
trifluoroacetate based solution approach on LZO buffer layers with a sputtered CeO, cap layer
(YBCO/CeO,/LZOINi-W). The details of the PLD process and the trifluoroacetate process have been
published elsewhere. The samples were then prepared for current density measurements by depositing
silver for current and voltage leads, followed by oxygen annealing at 500°C for 1 h. A standard four-point
probe technique (1-uV/cm criterion) was used to measure critical current density.

Theinitia thin LZO films were applied to annealed Ni-W substrates by spin-coating a0.25 M LZO
solution with a spin speed of 2000 rpm for 30 s, followed by annealing in an Ar-4%H, atmosphere at
1100°C for 1 h. The thickness of the films was determined by RBS analysis to be 20 nm. For asingle
LZO layer to perform as agood single barrier layer, afilm thickness of 80 to 100 nmisrequired. The
coating and annealing steps were repeated several times to obtain the proper thickness. The XRD patterns
obtained from 1, 3, and 5 coats of LZO with intermediate annealing steps are shownin Fig. 2.45. It is
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Fig. 2.45. XRD patterns of
multiple coats of LZO showing
proportional increase in the
(004) peak intensity with the
number of coats with no
detectable amount of the (222)

peak.

Fig. 2.46. RHEED patterns of
LZO multiple coats of LZO
showing good surface
crystallinity of the sol-gel
derived films. Top to bottom:
one coat, three coats, five coats.

evident from the figure that there is a proportional increase in the
intensity of the (400) peak with the number of coats while the
intensity of the (222) peak remains at background levels. Thein-
plane and out-of-plane texture of the various layers were
measured by using a Picker 4-circle goniometer. The LZO films
were found to have an out-of-plane texture (Aw) of 6.25° and an
in-plane texture (A¢) of 8.4°.

For epitaxia films used in multilayers, however, the bulk
crystallinity and texture measured using XRD is not sufficient. It
is necessary to monitor the surface texture and crystallinity. For
that purpose, RHEED analysis was performed on the multiple
coats of LZO. The RHEED patterns, shown in Fig. 2.46, indicate
that the LZO films on samples coated one, three, and five times
have good surface crystallinity and good texture.

HTXRD was used to study the nucleation and growth of the
20-nm-thick LZO films. The nucleation of LZO was studied by
heating the sample from room temperature to 1200°C at a heating

rate of 600°C/min in areducing He-4% H, atmosphere and by
monitoring the 6-260 XRD patterns at 400, 600, 700, 750, 800, 850,
900, 1000, and 1100°C. The growth of the LZO film was studied by
heating a sample up to 1100°C and collecting 6-260 XRD data every
16 s. The nucleation characteristics of the LZO film obtained from
this experiment are shown in Fig. 2.47. It is evident from the figure
that the LZO nucleates at around 750°C. It was also determined
from this study that the film growth is complete within the first few
minutes at the process temperature. From thisresult, it is clear that
the processing of the LZO films does not require a 1 h hold, which
has been the usual hold time to fabricate LZO films, at 1100°C.
Conseguently, the hold time for processing these 20-nm LZO films
was reduced to 15 min. The proportiona increase in the (004) peak
intensity with the number of coats obtained with a heat treatment
with a1 h hold time was also obtained with a 15-min hold time.
Cross-sectional TEM was used to study the interface between
the Ni-W substrate and the LZO multiple-coat barrier layer. The
high-resolution TEM image in Fig. 2.48 shows that the LZO film

grows with arotated cube-on-cube epitaxy of LZ0O[110](110)//Ni-
W[001](020) in-plane and LZO(004)//Ni-W(200) out-of-plane
alignments. Thisisillustrated within the SAD pattern shown in

Fig. 2.48(b). By using a high-resolution EDS line scan [Fig. 2.48(c)]
it was determined that the interface between the LZO and the Ni-W
substrates was clean. The surface roughness of the LZO film was
characterized by AFM. The film was found to have an average
roughness of about 5.4 nmon a5 x 5 um scale. Attempts are
currently under way to replace the multiple-coating annealing step
of LZO with asingle-step process. The XRD patterns of athin LZO
film (20-nm) and athick (100-nm) film, both processed in asingle
step, were compared. The 1 M coat shows an increase in (400) peak
consistent with larger thickness while the (222) is at background
levels. This suggests that it may be possible to processLZO ina
single step. The RHEED pattern of the 100-nm LZO film shows
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Fig. 2.47. A typical 6-20 scan
obtained for a 20-nm-thick LZO
film on Ni-W substrates in a high-
temperature in situ XRD showing
nucleation of LZO during the
heatup to the process
temperature.

that the thick LZO film processed in a single step has
good surface crystalinity.

The performance of the LZO buffer layers was
evaluated by depositing YBCO by PLD directly onto
the LZO films and by deposition of YBCO by a
TFA-based MOD process on a sputtered CeO, cap on
the LZO films. The CeO, cap layer was used in the
latter case to prevent areaction between the LZO
layer and the TFA precursors used for YBCO
deposition. The performance of asingle LZO buffer
layer is compared with that of the CeO./Y SZ/Y ,03
buffer architecturein Fig. 2.49. In Fig. 2.49, the
field-dependent critical current densities are given for
0.2-um-thick YBCO films deposited by PLD on Ni-
W substrates with (1) a single sol-gel buffer, (2) a
three-layer buffer with a sol-gel seed layer, and (3)
an all-vacuum standard three-layer buffer
architecture. It is clear from thisfigure that the
performance of the single LZO buffer layer is
comparable to that of the three-layer buffer
architecture. The thickness of the LZO buffer layers
in this case was only about 70 nm; the buffer layer
thickness is about 300 nm for the three-layer buffer
architecture.

The current-voltage characteristics of TFA
based MOD YBCO on CeO, capped LZO barrier
layers on Ni-W substrates were obtained from
standard four-point probe measurements. Thus, for a
0.8-um YBCO layer deposited on about 150 nm of
buffer layers (80 to 100 nm of LZO with about 50

nm of CeO,) acritica current density of 1.7 MA/cm? and an critical current of 135 A/cm have been
measured. Although the critical current density islower than that obtained on comparable TFA-based

Ni-W(200) (220)
L ] & L A .
LZO(0g4) 3 (344)
(232)'
440
( .)
(020)

00 Ni-W | La,Zr,0,

0 5 10 15 20 25
Position (nm)

Fig. 2.48. Top: High-resolution cross-
section TEM of LZO film on Ni-W
substrate. Middle: SAD pattern obtained
from cross-section TEM showing Ni-
WI[001)//LZO [110], Ni-W(010//LZO(110)
orientation in the in-plane direction and
Ni-W(100)// LZO(001) in the out-of-plane
orientation. Bottom: EDS line-scan
showing a clean interface between LZO
film and Ni-W substrate.
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10' YBCO films deposited on typical vacuum-deposited buffer
EEE%%Z?%Z%%%@*,NNWW{JW‘” layers, it demonstrates that both the e-beam Y ;03 seed layer
T - and the sputtered Y SZ barrier layer can be replaced by a sol-
€ 13 §ﬁ§ﬁge\ 3 gel—processed LZO layer. _
2 " The properties of coated conductors processed to obtain
- I the simplified buffer architecture of solution LZO with a CeO,
cap have been promising. However, the measured critical
current density values are still lower than that obtained from the
10 e three-layer architecture. One possible reason for this could be
B (T) the presence of bulk porosity in the LZO films. For better
Fig. 2.49. Comparison of critical properties, the process must be optimized to improve the
current density-B performance of density of the LZO films.
solution-deposited LZO as a seed We have successfully demonstrated the use of solution-
layer and as a barrier layer with a processed LZO films as barrier layers for coated-conductor
traditional all-vacuum buffered Ni-  fahrication. Epitaxia LZO films with a thickness of 80 to

W substrate using PLD-YBCO. 100 nm have been deposited on Ni-W substrates by spin-

coating and annealing. The films had a smooth, crack-free
microstructure with very high surface crystallinity. The performance of the LZO barrier layers was
evaluated by
depositing YBCO on these samples by the PLD process or a TFA-based MOD process. The PLD-YBCO
films, deposited directly on the LZO buffered Ni-W substrates (Y BCO/LZO/Ni-W), showed critical
current densities up to 2 MA/cm?. For the MOD-Y BCO, a CeO, cap layer was sputtered on the LZO
barrier layer to avoid reaction between the LZO film and the YBCO film. Thus, using alayer sequence of
YBCO/CeO,/LZO/Ni-W, for the MOD-Y BCO, acritical current density of 1.7 MA/cm? and a critical
current of 135 A/cm were measured. These results show that the buffer layer architecturein atypical
coated conductor can be simplified by using solution-processed LZO films.
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2.9 Detection of Interfacial Strain and Phase Separation in MBa,Cus0O7_ Thin
Films by Raman Spectroscopy and X-Ray Diffraction Space Mapping

A. J. Kropf, C. U. Segre, Q. X. Jia (LANL), A. Goyal, B. W. Kang (ORNL), K. Venkataraman,
S Chattopadhyay, H. You, and V. A. Maroni (ANL)

2.9.1. Introduction

The growth of epitaxial films of MBa,CusO;_ (M-123, where M = yttrium or arare earth el ement)
on metal and ceramic substrates is being investigated worldwide as part of the development effort to
commercially fabricate HTS wirein long-length form on textured metal substrates suitable for electric
power applications[1-3]. The successful development of HTS coated conductors for commercial
applicationsis faced with several technological hurdles, the most significant of which involve obtaining
high-quality chemical and microstructural properties (and concomitant high electrical performance levels)
for the M-123 films.

The current approach to the development of HTS structures for high-current, high-voltage devices
relies on being able to precisely transmit a cube-textured epitaxy of the substrate to the M-123 film. The
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fabrication of these thin film embodiments usually aso requires a buffer layer to prevent the substrate
atoms from diffusing into the M-123 film. Hence, the architecture of an M-123 coated conductor typically
consists of the substrate, a seed layer (if oneisrequired), a buffer layer, one or more cap layers (to
enhance the epitaxy transmission), and the M-123 film. Whereas it is desirable to have arelatively thick
M-123 film (greater than amicron), most of the intervening layers (between the M-123 film and the
substrate) tend to range in thickness from 10 to 200 nm. The fabrication of this multilayered epitaxia
superstructure requires meticulous attention to detail at each stage of the process. In order to develop a
clear understanding of these details, it is critically important to be able to measure texture, strain, and
other aspects of the crystallographic architecture at each interface of the coated conductor.

The aggregate microstructure of an M-123 film profoundly influences the intergrain electrical
current flow, but the intragrain superconducting properties are determined by structures and chemical
states at the atomic level. The aspects of the global chemistry of an M-123 thin film, such as phase
evolution and oxygenation, have been extensively investigated, but current literature on the local
chemistry of M-123 filmsis relatively scarce. Furthermore, the interrelations between the microstructure
and the local chemistry of an M-123 film also require more attention. This paper attempts to examine
these interrelations through a case study of three high-quality M-123 films on single-crystal substrates and
to connect those structural and chemical relationships with the observed superconducting properties of the
films.

2.9.2 Experiments
2.9.2.1 Detection of Microdomains

The three specimens analyzed in this study were M-123 thin films on 5 x 10 mm single crystal
SITiOz substrates. Thefirst film, ~140-nm-thick Eu-123 on abare SITiO; substrate, was deposited by
PLD at Los Alamos National Laboratory (LANL) [4]. No superconducting properties were exhibited by
the specimen down to atemperature of 75 K. The second film (~160 nm thick) was similarly fabricated
but had a 10-nm Er-123 buffer layer between the Eu-123 layer and the SrTiO; substrate. This specimen
had a critical temperature of 92.5 K and acritical current density of 2.1 MA/cm? at 75 K, self-field. The
third specimen was a'Y-123 film (~190 nm thick) deposited on abare S'TiO; substrate by PLD at ORNL
[5]. The critical temperature of the film was 86 K, with a critical current density of 5.3 MA/cm? at 77 K,
self-field.

Microdomains of various phases in the three films were investigated by Raman micro-spectroscopy
(Renishaw RM2000 Raman Microprobe) [6]. The specimens were positioned on the microprobe stage
with the incident laser radiation normal to the M-123 film surface. The backscattered radiation was
collected through the same optic (Leica 50x/0.55 lens). The system employed a He-Ne laser
(A =632.8 nm) that delivered a maximum of 5 mW of incident power to the specimen surface. Raman
spectrafor each specimen were acquired at 100% defocus, 50% defocus, 20% defocus, and 0% defocus of
the laser beam. Scans were conducted in the static grating mode with the area of the charge-coupled
device array of the detector adjusted to obtain minimum noise and background levels and to interrogate
the spectral frequency range between 100 and 185 cm. At each defocus level, both the diameter and the
depth of penetration of the laser beam changed. Therefore, the measurement approximates a three-
dimensional scan of the specimen. The corresponding laser beam diameters were ~25 um at 100%
defocus, ~14 um at 50% defocus, ~6 wm at 20% defocus, and between 2 and 4 um at 0% defocus. The
spectral acquisition times used were 1800, 1200, 600, and 100 s for defocus levels of 100%, 50%, 20%,
and 0%, respectively. Although the Raman band shape showed some variation for the different levels of
defocus, the best signal-to-noise ratios were obtained at 20% defocus and therefore formed the basis for
subsequent anayses. No evidence of laser annealing effects was observed for any of the specimens as a
result of the spectroscopy experiments.
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2.9.2.2 Diffraction Space Mapping

Diffraction space mapping (DSM) of the three specimens was performed via XRD; synchrotron
radiation was used from the Advanced Photon Source (APS) on the Materials Research Collaborative
Access Team (MR-CAT) insertion device beamline equipped with an eight-circle Huber® diffractometer
[7]. The energy of the radiation used was ~17 keV, corresponding to awavelength of 0.072928 nm. The
scattering experiments were conducted in reflection geometry wherein both symmetric and asymmetric
reflections were scanned [8]. The average beam spot incident on the specimen surfacewasa 1 x 1.5 mm
rectangle. Each specimen was centered in the goniometer and aligned for the (005) reflection of the thin
M-123 film. A Si (111) crystal analyzer deployed on the detector arm made it was possible to obtain d-
spacing resolution better than 0.001 nm.

The symmetric reflections (005) and (006) and the asymmetric reflections (104)/(014) of M-123
were acquired for each of the three specimens. Filters were used to attenuate the incident beam intensity
when diffracted beam intensities tended to saturate the detector. The (005) and (006) reflections were
obtained by ®-20 mesh scans. The asymmetric reflections (104)/(014) were obtained in the same way,
except that the specimen was tilted in the chi direction between 35° and 38°, in order to bring the
(104)/(014) planes of the film into the Bragg reflection position. In addition to the films, abare STiO;
substrate was analyzed in order to isolate any effects of the substrate that might appear in the DSMs. The
(200) reflection of the bare SrTiO; substrate was obtained in a manner similar to that used for the M-123
Ssymmetric scattering experiments. Lattice parameters for the crystal structuresthat are referred to in this
study arelisted in Table 2.5.

Table 2.5. Literature values for lattice parameters of 2.9.3 Results and Discussion

tetragonal and orthorhombic M-123 materials® 2 9.3.1 Detection of
Materials’ Axisb(nm) PDF No. Microdomains
a C .. .
Eu-123 (O) 0384 0390 1171  79-1232 The global and local stoichiometries
Eu-123 (T) 0388 0388 1181 822303  Of MBaCusOrarethe samewhenx =0
Er-123 (O) 0382 038 1169  gg2254 (orthorhombic) or x =1 (tetragonal).
Er-123 (T) 0385 0385 1179  82-2308 However, for values of x between 0 and 1,
SITiO; (T) 0.390 0.390 0.390 86-0179 the microstructure is characterized by the
Y-123 (O) 0.382 0.388 1.168 88-2463 coexistence of microdomains (or
Y-123 (T) 0.384 0.384 1.177 88-2462 “microphases’) containing different types
#Source: JCPDS-ICDD powder diffraction database. of oxygen atom arrangements in the basal
®O = orthorhombic structure; T = tetragonal structure. Cu-O planes of the unit cells of the

individual microdomains[9]. Moreover,
these oxygen arrangements do not always correspond to either the purely tetragonal or purely
orthorhombic case. Thus, at a microscopic level, M-123 can be considered to be a multiphase system with
the relative amounts of coexisting stable and unstable microphases being determined by both the value of
x and the processing history of the specimen [9,10].

The size of these microphasesis generdly below the detection limit of XRD and neutron diffraction
techniques [10], which tend to average the d-spacings over al coexisting local structures. However,
changesin theloca structure due to oxygen rearrangement generate mode shifts in the corresponding
Raman spectrum. Furthermore, oxygen rearrangement can cause the mode selection rules to be violated
due to changesin the unit cell symmetry and coordination, giving rise to new modes that are forbidden for
theidea stoichiometry and microstructure. Hence, additional peaks may appear in the Raman spectrum.
Shifting of mode frequencies, variations in band shapes, and the appearance of new modes can thus be
used to discern the presence of microphases [9-12].

The four stable phases established for the MBa,Cu;O;_, system are ortho-I (x = 0), ortho-11 (x = 0.5),
tetragonal (x = 1), and the high-temperature tetragonal (T") (0 < x < 1) [10]. The Raman spectrum for an
M-123 material of nonideal stoichiometry (which isusually the casein thin films) is a superposition of
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spectra of several coexisting microphases. The relative contribution from the spectrum of each
microphase to the overall spectrum is determined by the abundance of each microphase and its scattering
orientation with respect to the direction and polarization state of the Raman excitation beam. The latter is
particularly important in determining the presence of a mixed phasein athin film specimen, where the
lack of ideal texture can be gainfully exploited to detect the coexistence of microphases. This can be
accomplished by examining the bandsin the Raman spectrum that occur in mutually exclusive scattering
geometries for different phases. The prime example of thistype of band is the Cu(2) mode of M-123. The
Cu(2) mode has a frequency of ~150 cmi™ for the ortho-I phase, ~145 cm™ for the ortho-11 phase, and
~140 cm ™ for the tetragonal (T, T') phases [10] (i.e., there are distinct frequency differences among the
three modes). Furthermore, in the case of the ortho-1 phase, the Cu(2) mode is of negligibleintensity in
the xx/yy scattering geometry and of considerable intensity in the zz scattering geometry, while the
oppositeistrue in the case of the tetragonal phases. If a scattering geometry of z(x,x')Z (using Porto
notation [13]) isemployed, it will be parallel to the c-axis of the M-123 grains when that c-axisis normal
to the substrate and perpendicular when that c-axisis paralel to the substrate (e.g., as for a-axis-oriented
M-123 grains). This situation is equivalent to both xx/yy and zz scattering geometries (with respect to the
grains) being simultaneously scanned. Because the coexisting microdomains of T, T', ortho-I, and ortho-11
can exist in many possible orientations in anonideally textured thin film, alaser beam probing a region of
the thin film will produce Raman scattering from all the coexisting microdomains, giving rise to multiple
Cu(2) mode bands in the acquired Raman spectrum, each band presumably assignable to a distinct
microphase.

The Raman bands of the various microphases overlap due to their large widths and small frequency
differences. Therefore, curve-fitting routines are required to separate the observed composite Cu(2)-mode
band into component bands. Although the actual microdomain size range is not accurately known, it
might be on the order of afew tens of |attice spacings, which is sufficiently within the footprint of the
Raman excitation beam. In cases where a gradation of microdomain assemblages are perpendicular to the
substrate surface, changes in the beam diameter, and hence depth of penetration, should change the
distribution of the microdomains scanned by the laser beam. This change produces a different Cu(2) mode
bandwidth and shape at each defocus level, although the observed changes may be subtle.

The curve-resolution program used was a mathematical routine of GRAMS32 Al. Figure 2.50(a),
(b), and (c) present the actual composite band, the fitted curve, and the component bands of the
Y-123/STO, Eu-123/STO, and Eu-123/Er-123/STO specimens, respectively, each obtained at 20%
defocus of the incident laser beam. Lorentzian functions were used to resolve the composite band into the
component bands. From Fig2.50(a), (b), and (c) , it is evident that the Cu(2)-mode band envelopein the
Raman spectrum of each specimen has three distinct component bands that have frequencies at ~141,
~145, and ~149 cm . The analyses of the Cu(2) band envel opes for the three specimens are summarized
in Table 2.6. The 141-cm™ band can be assigned to T, T microdomains; the 149 cm™ band can be
assigned to ortho-I (O-1) domains; and the 145 cm™ band can be assigned to the ortho-11 (O-11) phase.
The range of ratios of the intensity of the T band to that of the O-1 and O-l1 bandsis nearly zero in the
case of the Y-123/STO specimen and is greatest in the case of the Eu-123/Er-123/STO specimen. Also,
the ratio of the intensity of the O-11 band to the O-1 band is greater than unity in the case of the Eu-
123/STO specimen, in contrast to the other two specimens.

The most notable result of the analysisis that the specimens exhibiting superconducting properties
above 70K (i.e., Y-123/STO, Eu-123/Er-123/STO) had intensity ratios of the O-11 mode to that of the O-I
mode considerably less than unity, unlike in the case of the Eu-123/STO specimen, which had no
observabl e superconducting properties down to 70 K. Thisfinding is expected because the O-11 form of
M-123 films has a critical oxygen stoichiometric content of 6.5, below which the M-123 material does not
exhibit superconductivity. It isthus plausible that the superconductivity in an M-123 film of nonidea
oxygen stoichiometry (0 < x < 1) can occur if the oxygen atoms are so arranged that microdomains of
separate phases exist with the major proportion of the contiguous microphases being approximately O-l in
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Fig. 2.50. Raman Cu(2) mode band
with fitted curve and component
bands of (a) Y-123/STO, (b) Eu-
123/STO, and (c) Eu-123/Er-123/STO.

nature. The latter istruein the case of the Y-123 film on
STO and the Eu-123 film on Er-123-buffered STO, but not
in the case of the Eu-123 film on bare STO.

The difference in the component band intensity ratiosis
even more enhanced if one takes into account the texture
factor of these specimens. The texture factor or the
proportion of c-axis-oriented grains in the grain assemblages
isinversely proportional to theratio of the intensities of the
04 phonon band of M-123 to the O2+/O3- phonon band in
the Raman spectra of the material [14]. From maps created
of thisintensity ratio as a function of position on the sample
surface it was determined that the texture of the Y-123/STO
specimen [Fig. 2.51(a)] was the best among the three
specimens, having the most uniformly c-axis oriented grains.
The Eu-123/STO specimen is uniformly c-axis oriented for
just over haf of the specimen but exhibits texture variation
in the remainder of the specimen [Fig. 2.51(b)]. During the
acquisition of the Raman spectra, care was taken to scan
only the c-axis-oriented region for the specimen. In the case
of the Eu-123/Er-123/STO specimen [Fig. 2.51(c)], the
texture is uniform but with a greater presence of a-axis-
oriented grains. However, the microstructure of each filmis
sensitive to the processing conditions. Therefore, no
conclusions can be drawn as to the intrinsic quality of a
Y -123 film when compared with a Eu-123 film.

Assuming that the microdomain distribution is uniform
throughout the specimen and not dependent on the grain
orientation with respect to the substrate, the greater
proportion of a-axis-oriented grainsin the Eu-123/Er-
123/STO specimen, indicated by the higher value of the
loa/loo+i03- iN Fig. 2.51(c), should cause a greater intensity of
the Cu(2) mode of the (T) domains to be detected dueto its
scattering geometry dependence. Thisisindeed observed
when compared with results for the other two specimens.
Specifically, the Y-123/STO specimen had a lesser
proportion of a-axis-oriented grains[Fig. 2.51(a)], and in the
case of the Eu-123/STO specimen, the proportion of a-axis-
oriented grains in the region that was scanned by the laser
was even less than that of the other two specimens
[Fig. 2.51(b)]. However, unlike the Y-123 specimen, which
exhibited equivalent texture, the Eu-123/STO film showed
vestiges of tetragonal phasesin its matrix. The differencein
local oxygen content between the two Eu-123 filmsis even
more interesting in light of the fact that they received
identical deposition and annealing treatments and suggests
that the underlying substrate/buffer layers may have a
substantive influence on the oxygen ordering process during
oxygenation. Possible causes for the differencesin the

proportions of T, T', O-l1, and O-I microphases among the three specimens were determined by
performing DSM experiments on the specimens. The experiments illuminated some of the
crystallographic aspects of the specimens and their influence on observed phase-separation phenomena.
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Table 2.6. Band-fitting resultsfor Raman spectra of M-123/STO specimens

Sample Band Center Rel_ative FWHM  Relative Corrglgtion Chi?
shape (cm™)  heightt  (cm™) area® coefficient

. 146 715 4.1 43.6

Y-123/STO Lorentzian 149 912 8.4 1075 0.99 1.46
142 5.3 2/9 22.3

Eu-123/STO Lorentzian 145 103.2 55 773.7 0.99 0.52
149 455 7.8 464.4
141 8.8 2.8 33.1

Eu-123/Er-123/STO Lorentzian 145 34.5 53 244.3 0.98 3.05
149 65.3 9.0 724.0

*The relative peak height and band width are in arbitrary units.
"FWHM = full width at half maximum.

. 2.9.3.2 Texture Analysis

8]

In the DSM measurements, the out-of -plane texture of the
specimens was determined by examining the spread of the
intensities of the symmetric reflections of the filmsin the @
direction of the DSMs. Figures 2.52(a), (b), and (c) show the
DSMs of the Y-123/STO, Eu-123/STO, and Eu-123/Er-
123/STO specimens, respectively, obtained from the (005)

> reflections of the films. Figures 2.53(a), (b), and (c) show the
" mm: = Jrég DSMs of the Y-123/STO, Eu-123/STO, and Eu-123/Er-
: 123/STO specimens, respectively, obtained from the (006)
reflections of the films, which happen to lie close to the (200)
(b} reflection of the STO substrate. Because the (006) reflections of
the film are skewed by the presence of the (200) reflections of
the substrate, the (005) reflections offer more accurate
depictions of the texture of the specimens. The DSM of the
Y-123/STO specimen shown in Fig 2.52(a) shows that the
c-axis orientation has a spread of about 0.35° (FWHM) about
the substrate normal. Notably, the c-axis spread is
asymmetrical, with the maximum at ~8.93°. For ac-axis
perfectly normal to the substrate, the expected w value is half of
the 20 value for the peak of the reflection, which corresponds to
about 8.99°. The 0.06° difference between the expected and
i) observed value is low compared to the c-axis spread, indicating
avery high preference for the c-axis to be normal to the
substrate. Analysis of the texture of the specimen by the Raman
mapping method [Fig. 2.51(a)] corroborated this observation.
The X-ray beam incident on the specimen surface samples a
large region of the specimen (1.5 x 1 mm). Therefore, the
DSMs provide arelatively global texture measurement, which
1 complements the local texture quality determined by Raman
@5? Mi Cro-spectroscopy.
A~ The DSM of the Eu-123/STO specimen [Fig. 2.52(b)]
reveals that the c-axis spread of the specimen is about 0.18°
Fig. 2.51. Texture maps: (FWHM), which_is considqably s_maIIer t_han that of the
) .Y-'123'/STO, () Eu-lé3/STO, Y-125_3/ST O specimen and is consistent with the Raman _
and (c) Eu-123/Er-123/STO. mapping results for the specimen [Fig. 2.51(b)]. However, it
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Fig. 2.53. (006) diffraction space
maps: (a) Y-123/STO, (b) Eu-123/STO,
and (c) Eu-123/Er-123/STO.

® ([dngrasy should be pointed out that the DSM experiment failed to
. _ _ detect the large change in texture (as determined via Raman
Fig. 2.52. (005) diffraction space spectroscopy) that this specimen exhibited toward its edges.
maps: (a) Y-123/STO, (b) Eu-123/STO, . . .
and (c) Eu-123/Er-123/STO. The squareregion (gpprom mately 2 x 2 mm), which was
probed by the laser in the Raman spectroscopy experiments
in segmented steps, was keyed to the geometric center of the
specimen surface. This region corresponds closely to the rectangular region scanned by the X-ray beam in
the DSM experiments. However, the DSMsindicate only a small variation in the c-axis tilt, which implies
that the changesin texture observed in the Raman texture maps are due to the presence of distributed a-
axis-oriented grains, rather than awide-ranging c-axistilt.

Two clear sets of reflections for the (005) scattering geometry of the Eu-123/Er-123/STO specimen
are observed in Fig. 2.52(c). The less intense reflection spot corresponds to the Er-123 buffer layer
(thickness ~10 nm). The larger reflection spot corresponds to the Eu-123 film (thickness ~160 nm)
deposited on top of the Er-123 layer. The Er-123 layer has a minimal c-axis spread of about 0.06°
(FWHM), as expected for such athin buffer layer on a closely lattice-matching substrate. The Eu-123
layer has a c-axis spread of about 0.045° (FWHM). Hence, thisfilm has the best texture of the three
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specimens analyzed based on considerations of c-axis orientation. However, the Raman spectroscopy
results revealed that its grain texture isnot as good as in the Y-123/STO film or in the high-quality
regions of the Eu-123/STO specimen, implying that the proportion of a-axis grainsin the Eu-123/Er-
123/STO specimen is greater than it isin the other two specimens. This conclusion is consistent with the
greater degree of phase separation shown in the specimen by Raman spectroscopy. While the DSMs
provide information exclusively on c-axistilt, the Raman texture map depends on both c-axis tilt and the
presence of a-axis grains, hence, the effects can be separated effectively by using the DSM and Raman
methods in combination.

2.9.3.3 Strain and Lattice Mismatch

As can be seen in Table 2.5, the a-axis and b-axis | attice parameters for orthorhombic and tetragonal
M-123 match the lattice constant of cubic STO (0.390 nm) within 0.01 nm, but the c-axis parameters are
considerably larger (> 1.1 nm). Despite the close match of the a-axis and b-axis lattice parameters of the
M-123 films to the lattice parameter of the STO substrate, the lattice mismatch combined with the
difference in thermal expansion coefficients of the film and substrate cause residual strain in the film. Due
to the constraining force of the substrate on the film, the a-axis and b-axis | attice parameters are forced to
match approximately the cubic | attice parameter of the STO substrate, giving rise to a pseudotetragonal
distortion of the orthorhombic M-123 layer. It follows from principles of continuum mechanics that a
change in the b-axis or a-axis lattice parameter should cause a concomitant change in the c-axis lattice
parameter, such that the volume of the unit cell is preserved when strained within the elastic limit. Hence
achange in the lattice parameter in the a-b plane (where the tetragonal distortion occurs) canin principle
be detected by determining the c-axis | attice parameter from an (00I) reflection measured by an XRD
experiment. (Because of experimental limitations, all reported experimental values of d-spacingsin this
paper are on the order of 0.001 nm in accuracy.) In Fig. 2.52(a), the peak of the (005) reflection of Y-123
appears at a 26 value of 17.97°, which corresponds to a d-spacing of 0.234 nm and a c-lattice parameter
of 1.167 nm. Fig. 2.53(a) shows the (006) reflection of the Y -123 film, which gives a c-lattice parameter
value of 1.167 nm, in perfect agreement with the value obtained from the (005) reflection and the
literature value (see Table 2.5).

Aswas pointed out earlier, the close match of the c-axis lattice parameter with the literature value
suggests similarly good matches of the a-axis and b-axis lattice parameters to the literature value. This
implies alack of straininthe Y-123 film, but only if the oxygen content isideally stoichiometric. Any
variation in the oxygen content will cause a change in the lattice parameters, which can be strained by the
substrate to coincide with literature values (a seemingly unlikely coincidence). To investigate that
possibility, DSMs of asymmetric reflections were obtained, which provided information about the oxygen
content of the specimen. The result of these asymmetric scans of the specimen revealed no abnormalities
in oxygen stoichiometry (i.e., the same conclusion reached based on examinations of the Raman spectra
of the specimen). It istherefore reasonable to assume that the closeness of the lattice parameters to the
literature values implies alack of residual strain in the film. The (200) reflection of the STO substrate
from Fig. 2.53(a) supplies alattice parameter value of 0.390 nm for the cubic STO material, whichisin
perfect agreement with the literature value (Table 2.5).

In asimilar fashion, the (005) and (006) reflections of the Eu-123 film on the bare STO substrate
yielded a c-axis lattice parameter of 1.170 nm, in close agreement with the literature value (1.171 nm, for
orthorhombic Eu-123). Asin the case of the Y-123 film, one can assume that this finding implies alack
of strainin thefilm if the oxygen content isideally the stoichiometric value for orthorhombic Eu-123.
However, as shown by the study of the film’s asymmetric reflections, thisis not the case. Furthermore,
the Raman spectroscopy phase separation study of this specimen clearly indicates the presence of a high
degree of ortho-11 microdomains present in the Eu-123 film. Also, the (006) reflection of the film
[Fig. 2.53(b)] has the same 20 value as the STO substrate but is observed at a different w value. This
implies that the film istilted with respect to the substrate [8]. Thetilt is about 0.1°, as observed from
Fig. 2.53(b). The c-axis lattice parameters for the Eu-123/Er-123/STO specimen obtained from the (005)
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and (006) reflections for the Eu-123 and Er-123 layers are 1.175 nm (which lies between the ortho-1 and
T phase | attice parameter values) and 1.169 nm (which approximately equals the ortho-I value),
respectively [Figs. 2.51(c) and 2.52(c)]. The c-axislattice parameter for the Er-123 film almost perfectly
matches the literature value, but the Eu-123 c-axis lattice parameter deviates by as much as 0.004 nm,
whichisasignificantly greater deviation than in the case of the other two specimens.

The a-axis and b-axis lattice parameters for Eu-123/Er-123/STO (as determined from the asymmetric
scans of this specimen) are 3.843 and 3.893 nm, respectively. The a-axis lattice parameter is sightly
higher than the literature value, and the b-axis | attice parameter value seemsto be very closeto the
3.89-nm b-axis lattice parameter of the Er-123 (O) buffer layer, implying an imposed compressive strain
on the Eu-123 layer, which would cause an increase in the c-axis | attice parameter. If strain alone affected
the lattice parameter, the c-axis lattice parameter would have increased from 1.171 to 1.172 nm. The idedl
volume of the unit cell of Eu-123 based on literature values of |attice parametersis 0.1754 nm®, but the
actual volumeis 0.1759 nm®. Because strain within the elastic limit causes no change in volume, the
difference between the actual and ideal volume of the unit cell can be attributed to a slight decreasein
oxygen content (the unit cell volume increases inversely with oxygen content). However, it is still well
within the orthorhombic domain, which is consistent with the Raman-based phase separation studies
conducted on this specimen. Hence, both the slight oxygen deficiency and the | attice mismatch seem to
have contributed to the strain in this specimen, the former being consistent with the fact that both a-axis
and c-axis lattice parameters increase with incompl ete oxygenation [15].

2.9.3.4 Orthorhombicity

A fully oxygenated M-123 specimen should be orthorhombic (O-1), with the b-axis lattice parameter
slightly larger than the a-axis | attice parameter. A decrease in oxygen content reduces the length of the b-
axis lattice parameter, with a concomitant increase in the a-axis and c-axis lattice parameters. The
difference between the a-axis and b-axis lattice parameters is therefore indicative of the oxygen content of
the specimen, and the expected clear splitting of the (h0l) and (Okl) reflectionsis observed in al three
DSM-analyzed specimens. The DSMs using (104)/(014) reflections of the Y-123/STO, Eu-123/STO, and
Eu-123/Er-123/STO specimens are shown in Fig. 2.54(a), (b), and (c), respectively. Corresponding three-
dimensional versions of the DSMs shown in Fig. 2.54(c), (d), and (f). provide perspective on the relative
intensities of the individual peaks. Theimplications of the shapes of the DSMs are discussed in a
subsequent section.

The peak intensity of the (104) reflection of the Y-123 film occurs at a 26 value of 18.06° and
corresponds to a d-spacing of 0.232 nm, which matches the literature value of 0.232 nm [Fig. 2.54(a)].
The c-axis lattice parameter obtained from the symmetric reflections for the Y-123 specimen was used to
obtain the a-axis | attice parameter in the following equation [16]:

U = hZa? + KIB? + 12/ (12)

Equation (12) gives an a-axis lattice parameter of ~0.384 nm for the Y -123 film when the observed
c-axis lattice parameter value of 1.168 nm for this specimen is used. This result deviates slightly from the
literature value of 0.382 nm for the a-axis lattice parameter. Similarly, the (014) reflection in Fig. 2.54(a)
gives ab-axis lattice parameter of 0.389 nm, which also deviates very dlightly from the literature value of
0.388 nm. Both of these observed lattice parameters appear to be higher than the literature values reported
for each of them, while the c-axis |attice parameter is just barely lower than the literature value. Asin the
case of the Eu-123/Er-123/STO specimen, this observed deviation is explained by taking into account
both the change in unit cell volume due to a dlight oxygen deficiency and the pseudotetragonal distortion
dueto strain.

The key feature is that the values of the a-axis and b-axis lattice parameters of the Y-123 film as
calculated from the (104)/(014) reflections exhibit a sufficient difference, which indicates a
predominantly orthorhombic Y-123 film. Thisfinding isin conformity with the Raman-based phase
separation study conducted for this specimen. However, this finding does not preclude the possible
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Fig. 2.54. (104)/(014) diffraction space maps: (a) Y-123/STO, (b) Eu-123/STO,
and (c) Eu-123/Er-123/STO; three-dimensional (104)/(014) diffraction space
maps: (d) Y-123/STO, (e) Eu-123/STO, and (f) Eu-123/Er-123/STO.

existence of tetragonal and other microdomains that were indicated in minor proportions by Raman
spectroscopy. Analyses similar to that for the Y-123/STO specimen indicate that the Eu-123/STO
specimen and the Eu-123/Er-123/STO specimen al so exhibit sufficient divergence of a-axis and b-axis
lattice parameter values for them to be orthorhombic on a global scale. These observations do not
necessarily indicate uniform oxygen stoichiometry in the films, asis amply evidenced by the Raman
spectroscopy phase-separation study of these specimens. The Eu-123/STO specimen exhibited a distinct
excess of O-11 microdomains compared with the quantity of O-1 microdomains, while the opposite was
true in the case of the other two specimens. It is thus not surprising that this specimen displayed no
observabl e superconducting properties above 70 K, whereas the other two specimens did.

2.9.3.5 Crystallite Twinning

In M-123 thin films, the formation of twinned crystallites in the (110)/(110) direction acts as a strain-
relief mechanism during the transformation of the tetragonal M-123 phases to orthorhombic phases
during the film growth process [17]. As aresult of the twinning geometry, twin domains nucleate and
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grow in four major suborientation states [17]. In asymmetric reflections of M-123 materias, these
twinned domains manifest themselvesin the form of two pairs of lobes, each pair having an axis roughly
perpendicular to the other, in the shape of afour-leaf clover or an “X” [18]. Each arm of the X represents
atwinning system, one arm in the (110) direction, the other in the (110) direction, with two lobes at the
opposite ends of each arm.

Five peaks (or lobes) are observed in the DSMs of the (104)/(014) reflections of the Y-123 and Eu-
123/Er-123 films, whereas in the DSM of the Eu-123/STO specimen only three peaks are observed. In
Fig. 2.54(a), (b), and (c), one lobe in an arm corresponds to the (104) reflection; the other [obe in the arm
corresponds to the (014) reflection arising from the twinned domain. The peak observed at the
intersection of the two arms in the case of the DSM of the Y-123/STO samplesis caused by the overlap of
the four other lobes. However, this does not appear to be the case for the DSMss of the Eu-123 films, for
which analysis of the raw data reveals that the intensity of the central peak is greater than the sum of all
other “real” peaks. One possible explanation for this anomalous peak is the presence of highly mosaic
microdomains whose sizes are |ess than the coherence length of the synchrotron radiation employed. This
would cause an average value of orientation and lattice parameters to be observed asa single peak in
diffraction space, which isindeed what is observed in Fig. 2.54(e) and (f). This explanation would be
consistent with the Raman-based phase separation analysis, which was also based on the presence of
microdomains.

The Eu-123/Er-123/STO specimen [see Fig. 2.54(c) and (f)] and Y-123/STO specimen [see
Fig. 2.54(a) and (d)] display the “X” shapein their asymmetric reflections, implying they are twinned in
approximately equal proportionsin both the (110) and (110) directions. Consequently, they are presumed
to have undergone a successful transition from the tetragonal to orthorhombic form of M-123 during the
deposition/oxygenation process, with little global residual strain resulting from the transition. The phase
separation study described previously indicates that the vast majority of the domains of these specimens
are orthorhombic. Therefore, the detection of significant twinning in the specimens conforms to the
results of the Raman-based phase separation study. One distinct feature noticeable in the asymmetric
reflections of the Eu-123/STO specimen [see Fig. 2.54(b) and (e)] specimen is the lack of one arm of the
“X” shape observed in the asymmetric reflections of the other specimens, implying alack of twinning in
the (110) direction. This outcome might occur because of a miscut in the STO substrate toward the (110)
direction [19]. Because the twinning process takes place as a strain-relieving mechanism during the
transition from the tetragonal to the orthorhombic form of M-123, the suppression of twinning in one
direction in response to lattice mismatch or effects of terrace-width of the substrate could imply either a
highly strained state in the film or an aternative route for strain-relief. A highly strained state would
result in extreme tetragonal distortion, which implies a significantly reduced divergence of the a-axis and
b-axis lattice parameters. Thiswould cause alarge reduction if not absence of orthorhombic splitting in
the asymmetric reflections of the specimen. However, thisis not observed. It is known from [9,10] that
XRD techniques are not sensitive to local disorder of the arrangement of oxygen atoms, which is
reasonabl e because the domain sizes involved are less than the coherence length of the incident radiation.

The formation of microdomains having different oxygen atom ordering may be a direct result of the
tetragonal distortion caused by the strain imposed on the basal planes of the film by the substrate. Because
oxygen atomsin the basal planes occupy the sitesin the copper-oxygen chains that form the b-axes of the
unit cdls, areduction in the length of the b-axes of afew hundred unit cells could force the oxygen atoms
to diffuse into other vacancy sites, or to possibly form disordered unit cells, such as those of the T' and
O-ll phases[12]. The global oxygen content remains the same in the specimen, but there could be local
variations in oxygen content that depend on the local strain fields. Strain fields have local variation dueto
the differencesin texture, layer tilt, substrate effects, and bulk phases present. It is thus conceivable that
orthorhombic phases tend to form in regions of low strain fields and that tetragonal domains tend to form
in regions of high strain. The separation of phases into coexisting microdomains permits this possibility.

The possible consequence of this strain-dependent reordering of oxygen atomsisthat in cases of
extreme variationsin the strain fields at the submicron level, bidirectional crystallite twinning might not
occur due to the incomplete transformation of the tetragonal phase domains into orthorhombic ones. The
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combination of distinct phase separation with abundant presence of partially oxygenated (O-I1) domains
and the lack of bidirectiona twinning is precisely what is observed in the Eu-123/STO specimen.
Moreover, in the asymmetric DSMs of three specimens, the relative intensity of the central peak (which
was attributed to reflections from mosaic microdomains) is the highest in the case of the Eu-123/STO
sample, further buttressing the notion of large phase separation effects in this specimen. All the
observations and conclusions with regard to phase separation effects and domain ordering made thus far
appear to fit well with the model proposed by Khachaturyan and Morrisfor structural transformationsin
M-123 materials during the tetragonal -to-orthorhombic conversion process [20].

The excessive presence of O-11 microdomains is nhot observed for either the Y-123/STO specimen or
the Eu-123/Er-123/STO specimen. In the case of the latter, it is easily conceivable that the the buffer layer
(210-nm-thick Er-123) between the substrate and the M-123 film provides sufficient strain field uniformity
to minimize pseudotetragonal distortion and formation of excessive tetragonal microdomains. The
Y -123/STO specimen, despite the lack of a buffer layer, exhibits a high degree of twinning and
orthorhombicity. A possible explanation for thisis the difference in the lattice mismatches between the
Y -123 film and its substrate and between the Eu-123 film and its substrate. Also, the processing
conditions for the Eu-123 and Y -123 films were different, although they were both deposited via PLD,
suggesting that substrate-induced strain plays a more dynamic role during the deposition process than
normally expected.

Examination of the m-spacings of the lobes in the DSM's reveals further information about the
twinning geometry. In the case of the Y-123 film, the difference in the w positions of the lobesis 0.4°.
Due to the geometry of the twinning process, the difference in angle between twin domainsis either 90°
or amultiple of 0.9° for Y-123 materials, assuming no local strain [17]. However, if the tetragonal phase
is trapped in the orthorhombic matrix, the twin domains may differ in orientation by multiples of 0.45°
[17]. The combination of the 0.4° difference and the slight local strain observed in the case of the Y-123
film imply the presence of the trapped tetragonal domains, which is consistent with the phase separation
observed by Raman spectroscopy. Similar analyses on the m-spacings of the lobesin the DSMs of the Eu-
123/STO and Eu-123/Er-123/STO specimens lead to the same conclusions asin the case of Y-123/STO.
Interestingly, the lattice mismatch between the film and the substrate as determined from analyses of the
DSMs of al three samples seems to have little effect on the actual twinning process and concomitant
strain relief. Consequently, the property of the substrate that appears to be more influential on the film
growth processis the terrace structure of the vicinal substrate. This possibility was probed by analyzing a
bare vicinal STO substrate viaDSM of the (200) reflections.

2.9.3.6 Epitaxy

The epitaxy of the specimens in terms of the in-plane alignment of a-axis and b-axis oriented grains
was determined from the DSM s of the asymmetric reflections. These were obtained by tilting the
specimens in the x-direction and rocking them in the w-direction. The (104) and (014) reflectionsin an
ideal M-123 crystal would occur with equal intensities at 90° intervalsin ¢. In the case of thin films of
M-123, asthe grain size is sufficiently small and the grain orientations are statistically distributed, the
intensities of the two reflections would remain approximately equal at various values of ¢. Thiswould not
necessarily be true for the biaxial scans used in the DSM experiments, but it is plausible in light of the
relatively large region of the specimen that is scanned by the X-ray beam (1 x 1.5 mm), allowing
statistical leveling of intensities. Thisis observed in the two Eu-123 films, where the intensities of the
(104) and (014) reflections are more or less equal. In the case of the Y-123/STO film, the (014)
reflections have a significantly higher intensity than the (104) reflections, implying some preferential
epitaxy. The inference of preferentia epitaxy is consistent with (although not necessarily substantiated
by) the significantly higher critical currrent density (5.3 MA/cm? at 77 K, self-field) exhibited by this
specimen in comparison to the Eu-123/Er-123/STO specimen, which despite having a thinner film,
exhibited acritical current density of only 2.1 MA/cm? at 75 K, self-field. These film characteristics may
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be subject to differences in processing conditions, so no direct conclusions can be drawn about the
intrinsic quality of Y-123 or Eu-123 films.

2.9.3.7 Substrate Effects

A bare STO substrate was analyzed by DSM to isolate
the characteristics of the substrate from the DSMs involving
the (006) reflections of the films. The DSM of the bare STO
substrate shows Pendellosung fringes (Fig. 2.55). The
presence of interference fringes indicates that there must be
an overlayered interface where the d-spacing abruptly
changes [21]. Also, the fringes indicate high crystalline
guality and nearly perfect epitaxial and interface qualities
for the layer [22]. The relationship between the fringe
period or peak separation (6,) and the layer thickness (t) at a
Bragg angle of 6 and wavelength A is given by the ® (degreed
following equation [21]:

Fig. 2.55. (200) diffraction space map

of STO.
t=A/(26,cos0) (13)

From the observed fringe period of 0.055° or 9.6 x 10~ radians, the thickness of this layer appearsto
be ~41 nm. It was possibly formed at the surface of the STO sample due to strain, room-temperature
annealing, surface treatment, or other processes through which the lattice parameter of the STO might
have been altered. It is known from AFM examinations of this STO substrate (results not reported here)
that it has a stepped-surface, with a terrace-width of about four lattice constants. Perhapsit is this stepped
region that has a 41-nm depth and a different composition from the bulk crystal. The steps have the
important effect of inducing epitaxy in the overlying film, due to the preferrential alignment of the b-axis
in-plane/perpendicular to the step edges and the a-axis in-plane along them [18]. Although these
observations cannot be directly linked with the properties of the examined films, they suggest that a
complete understanding of the film propertiesis possible only if substrate effects are taken into account
and that knowledge of the properties of each substrate is essential.

2.9.4 Conclusions

The results of this study provide compelling evidence that the oxygen stoichiometry in high-quality
M-123 films on single-crystal substrates can be nonuniform and can have a highly localized character.
Raman spectroscopy experiments conducted on a set of such M-123 films, have provided evidence for the
formation of microdomains having different oxygen atom orderings in the unit cells. The coexisting
microdomains approximate a mixture of orthogonal (O-1 and O-I1), tetragonal (T, T'), and possibly other
metastable phases. M-123 films with a major proportion of O-1 domains exhibited a critical temperature
above 77 K and substantial transport current. In contrast, an M-123 film with amajor proportion of O-11
microdomains exhibited neither. The formation of the microdomains may be the direct result of tetragonal
distortion imposed on the film by the underlying substrate or buffer layer, with the degree of twinningin
the M-123 film influencing the proportion of tetragonal and O-11 microdomains. DSMs of symmetric
reflections of the M-123 films supplied some evidence of strain in the M-123 films; DSMs of asymmetric
reflections of the films offered insights into the degree of twinning in M-123 films and the associated
strain reduction. The congruence of the strain/twinning/phase separation results from the Raman
spectroscopy and DSM experiments supports the conjecture that strain effects can influence phase
Separation.
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2.10 Investigation of TiN Seed Layers for RABiTS™ Architectures with Single-
Crystal-Like Out-of-Plane Texture

C. Cantoni, A. Goyal, D. Budai, D. K. Christen T. A. Gapud, T. Aytug, and M. Paranthaman (ORNL);
U. Schoop, X. Li, and C. Thieme (AMSC); A. K. Kim (University of Florida, Gainesville)

2.10.1 Introduction

In RABITS™ conductors the texture of the YBCO layer is closely related to the texture of the metal
substrate because it results from epitaxia deposition of superconductor and underlying buffer layers on
the { 001} <100> cubic textured metal. Over the years, slight improvements in the out-of-plane texture of
the buffer layers as compared to that of the metal substrate have been reported, while no appreciable
sharpening has been observed for the in-plane texture of films with respect to substrate. As a consequence
of the usualy large lattice mismatch with the substrate (> 6%), the buffer layers nucleate developing
islands that then coal esce with consequent formation of a subgrain structure within each substrate grain.

In this system, overgrowth of substrate grain boundaries by the buffer layer grainsis highly unlikely, and
the in-plane orientation of the buffer layer is predominantly determined for each island at the time of
nucleation. On the other hand, a change in the out-of-plane texture of the film [tilting of the (00I) film
planes with respect to the (00l) substrate planes] is possible in low- and high-misfit systems as a
consequence of growth on the vicinal metal surface. Although still poorly understood, the phenomenon of
tilted film growth on vicinal surfaces has been known since the beginning of semiconductor heteroepitaxy
[1,2]. The origin of such c-axistilt is generally twofold. In the first stage of deposition, below acritical
thickness, the growth is pseudomorphic and strain energy accumulates in the film. In this system, as
proposed originally by Nagai [1], the lattice constant of the film in the growth direction relaxes from the
lattice constant value of the substrate (as) to the film value (&) over the length of aterrace, introducing a
tilt given by

Ay = tan‘l[ %~ %
a

tany J , (14)

S

where y isthe miscut or vicinal angle. In this model the tilt is away from the surface normal in the case &
> a, and toward the surface normal if a; < as. At some critical thickness or critical island size, misfit
didocations are introduced to relieve the mismatch strain, with consequent significant changesin the
structure and energy of the growing film. Misfit dislocations with a component b, of the Burgers vector
normal to the interface can induce tilting, and, if the linear density of dislocationsisjust sufficient to
relieve the misfit f, the film tilt will be Ay = f b,/ b, [2]. In an extended version of this model, Ayers et
al. [3] have shown that the unequal distribution of certain misfit dislocationsinduced by the substrate
miscut generates tilts toward the surface normal when a; > a,, oppositeto thetilt direction in
pseudomorphic systems. For buffer layers usualy used in RABITS™, such as CeO, or Y ,05, the
observed sharpening of the (002) rocking curvesisin the range of 1to 2°. In this case, thettilt is attributed
to the coherent Nagai mechanism because the film monolayer d spacing is smaller than that of the Ni
substrate [4]. In this paper we report on an alternative seed layer, TiN (a > as), which consistently shows
larger rocking curve sharpening than those obtained by conventional buffer layers. We aso show that the
deposition of two additional layers, MgO and LaMnO; (LMO), on the TiN seed offers arobust alternative
buffer layer architecture that can be used on highly reactive, Cr-containing, nonmagnetic substrates.

2.10.2 Experimental

TiN films were grown by PLD from asintered TiN target on cube-textured substrates of pure Cu, Ni-
3%W, Ni-5%W, Ni-Cr-W, and Cu-48%Ni-1%Al. The deposition temperature varied depending on the
substrate used and ranged between 580 and 780°C. The background gas consisted of pure N, at a partia
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pressure of 8 x 10~ Torr, the wavelength of the KrF excimer laser was 248 nm, and the beam energy per
laser pulse was set to 280 mJ. The laser repetition rate was 10 or 15 Hz, and the film thickness varied
between 50 and 600 nm.

AFM analysis of film morphology revealed an average grain size of 20 nm for a 200-nm-thick film
and aroughness of 0.4 nm measured onal x 1 um area. XRD analysis showed that the TiN films were
completely (00I) oriented, domains with orientation other than cube-on-cube were absent, and the
percentage of cube-textured material, as deduced by pole figures of the (111) reflection, was the same as
for the metal substrate. The (002) rocking curves measured both in the rolling and transverse directions
exhibited a considerably smaller FWHM than that of the substrate.

The buffer layer architecture was completed by in situ deposition of MgO and LMO filmson the TiN
films. For the deposition of the MgO layer the substrate temperature was lowered to 500°C. The N, was
evacuated, and an O, flow was established with a partial pressure of 1.0 x 10~ Torr. MgO was then
deposited by ablating an oxide target with a repetition rate of 10 to 15 Hz. For the deposition of the LMO
layer the substrate temperature was raised to 700°C and the oxygen partial pressure was increased to
1.0 x 10™* Torr. The repetition rate was 10 Hz and the beam energy was kept constant for all layers. The
film thickness ranged from 80 to 150 nm for MgO and 100 to 200 nm for LMO.

2.10.3 Discussion

There are two reasons for choosing MgO as second buffer layer. First, in the presence of oxygen, and
at temperatures above 400°C, TiN has a high tendency to decompose into N, gas and TiO. This process
hinders the epitaxia deposition of an oxide layer on TiN, unless the oxide to be deposited is
thermodynamically more stable than TiO. MgO is one of few oxidesto have afree energy of formation
lower that that of TiO (AG%[MgQ] = -236; AG%[TiO] = -203). Therefore, MgO can be deposited at
temperatures and oxygen pressures low enough to avoid formation TiO on the TiN film surface.

Secondly, MgO is structurally compatible with TiN, having the same rock-salt crystal structure and a
lattice constant that is only 0.5% smaller. Previous high-resolution Z-contrast scanning transmission
electron microscope (Z-STEM) investigations of ssimilar MgO/TiN bilayers have shown that the interface
between these two materials is coherent and free from defects and dislocations [5]. LMO is used as cap
layer for its good structural compatibility with YBCO and the ease of epitaxia growth on MgO. All
samples selected for this study were scrutinized by XRD to ensure that al layers consisted of only (002)
cube-on-cube oriented domains.

Figure 2.56 shows two graphs of the FWHM values for the (002) rocking curve of TiN films grown
at various temperatures and with different thicknesses on Ni-3%W, Ni-5%W, Ni-Cr-W, Cu, and Cu-
48%Ni-1%Al substrates. The data are plotted against the corresponding FWHM values of the substrate
(002) rocking curves. In Fig. 2.57(a) the FWHMSs of films and substrates are measured with azimuth
paralel to the transverse direction of the tape. In Fig. 2.57(b), the azimuth is parallél to therolling
direction. In both cases the FWHM values for the TiN films are considerably smaller than the
corresponding values for the substrate. The rocking curve sharpening is most evident in the transverse
direction, where most of the films exhibit a FWHM ranging between one-half and one-quarter of the
substrate value. Particularly impressive is the case of one of the TiN films on Cu, for which the FWHM
improved by 10.4° (from avalue of 13.6° in the substrate to avalue of 3.2° in the film). For the same
film, the corresponding FWHM valuesin the rolling direction were 6.3° and 2°.

Figure 2.57 shows a comparison between grain boundary maps obtained by electron backscattering
Kikuchi patterns (EBKPs) on a biaxially textured Cu substrate and a TiN film deposited on the same
substrate. The first map isacquired on the TiN film and highlights only grain boundaries that are larger
than 3°. It is clear that with this criterion, macroscopic percolation of current is possible and that most of
the material is connected by grain boundaries < 3°. If the same criterion is used for the Cu substrate
[Fig. 2.57(b)], the distribution of highlighted grain boundaries becomes much denser and current
percolation through grain boundaries < 3° is not possible. To obtain in the substrate a fraction of
connected grains similar to that shown by the TiN film, we have to raise the criterion to an angle of 7°. In
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other words, if buffers and the superconductor were to
replicate faithfully the texture of the substrate, macroscopic
current percolation would occur by transport through grain
boundaries of angle < 7°. The EBKP maps clearly suggest
that the grain-boundary distribution has shifted toward much
lower anglesin the TiN film than it did the substrate.
However, in these maps no distinction is made between
grain boundaries obtained by tilt about the c-axis or anin-
plane axis. At this point it is not clear whether grain
boundaries formed by in-plane or out-of-plane
mi sorientations have similar effects on the critical current
density, and it has been suggested that, for grain-boundary
angles of 5 to 7°, pure out-of-plane misorientations have a
smaller effect on the superconducting transport properties
than in-plane misorientations [6].

Comparison of XRD ¢-scans of the (111) reflectionsin
TiN films and metal substrates have shown that when the
(111) peak FWHM is corrected for the broadening caused
by the out-of-plane spread A, the resulting “true” A¢ [7] is
the same for film and substrate. Therefore, in principle, a
buffer layer architecture that uses TiN as a seed layer offers
the possibility of investigating uniquely the effect of the out-
of-plane texture on critical current density. However, before
any speculation on the role of the out-of- plane texture can
be made, the ability of the buffer layer architecture to block
or sufficiently inhibit metal and oxygen diffusion and
support high-critical-current Y BCO films needs to be
addressed. Wetested the robustness of our LMO/MgO/TiN
architecture by depositing the YBCO layer by awell-
established high-performance industrial method such as the

A CeO, cap layer was first
deposited by AMSC on our
architecture for chemical
compatibility with the ex situ YBCO
process. Subsequently, the
superconductor precursor was
deposited and processed to obtain a
0.8-um-thick YBCO film. Two
different substrates were used for
this experiment: Ni-5%W and a Ni-
Cr-W dloy, both provided by
AMSC. In particular, the Ni-Cr-W
substrate contains proprietary
concentrations of Cr and W that
completely suppress magnetismin
the resulting aloy [Ref 7; and

J. R. Thompson, private
communication]. For that reason,
fabrication of Ni-Cr-W-based

¥ Ko -
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RABITS™ conductors is extremely interesting in view of applications that require minimization of ac
losses. Unfortunately, Cr-containing alloys are extremely reactive toward oxygen, and deposition of
oriented oxide buffer layers on these substrates has not been possible. TiN offers the advantage of
deposition in an oxygen-free environment and can be nucleated on Ni-Cr-W once the native metal oxide
layer on the surface of the alloy is removed in situ, typically by Ar* ion sputtering. In both cases, the
YBCO was fully (00I) oriented and showed a considerably sharper out-of-plane texture than that of the
substrate. For the YBCO on the Ni-Cr-W substrate, the rocking curves of the (005) peak showed a
sharpening of 2.5° and 5.9° for the rolling and transverse directions, respectively. For the YBCO film on
the Ni-5%W substrate the (005) rocking curves were 1.1° sharper in the rolling direction and 4.9° sharper
in the transverse direction than the substrate values. The transport critical current density in self-field at
77 K was 1.8 MA/cm? for the Ni-Cr-W sample and 2 MA/cm? for the sample on Ni-5%W. Such a high
critical current density on very reactive metal substrates is a clear indication that the buffer layers perform
well as diffusion barriers and have good chemical and structural properties.

To investigate the effect of out-of-plane sharpening on critical current density, we used samples on
which YBCO films were grown by PLD. The quality of PLD YBCO films is in fact much less dependent
on the type of cap layer used than it is for YBCO films processed ex situ, and high-critical-current-density
films are routinely deposited on perovskite buffer layers such as LMO and LSMO [8].

Figure 2.58 shows a comparison between critical-
current-density (H) curves obtained at 77 K from 0.2-um-
thick YBCO films deposited in the same PLD conditions on
RABITS™ samples with comparable in-plane texture but
significantly different out-of-plane texture. Table 2.7 shows
the FWHM of YBCO Aw and A¢ scans for the four samples
and their architectures. As shown by Fig. 2.58, sample 1,
which has a TiN seed layer and the sharpest out-of-plane
texture, has the highest self-field critical current density.
Samples 3 and 4 show lower critical current densities than

J (Alcmd)

sample 1 at all fields. Sample 4 has the largest A in the 0 e 2
rolling direction as well as the lowest critical current
density. Sample 2 is perhaps the best sample to compare

with sample 1. They have in fact the same architecture

Fig. 2.58. Comparison of the J.(H)
curves for four samples having

(except for the thin CeO, cap used in sample 2) and were different out-of-plane texture but
deposited from the same YBCO PLD target. The similar in-plane texture.

significantly broader out-of-plane

texture of sample 2 can be attributed Table 2.7. Buffer layer architectureand FWHM for oand ¢
to a broader substrate out-of-plane scansfor YBCO samples1, 2, 3, and 4

texture and nonoptimal deposition _ FWHM (degrees)
conditions for the LMO layer, which ~ Sample Architecture AOR Ao T A0
led to broader rocking curves for this 1 LMO/MgOTIN/NIZW 31 41 7%
layer than those of MgO and TiN. 2 CeO,/LMO/MgO/TIN/Ni3W 63 75 7.9
Interestingly, these two samples have 3 LSMO/Ir/Ni3wW 4.7 — 7.2
very comparable critical current 4 Ce0,/YSZIY,04/Ni5W 6.6 5.8 6.4°

density in an applied magnetic field.
Fig. 2.58 suggests that more work involving study of local grain-boundary maps in the YBCO layers is
necessary to assess the role of out-of-plane texture in RABITS™. It is conceivable that the difference in
critical current density between sample 4 and sample 1 is caused by YBCO stoichiometry and reflects a
difference in the intragrain critical current density of the two samples. In this case we would conclude that
a sharpening of nearly 3° in the out-of-plane texture does not dramatically increase the critical current
capability of RABITS™.
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2.10.4 Conclusion

We presented an alternative RABITS architecture consisting of LMO/MgO/TiN deposited by PLD.
Such architecture meets the buffer layer requirements for coated conductors and can sustain high critical
current in YBCO films processed by MOD on highly reactive nonmagnetic substrates. In addition, due to
a tilted epitaxy growth mechanism in the TiN seed, considerable sharpening of the out-of-plane texture
occurs in YBCO films deposited on such architecture. However, our preliminary comparative results
suggest that a reduction of Aw from values of 6° to 7° to values of 3° to 4° does not considerably increase
the critical current density at 77 K.
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2.11 Growth of YBCO Films on MgO-Based RABITS™ Templates
M. P. Paranthaman, T. Aytug, H. Y. Zhai, L. Heatherly, A. Goyal, and D. K. Christen
2.11.1 Introduction

The RABITS™ and IBAD approaches have been identified recently as the leading techniques to
fabricate long lengths of high-performance YBCO coated conductors [1-4]. In the standard RABITS™
approach, a three-layer architecture of CeO,/YSZ/Y,03/Ni-W is used to fabricate long lengths of YBCO
coated conductors [3]. In an effort to develop a low-cost alternative buffer layer architecture, we focused
our studies on identifying robust oxide buffers with both oxygen and metal diffusion barrier properties.
MgO has been chosen as the potential oxygen diffusion barrier layer because the oxygen diffusivity in
MgO at 800°C is 8 x 107%* cm?/s. In the past, we have demonstrated the epitaxial growth of MgO layers
on Ag-buffered Pd/Ni substrates [5], Pd-buffered Ni substrates [5], and TiN-buffered Cu substrates [6].
LMO has also been identified as a good diffusion barrier to nickel contamination [7,8]. The pseudo-cubic
lattice parameter of LMO (3.88 A) is closely matched to YBCO; the lattice mismatch is less than 0.8%.
We have also shown recently that LMO is compatible with MgO surfaces by demonstrating the growth of
highly textured LMO layers on IBAD-MgO substrates [9]. As a result of these studies, MgO has been
grown directly on textured Ni or Ni-3%W substrates for the first time. We have also grown LMO on
MgO-buffered Ni substrates. Here we report our recent results obtained on YBCO films grown on the
newly developed architecture of LMO/MgO/Ni.
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2.11.2 Experimental Procedure

The MgO seed layers were grown directly on biaxially textured Ni or Ni-3%W substrates by electron
beam evaporation. As-rolled Ni or Ni-W tapes were cleaned by ultrasonification in isopropanol. The tapes
were then annealed in a high-vacuum system at 1200 to 1300°C in Ar/H,(4%) and H,S gas atmospheres
to obtain the desired cube texture with a complete surface coverage of sulfur c(2x2) superstructures. The

substrates used were 1 cm wide and 50 um thick.

The biaxially textured Ni substrates were mounted on a heater in the e-beam system. After the
vacuum in the chamber had reached a background pressure of 1 x 10°° Torr at room temperature, the
substrates were heated to various temperatures, ranging from 300 to 600°C. The MgO layers were
deposited on the Ni substrates at an optimum temperature of 400°C. The crucibles were graphite. MgO
crystals were used as the source material. The deposition rate for MgO was 0.5 nm/s at an operating

pressure of 107 Torr, and the final thickness varied from 30 to 300 nm. Similarly, MgO layers were
deposited by reel-to-reel e-beam evaporation on 1-cm-wide tapes of textured Ni-W substrates that were a
few meters long. The deposition rates were from 0.13 to 0.27 nm/s in the presence of 5 x 107 Torr H,0.

The optimum deposition temperature was 400°C.

We deposited 60-nm-thick LMO buffer layers on MgO-buffered Ni substrates by rf-magnetron
sputtering. The oxide sputter targets were made from single-phase LMO powders prepared by a solid-
state reaction, the powders were loosely packed in a 4-in. copper tray. Typical sputter conditions
consisted of 2 to 5 x 10~ Torr of H,O with a total pressure of 3 mTorr forming gas (Ar/H, 4%). The

water pressure is sufficient to oxidize the film to
form stoichiometric LMO when grown at a substrate
temperature of 650 to 750°C. The deposition rate was
~0.06 nm/s. YBCO was deposited from a
stoichiometric YBCO target by PLD at 790°C in the
presence of 120 mTorr oxygen,; the average laser
energy was 400 to 410 mJ. Deposition was followed
by annealing under 550 Torr oxygen during
cooldown. The typical YBCO thickness was 200 nm.
The crystalline structure of the films was
analyzed by XRD. SEM micrographs were taken
with a Hitachi S-4100 field emission microscope.
The thickness of both buffer layers and YBCO were
determined by RBS. The films were then prepared
for current density measurements by depositing silver
for current and voltage leads, followed by oxygen
annealing at 500°C for 1 h. The transport critical
current density was measured with a standard four-
point probe technique and a voltage criterion of
1 uVviem.

2.11.3 Results and Discussion

A typical 6-26 scan for a 30-nm-thick MgO film
grown on textured Ni substrate is shown in Fig. 2.59.
The scans indicate the presence of c-axis-aligned
films. No NiO is present in the film. Detailed XRD
results from ® and ¢ scans (as shown in Fig. 2.60)
revealed good epitaxial texturing. The FWHM values
for Ni (002) and MgO (002) are 9.6° and 4.7°, and
those of Ni (111) and MgO (220) are 8.0° and 7.4°,
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Fig. 2.59. A typical 6-20 scan for a 30-nm-
thick MgO film on textured Ni substrate. The
MgO film has a preferred c-axis orientation.
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Fig. 2.60. The w and ¢ scans obtained for a
30-nm-thick e-beam MgO film grown on
textured Ni substrate. The FWHM values for
each scan are shown inside the scans.
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respectively. There was a significant improvement in the
out-of-plane texture, possibly due to the formation of
subgrains inside a Ni grain, and the MgO layers were
smooth. As shown in Fig. 2.61, the MgO (220) pole figure
revealed the presence of a single fourfold cube texture.
Highly textured and reproducible results were obtained on
the Ni or Ni-W substrates with the complete ¢(2x2) sulfur
superstructures. SEM micrographs for both 30- and
300-nm-thick MgO seeds are shown in Fig. 2.62(a) and (b). N
Sample morphology of 30-nm-thick MgO layer is smooth, -
uniform, crack-free, and dense. MgO also has excellent

coverage at grain boundaries. However, 300-nm-thick MgO

layers were cracked in orthogonal regions, possibly due to

either thermal expansion or lattice mismatch between Ni Fig. 2.61. Typical MgO (220) pole

and MgO, causing the release of strain in MgO at higher figure obtained on a 30-nm-thick e-
thicknesses. Hence, it is essential to grow thin, crack-free beam MgO film grown on textured Ni
layers of MgO. The AFM images obtained on both 60- and fhuebS::ﬁ;%{?dg:i’g&ig mdgi}ﬁs
300-nm-thick MgO surfaces are shown in Fig. 2.63. The P ¢ '
surface roughness obtained on a 60-nm-thick MgO surface

is 7 nm; that on 300-nm-thick MgO surface is

5.8 nm. Typical surface roughness for the Ni-W
substrate is around 8 to 10 nm. A typical 6-26 scan
for a 50-nm-thick MgO film on a textured Ni-W
substrate is shown in Fig. 2.64. The MgO film

EE TS EE

has a preferred c-axis orientation. In addition, - 3 cracks B
uniform MgO (002) X-ray peak intensities at —

various positions in a 2-m-long Ni-W tape indicate Fig. 2.62. SEM micrograph obtained on
that MgO layers can be deposited in a moving tape (a) crack-free 30- and (b) cracked 300-nm-
in the reel-to-reel system. thick MgO surface.

A typical 6-20 scan for a 60-nm-thick
sputtered LMO film grown on e-beam MgO
buffered Ni substrate is shown in Fig. 2.65. These

scans indicate the presence of a highly c-axis 0 nm ik 60nm thick
aligned LMO film. Figure 2.66 shows detailed :
X-ray results obtained from ® and ¢ scans on LMO 100 SNEEESREEEE 100

0 7 e ¥ 0

layers. It revealed very good epitaxial texturing.
The FWHM values for Ni (002), MgO (002), and
LMO (004) are 8.2°, 4.8°, and 5.2°, and those of Ni

(111), MgO (220), and LMO (222) are 8.40, 7.5°, S;J{o:gx;midc 300 nm thick
and 7.2°, respectively. Highly textured 200-nm- e
thick PLD YBCO films were grown on 100nm 8 -

0 &

LMO/MgO/Ni. The total thickness of the buffer
layers was ~100 nm. The typical 6-26 scan for a
200-nm-thick PLD YBCO film on LMO-buffered
MgO/Ni is shown in Fig. 2.67. These scans indicate
that the YBCO is c-axis aligned. In addition, very
small amounts of NiO impurities were observed. A critical current density of 1 x 10° A/cm? at 77 K and
self-field was obtained on these films (see Fig. 2.68). The critical current density at 0.5 T is about
300,000 A/cm?. Some of the buffers on both Ni-W3% and Ni substrates delaminated during the YBCO

Fig. 2.63. AFM images obtained on both 60-
and 300-nm-thick MgO surface.
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Fig. 2.64. (a) A typical 8-20 scan for a 50-nm-
thick MgO film on textured Ni-W substrate.
The MgO film has a preferred c-axis orientation.
(b) MgO (002) X-ray peak intensity at various
positions in a 2-m-long Ni-W tape.
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Fig. 2.66. The o and ¢ scans obtained for a
sputtered 60-nm-thick LaMnOsfilm on e-
beam MgO buffered Ni substrate. The FWHM
values for each scan are shown inside the
scans.
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60-nm-thick sputtered LaMnOs; film on
e-beam MgO-buffered Ni substrate.
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Fig. 2.67. A typical 6-26 scan for a
200 nm thick PLD-YBCO film on
sputtered LaMnOgs-buffered MgO/Ni
substrate.
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growth. The main cause for the delamination is unknown at this time. Because no oxygen transport takes
place through MgO layers to the substrates during the YBCO growth, the formation of a self-passivating
layer of NiWO, may be limited. Recent cross-sectional TEM studies on a high-critical-current thick
YBCO film based RABITS™ have shown that the presence of NiWQO, layer may be beneficial [10,11].
Efforts are being made to optimize the YBCO growth conditions and to understand the role of MgO seeds
in detail.

2.11.4 Summary

In summary, we have demonstrated that MgO films can be grown epitaxially with a single cube-on-
cube orientation on textured Ni substrates. The microstructure of the 30-nm-thick e-beam grown MgO
films was dense, crack-free and continuous. Highly aligned LMO layers were grown on MgO-buffered Ni
substrates. Our preliminary results indicate that PLD YBCO films with a critical current density of
1 MA/cm? can be deposited on LMO/MgO/Ni substrates.
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2.12 Faster Conversion Process Produces ex situ YBCO Coated Conductors with
Critical Currents Greater than 350 A/cm-Width at 77 K

R. Feenstra, A. A. Gapud, F. A. List, E. D. Specht, and D. K. Christen (ORNL); T. G. Holesinger (LANL);
and D. M. Feldmann, (University of Wisconsin)

2.12.1 Introduction

Studies to enhance critical currents in YBCO coated conductors proceed in two complementary
ways, as suggested by the layered geometry and accumulation-based synthesis. From an established set of
growth parameters, a primary approach is to increase the YBCO layer thickness d, recording gains in
critical current due to a larger superconductor cross section [1]. Alternatively, for a suitably large value of
d, research may focus on increasing the critical current density by process optimization [2]. Later research
may restrict itself to YBCO growth parameter adjustments or may address as well substrate-related
properties or defect structure for vortex pinning. Application of the processing adjustments to films of
variable thicknesses tests the general validity of the improvements and sets a framework for cyclical
development. With each process iteration, distinct functional dependences of critical current or critical
current density on d provide a touchstone for the underlying physics of layered superconductors [3], while
in a practical sense provide a gauge to measure the progress.

An ex situ PVD BaF, process for YBCO epitaxial film growth has been adapted for coated-
conductor applications since 1998 [4]. Starting from a “baseline” set of processing parameters, we found
a consistent critical current for d in the range 0.2 < d < 3 um for YBCO coatings on both RABITS™ and
IBAD-YSZ templates [5]. Recently, efforts have focused on defining new processing parameters to
enable faster conversion of the precursor into YBCO. Conversion rates limited to ~1 A/s are inefficient
for scale-up. On the other hand, 10 to 50 times faster conversion rates have been reported for a close
variant of the PVD BaF, process, where the precursor layers were produced by metal-organic deposition
(MOD) of trifluoroacetate solutions [unpublished results]. An enhanced porosity of MOD precursors has
been proposed as a possible cause of the rate disparity; it enables faster diffusion of gaseous reactant
(H,0) and product (HF) species through the precursor layer. However, complete mechanistic description
of the BaF, conversion process has not been given, leaving open questions regarding reaction pathways
and the order of events. Moreover, strong similarities in the YBCO structure after conversion have been
observed for either precursor type, which indicate a laminar growth mechanism, apparently mediated by
transient liquid phase formation [6].

We have differentiated between conversion (chemical process) and YBCO c-axis epitaxial growth
and have pursued alternative explanations. It is likely that the kinetics of gas exchange controls certain
aspects of the laminar growth; however, other parameters, such as the reactant microstructure or transitory
oxygen concentration, have remained underexposed. Opportunities exist to modify these parameters prior
to the high-temperature conversion, as they do spontaneously in the course of heating [7]. Indeed,
previous research suggested a connection with the precursor history and such “lineage” was thought to be
a cause of residual variability in critical current density.

This report relates basic features of a newly developed fast conversion process, contrasting it with
the baseline process. Implications for critical current are examined. Gains in both the rate and critical
current are substantial and suggest a link. For the first time, width-normalized critical-current values that
are comparable to commercial Ag-Bi-2223 multifilamentary composite wire [8] were obtained.

2.12.2 Experimental Details

The research evaporation chamber used to deposit precursor layers was described in an early
publication [9]. Briefly, films of variable thickness d are deposited by simultaneous evaporation from
electron-beam Y, BaF,, and Cu sources. Composition is controlled is by quartz crystal monitors for the
three individual evaporation rates. To avoid BaF, excess (within the margins of rate stability), set points
are biased toward a small BaF, deficiency/Y excess. Expressed in ratios of the constituents, characteristic
values are [Y/Ba] = 0.55 and [Ba/Cu] = 0.60. Films with this composition are referred to as
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“stoichiometric.” As part of this work, we have also studied effects of Y,03 doping on vortex pinning and
thickness-dependent trends. These Y-rich films were produced by increasing the Y evaporation rate
relative to the Cu and BaF..

During deposition, the substrates were slightly heated (to ~100°C), and small amounts of O, were
dosed into the vacuum chamber to partially oxidize the deposit and to minimize reduction of substrate
CeO; buffer layers. Setting an appropriate O, pressure requires some optimization because extraneous
factors such as gettering from freshly deposited Y, chamber cleanliness, and pumping speed can affect the
result. Stable precursors with the capacity to convert quickly were produced with the O, background
pressure controlled to stationary values of 5 x 107° to 9 x 10°® Torr (i.e., at an increased level relative to
the idling background (2 x 10°° Torr) or the vacuum without O, addition (1 x 10°° Torr). Thickness
values d were inferred from batch quartz crystal monitor readings, calibrated against profilometry and
RBS measurements after conversion.

The RABITS™ samples used in this study, provided by AMSC, feature a 75-um-thick Ni-5%W
deformation-textured metal template with average grain size of ~ 25 um, and epitaxial Y,03, YSZ, and
CeO, buffer layers. Texture parameters measured on the YSZ average Ad®(true) = 4.8° and Aw = 5.8°.
Reel-to-reel-produced ORNL RABITS™ was also used. Critical-current (d) data for baseline-processed
films were compared with fast-processed films on the AMSC template. Although a small texture
difference skews the comparison somewhat, experiments confirm that conclusions regarding fast vs
baseline processing hold for both templates. The ORNL RABITS™ architecture features 50-um-thick Ni-
3%W metal tape (grain size: ~ 50 um) coated with a Ni overlayer, and Y,03, YSZ, and CeO, buffer
layers. Average texture parameters for the YSZ are: A®(true) = 6.1° and Aw = 5.5°. Before being
mounted in the precursor deposition chamber, the substrates were annealed in flowing N, gas (containing
< 80 ppm O,) to temperatures in the range 700 to 750°C for 0.5 h.

Ex situ conversion was performed in either of two annealing systems. Most of the films were
processed in the standard tube furnace [9], which is equipped to operate with flowing gas mixtures at
atmospheric pressure. Relatively large flow rates corresponding to a plug-flow velocity of 4 m/min were
used. Helium served as the carrier gas. Improvements in the gas-handling system allow for a flexible
range of water partial pressures, from dilute (calculated dew point < —30°C) to concentrated (~ 0.1 atm).
The O, partial pressure was set at 250 ppm.

A second conversion system, equipped with in situ XRD capability and operating at reduced absolute
pressures, was used to study conversion rates for films of a fixed 1-um thickness. Details of this system
were recently described by List et al. [10]. Annealing was performed in gas mixtures (Ar, O,, H,0) at
total pressures of 0.5 to 2.5 Torr and O, partial pressure of 200 mTorr. Sample dimensions for the two
furnace systems reflect systemic differences in out-flow capacity. This capacity is enhanced and more
homogeneously distributed at subatmospheric operating pressures. Design sample dimensions for the
vacuum conversion system are 3 x 1 cm. Precursor areas reduced by a factor of 10 were used for fast
conversion in the standard 1-atm system. Narrow precursor strips (~2 mm wide) were deposited onto
1.5 cm long x 5 mm wide substrates through a shadow mask. XRD after the high-temperature anneal
confirmed that full conversion of similarly thick precursors could be achieved in both systems by using
similar annealing times.

Transport critical currents were measured by a standard four-probe technique and 1-uV/cm criterion.
Measurements were made over the full YBCO width. Where current limitations prevented determination
of the self-field critical current, values were extrapolated from measurements in applied magnetic fields
H || c, using lower-critical-current thin films for calibration. That this procedure should lead to consistent
results as a function of d is not obvious. However, as reported elsewhere in more detail [11], consistency
is confirmed by the high degree of uniformity in the H-field dependence for variable-thickness films
(made with the ex situ process), described by a power law (J. < H®) in the range 0.1 to 1 T with narrow
distribution of exponents o. = 0.6. These observations add confidence to the robustness of observed
critical-current enhancements, as they occur over a substantial H field range.



Technical Progress in Wire Development  2-67

2.12.3 Fast Conversion Process

A schematic temperature-time diagram for the fast process (1-atm conversion system) is contrasted
to the baseline process in Fig. 2.69. Fast conversion was achieved by heating the precursor at a rate of
130°C/min to ~780°C in gas mixtures containing 1-2% water vapor. The annealing duration was
computed from a presumed growth rate and the film thickness. Following conversion, the water supply is
turned off, and a drying time of 3 min began prior to cooling. Excluding the drying time, annealing
durations corresponding to growth rates of 5 to 12 A/s were found to produce complete conversion into
YBCO for thickness values ranging from 0.2 to 2 um. Electrical resistivity values at room temperature
were in the range of 200 to 300 pu<Q.cm.

A direct confirmation of the conversion rate is provided by the in situ XRD data of Fig. 2.70 (low-
pressure system). Indicated are time-dependent, normalized peak intensities of BaF, (111) and YBCO
(200) reflections for three 1-um-thick films (A, B, and C) during the conversion process. Fast-conversion
processing parameters were used for samples A and B. These parameters include a temperature of 780°C,
water pressure of 5 mTorr, and an absolute total pressure of 0.5 Torr. Behavior typical of the baseline
process is illustrated by sample C. Parameters were set according to a previous optimization study [10] to
an absolute pressure of 2.5 Torr, 740°C, and 5 mTorr water pressure. A short anneal (0.5 h) at 400°C in

0.1 atm O, applied to samples A and C prior to ex situ conversion provides further differentiation. The
anneal is not part of the standard protocol for PVVD BaF, precursors; however, it was added here to
increase the average oxidation level and/or modify the microstructure. Evidence of structural changes
may be inferred from the appearance of weak BaF; reflections in the 6-26 XRD spectrum. By contrast,

sample B was converted directly from the as-deposited state.
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Fig. 2.69. Schematic temperature-time Fig. 2.70. Time-dependent variations of the
diagram of the “fast” conversion process peak intensities of BaF, (111) (open symbols,
(solid) and the “baseline” process (dashed) left axis) and YBCO (002) (closed symbols,

in the standard 1-atm furnace system. In right axis) reflections during fast (samples A,
the baseline process, a 0.5-1 h nucleation B) and baseline (sample C) conversion

step (N) at reduced water supply (0.04-0.2%)  processes. The zero point of conversion time is
precedes the main “growth” annealing step (G) defined as the moment that the sample

at optimized water concentration of ~0.5% temperature reaches the set point.

(relative to 1 atm). The fast process bypasses

the N-step via a fast ramp and provides an

increased water supply (1-2%). An oxidation

step at 500°C followed by slow cooling (not

shown) concludes both processes.
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Disappearance of the BaF, signal and saturation of the YBCO intensity occur simultaneously and
mark the moment at which conversion is complete. Thus the annealing duration for the fast sample (A) is
reduced by a factor of ~4.5 compared to the slower conversion (sample C), from 90 to about 20 min. The
corresponding growth rate is 7.5 A/s. The primary cause of faster conversion for sample A stems from the
imposed “aggressive” conversion parameters, featuring a higher temperature and reduced absolute
pressure. Although the water supply was kept constant, the reduced total pressure increases the chemical
driving force for BaF, decomposition by increasing the HF removal rate. For both samples the YBCO
saturation level is well developed and reaches a similar intensity.

A very different picture is provided by sample B, which was converted with fast-conversion
parameters but without the intermediate anneal. The BaF; intensity shows the same time dependence as
sample A (indicating that fast conversion occurred); the c-axis YBCO signal remains low and levels off
after about 20 min. A full XRD 6-26 spectrum shows that this film had grown to a structure with multiple
YBCO orientations, characterized by weak (00L) reflections. The critical current of the film reached
merely 0.1 A at 77 K. By contrast, only (O0L) reflections were measured for the properly converted film
A, yielding a high critical current value of 189 A/cm-width. Modifications introduced by the intermediate
anneal for sample A improved the c-axis epitaxial growth mechanism for the same conversion rate. This
feature stands out as the primary benefit of the intermediate anneal.

Within the larger context of this research, the disparity between samples A and B qualifies as
extreme. It is clear, however, that the precursor preparation history enters into the conversion process.
Experimentation with inserted modification anneals was started in studies of the baseline process, where
they revealed contradictory but mostly beneficial effects. In a way that is reminiscent of supersaturation in
epitaxial film growth, a large chemical driving force for BaF, conversion seems to magnify the role of
details in precursor and substrate properties. The procedural step of inserting a low-temperature anneal
resembles the use of a calcination anneal for MOD BaF, precursors. In the latter case, however, the
primary function is removal of carbon-containing residues from the solution-based deposition process,
and the parameters are optimized to perform this function. The low-temperature annealing conditions
selected here for PVD-BaF, precursors resulted from preliminary tests covering a relatively small part of
parameter space. By expanding the search, we expect that further optimization is feasible. Concurrent
adjustments of the ex situ conversion parameters may be needed, however, to expand the optimization
matrix. All films described in the remainder of this work featured the intermediate anneal and the
temperature-time profile of Fig. 2.69 for processing at 1.0 atm total pressure.

2.12.4 Relationship between YBCO Thickness and Critical Current

Values of critical current per unit width at 77 K for fast-processed YBCO on AMSC RABITS™ are
plotted as a function of d in Fig. 2.71. Two sets of fast-processed films are represented, indicated by the
closed circles and triangles. Initial research focused on stoichiometric (slightly Ba-deficient) films.
Figure 2.71 compares films produced with the fast process (closed circles) to ones produced with a
baseline-process variant (open circles, labeled as “standard” process). For the fast process, starting from
I = 50 A/cm for 0.2-um thick films, the critical current increases approximately linearly with d to
~320 A/cm for a 1.34-um-thick film. This idealized behavior contrasts with the saturation-like thickness
dependence of standard-processed films. The latter behavior is illustrated more clearly by the larger
dataset for baseline-processed films on the ORNL template (open diamonds). For thickness values to
3 um, the trend is suitably described by a square root function of d: I, o< d?. That is, the critical current
density decreases as 1/d"“. Other functional forms can provide equally satisfactory representations, such
as the type J; o< exp(-d/dy) + Js, introduced by Foltyn et al. [1] for YBCO films grown by in situ PLD.
Indeed, a remarkable correspondence exists between the trends on a relative scale for this baseline ex situ
BaF, process and in situ PLD. (Further discussions of these similarities are deferred to a future
publication.)

In an attempt to further improve flux-pinning properties in the fast-processed films, we initiated a
study involving the effects of Y-rich compositions. This approach was based on observations by TEM
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that a high density of Y,0; precipitates of suitably
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Fig. 2.71. Variation of the critical current multitude of orientation vectors.
normalized to 1-cm width with layer thickness The Y additions also resulted in larger
d of ex situ processed YBCO coatings on critical-current values for films with d > 0.9 um.
RABITS™ templates. The films were converted A critical current greater than 350 A/cm was
from PVD BaF; precursors. Fast-processed reached for several 30% Y-rich 1.34-um-thick
samples are indicated by the solid symbols. The films. Best critical-current values to date are

straight line was calculated for a constant critical
current density of 2.5 MA/cm®. Curves through the
baseline (standard) process data represent trend

~393 A/cm for two 50% Y-rich 1.7-um-thick
films. There is an indication that the linear I.(d)

lines according to the expression I; = I¢(1) d*2 relationship may be extended by increasing the Y
where d is in um. I,(1) = 134 A/lcm for AMSC doping in thicker films. However, critical-current-
RABITS™ (standard process) and 101 A/cm for density values for the 1.7-um films fall slightly
ORNL RABITS™ (baseline process). An below the 2.5-MA/cm? trend line, as critical

exceptional film on ORNL RABITS™ (d = 1.34 um) current tends to roll over for d > 1.5 um. A clear
is highlighted with a small arrow. [T. G. Holesinger stagnation in critical current is found for
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Res.(submitted).] current for thicker films. The 2-um film shown in

Fig. 2.71 contained 90% Y excess. The critical
current continues to decrease for thicker films (not shown) to values less than that extrapolated from the
baseline square root dependence, indicating that developed fast-processing conditions are not optimal for
this thickness range. Within the linear regime, however, the realized gains are substantial. Maximum
critical-current values are equivalent to those reported for first-generation Ag-Bi-2223 multifilamentary
composite tape. Previous equivalent performance levels featured relatively thick YBCO coatings (d > 3
pum) produced by PLD on highly textured IBAD templates [12,13]. The present results show that
application-grade conductors are now also available from a BaF, ex situ process.

According to the basic definition I, /w = J; d, a linear relationship between critical current per cm-
width (w) and layer thickness d results if the critical current density remains constant. Because of the
difficulty in sustaining a self-replicating growth process, it might be expected that strongly processing and
substrate-dependent effects on critical current density render this an unlikely scenario for YBCO epitaxial
films. With the fast process, however, “constant” critical-current-density values of 2.3 to 2.7 MA/cm? are
obtained for all thickness values in the range 0.17 to 1.7 um.

The origin of this near-ideal behavior remains under investigation. A linear 1.(d) relation was
obtained previously upon thinning (by ion milling) of thick ex situ YBCO coatings (0.9-2.9 um) on
ORNL RABITS™ and IBAD-YSZ templates [14]. These baseline-processed films, however, contained
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“bimodal” laminar structures, with large YBCO grains near the substrate, intercalated Ba-rich secondary
phases, and smaller YBCO grains near the surface [6]. A change in the growth mechanism, midway
through the precursor conversion, appears inconsistent with the observed near-constant critical-current-
density through thickness, perhaps pointing to compensating effects.

Preliminary results from TEM and XRD texture analysis suggest that the onset of bimodal growth
(as a function of thickness) is delayed to d > 1.3 um for fast-converted films. Indeed, a homogeneous,
non-bimodal microstructure was observed by TEM for one of the 1.25-um-thick Y-rich films shown in
Fig. 2.71 with I, = 340 A/cm. This film displayed a complete absence of interface reactions with the CeO,
buffer layer. Unlike the linear I.(d) relation in the ion-milling study, the linear dependence for variable
thickness, fast-processed films (d < 1.3 um) could be the result of an invariant microstructure. However,
additional structural trends occur.

Behavior indicative of bimodal growth was observed for one of the 1.85-um films (I, = 320 A/cm).
Using through-thickness ion milling along with electron backscatter Kikuchi pattern (EBKP) analysis, we
find that the introduction of additional grain-boundary networks in the top part of the film may be
consistent with the sudden decrease in critical current for this and films of larger thickness. Future
research is being directed at improving this undesirable behavior.

More generally, the EBKP imaging and cross-section TEM provide evidence of complex grain-
boundary structures in the ex situ films. This finding is related to a thickness dependence in a tendency
for the YBCO to completely or partially overgrow substrate grain boundaries. Films in the range of
~1 um are especially rich in their characteristics. YBCO grain boundaries for this thickness are found to
meander about the projected substrate grain-boundary plane, both through the thickness and parallel to the
substrate surface. A companion paper describes these observations in more detail [15]. The role of curved
and tilted grain-boundary planes on supercurrent transmission is practically uncharted territory and is
being studied via newly initiated bi-crystal experiments. These hidden complexities attest to the fact that
even if seemingly ideal behavior is observed, the physical mechanisms underlying current transport in
YBCO coated conductors are still incompletely understood.

2.12.5 Summary

A faster conversion process of PVD BaF, precursors has been described with the ability to produce
c-axis YBCO at rates up ~12 A/s, both in a standard, 1-atm furnace and at reduced absolute pressures. A
low-temperature oxidation anneal inserted as an extra processing step between precursor deposition and
ex situ conversion enables application of aggressive conversion conditions. Fast-converted films exhibit a
linear relationship between critical current and the YBCO layer thickness d in the range 0.2 to 1.7 um.
Enhanced vortex-pinning properties and self-field critical current density resulted from Y doping over a
similar thickness range. Best critical-current values (~400 A/cm, 77 K) are equivalent to the performance
of industrially produced Ag-Bi-2223 wire.

Significantly larger critical-current-density values of ~3.4 MA/cm? were recently reported by AMSC
for 0.8-um-thick ex situ YBCO converted over 10-m production lengths from MOD precursors on
RABITS™ tape similar to those supplied to us. [16]. Extension of these high critical-current values to the
range of 1.5 to 2 um appears feasible based on the present results, raising the prospect of conductors with
a drastically improved price-to-performance ratio.
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2.13 Low-Pressure Conversion Studies for YBCO Precursors Derived by PVD and
MOD Methods

F. A List, L. Heatherly, K. J. Leonard, D. F. Lee, and A. Goyal (ORNL); P. G. Clemand J. T. Dawley
(Sandia National Laboratories)

2.13.1 Introduction

Lengths of high-performance YBCO superconducting tape have been demonstrated by a number of
laboratories throughout the world. For these lengths to be suitable for large-scale applications, rapid and
reliable processing is required throughout all stages of conductor fabrication. The tape from which the
conductor is made consists of an epitaxial YBCO film that is deposited on biaxially textured oxide buffer
layers on a flexible metallic substrate [1-3]. Deposition of YBCO is accomplished by either (a) direct
methods such as pulsed laser deposition, in situ electron beam evaporation, and chemical vapor deposition
or (b) precursor-based methods such as metal-organic deposition (MOD) and physical vapor deposition
(PVD). For direct methods, deposition and epitaxial growth are combined into a single processing step,
whereas for precursor-based methods, precursor deposition and YBCO epitaxial growth are divided into
two processing steps.

The focus of this paper is on YBCO prepared by precursor-based methods. The conversion of
precursor to YBCO has been studied for films deposited by both PVD [3-6] and MOD [7-9] techniques.
Earlier efforts to examine the effects of processing parameters on the conversion of 0.3-um-thick PVD
precursors [10] have led to a set of processing parameters optimized for both high precursor conversion
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rate and high critical current density. The goals of this work are (a) to compare conversion performance of
similar PVD and MOD precursors for a range of processing conditions and (b) to identify some of the
factors that contribute to rapid conversion of precursor to high-critical-current-density YBCO.

2.13.2 Experimental

All precursor samples were prepared on 1-cm wide, 50-um-thick biaxially textured Ni-3at%W
substrates. The substrates were 3 cm long and buffered with epitaxial layers of Y,0; (~20 nm), YSZ
(~250 nm), and CeO, (~20 nm).

Precursors were deposited on buffered substrates by two methods—MOD and PVD. For the MOD
method, precursors were prepared by spin-coating buffered substrates with a diethanolamine-stabilized
solution of Ba, Y, and Cu acetates dissolved in trifluoroacetic acid [11,12]. Prior to precursor conversion,
the resulting coatings were pyrolyzed in air at ~325°C for ~20 s.

For the PVD method, precursors were prepared by electron beam co-evaporation of BaF,, metallic
Y, and Cu from separate sources. Rutherford backscattering spectroscopy was used to confirm the
precursor thickness and cation ratio (Y:Ba:Cu = 1:2:3).

Conversion of the precursors to YBCO was accomplished in a vacuum chamber equipped with in
situ XRD. Detailed descriptions of the chamber, the conversion procedures, and the characterization
procedures have been given elsewhere [10].

2.13.3 Results and Discussion 0.20
Shown in Fig. 2.72 are XRD results for a 0.3-um-thick
PVD precursor converted slowly for 90 min at 740°C. %
The sample was heated in 0.5-mTorr P(H,0) and ¢ 015
200-mTorr P(O,) at a rate of 25°C/min to 740°C. These k= .
conversion conditions are those that were found to be g5 e s
optimal for high conversion rate and high critical current % 010 - BaFj@OO)
density for this precursor [10]. At approximately the time at £
which 740°C is first reached (time = 0 in Fig. 2.72), the 2
X-ray intensity for YBCO(002) (d = 5.85 A) begins to rise 3
roughly linearly with respect to time. After ~25 min at = L
740°C, this linear rise abruptly decreases and the
YBCO(002) continues to rise at a much lower rate for the
remainder of the conversion time. Unlike the X-ray intensity 0.00
for YBCO(002), the BaF,(111) (d = 3.58 A) intensity 20 0 20 40 60 80
develops during the initial temperature ramp, is a maximum Time (min)
within ~2 min after reaching 740°C, and decays to zero after
~25 min at 740°C. Fig. 2.72. XRD results during a slow
If the intensities of YBCO(002) and BaF,(111) are conversion of a 0.3-ym-thick PVD
assumed to be proportional to amounts of epitaxial YBCO precursor. P(H,0) = 0.5 mTorr, ramp
and crystalline BaF,, respectively, then Fig. 2.72 provides a rate = 25°C/min, Trax = 740°C, Gy =
partial X-ray timeline for the conversion of this 0.3-um- 0.20 nm/s, I = 37 A, Jc = 1.3 MA/em®.

thick stoichiometric PVD precursor. Initially during heat-up
and prior to epitaxial YBCO growth, amorphous or nanocrystalline BaF, precursor crystallizes. When the
maximum processing temperature (740°C) is reached, crystalline BaF, reacts and epitaxial YBCO begins
to grow linearly with time. YBCO growth continues until crystalline BaF, is completely consumed
(~25 min). The slope of the YBCO(002) intensity can be simply related to the precursor conversion rate.
For this 0.3-um-thick precursor, the conversion rate is a rather modest 0.20 nm/s. The critical current for
this sample is 37.4 A, corresponding to a critical current density of 1.34 MA/cm?.

To examine how the method of precursor deposition might affect crystalline phase development
during precursor conversion, a 0.23-um thick MOD precursor was converted slowly under conditions
identical to those used for the PVD precursor sample in Fig. 2.72. Figure 2.73 shows the XRD results
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during conversion of this MOD precursor. Although the

L conversion rate for the MOD precursor is equal to that of the
PVD precursor (i.e., 0.20 nm/s), the crystalline development
- of BaF, is distinctly different. Rather than forming
E 0.06 1 predominantly (111)-oriented BaF, (as is the case for the
g —e— YECO(002) PVD precursor in Fig. ?.72), the MOD precursor appears to
- —¥— Bar5(117) form mainly a (200)-oriented BaF, that persists after the
o B ke YBCO is fully developed. X-ray pole figure analysis
T 004 7 suggests that the BaF,(200) is partially epitaxial in-plane
% with a 60% cube texture. The critical current density for this
Z sample is 0.73 MA/cm?.
:2 0.0z 1 Because of the dramatic differences in crystalline phase
pd development observed for the PVD and MOD precursors
(Figs. 2.72 and 2.73), differences in kinetics of precursor
conversion might also be expected for these precursors. To
L explore this possibility, conversions of both precursors were
20 0 _20 49 60 30 conducted for conditions know to result in more rapid
Time (min) conversion [10]: 50 mTorr P(H,0) and a 400°C/min ramp
Fig. 2.73. XRD results during a slow rate. Shown in Figs. 2.74 and 2.75 are the XRD results
conversion of a 0.23-ym-thick MOD under high-rate conversion conditions for the PVD and
precursor. P(H,0) = 0.5 mTorr, ramp MOD precursors, respectively. For the high-rate PVD
rate = 25°C/min, Tpay = 740°C, G, = precursor (Fig. 2.74), the conversion rate is nearly 3 nm/s
0.20 nm/s, I = 17 A, J. = 0.73 MA/cm?, based on the development of the YBCO(103) intensity.

The YBCO is, however, randomly oriented and not
epitaxial, and the critical current density is zero. For the high-rate MOD precursor (Fig. 2.75), the
conversion rate is ~1.8 nm/sec and the critical current density is slightly higher than that for the low-rate
conditions (~0.77 MA/cm?). These results suggest that the maximum rate of conversion to achieve high-
critical-current-density YBCO depends on both the processing conditions during conversion and the
nature of the precursor prior to conversion.

The response of both PVVD and MOD precursors to P(H,O) during conversion has been studied to
better understand the conversion process. Figure 2.76 shows the precursor conversion rate for a range of

P(H,0) for both PVD and MOD precursors. The 4/P,,, dependence observed for the conversion rate

(solid line) is consistent with the model proposed by Solovyov et al. [13] for the precursor conversion
process in which the rate limiting step is the gas-phase removal of HF.

Shown also in Fig. 2.76 are two ellipses that represent the ranges of conversion rate and P(H,O) for
which PVD and MOD precursors were observed to have converted to YBCO with a critical current
density of at least 0.5 MA/cm?. For the precursors used in this study, higher rates of conversion to high-
critical-current-density YBCO are possible for the MOD precursors than for the PVD precursors.

2.13.4 Conclusions

For the low-pressure conversion conditions considered here, the rate at which a precursor converts to
YBCO is proportional to the square root of P(H,0) for both P\VD and MOD precursors. This behavior
suggests that the rate limiting step for precursor conversion is the gas-phase removal of HF. Whether high
conversion rate results in high critical current density appears to depend on the nature of the precursor
prior to conversion. The MOD precursors used in this study are more compatible with conversion
conditions leading to high conversion rate and high critical current density than are the PVD precursors.
Efforts are currently under way to identify the precursor characteristics that distinguish the conversion
behavior of the PVD and MOD precursors.
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Fig. 2.74. XRD results during a fast
conversion of a 0.3-nm-thick PVD
precursor. P(H,O) = 50 mTorr, ramp
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Fig. 2.75. XRD results during a fast
conversion of a 0.23-nm-thick MOD
precursor. P(H,O) = 50 mTorr, ramp
rate = 400°C/min, T = 740°C,
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2.14 Growth of YBCO Films with High Critical Current at Reduced Pressures by
the BaF, ex situ Process

J. Yoo, K. J. Leonard, H. S Hsu, L. Heatherly, F. A. List, D. F. Lee, A. A. Gapud, P. M. Martin,
S W. Cook, M. Paranthaman, A. Goyal, and D. M. Kroeger

Significant efforts have been made for the development of superconducting coated conductors
carrying high currents. Growth of thick YBCO films with high critical current density is essential for
most practical applications. Although numerous parameters affect the growth and properties of ex situ
YBCO, recent results have shown that the total pressure parameter influences the growth rate
significantly. Through low-pressure conversion, researchers at the Massachusetts Institute of Technology
have succeeded in the fast growth of 1-um-thickYBCO with a critical current density greater than
1 MA/cm? on RABITS™ with TFA. Growth rates in excess of 66.7 A/s at 1 Torr total pressure were
reported. In our previous work, at a total pressure of 0.1 atm, critical current densities greater than
2 MA/cm? for 0.3-um YBCO films were achieved under low water vapor pressure (< 20 Torr) with a
growth rate of 2.5 A/s. This growth rate is five times higher than that at a total pressure of 1.5 atm.

In the present work, growth of 0.9-um-thick
YBCO films using the BaF, ex-situ process was Orygen sensor

investigated at reduced pressures. Samples were !—l:E:|:| Pressure controller

obtained by depositing BaF; precursor of desired ?
! Pressure
gauge

thickness on Ni-3at%W-based RABITS™ in our
r— Thermocouple

Mechanical pump

reel-to-reel e-beam co-evaporation system. XRD
analyses indicated that the RABITS™ tape has
good texture with out-of-plane FWHM of roughly
5° and in-plane FWHM of roughly 7°. Samples

[ Sample

measuring 1 x 3 cm were converted in our reduced- valve2 path 1 gas flow (across the (ape)
pressure system, shown schematically in Fig. 2.77. Wator bubbler — N,

A pressure controller, butterfly valve, and dry path2 s ~—Ar/2% 0,
pump were used in the system to control the total Bi-Pass valve  Mass Flow Controllers

pressure in the chamber. Gas flow rates can be held Fig. 2.77. Schematic diagram of the reduced-
constant independently of the chamber pressure by pressure conversion chamber.

mass flow controllers. An oxygen sensor, pressure
gauges, and a water bubbler were connected to the chamber.

Preliminary testing showed that processing conditions where high critical current densities were
obtained for 0.3-um films were not adequate for the growth of the thicker precursors. For example, when
sample JY12_1 was processed at a P(H,O) of ~7 Torr, wet conversion time of 60 min, conversion
temperature of 740°C, total pressure of 55 Torr, P(O,) of 150 mTorr, and a ramp-up rate of 90°C/min, the
critical current was found to be zero at 77 K. The situation changed drastically when a much lower initial
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P(H,0) was employed. For example, sample JY12_2 was processed at a total pressure of 50 Torr, and a
P(H,0) << 7 Torr for 12 min and then at P(H,O) = 11 Torr of an additional 48 min. All other parameter
remained the same. Under this set of conditions, the sample critical current density is determined to be
1.25 MA/cm? (I, = 111.3 A). The beneficial effect of low initial P(H,0) was duplicated in subsequent
samples. For example, sample JY12_7 was processed at an initial P(H,O) << 7 Torr for 12 min and then
at a P(H,0) of 10 Torr for 48 min at a total pressure of 50 Torr, resulting in a critical current density of
1.33 MA/cm? (I, = 120 A), the highest obtained in this series of samples. The magnetic field dependency
(B//c) of some of these high-critical-current samples are shown in Fig. 2.78. All these samples show
similar field dependency of critical current up to a measured value of 0.5 T. One sample was measured at
77 K and 65 K in high fields (Fig. 2.78 inset) and was found to possess irreversibility fields of 8.5 T at
77 Kand 14 T at 65 K.

Figure 2.79 shows the resistivity vs temperature curves for samples JY12 1 and JY12_7. The room-
temperature resistivity was 2350 p€cm for sample JY12_1 and 352 uQucm for JY12_7. As can be seen in
the Fig. 2.79 inset, the resistive transition of JY12_1 film was almost completed at 90 K, but the residual
resistivity still remained beyond 65 K. The higher resistivity and residual resistivity indicate that the
YBCO film may have high portions of nonsuperconducting secondary phases and poor connectivity
between grains. For JY12_7, the transition temperature was 92.3 K, but the transition width was roughly
2.5 K, which is thought to result from the inhomogeneity of YBCO film growth due to the narrow gas
injection nozzles in the reaction chamber.
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Fig. 2.78. Critical-current field Fig. 2.79. Temperature dependence of
dependency of several high critical- resistivity for samples JY12_1 and
current samples processed in a JY12 7.

similar fashion.

Figures 2.80 and 2.81 show the morphologies of the YBCO surfaces of the two samples,
respectively. Surface of the JY12_1 film was found to be very nonuniform. There were many spots where
large white particles were congregated, one of which is marked by “A” in Fig. 2.80(a). The large particles
seem to be embedded in the YBCO film, as can be seen in the higher-magnification pictures [Figs. 2.80
(d) and (e)]. The morphology of other areas [Figs. 2.80(b) and (c)] was similar to the surface of sample
JY12_7 shown in Fig. 2.81. The larger particles in area “A” were composed of Cu, Ba, and O with atomic
ratios of roughly 4 to 6:1:1 to 2, as determined by EDS. We could observe the Y peaks corresponding to
atomic percentages less than 3% in some spectra of the large particles. We believe that the reason for no
supercurrent flow and the high residual resistivity in sample JY12_1 is that the collection of such
nonsuperconducting areas led to the inability of supercurrent to percolate through the sample.
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Fig. 2.80. SEM micrographs of sample JY12_1. Fig. 2.81. SEM micrographs
of sample JY12 7.

Figure 2.82 compares the results of the XRD @ [—aviz1 Y
0-26 scans and YBCO(113) pole figures of the two IS |
samples. The pole figures were plotted with a log |veco (o)

* Silver 3

scale. The BaF, peaks were observed in the 6-26 || vaco @iz o viz s
scans, which may result from BaF,-rich off- 1 -

stoichiometry or incomplete conversion of the

<—BaF: (111)
<— BaF2 + BaCeOs

Intensity (A.U.)

*
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precursors. The intensities of YBCO(00I) peaks of I LJL_ t"-j}*' » B
sample JY12_1 were lower than those of JY12_7. I ﬂ ,Ba-Cu-Oﬁ AN &

This is associated with the higher portion of PRy R ‘“*go YBCO (123)for 3127
secondary phases in the YBCO film. In other 2 theta (deg.)

words, the film contains a smaller amount of Fig. 2.82. XRD 6-20 scans and YBCO(113) pole
textured YBCO phase, which was shown in Fig. figures for samples JY12_1 and JY12_7.

2.80. The volume fraction of the cube texture from
YBCO(113) pole figures was 97% for sample JY12_7. The FWHM values of the YBCO(113) peaks in
in-plane scans and those of the YBCO(006) peaks in out-of-plane scans were 8° and 6.7°, respectively,
for sample JY12_7. All these results point toward the beneficial effect of a lower initial P(H,O) during
processing of thick ex situ BaF, precursors.

In summary, 0,9-um-thick BaF, precursors were converted at a conversion temperature of 740°C for
a conversion time of 60 min under different P(H,O) conditions. The highest critical current density
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(1.33 MA/cm?) was obtained by the varying P(H,0) from low to 10 Torr during wet conversion. We
determined that a very low P(H,0) at the initial stage of the conversion process is beneficial to the
nucleation and growth of high-critical-current-density thick films. The lower water vapor condition
suppresses the formation of large secondary phase particles, leading to an improvement in the YBCO film
quality. It is also probable that the lower initial P(H,O) reduces the tendency for random YBCO
nucleation and growth away from the substrate-film interface. This effect may accommodate the reported
longer incubation time for thick precursors and may allow epitaxial nuclei to form at the interface and
subsequently grow into an epitaxial film.

2.15 Comparison of YBa,Cu3O;_s Precursors Made by TFA-MOD and BaF; ex situ
Processes and their Post-Deposition Processing under Low Pressure Conditions

Y. Zhang, M. Paranthaman, R. Feenstra, T. Aytug, and D. K. Christen

MOD-TFA and e-beam co-evaporation are regarded as promising techniques for fabricating long-
length, uniform, high-critical-current-density YBCO superconducting films for practical applications.
Although it is generally accepted that the conversion behaviors of precursors made by MOD-TFA and by
e-beam co-evaporation are basically similar, no systematic comparison study has been reported. Most
previous work has been done separately on either one or the other precursor. Typical MOD-TFA and e-
beam precursors were made and then annealed in the low-pressure processing system. The conditions
required for the conversion of these two types of precursors are quite different. Moreover, even for the
same deposition technique, recent processing studies have shown that the detailed state of the precursor is
an important determining factor for both the rate of conversion and the performance of the
superconducting coating. Here, precursors were compared in terms of their composition, crystallinity,
surface morphology, structure, elemental chemical state, and conversion behavior. Comparative
characterization and property measurement results can be used to evaluate the ex situ methods for
suitability as coated conductor techniques.

Single-crystal (100) SrTiO; (STO) substrates were used for deposition by both e-beam and MOD-
TFA methods in order to minimize extraneous factors that affect the quality of precursors. The e-beam
precursor films were deposited at room temperature by co-evaporation of Y, BaF,, and Cu at a deposition
rate of about 1 nm/s. The oxygen pressure used during the deposition was about 5 x 107 Torr. The
solution for making the MOD-TFA precursor was prepared by reaction of the metal acetates (Y, Ba, and
Cu) with trifluoroacetic acid and refluxing the product into a glassy state. The residual was dissolved in
methanol. Stoichiometric quantities of the metal acetates and trifluoroacetic acid were used. The coating
was obtained by spin-coating at a speed of 2000 rpm for 30 s. The as-coated precursor was calcinated by
slow heating to 400°C in a moist oxygen atmosphere. The final film thicknesses were measured with a
stylus step-profilometer. Post-deposition annealing and quenching were carried out in an induction
vacuum furnace in which P(O,) and P(H,O) were carefully controlled and varied to different levels.
Samples were heated to the desired temperatures within less than 2 min and were quenched by being
quickly removed from the hot zone into the room-temperature space.

Surface morphologies of both e-beam and MOD-TFA precursors were inspected, and surface
roughness was measured by AFM (Nanoscope 111 Multimode AFM system) in the contact mode. To
analyze the crystalline phases in both the precursors and the annealed films, a Philips model XRG3100
X-ray diffractometer with Cu K, radiation was used to record the powder 6-26 diffraction patterns.
Micrographs were taken with a JEOL JSM-840 SEM. X-ray photoelectron spectroscopy (XPS, Perkin-
Elmer 5000 LS system) was used for identifying the chemical state of F, Cu, and Ba and for measuring
the fluorine content in precursors and quenched samples. The Al K, line was used with a spot size of
about 0.8 mm diam. Electron binding energy was calibrated with pure Au. Prior to recording the spectra,
sample surfaces were ion sputtered to remove possible contaminants. Critical-current-density values of
fully converted films (~0.3 um thick) were measured by a Quantum Design MPMS 7 superconductivity
quantum interference device (SQUID) magnetometer. The magnetic fields were applied perpendicular to



Technical Progress in Wire Development 2-79

the film surfaces. Critical-current-density values were determined by the application of the Bean critical
state model formula,
Jc = 30AM/d (15)

where AM is the magnetization hysteresis (emu/cm?®) and d is the lateral size of the sample (cm).

It can be seen from the AFM micrographs in Fig. 2.83 that the surface of the e-beam BaF, precursor
is much smoother than that of the MOD-TFA precursor. The difference in the surface roughness implies
that there might also be a difference in density, which is one of the factors affecting the conversion
reaction.
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Fig. 2.83. Atomic-force microscope images of the MOD-TFA precursor (a) and
the BaF, precursor (b).

The e-beam BaF, precursors were annealed at a temperature of ~740°C with P(O,) ranging from
10 to ~200 mTorr and P(H,0) ranging from 0.5 to ~8 mTorr. Consistent with the YBCO phase diagram,
when P(O,) is less than 10 mTorr, there is no YBCO conversion. For P(O,) between 10 and 200 mTorr,
YBCO films can be formed and no apparent differences were observed in film orientation or properties.
However, the film structure and properties are very sensitive to P(H,O) for e-beam precursors. Fully
c-axis YBCO films can be obtained at a P(H,O) of about 1 mTorr. For P(H,O) > 1 mTorr, the higher the
P(H,0) the more the randomly oriented YBCO is formed together with the c-axis YBCO, resulting in a
strong reduction in critical current density.

For the annealing of MOD-TFA precursors, the P(O,) used was between 100 and ~200 mTorr. At the
same temperature of (~740°C) and P(H,O) lower than 5 mTorr, comparable to that for e-beam precursors,
almost no YBCO can be formed, and high-intensity BaF, peaks can be seen in the XRD pattern,
indicating that the conversion reaction could not complete. For a complete conversion of MOD-TFA
precursors, both higher temperature (around 780°C) and higher P(H,O) (> 10 mTorr) are necessary. Fully
c-axis YBCO can be formed at a P(H,O) of about 10 mTorr, but higher values result in the formation of
more a/b-axis YBCO, which deteriorates the properties. A typical mixed-orientation YBCO film SEM
image is shown in Fig. 2.84.

Shown in Fig. 2.85 are the field dependence critical-current-density results for two fully c-axis-
oriented YBCO films produced under low-pressure conditions from e-beam and MOD-TFA precursors.
At 77 K and zero field, the critical current density is 3.1 MA/cm? and 2.2 MA/cm? for the films from e-
beam and MOD-TFA precursors, respectively.

Figure 2.86 shows the XRD 0-26 scan patterns of as-deposited MOD-TFA and e-beam precursors
and quenched samples. It can be seen that at as-deposited states the e-beam precursor is basically
amorphous whereas the MOD-TFA precursor has developed its nanocrystalline fluorides during
calcination. YBCO and BaF, were formed in both quenched samples; for the MOD-TFA precursor, the
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Fig. 2.85. Magnetic field dependence
of critical current density at 77 K of
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other (J; = 2.2 MA/cm?, 77 K, self-field)
from MOD-TFA precursor was annealed
at 780°C with P(O,) = 100 mTorr and
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BaF, peak position shifted to a lower angle after
guenching. For the quenched MOD-TFA sample, peaks
other than those of YBCO and BaF, are from the
crystallized yttrium cuprate.

X-ray photoelectron spectroscopy (XPS) was used
to analyze the chemical states of F, Cu, and Ba. The
F concentration was measured for both as-deposited
precursors and quenched samples. The measured
concentration of F was 16.2% and 20.4%, for as-
deposited e-beam and MOD-TFA precursors,
respectively. That is, the fluorine content of MOD-TFA
precursor was slightly higher than that of the e-beam
precursor. After the quenching, the concentrations of F
became 2.2% and 7.5%, respectively. As XPS is surface
sensitive, the results indicate that for both precursors,
fluorides at the surface have started to decompose once
heated to reaction temperatures, which results in the
release and loss of some F. The XPS spectra of F, Cu,
and Ba shown in Fig. 2.87 suggest that the elemental
chemical states are different for the two types of
precursors. The electron binding energies of F, Cu, and
Ba in the MOD-TFA precursor are higher than those in
the e-beam precursor. Moreover, for both precursors the
electron binding energies of F, Cu, and Ba shifted to

lower values after high-temperature quenching. Because F is the most electronegative element, the shift is
another evidence of the fluoride decomposition upon heating.
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In summary, both MOD-TFA and e-beam BaF,
precursors on STO substrates were annealed under low-
pressure conditions, yielding high-critical-current-density
YBCO films. Basically, the MOD-TFA precursor requires
higher temperature and higher H,O partial pressure for
conversion. YBCO film orientation is sensitive to H,O
partial pressure for both types of precursors. The
comparison study shows that the surface roughness of the e-
beam BaF, precursor is much smaller than that of MOD-
TFA precursor. The as-deposited e-beam precursor is
amorphous, whereas the MOD-TFA precursor contains
nanocrystalline complex fluorides. The F concentration in
the MOD-TFA precursor is higher than that of e-beam
precursor in the as-deposited state. Upon heating a sample
to reaction temperatures, the F concentration at the surface
changes for both types of precursors, although surface F is
more rapidly depleted for the e-beam precursor. The
chemical states of F, Cu, and Ba on the surface for e-beam
precursor differ from those for the MOD-TFA precursor in
both the as-deposited and reaction-quenched states.

2.16 Growth of Epitaxial TiN Thin Films on
Biaxially Textured NiW Substrates by rf
Sputtering

J. Yoo and A. Goyal
2.16.1 Introduction

We have investigated the experimental parameters for
growth of epitaxial titanium nitride (TiN) thin films directly
on Ni-3 at. % W (NiW) biaxially textured substrates by
using rf sputtering as a function of rf sputtering power,
substrate temperature, and N,:Ar mixture-gas ratio. The rf
sputtering power, the substrate temperature, and N,:Ar
mixture-gas ratio were varied between 80 and 200 W,
between 550 and 700°C and between 0 and 0.5,
respectively. For TiN films grown epitaxially, FWHM
values of TiN (111) peaks in XRD ¢-scan and that of TiN
(002) in mw-scan were about 8.0° and 4.5°, respectively,
which is comparable to those of NiW substrates. The
crossover from (111)-oriented grains to (002)-oriented
grains of TiN thin films occurred as the substrate
temperature increased. Grains rotated 45° with respect to
cube-on-cube orientation showed up, competing according
to growth conditions due to large lattice mismatch (the

lattice constant is ~4.24 A for TiN and ~3.52 A for Ni). Twin orientation was stronger for TiN films
deposited in a mixture gas with a low N, content. A higher substrate temperature was essential for the
epitaxial growth of TiN films in a mixture gas with a high N, content. Using TEM and electron diffracted
reflection, we observed columnar and subgrain structure of which the <100> crystalline axis rotated

around <100> of NiW tapes within 8.5°.
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2.16.2 Experimental

TiN films were obtained by rf magnetron sputtering of a 2-in. TiN (99.99 % purity) target in a high-
purity (99.999 %) argon and nitrogen mixture. The sputtering system was pumped down to a base
pressure (typically ~3 x 10°° Torr) before the gas mixture was introduced. A total pressure of 60 mTorr
was maintained during the film growth. The target was presputtered at the deposition conditions for
30 min prior to each run. Meanwhile, the substrate was covered with a shutter. The TiN films were
deposited on the sulfurized NiW metal tapes with the cube texture of preferred orientation obtained by
cold rolling and heat treatment. The metal substrates were clamped down on the substrate heater, and the
substrate temperature was measured at the heater by K-type thermocouples.

The experiments were designed to determine the effects of sputtering parameters on the cube-on-
cube-oriented growth of TiN thin films. The N,:Ar ratio was varied between 0 and 0.5. A film deposited
in pure N, gas was also made and was compared with other films. The substrate temperature effects for
the film growth were investigated; temperatures were varied between 550 and 780°C with fixed different
rf sputtering powers in cases in which the N,:Ar ratio was 7, 15, and 50%. The rf power effect was varied
between 80 and 200 W for conditions in which the substrate temperature was 650°C and N,:Ar was 15%.

Orientations of the TiN films were analyzed by XRD 6-26 scans for out-of-plane orientation and
(111) ¢ scans for in-plane texture. A Philips model XRG3100 diffractometer with Cu Ka radiation was
used to record powder diffraction patterns. A Picker four-circle diffractometer was used to collect pole
figures of the films with which other orientations could be verified. TEM investigation was performed for
the microstructure in bulk films.

2.16.3 Results and Discussion
2.16.3.1 N»-Ar Mixture Gas Effect

In this section we discuss influence of gas mixture on crystalline orientation of the sputtered TiN
films. While total pressure and rf power were fixed at 60 mTorr and 100 W, respectively, the N,:Ar ratio
of the gas mixture was varied between 0 and 0.5. Figure 2.88 shows the XRD 6-26 scans and (111) pole
figures of the TiN films in this set of experiments. The TiN film deposited in only N, gas grew
amorphous at a substrate temperature of 650°C; there was no peak belonging to TiN compound. As N,
content was reduced to 15%, the intensity of the (002) peak became higher. The thickness of TiN film
deposited in a 15% gas mixture was 270 nm. It has been observed that the deposition rate during
sputtering was higher when N, content in the Ar-N, mixture discharge gas was decreased. Because
deposition time was 60 min for all samples, TiN films would be thicker if deposited in a gas mixture
having a lower N, content (< 15%) mixture gas, and those deposited in a higher N, content would be
thinner. In a lower N, content (< 15 %), TiN films contain {221} <-1,2,2> twin orientations [marked by
an “X” in Fig. 2.88(b)], and 45°-rotated cube orientation [marked by an “X” in Fig. 2.88(c)].

2.16.3.2 Substrate Temperature Effects

TiN films were deposited at various substrate temperatures, between 550 and 780°C in a gas mixture
with Ny:Ar ratios of 7, 15, and 50%. Figure 2.89 shows texture evolution of TiN films deposited in a 15 %
N,:Ar gas mixture with respect to various substrate temperatures.

[The pole figure for 650EC is shown in Fig. 2.89(d).] TiN films seemed cube-on-cube textured,
containing only a (002) peak in XRD 6-26 scans and fourfold symmetric peaks in ¢-scans without any
indication of other crystalline orientations. This is because the (002) orientation is thermodynamically
stable, corresponding to the lowest energy surface. However, we could observe non-cube-on-cube
orientations in pole figures. At a substrate temperature of 550°C, {221} <-1,2,2> twin orientations were
observed clearly [see Fig. 2.89(a)]. These twin orientations gradually disappeared as the substrate
temperature was increased. Textures of TiN films deposited at a substrate temperature of 600°C contains
twin and 45°-rotated cube orientations as well as cube-on-cube components, as shown in Fig. 2.89(b).
Those peak intensities are very low but distinguishable from background noise. Interestingly, this texture
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Fig. 2.88. (a) XRD 6-29 scans for Fig. 2.89. XRD (111) pole figure of
TiN films deposited at a substrate TiN films deposited at substrate
temperature of 650°C and at an rf temperatures of (a) 550, (b) 600,
sputtering power of 100 W in a (c) 700, and (d) 780°C in a 15%
N,:Ar gas mixture (0, 7, 15, 50%, N,:Ar gas mixture and at an rf
and only N, gas). The XRD (111) sputtering power of 100 W.

pole figures are of TiN films deposited
in (b) 0%, (c) %, and (d) 15% mixture
gases.

is very similar to those of TiN films deposited at 650°C in Ar gas [Fig. 2.88(b)]. The twin and 45°-rotated
cube orientations disappeared at a substrate temperature of 650°C, and cube-textured TiN films were
obtained up to substrate temperatures of 750°C.

When the discharge gas has a lower N, content, temperature conditions influence crystalline
orientations of TiN films more severely. For instance, TiN films deposited in a 7% Ny:Ar gas mixture had
an abrupt change of their texture (see Fig. 2.90). TiN films deposited at a substrate temperature of 600°C
had very small (111) and (002) peaks in XRD 6-26 scan and seemed grown with random in-plane texture.
Cube-on-cube orientations emerged with an increase in substrate temperature as shown in Fig. 2.90(a)
(inset) and Fig. 2.88(c), competing with 45°-rotated cube texture. When the substrate temperature was
increased to 700°C, 45°-rotated cube orientation became preferred along with 45°-rotated {221} <-1,2,2>
twin orientations.

For TiN films deposited in a 50% N:Ar gas mixture we observed similar trend of texture changes
with respect to variation in the substrate temperature. At low temperature, a (111) peak was observed in
an XRD 0-26 scan; improved texture of TiN films was attained at higher temperature (780°C), as can be
seen in Fig. 2.91. We believe that the increase of substrate temperature supplied enough energy with
admolecules or adatoms such that they could diffuse to cube-on-cube orientation on the TiN (002) surface
with an increase in substrate temperature. However, in this case, there is an intriguing difference in
texture evolution with respect to substrate temperature compared with 15% N»:Ar and lower cases. No
{221} <-1,2,2> twin orientations were observed clearly in XRD pole figures at lower growth
temperatures compared with the nearly optimum substrate temperature (780°C). It may be due to less
bombardment of high-energy Ar+ or Ar particles on the surface, which induces strain energy and supplies
energy for adatom mobility.

2.16.3.3 RF Power Effects

TiN films were deposited at 650°C under the various rf sputtering powers (between 80 and 200 W) in
a 15% N,:Ar gas mixture. Figure 2.92 shows rf power effects on the texture of TiN films. As can be seen
in Fig. 2.92(a), a TiN (111) peak was observed in the XRD 6-26 scan only at a sputtering power of
200 W. It can be easily understood that (111) orientation evolved in order to lower the strain energy
induced by ion bombardment. However, in pole figures, twin orientations and 45° rotated cube
orientations were observed clearly. At a sputtering power of 80 W, {221} <-1,2,2> twin orientations were
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Fig. 2.90. (a) XRD 6-26 scans for the
TiN films deposited substrate
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in a 7% N,: Ar gas mixture. Inset: XRD
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of TiN film deposited at substrate
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Fig. 2.91. Upper: XRD 6-20 scans for
the TiN films deposited at substrate
temperatures of 650, 700, and 780°C in
a 50% N,: Ar gas mixture and an rf
sputtering power of 100 W. Lower: XRD
(111) ¢-scan of TiN film deposited at a
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The XRD (111) pole figures of TiN films
deposited at a substrate temperature of
700°C (left) and 780°C (right).
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Fig. 2.92. (a) XRD 0-20 scans for the TiN films deposited at a substrate
temperature of 650°C in a 15% N,: Ar gas mixture and rf sputtering powers
of 80, 100, 120, 150, and 200 W. XRD (111) ¢-scan and pole figures of TiN films
deposited at sputtering powers of (b) 80 W, (c) 100 W, (d) 120 W, (e) 150 W, and
(f) 200 W.

observed as well as unknown orientations [marked “X” in Fig. 2.92(b). At a power of 100 W, other peaks
except cube orientation disappeared, as can be seen in Figs. 2.88(d) and 2.92(c), but they were revealed
again at higher sputtering powers. As rf power was increased, the texture became almost random with
45°-rotated cube orientation preferred. We think that bad texture at higher rf sputtering powers may be
due to destruction by high-energy ion bombardment (e.g., by Ar+ particles). Particles with large
momentum were built up by absorbing power and by a higher floating voltage between the substrate and
the target. Degradation of texture by high-energy particles has been reported in thin-film growth by rf and
dc sputtering methods.
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Epitaxial TiN thin films were deposited directly on NiW RABITS™ with a substrate temperature of
650°C, an rf sputtering power of 100 W and a 15 % N,:Ar atmosphere. For TiN films, FWHM values of
TiN (111) peaks in XRD ¢-scan and those of TiN (002) in w-scans were about 8.0° and 4.5°, respectively.
These values are comparable to those for NiW substrates; FWHM values of NiW (111) peaks and (002)
are 7.5° and 5.7°, respectively.

2.16.4 Summary

The experimental parameters were investigated for growth of epitaxial TiN thin films directly on Ni-
3 at. % W (NiW) biaxially textured substrates by rf sputtering as a function of rf sputtering power,
substrate temperature, and the N,:Ar ratio. The rf sputtering power, the substrate temperature, and the
N,:Ar ratio of the gas mixture were varied between 80 and 200 W, between 550 and 700°C, and between
0 and 0.5, respectively. The best conditions for growth of epitaxial TiN by sputtering directly on NiW
RABITS™ are as follows: substrate temperature = 650°C, rf sputtering power = 100 W, and N:Ar =
15%. For TiN films deposited at those conditions, FWHM values of TiN (111) peaks in XRD ¢-scan and
those of TiN (002) in w-scans were about 8.0° and 4.5°, respectively.

2.17 Preparation of YBCO Films on CeO,-Buffered (001) YSZ Substrates by a Non-
Fluorine MOD Method

Y. Xu, A. Goyal, N. A. Rutter, D. $hi, M. Paranthaman, S. Sathyamurthy, P. M. Martin, and
D. M. Kroeger

2.17.1 Introduction

Recently, the fabrication of YBCO films through the TFA-MOD approach [1,2] has become popular
because high critical current density has been demonstrated on lattice-matched single-crystalline
substrates [2,3,4] and on metallic substrates such as RABITS™[5,6]. Compared with vacuum processes
such as PLD, e-beam co-evaporation, sputtering, and other popular physical methods, MOD is a
nonvacuum method and has such favorable features as precise composition control, high speed, low cost,
and scalability for industrial production. In the MOD method, various precursors, such as acetates,
citrates, oxalates, neodecanoates, trifluoroacetates, halides, acetylacetonates, and naphthenates, have been
described in the literature [7-10]. The interest in fluorine-containing precursors for YBCO films began
when it was noted that such solutions decompose to carbonate-free precursor films rather than films that
contain substantial amounts of barium carbonate [1,2,11]. It was believed that during the YBCO phase
growth in a fluorine-free MOD process, certain metal organic precursors could lead to barium carbonate
as an intermediate phase due to the formation of carbon dioxide during processing of the carbon-
containing precursor ligands attached to the barium ions. Usually, the ligand is removed by hydrolysis
with excess water followed by precipitation of the resulting barium hydroxide. However, fatty-acid ester
ligands cannot be removed by simple oxidation or hydrolysis. It is necessary to process YBCO films
above 900°C to decompose the intermediate barium carbonate, which can interfere kinetically with the
formation of the YBCO phase [12,13]. For these reasons, precursors that do not contain carbon are
preferred. On the other hand, in the fluorine-based MOD approach, it was believed that carbon could be
removed from the material at a low temperature (< 400°C) in the burnout stage in wet oxygen and that
fluorine could then be removed at a higher temperature (> 700°C) in a humid and low-oxygen partial-
pressure environment [1,2,3].

Our experiment shows that the formation of barium carbonate is really a processing-related
intermediate product [14,15]. With novel processing parameters, no barium carbonate has been detected.
In addition, fluorine-free trimethylacetate salts and proponic acid (TMAP) precursor solution is very
stable and has a long shelf life (more than six months without changes being observed). Another
advantage of TMAP and other fluorine-free methods is that no extra phase (such as BaF; in the TFA
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approach) in addition to YBCO has been found. The BaF, phase, which can be difficult to remove, has
adverse effects on the electrical properties of YBCO.

In this investigation, processing parameters were optimized by employing different dwell times in a
humid atmosphere during the high-temperature annealing. RBS, XRD, and SEM were employed for the
detailed calibrations.

2.17.2 Experimental

Details of the procedure are reported in detail elsewhere [14,15]. Briefly, the TMAP precursor
solution was prepared by dissolving trimethylacetates of Y and Cu together with barium hydroxide into
proponic acid in a 1:2:3 cation ratio. Amine was added to increase the solubility and to adjust the
viscosity; xylene was added to control the wetting and oxide content in the solution. The viscosity was
normally adjusted in the range of 30 to 100 cp, and oxide content was about 7 to 10 wt %. The total ionic
concentration was 0.5 to 1.0 mol/L. YSZ single crystals (15 x 3 x 0.5 mm®) with (001) orientations were
used as substrates. CeO, was sputtered onto the YSZ substrate to form a cap layer. YBCO films were
prepared by spin-coating at 3000 rpm for 30 s. Multiple coatings were required for thicker films. The
green films were dried at 200°C for 4 to 5 min in air on a hot plate. Each coating gave a thickness of
about 100 nm. Burnout and high-temperature annealing were used to pyrolize and crystallize the films.
The gel films formed on the hot plate were burned out at 400°C in humid oxygen. The high-temperature
annealing was carried out at 700 to about 860°C for 1 h in a quartz tube furnace in humid atmosphere.
Normally, the 180-ppm oxygen partial pressure was read by a zirconium oxygen sensor. Silver contacts of
about 1-um in thickness were sputtered onto the YBCO samples at room temperature prior to oxygen
annealing. The oxygen annealing was performed at 400 to 500°C for 1 h and was followed by a cooling
ramp of 2°C/min to 350°C to diffuse oxygen into the YBCO perovskite structure and to establish good
contact between the Ag and the YBCO film. Transition temperature and critical current were measured by
the direct four-probe transport method. Surface morphologies were observed by SEM. Thickness was
determined by RBS. Texture was assessed by XRD 6-26 scans, w-scans, ¢-scans, and pole figures.

2.17.3 Results

In this research, the effect of the ratio of
humidified to dried atmosphere on electrical transport 0-60 0
properties, YBCO textures, YBCO/CeO, interface 0.55 |
reactions, and film morphology was investigated for
the samples annealed at 740°C in 180 ppm oxygen
partial pressure for 1 h. Figure 2.93 shows the variation
of critical current density (at 77 K) with magnetic field
and with the ratio of humidified to dried atmosphere
used during the high-temperature annealing for
200-nm-thick films. The critical current density data
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made under the assumption of fully dense YBCO films. Fig. 2.93. Transition critical current
However, porosity was observed on the top view SEM density with different humidity-to-dry ratio
of the annealed films. The calculated critical current values and with magnetic field for

density varied from 0.25 MA/cm? for the sample held samples annealed at 740°C in 180-ppm

for 57 min in a humid atmosphere to 0.55 MA/cm?*fora ~ 0xygen pressure for 30 min wet and
sample held for 30 min. In this comparison, the dew 30 min dry.

point was 35°C in the humid stage, and all the samples were kept in the same oxygen partial pressure
(180 ppm) and were treated at the same total holding time at the annealing temperature (60 min). The
changes of the critical current density are obvious over the range of holding time in humid furnace gas.
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The other electrical properties of the film varied in
a similar manner with the change in the ratio of
humidified to dried atmosphere. Transition widths (AT,)
decreased and zero resistance critical temperatures [T,
(0)] and resistivity ratios (0.es/ p100) increased for a ratio
close to 1 (30/30). The critical current densities,
transition temperatures (Fig. 2.94), and resistivity ratios
(ratio of the measured sample resistance at 285 K to that
at 100 K) for samples annealed at 740°C under several
different humid-to-dry ratios are summarized in
Table 2.8.

The 6-20 XRD patterns of films annealed under
different conditions and a detailed indexed 6-26 scan for
the sample annealed 30 min wet and 30 min dry are
shown in Figs. 2.95 and 2.96, respectively. The
diffraction patterns for different ratios did not change
dramatically except for the differences in intensity. The
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Fig. 2.94. Four-probe-method critical
transition temperature for samples
annealed at 740°C in 180-ppm oxygen
pressure with different humidity-to-dry
ratio values.

Table 2.8. Processing parameters and electrical properties of
YBCO filmsderived from TM AP approach

sample P (09 &el‘r’]‘; T UMY 1) 4t 3 YBCO(005) ol
o o 2 o 85/ 100
®om) oy €O (im0 (O (MAm)  FWHM ()
€) 180 35 740 57:3 88.75 253 0.25 1.31 1.93
(b) 180 35 740 45:15 90.17 2.43 0.35 1.18 2.28
(c) 180 35 740 30:30 90.18 1.62 0.55 1.73 2.51
(d) 180 35 740 10:50 88.33 2.98 0.35 1.68 2.51
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Fig. 2.95. The 0-20 XRD patterns of films
annealed at 740°C in 180-ppm oxygen
pressure with different humid-to-dry ratio
values.
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Fig. 2.96. The X-ray 06-26 scan pattern for
a sample annealed at 740°C in 180-ppm
oxygen pressure for 30 min wet and

30 min dry.

films produced under all conditions in Fig. 2.95 showed very sharp and intense (001) YBCO reflections.
The (002) YSZ peaks, peaks from buffer layer CeO, (002), and peaks from (110) and (002) reflections
associated with the reaction product BaCeO; are shown in Fig. 2.96.

The textures of YBCO layer were investigated by w-scans, ¢-scans, and pole figures (Figs. 2.97,
2.98, and 2.99, respectively). The FWHM data of YBCO (005) w-scans (Fig. 2.97) were collected and
tabulated in Table 2.8. Under the experimental conditions, all of these FWHM values are less than 2°,
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demonstrating good out-of-plane c-axis-oriented textures.
Peaks 90° apart in the YBCO (113) ¢-scans shown in
Fig. 2.98 demonstrate good in-plane texture for samples
annealed under different humid-to-dry ratios Pole figures
were measured for each of the samples to check for
misoriented grains. The results are essentially the same,

a) b)

Fig. 2.99. Pole figures of YBCO (113)
plane for films annealed at 740°C in
180-ppm oxygen pressure with
different humid-to-dry ratio values:
(a) 57:3, and (b) 30:30.

except for differences in the intensities, as shown in
Fig. 2.99 for samples annealed under ratios of 30:30
and 57:3.

A stronger dependence on the humid-to-dry ratio was
observed in the RBS image in Fig. 2.100. No clear YBCO-
CeO, boundary can be detected for any of the samples. The

element Ba is seen at a greater depth in the samples
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humid-to-dry ratio values are (a) 57:3 and (b) 10:50.

200

annealed for shorter times in a humid
atmosphere. An average thickness of
approximately 200 nm based on Ba content
and assuming fully dense YBCO was
estimated from the RBS data. This suggests
that the film structure is close to a single
planar array of grains. Due to the
overlapping of the buffer layer and substrate
peaks, it is difficult to get an accurate
assessment of the stoichiometry.

The SEM top view micrographs in
Fig. 2.101 show the effect of the humid-to-
dry ratio during high-temperature annealing
on morphology for 200-nm-thick films. The
grains grow as large interconnected platelets
that lie parallel to the surface. Smaller
grains with spherical morphology decorate
the surface of the platelets [clearly visible in

Figs. 2.101(a) and (b)]. These features seem to be associated with the longer time spent in a humid
atmosphere. These grains are noticeably absent when the film is heated in a dry atmosphere for a longer
time. For example, the samples treated in 30:30 and 10:50 ratios (Figs. 2.101(c) and (d)]. Other features,
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such as pores, large voids [especially for high humid-to-dry
values, see Fig. 2.101(a)], and irregularly shaped surface
segregates are observed. Surface roughness in the 30-min-
wet, 30-min-dry sample appeared to be finer than the
roughness of samples processed in other conditions. Surface
roughness increases when wet and dry times are not similar,
especially for a longer time held in humid gas. The
connectivity of the grains also degraded with increased
holding time in humid gas during the high-temperature
annealing. The average grain size is estimated to be 2 to 3
um, which is comparable to those found in bulk materials.
Different heat treatment times have also been
investigated. Lengthening the duration of the high-
temperature hold beyond 60 min had a negative effect on the
morphology of films annealed at 740°C in 180-ppm oxygen.

Fig. 2.101. SEM micrograph of

200 nm-thick TMAP-derived films 2.17.4 Discussion

annealed at 740°C in 180-ppm oxygen We observed a marked degradation in transition
pressure with different humid-to-dry  temperature when YBCO films were annealed in a humid
ratio values: (a) 57:3, (b) 45:15, atmosphere for more than 45 min or for less than 30 min, as

(¢) 30:30, and (d) 50:10. shown in Table 2.8. Samples (b) and (c) have almost the

same Tc(0) value; however, the transition width, AT,, tends to
broad with humid-to-dry ratios away from 1. For the samples annealed in a dry atmosphere for longer
than 30 min, the normal-state section of the p vs T curves shows straight lines that would intersect the
axis near to the origin. Also, the ratio of pugs/ 100 tends to be constant (2.51), which is comparable with
the data reported by R. Feenstra et al. [16], even though the longer holding time resulted in higher values
of resistivity, both at 285 K and 100 K compared with that of sample (c) (30:30). This result has been
observed routinely in other sets of samples. However, lengthening the holding time in a humid
atmosphere during high-temperature annealing resulted in a curvature of the R-T line in the normal state
and higher values at both 285 K and 100 K. High critical-current densities are associated with high
transition-temperatures and low transition widths.

Extensive reaction between YBCO films and the CeO, buffer layer were shown in both XRD results
and RBS data. In Figs. 2.95 and 2.96, the (110) and (200) peaks from the reaction product BaCeQs, which
are the same as those reported in the TFA approach [17], can be identified for all of the samples studied.
The RBS data [Figs. 2.100(a) and (b)] show that the element Ba diffused deeply into the lower layers
during the high-temperature annealing; Ba was identified more deeply in the samples held for a longer
time in a dry atmosphere. It seems that the dry atmosphere promotes the faster diffusion or reaction
between the CeO, buffer layer and the YBCO film. As the thickness (nominal thickness) of the YBCO
films were identified by the depth of the barium atoms and as the reaction product BaCeOs cannot be
viewed as superconductor, so the effective thickness of the YBCO layer is smaller than the values
estimated from RBS data. Normally, the buffer-layer CeO, had a thickness of about 50 nm, and no CeO,
layer can be identified in the RBS spectra for all of the samples in this research. Hence the actual critical
current density of the superconducting layer will be somewhat higher than the values listed in Table 2.8.

The differences in the textures of the various samples, reflected by w-scans (Fig. 2.97), ¢-scans
(Fig. 2.98), and pole figures (Fig. 2.99), are minor, indicating that the annealing times in wet and dry
atmospheres has essentially no effect on the crystallographic alignment of the YBCO grains. This is
consistent with the grain orientations being determined by the nucleation process, which occurs during the
early stages of annealing. SEM top-view micrographs revealed that voids and pores are present around
grain boundaries and that lengthening the holding time in humid gas resulted in large size voids and bad
connectivity between grains. The charging in the grain boundaries during SEM measurements
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[Figs. 2.101(a) and (b)] indicates poor L oo P sm T &0 e
conductivity in these regions. One possible RSN ' AN ' ]
reason is that water vapor degraded the YBCO 7
films after their formation. For the sample
annealed at 740°C for 30 min wet and 30 min
dry, the grains were well developed and the grain
boundaries are not so evident [Fig. 2.101(c)]. But
for sample (b) (45:15), grain boundaries are more
obvious [Fig. 2.101(b)] and the film in these
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even greater extent for sample (a) [Fig. 2.101(a)]. = =27 ]
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gas and degrades the electrical properties of the 10°T(K)

YBCO. Another consideration is the stability of Fig. 2.102. Diagram of the oxygen partial

the YBCO phase. The phase diagram proposed pressure vs temperature for YBa,CuzO7 4

by Feenstra et al. [18] is shown in Fig. 2.102. In material. [Adapted from R. Feenstra et al.,

our study, the TMAP-derived films were J. Appl. Phys. 69(9), 6569 (1991).]

produced by annealing under Po(O); and

temperature conditions (1.8 x 10~ atm at 740°C) near the CuO and Cu,O transition line. There was no
evidence of the volatilization of any of the components from the films during the burnout or high-
temperature annealing. Therefore, the overall Y:Ba:Cu ratio in the films is believed to be very close to
1:2:3. Surface segregates such as small particles were observed to cover a large fraction of the film
surface [Figs. 2.101(a) and (b)] as the holding time in humid gas was increased, suggesting that they may
be produced by a reaction between water vapor and the YBCO phase at high temperature. These small
particles, which are a slightly copper-rich YBCO phase, are believed to indicate the beginning of
composition segregations or YBCO decomposition. Formation of the smaller particles may be a
consequence of the chemical inhomogeneities that formed during holding in humid gas at an elevated
temperature, resulting in a deviation of local YBCO composition from the ideal ratio. Water vapor may
have the effect of accelerating the decomposition process.

Some small pores (about 100 to 300 nm diam) such as those in Fig. 2.101(c) on the TMAP-derived
thin films may be a consequence of the pores present in the burnout intermediate films prior to
crystallization of the YBCO. These small pores formed by the evaporation of organic precursors could not
be removed totally by optimizing the processing parameters and can be viewed as “intrinsic defects.”

Rough surface morphologies of the YBCO films were observed routinely on samples annealed for
short times in humid gas at elevated temperatures, as shown in Fig. 2.101(d). Due to the experimental
arrangement, the time it takes for the humid furnace gas to become completely dry after the inlet gas is
switched to dry is delayed by about 10 min. Therefore, for sample (d), the total time exposed to water
vapor at high temperature was probably about 20 min, not enough for the full development of the YBCO
phase.

The observed decrease in critical current density and critical transition temperature with extension of
the time in humid gas at high temperature is consistent with the idea that the current is limited by bad
connectivity and the weak links at grain boundaries. Other factors, such as porosity and small-particle
precipitates, will contribute to the low current density also.

The reaction between the YBCO film and the CeO, buffer layer is another reason that the critical
current density for sample (c) (0.55 MA/cm?), treated at a humid:dry ratio of 30:30, is not as high as those
achieved by the same process on LAO and STO substrates (over 1 MA/cm?) [19]. Other factors, such as
phase development and surface roughness, should be taken into account as well when considering the low
current density for the samples treated under different conditions.
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2.17.5 Summary

A new fluorine-free TMAP approach was used for this study. Superconducting YBCO films with
thickness of 200 nm, Tc(0) greater than 90 K, and a critical current density (77K, zero field) of 5.5 x
10°A/cm? were prepared by the TMAP metalorganic deposition process. Varying the humid-to-dry ratio
during high-temperature annealing from 57:3 to 10:50 had a strong effect on the SEM top-view
morphologies and electrical properties of the resulting films, though not on the crystallographic texture.
The highest critical temperature and critical current density were observed in film annealed at 740°C in an
oxygen partial pressure of about 180 ppm with 30:30 ratio. RBS data shows significant reaction of
samples under any of the experimental conditions in this research such that no remaining CeO, buffer
layer can be detected. Degradation of the properties and surface smoothness was observed as the ratio
differed from 30:30 during high-temperature annealing. The humid atmosphere seems to have the trend of
accelerating the decomposition of YBCO film annealed under conditions near the instability line
proposed by Feenstra et al. Although there are minor intensity differences for YBCO films in X-ray
measurements, it is not reasonable to associate these differences with differences in the electrical
properties. The reaction between YBCO and CeO,, the poor connections companioned with voids and
pores in grain boundaries, and the difference between the “nominal thickness” from RBS data and the
“real thickness” are the reasons that the critical current densities are less than 1 MA/cm?. In all of the
measurements and tests on the samples processed with this novel procedure, no data show any sign of the
formation of an intermediate phase of BaCOs.
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2.18 Non-Fluorine-Based Bulk Solution Techniques to Grow Superconducting
YBa,Cu307_g Films—A Review

M. P. Paranthaman

2.18.1 Introduction

Major advances have been made in the last 14 years in the area of HTS research, resulting in
increasing use of HTS materials in commercial and precommercial applications. HTS conductors are
expected to be useful for numerous electric power applications, including underground transmission
cables, oil-free transformers, high-efficiency motors, compact generators, and superconducting magnetic
energy storage systems for smoothing voltage fluctuations in the power grid. Research on second-
generation YBCO-based conductors is now being intensively carried out in the world. Recently, the U.S.
Department of Energy conducted a Coated Conductor Technology Development Roadmap Workshop in
St. Petersburg, Florida. This roadmap identified specific near-term activities that are needed to advance
techniques for continuous processing of high-quality, low-cost coated conductors that will lead to
industrial-scale commercial manufacturing [1]. The activities specified in the roadmap are focused on
achieving the following vision. “Low-cost, high-performance YBCO Coated Conductors will be available
in 2005 in kilometer lengths. For applications in liquid nitrogen, the wire cost will be less than $50/kA-m,
while for applications requiring cooling to temperatures of 20-60 K the cost will be less than $ 30/kA-m.
By 2010 the cost-performance ratio will have improved by at least a factor of four”. One of the important
critical needs that came out of this workshop was to develop alternative nonvacuum processes for fast,
reliable and economic deposition of YBCO. The traditional in situ process, in which PLD of oxide or
coevaporation of Y, Ba, and Cu metals under appropriate oxygen atmospheres could be used to fabricate
YBCO films. However, it may be difficult to scale up these processes to produce low-cost conductors.
This is mainly due to the initial high-cost investment (e.g., laser, large vacuum chambers with pumping
system). The control of substrate temperature during deposition is also difficult. To circumvent this
problem, ex situ precursor processes can be used. Chemical solution epitaxy has emerged as a viable,
low-cost, nonvacuum process for fabricating long lengths of YBCO coated conductors. In these
processes, YBCO precursors can be deposited at room temperature and later post-annealed in a
controlled-atmosphere furnace. The advantages of the ex situ processes are the separation of the
deposition and post-annealing steps and a wider processing window by combining temperature and
oxygen partial pressures. The dependence of oxygen partial pressure and the YBCO process temperatures
is shown in Fig. 2.103 [2]. Also, the precursor stoichiometry and dopant concentration can be easily
controlled, and the post-annealing step can be a batch process. The growth rate of YBCO generally varies
from 1 to 3 A/s. This could be a rate-limiting step in these processes. However, it is possible to overcome
these limitations by suitably modifying the furnace designs to process large quantities of wires (hence, a
large area) in a single step. The following are the most commonly used bulk solution techniques to
fabricate YBCO coated conductors:



2-94 Technical Progress in Wire Development

TEMPERATURE (°C)

— 1100
— 1000
— 700
— 600
— 550
—{ — 500
—1 450

o

=}

[
T

ORTHO- 100 Torr

RHOMBIC 9"

LiQuip

- 10 Torr

\ RN

Vel rovvvnl el vl 1 o

OXYGEN PARTIAL PRESSURE P02 [ATM]

LI L 1) 21 1 A R A1) B B AR L) I AL

N
103 LOW PRESSURE ™., \, -~ 1Tor
POST ANNEALING ™.\,
_____ Y
6
10 S "‘;— 100 m Torr
UNSTABLE ]
105 _10m Torr
106 | | | \ 1 4 = 1m Torr
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

109/T(K)

Fig. 2.103. Oxygen partial pressure vs
temperature diagram showing liquid-phase
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The c-axis—aligned YBCO films are obtained
between the c1 and c2 boundary lines; c- and
a-axis—aligned YBCO films, between the c2 and al
boundary lines. Experimental and extrapolated
ranges are indicated by solid and dashed lines,
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2.18.2 Sol-Gel Processing

e sol-gel processing
- sol-gel alkoxide approach
- metal-organic decomposition (MOD)
e electrodeposition
o electrophoresis
e spray (aerosol) pyrolysis technigues
e chemical vapor deposition

- combustion chemical vapor
deposition (CCVD)

- metal-organic chemical vapor
deposition (MOCVD)

e powder suspension techniques
e liquid-phase epitaxy (LPE)

Each film deposition process will have some
maximum rate, beyond which defects or other
problems such as supplying source material or
removing by-products may become limiting. The
properties of YBCO films will depend critically
upon the microstructures that develop during the
nucleation and growth of the films. These
microstructures depend on the substrate
properties, the particular deposition technique,
the processing conditions, and the film thickness.
In this review, we report the recent achievements
in growing YBCO films by using non-fluorine-
containing solution precursors. In addition, the
recent developments in the buffer layer work at
ORNL are also highlighted.

The most commonly used chemical solution deposition techniques may be grouped into three
categories: (1) sol-gel processes that use 2-methoxyethanol as a reactant and solvent; (2) hybrid processes
that use chelating agents such as acetylacetonate or diethanolamine to reduce alkoxide reactivity, and
(3) metal-organic decomposition techniques that use, for example, high-molecular-weight precursors and
water-insensitive carboxylates and 2-ethyl-hexanoates. The sol-gel precursor route has been used to grow
both oxide buffer layers and superconductors because of the ease of formation of epitaxial oxides at
relatively low temperatures, control over the polymeric viscous gel formation, and the relatively easy

scale-up of film thickness.

Sol-gel processing is a wet chemical route to synthesis of a colloidal suspension of solid particles or
clusters in a liquid (sol) and subsequently to formation of a dual-phase material of a solid skeleton filled
with a solvent (wet gel) through sol-gel transition (gelation). When the solvent is removed, the wet gel

converts to a xerogel through ambient pressure drying or an aerogel through supercritical drying. The sol-
gel process involves synthesis of a polymerizable solution (often referred to as sol) by mixing or reacting
metal alkoxides and metal-organic salts in a common solvent. Alkoxides are referred to as “M(OR)n,”
where M is a metal, n is the valency of the metal, and R is an alkyl group. The most common solvent used
in this process is 2-methoxyethanol. The complete hydrolysis of the sol will form a rigid gel that can be
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heat-treated to powders. Partial hydrolysis of the sol will produce a polymeric, viscous gel that can be
deposited on substrates and heat-treated to crystallize. The polymeric network can be important for
microstructure and phase development. The reactivity of alkoxide ligands with water is the driving force
for the sol-gel process. This reaction must be controlled in order to promote the desired gelation, and the
starting metal alkoxides must undergo complete ligand exchange to form methoxyethoxide ligands. The
ligand exchange can be described easily by the following equation:

M(OR), + n R°OH = M(OR’), + n ROH (16)

Due to the bidentate nature of the methoxyethoxide ligand, which ties up vacant coordination sites, it
slows the rate of hydrolysis and thus more readily allows the formation of a gel rather than precipitate. In
addition, the bidentate nature of the methoxyethoxide ligand allows the more facile formation of mixed-
metal alkoxide complexes. The complete gelation process can be summarized by the following equations.
Hydrolysis of alkoxides:

M(OR), + H,0 = M(OR),.; (OH) + ROH (17)

Condensation:
M(OR);-1 (OH) + M(OR), = Mz0 (OR)zn2 + ROH (18)
M(OR)s1 (OH) + M(OR);1 (OH) = M20 (OR)2n2 (19)

The primary advantage of sol-gel processing over conventional ceramic processing is that the polymeric
network formation of the metal-organic complexes leads to intimate mixing of the amorphous preceramic
oxides, thus allowing a dramatic reduction in reaction temperatures and time.

Thin (~100-nm), uniform, and crack-free films can be readily formed on various materials by spin,
dip, or spray coating; thick films can be obtained by applying multiple coatings. Spin coating involves the
acceleration of a liquid puddle on a rotating substrate. The coating material is deposited in the center of
the substrate either manually or by a robotic arm. The physics behind spin coating involves a balance
between centrifugal forces, which are controlled by spin speed, and viscous forces, which are determined
by solvent viscosity. The spin-coating technique consists of three basic stages: (1) the polymer is
dispensed onto the substrate, (2) the polymer is spread across the substrate (by spinning at
approximately500 rpm), and (3) the substrate is then spun at a higher speed (2000-4000 rpm). Some of
the variable process parameters involved in spin coating are solution viscosity, solid content, angular
speed, and spin time. The film-forming process is primarily driven by two independent parameters:
viscosity and spin speed. A range of film thickness can be easily obtained by spin coating. For thicker
films, high material viscosity, low spin speed, and a short spin time are needed. However, these
parameters can affect the uniformity of the coat. In order to scale up these technigues, a dip-coating
process has to be developed. The dip-coated tapes could be processed in a batch or in a continuous mode.
The advantage of the dip-coating process is its ability to coat large areas, complex shapes, and double-
sided tapes. Furthermore, material utilization is almost 100 %. Solution-derived films crack with
increasing thickness due to the high-volume shrinkage as organics are removed during the heat-treatment
process. Restricting the film thickness to a critical film thickness prevents cracking, and thicker films may
be achieved by multiple coating and heat-treatment procedures. In the dip-coating process, the substrate is
usually withdrawn vertically from the coating bath at a constant speed. The film thickness is directly
proportional to the withdrawal velocity. The inner layer of the coating solution moves upward with the
substrate, while the outer layer is returned to the bath. The viscosity and surface tension of the coating
liquid control the film thickness to a lesser extent. A schematic diagram of the reel-to-reel continuous dip-
coating unit is shown in Fig. 2.104. The sol-gel alkoxide and MOD approaches to grow YBCO films are
discussed in Sects. 2.18.2.1 and 2.18.2.2, respectively. In the sol-gel alkoxide approach, the recent
developments in the solution buffer layer work at ORNL are described in Sect. 2.18.2.1.1.
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2.18.2.1. Sol Gel Alkoxide Approach

Pay-out reel

Furnace

2.18.2.1.1 Buffer Layers

SR Chemical solution epitaxy has emerged as a viable,
low-cost, nonvacuum process for fabricating long lengths of

&) | YBCO coated conductors [3-11]. RABITS™ is an ideal

starting template for this solution process [12-14]. For a
film to function as an effective buffer, it is also essential to
grow dense and crack-free films. To develop the solution
process, buffer layers such as REAIO; (rare-earth aluminate;
RE = La,Nd) and BaZrOs, were initially grown epitaxially on SrTiOs (100) single-crystal substrates from
sol-gel alkoxide precursors [8,11]. The REAIO; buffers grown on biaxially textured Ni (100)<001>
substrates had a good out-of-plane texture but had two in-plane textures [15-17]. Following this work,
single cube-on-cube epitaxy of various RE,O; (RE=Gd, Yb, and Eu) and RE,Zr,0- (rare-earth zirconates;
RE = La,Nd) buffers were grown directly on textured Ni substrates by spin coating [18-21]. To scale up
this technique, a dip-coating process was developed. As seen from the Fig. 2.104, both ends of the
annealed nickel tape were electrically spot-welded to nickel leaders mounted on two reels. The take-up
reel was driven continuously by a stepper motor, and the pay-out reel was tensioned by a variable torque
motor. The travel speed of the tape could be varied up to 100 m/h. The reel-to-reel system has the
capability of processing up to several meters of buffered tape.

The dip-coating process was used to grow epitaxial buffers of Eu,Os, Gd,0s, and La,Zr,0; (LZO) on
both Ni and Ni-W (3 at. %) (strengthened and substrate with reduced magnetism) substrates. A
2-methoxyethanol solution of europium methoxyethoxide/acetate,
gadolinium methoxyethoxide/acetate, or lanthanum zirconium
methoxyethoxide was used for the dip-coating process. The details
of the solution preparations were reported earlier [18-21]. The
concentration of the coating solution was typically 0.25-0.5 M. The
Ni and Ni-W tapes from the pay-out reel were withdrawn from the
coating bath at a constant speed of 1 to 10 m/h. The tapes were
coated on both sides. The dip-coated tapes were then annealed in
the furnace, which had been preheated to 1000-1100°C. The flow
rate of Ar/H, (4%) gas purging the furnace was 2-4 L/min. The
heat-treatment times typically varied from 10 min to 1 h in the hot
zone. After heat treatment, the tapes were spooled on the take-up
reel. The details of the optimized coating speed and annealing
speed are reported elsewhere [22-24]. Detailed X-ray studies
indicated that single-cube-texture Eu,03, Gd,03, and LZO buffers
were produced. The typical thicknesses of these buffers were 20 to

Take-up reel

ArlH, (4%) gas

Fig. 2.104. Schematic diagram of reel-
to-reel continuous dip-coating unit.

Gd,0, thickness = 200 A

60 nm. The dip-coated seed layers were carbon-free, smooth,
continuous, and crack-free. The typical microstructure of 20-nm-
thick Gd,O3 on Ni-W substrate is shown in Fig. 2.105.

Fig. 2.105. The typical
microstructure of 20-nm-thick
Gd,0O3; seed layer on Ni-W
substrate.

As shown in Fig. 2.106, the AFM scan indicated the surface
roughness of the Gd,O3 seed layer on Ni-W tape to be 3.2 nm. This proves that smooth buffers can be
produced using the solution process. In addition, the substrate grain boundary is also completely covered
by the Gd,O; layer. Seed layers in 1- to 2-m lengths of Eu,03, Gd,O3, and LZO were produced. Attempts
to grow YBCO films directly on the dip-coated buffer layers by PLD resulted in YBCO films with poor
properties. Therefore, sol-gel chemistry for CeO, cap layers was also developed. On all solution buffers
[(CeO, cap/Eu,05 (five coats)/Ni) or (LZO (four coats)/Ni-W)], the highest critical current density
obtained to date is 2 x 10° A/lem? at 77 K and self-field [25]. On either short or long tapes, both YSZ
barrier layers and CeO, cap layers were deposited by rf magnetron sputtering at 780°C in 10 mTorr of
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1150°C, 20 cmvhr; 20 cm/hr

Fig. 2.106. AFM scan of the
20-nm-thick Gd,0O; seed layer

on Ni-W substrate.

Ar/H, (4%) gas. The plasma power was 75 W at 13.56 MHz. Ex
situ YBCO precursors were deposited on CeO,-buffered YSZ/dip-
coated seed/Ni or Ni-W tapes by e-beam coevaporation of yttrium,
copper, and BaF; in a reel-to-reel configuration. The tapes were
post-annealed in wet oxygen atmospheres. The details are reported
by Lee et al [26]. On fully buffered short tapes, YBCO films were
also grown by PLD at 780°C and a P(O,) of 120 mTorr. The
transport property measurements of the YBCO films grown on
these dip-coated seed layers are shown in Fig. 2.107. The field
dependence of the critical current density for YBCO films
deposited on Gd,O3 and LZO seed layers with sputtered YSZ and
CeO, cap layers is shown in Fig. 2.108. YBCO films deposited on
e-beam Y,0; seed layers are also compared. A high critical current
density of 1.9 MA/cm? at 77 K and self-field was obtained

JSLIMATCm? J=1.2MAJeM? J =19 MA/em? J=0.2 MA/cm? on both Y,0; and LZO seed layers. The performance of the

YBCO YBCO YBCO

Sol-gel Eu,04

Sol-gel Gd,0,

Sol-gel La,Zr,0,

Ni or Ni-W

Ni-wW

Ni

solution seed layers approached that of the vacuum seed
layers.

Very recently, on 0.8-m Gd,O; seeded ORNL
RABITS™ sample, YBCO films with end-to-end critical
current densities of 625 KA/cm? were produced by the reel-
to-reel BaF, precursor approach [26]. The average critical
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density for YBCO films grown

on various seed layers. The
architecture is YBCO/CeO,/YSZ/

dip-coated(or e-beam) seed

layer/Ni-W.

current density is 750 KA/cm? with the standard deviation
of only 10.5%. The critical-current-density data on the
0.8-m solution seed is shown in Fig. 2.109. This
demonstrates that high-critical-current-density YBCO films
can be grown on the solution seed layers in lengths and
promises a route for producing long lengths of YBCO coated
conductors by both vacuum and nonvacuum buffer layer
technologies.

2.18.2.1.2 YBCO films

Highly oriented superconducting YBCO films were prepared
by Rupich et al. [5] on (100) LaAlO; (LAO) and (100) yttria-
stabilized zirconium oxide (YSZ) single-crystal substrates by
sequential heat treatment in flowing Ar (< 2 ppm oxygen) and
oxidation of Y-Ba-Cu alkoxide precursor films at 730°C. The
precursor solution was prepared from a pyridine solution of
Y-methoxyethoxide, Ba-methoxyethoxide, and (CuO), in
2-methoxyethanol at room temperature. The YBCO films processed
at 730°C showed metallic behavior in the normal state and a sharp
resistive superconducting transition with transition temperature
(zero) at 89.5 K. Critical current densities of 2 x 10° A/lcm? at 77 K
and self-field were obtained with YBCO films on Y SZ substrates.

The Cu-alkoxide precursors are generally insoluble in alcohol. However, Paranthaman et al. [7] have
dissolved Cu-methoxide precursors in solvents like triethanolamine or diethanolamine in their alkoxide
approach and have grown highly aligned superconducting

Masuda et al. [28,29] have grown superconducting YBCO films with a transition temperature of
85 K on polycrystalline YSZ substrates by using all alkoxide precursors at 920°C in pure O,. The YBCO
precursor solutions were prepared by dissolving copper acetate in di-methyl formamide (DMF) solvent
and mixing the copper solution with an alcohol solution in which yttrium-isopropoxide and Ba-ethoxides
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L8 e e were dissolved. Films with a thickness of about 10 pm were

o produced by dip-coating the sols kept at temperatures of 60 to 80°C
and a viscosity of 5 x 107 to 1 x 107 Pascal.second (Pa.s). Highly
oriented YBCO and YBa,Cu,0g (Y-124) films were fabricated by
Katayama et al. [30,31] on Ag substrates. A Cu-methoxide solution
was obtained by dissolving Cu-methoxide in 2-methoxyethanol and
ethylenediamine to form a coordination compound of

J (MA/cm’)

0.0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Location (cm) Cu(OCHj3),(en),. Y-isopropoxide solution was prepared by
Fig. 2.109. Critical-current- dissolving Y-isopropoxide in 2-methoxy-ethanol and ethyl
density data on the 0.8-m acetoacetate to form a chelate compound of Y(O-iC3H7).(EAA).
solution seed ORNL The modified Cu alkoxide was partially hydrolyzed with equimolar
RABITS™. water and was mixed with Y and Ba alkoxide solutions to prepare a

heterometallic alkoxide solution. Superconducting YBCO films
were produced by dip-coating the YBCO precursor solution onto polycrystalline Nb-doped STO
substrates and heat-treating up to 870°C in oxygen [32]. The precursor solution was based on Y -acetate,
Ba-alcoholate in 2-methoxy-ethanol, and Cu-butyrate in an alcoholic solvent. Niobium, used as a dopant
in STO, inhibited the formation of oxides containing Cu-Ti and Ba-Ti, yielding better superconducting
properties than for films deposited on undoped STO substrates. However the YBCO films grown on those
substrates had much lower transition temperatures. The summary of the growth of YBCO films using sol-
gel alkoxide approach is shown in Table 2.9.

2.18.2.2 Metal-Organic Decomposition (MOD) Approach

In the MOD approach, various metal-organic precursors such as citrates, oxalates, neodecanoates,
trifluoroacetates, halides, acetates, acetylacetonates, and naphthenates have been described in the
literature. During the YBa,Cu3O; growth, it is possible that certain metalorganic precursors can lead to
barium carbonate as the intermediate phases due to the formation of carbon dioxide during processing of
the carbon-containing precursor ligands attached to the barium ions. Usually, the ligand is removed by
hydrolysis with excess water followed by precipitation of the resulting barium hydroxide. However, fatty-
acid ester ligands cannot be removed by simple oxidation or hydrolysis. It is necessary to process YBCO
films above 900°C to decompose the intermediate barium carbonate, which can interfere kinetically with
the formation of the YBCO phase. For these reasons, non-carbon-containing precursors are preferred. The
TFA approach is the most popular one where high-current-density YBCO films have been reproducibly
grown on RABITS™. It is also possible to process non-fluorine-containing precursors under reduced
pressures to avoid the BaCO; formation as the intermediate phase.

The trifluoroacetate approach was originally developed by Gupta et al. [33] to grow high-quality
YBCO films. Mclntyre et al. [6] later perfected the TFA process. Superconducting YBCO films with a
critical current density of 1 to 5 x 10° A/cm? were grown on single-crystal STO or LAO substrates by
various groups [6,25,34-40]. NdBa,Cu30; films with a transition temperature of 89 K have also been
prepared by the TFA approach on single-crystal STO substrates at 800°C and a p(O,) of 3 x 10 atm
[40]. The disadvantage of this approach is that HF forms during the YBCO film growth. The rate of HF
removal determines the growth rate of YBCO; the YBCO growth rate is typically 1 to 3 A/s. Also,
processing of thicker films takes longer, and the burn-out step is slow. Li et al [39] have processed YBCO
films of 1.2 um with a critical current density of 2.5 MA/cm? on 20-nm CeO,-buffered YSZ single-crystal
substrates in three coats. In addition, they have also demonstrated the growth of YBCO films with a
critical current density of 1.7 MA/cm? on CeQ,(sputtered)/Y SZ(sputtered)/solution Gd,O4/Ni substrates.
TIBa,Ca,Cu30q., films on Ag substrates. Similarly, Monde et al. [27] have prepared a YBCO precursor
solution by dissolving yttrium butoxide, barium methoxide and copper methoxide in triethanolamine-
methanol solution. However they obtained only a transition temperature of 56 K for YBCO films grown
on polycrystalline YSZ substrates. In this demonstration, both seed layers and the superconductors were
grown by a solution process. It is also possible to modify the furnace design to post-anneal long lengths of



Table 2.9. Summary of the growth of YBCO films

YBCO precursors Substrate Process conditions Physical properties References
Alkoxide approach
Y-methoxyethoxide; Ba-methoxyethoxide; (CuO), in 2 MeEtOH YSZ xtal 730°C; T.,=89.5K 5
2 ppm O, Je = 2 x 10° MA/cm? (77 K)
Y-butoxide; Ba-methoxide; Cu-methoxide in triethanolamine and YSZ poly 800°C; air T, =56 K 27
methanol
Y-isopropoxide; Ba-ethoxide; Cu-acetate in DMF YSZ poly 920°C; O, T.,=85K 28, 29
Y-isopropoxide; Ba-alkoxide; Cu-methoxide in Ag 800°C Y-124 phase 30,31
2 MeEtOH/ethylenediamine
Y-acetate/Ba-alcoholate in 2 MeEtOH; Cu-butyrate Nb-STO poly 870°C low T, Nb-STO inhibits Cu-Ti; Ba-Ti 32
formation
M OD appr oach
Y-acetate; Ba-acetate; and Cu-acetate in trifluoroacetic acid/methanol LAO or STO 725-800°C; T.=91K 6, 25,
xtals 100-300 ppm O, Je = 1-4 x 10° Alem? 34-39
thickness 0.4um (77 K)
YBCO TFA Nb-STO/Ni Three coats J.= 1.3 x 10° A/ecm? 38
NdBa,Cuz0; TFA precursors STO xtal 800°C; Nd123 phase 40
P(O,) 3 x 107 atm T.=89K
Y15, Bal,, and Cul in acetonitrile/Ethanol (or NH,I/DMF/2-MeEtOH) STO xtal 800-830°C T.=90K 41, 42
300 ppm O, J. = 1.3 x 10° Alcm?
Y-trimethylacetate Ba(OH),; Cu-trimethylacetate in propionic STO xtal 800°C T.=90K 43
acid/amine solvent J.= 1 x 10° Alcm?
Yb-acac; Ba-neodecanoate, and Cu 2-ethylhexanoate in STO xtal 730-770°C Yb-123 45
toluene/pyridine/propionic acid 100 ppm O, T.=87K
J. = 6.4 x 10° Alcm?
YBCO acac precursors STO xtal J; 1-5 x 10° Alcm? 46-48
YBCO naphthenate precursors LAO & STO Low P(O,) Jo = 1.2 x 10° Alcm? 53, 55
Electrodeposition
Y, Ba, and Cu hydroxides deposited in nitrate solutions Ag —-1.4V (vs SCE) 64
Y, Ba, and Cu nitrates in dimethy sulfoxide Ni Post-annealed T. =74 K (on Ni) 65, 66
MgO T. =78 K (on MgO)
YSZ xtal T.=91K (on YSZ)
Je = 360 Alem? (77 K)
Y, Ba, and Cu perchlorates in TBAP and acetonitrile Ag T.,=88K 67-69
Y, Ba, and Cu hydroxides deposited in nitrate solutions Post-annealed in O, T.=88K 70
Spray pyrolysistechnique
Y, Ba, and Cu nitrate solutions Various Substrate at 200— Low Jg; film 2-5 um 71-79
substrates 400°C and heat-
treated at 600-900°C
Y, Ba, and Cu nitrate solutions MgO xtalAl,O3 Post-annealed at T. >80 K; film1-10 um 73
poly 750°C J. = 10°%-10* Alcm?(77 K)
Y, Ba, and Cu nitrate solutions Post-annealed in a 80

fluorine atmosphere
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thick and wider tape in a batch mode. Very recently Clem et al. [38] have demonstrated the growth of
YBCO films with a critical current density of 1.3 MA/cm? at 77 K on all-solution Nb-doped STO
buffered Ni substrates in short lengths. This demonstration is the first step toward the fabrication of low-
cost YBCO coated conductors.

Similar to fluoride precursors, solution-based metal iodide precursor routes have been developed
[41,42]. Stoichiometric mixtures of Yls, Bal,, and Cul are dissolved in either acetonitrile/ethanol
solutions or ammonium iodide/dimethylformamide/2-methoxy-ethanol solutions. The fact that Bal, can
be decomposed without the use of water during YBCO film growth makes this approach very interesting.
This process eliminates the formation of highly reactive HI vapors. YBCO films with a transition
temperature of 90 K and a critical current density of 1.3 x 10° A/cm? have been grown on STO single-
crystal substrates. The films were processed at 800 to 830°C in 300-ppm oxygen. The temperature
dependence of the resistivity for YBCO film on STO substrate is shown in Fig. 2.110. The surface
morphology of the YBCO film produced by the iodide process is shown in Fig. 2.111. Enhanced plate-
like grains with size of 1 to 3 wm and a less-porous microstructure are obtained. It may be possible to use
the chloride precursors in the form of dichloroacetic acid or trichloroacetic acid to grow YBCO films.
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Fig. 2.110. Temperature Fig. 2.111. Scanning electron
dependence of resistivity for micrograph of YBCO film on
YBCO film on STO (100) STO (100) single-crystal
single-crystal substrates substrates grown from iodide
grown from iodide precursors. precursors.

Recently, Shi et al. [43] have developed a nonfluorine solution route to grow YBCO films on LAO
single crystals. In this method, stoichiometric yttrium trimethylacetate, barium hydroxide, and copper
trimethylacetate powders were dissolved in a mixture of propionic acid/amine solvent. The YBCO films
had a transition temperature of 90 K and a transport critical current density of 1 x 10° A/cm? at 77 K. This
precursor approach was originally developed by Chu et al. [44]. Matsubara et al. [45] have used ytterbium
acetylacetonate, barium neodecanoate, and copper (I1) 2-ethylhexanoate in a mixture of solvents
containing toluene/pyridine/propionic acid to prepare epitaxial YbBa,Cuz;O-_, films on STO single-crystal
substrates. In this method, the YbBCO films were processed at 730 to 770°C and 100-ppm oxygen. The
highest transition temperature obtained was 87.2 K. The measured transport critical current density was
6.4 x 10° A/lcm? at 77 K and self-field. The magnetic field dependence critical current density of
YbBa,Cu;0;_y is shown in Fig. 2.112. Even though the critical current density is little bit low, it is
extremely promising to use this precursor route for growing superconducting films on substrates
developed by the RABITS™, IBAD, and ISD processes. In the literature, various acetylacetonate (acac)
precursor approaches have been described in detail [46-52]. The highest critical current density obtained
on YBCO films grown by using the acac approach is on the order of 10° A/lcm? at 77 K.

Highly c-axis-aligned superconducting REBa,Cu;0+_; (RE = rare earth) films were prepared on STO
and LAO single crystal substrates by using the corresponding metal naphthenates in toluene solution [53—
62]. In this approach, YBCO films with a critical current density of 1.2 x 10° A/cm* were produced. The
summary of the growth of YBCO films by MOD routes is shown in Table 2.9. Ottosson et al. [63] have
deposited superconducting YBCO films by chemical vapor deposition of the halide precursors YCls, Bal,,
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and CuCl as metal sources in the presence of O,/H,O gas mixtures.
S — m— The as-grown films had a transition temperature of 40 K, and the

H 7 ¢laxis 5 "\ transition temperature was increased to 70 K upon post-annealing
5% A in O, at 475°C
& . \v\ h ,x,\\ m‘: |
2 ’.'» h e 2.18.3 Electrochemical Deposition
=10 AN -
B v‘}:\ e Electrochemical deposition involves reduction of metallic ions
D N from aqueous, inorganic, and fused salt electrolytes. The reduction
ol L T process [M™ (solution) + ne” — M (lattice)] can be accomplished
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HT) by the electrodeposition process, in which n electrons are supplied
Fig. 2.112. Magnetic field gy an _egternal power surﬁ)_plﬁ/ or t()jy e_IectroIess _(au;ocat?ly_tlc)_ )
dependence of the transport J. eposition process in which a reducing agent in the solution is the
of YbBa,Cu;0,., film deposited electron source (there is no external power supply). Thin films of

by solution process (solid hydroxide precursors of YBCO have been electrodeposited from
circle) compared with YBCO aqueous solution at a potentiostatic voltage of -1.4 V [vs a
film deposited by ex situ BaF, Standard Calomel Electrode (SCE)] onto a Ag electrode by Monk
process (open circle) on STO et al. [64]. The compositions of the films were tailored by adjusting
(100) single-crystal substrates.  the deposition voltage and by varying the relative amounts of
Inset: the magnetic field precursor solutes in solution. The aqueous solution contained
ge(ﬁszdg‘)ce of normalized Je, 0.0125 mol dm™® of Y(NO)s, 0.150 mol dm™ of Ba(NOs),, and

Cc Cc .

0.025 mol dm™ of Cu(NOs),. No further annealing of these
hydroxide precursors was reported. Bhattacharya et al. [65,66] electrodeposited YBCO precursors from
an electrolyte solution consisting of nitrate salts of Y(I11), Ba(ll), and Cu(ll) dissolved in an organic
solvent (dimethyl sulfoxide). Nominal deposition potentials ranged from -2.5 to —4 V (vs an Ag/AgNO;
reference electrode). The post-annealed electrodeposited films show a reproducible transition temperature
(zero) of 74 K on Ni, 78 K on MgO, and 91 K on (100) YSZ substrate. The critical current density
obtained for YBCO films on YSZ substrate is 4000 A/lcm” at 4 K and self-field and 360 A/lcm? at 77 K
and self-field. YBCO films with a transition temperature of 88 K were deposited on Ag substrates by
electrodeposition of metal perchlorate salts, tetrabutylammonium perchlorate (TBAP) and acetonitrile
[67-69]. Abolmaali et al. [70] have deposited YBCO hydroxide precursors from metal nitrate salts in
isopropanol and post-annealed in oxygen. The YBCO films grown from a single simultaneous deposition
had a transition temperature of 79 K and 88 K for films grown from several successive depositions. In the
literature, no information was found related to a suitable buffer coating over a metal substrate; however, it
is possible that this technique may work on any suitably textured substrate followed by post-annealing in
low P(O,). The summary of the growth of YBCO films by electrodeposition is shown in Table 2.9.

2.18.4 Spray (Aerosol) Pyrolysis Techniques

In this technique, aqueous solutions of Y(NO3)3.5H,0, Ba(NO3),, and Cu(NOs),.3H,0 in
stoichiometric amounts are prepared from high-purity nitrates and deionized water [71-79]. The aqueous
solution was sprayed onto a heated substrate (maintained at a temperature in the range of 200 to 400°C.
Typical thicknesses of the as-deposited samples vary from 2 to 5 um. The films were then heat-treated in
various partial pressures of O, and in temperatures ranging from 600 to 900°C. Most of the groups
obtained very low critical current densities. Jergel et al. [73] obtained YBCO films of 1 to 10 um
thickness with a transition temperature > 80 K and a critical current density of 10° to 10* A/lcm? at 77 K
and self-field. To use this technique, it is necessary to develop suitable buffer layers and to process
YBCO films at temperatures around 750°C. It is also essential to avoid the formation of BaCOs; as the
intermediate phase. To circumvent this problem, Suenaga et al. [80] have post-annealed spray pyrolyzed
films in a fluorine atmosphere to form BaF, as the intermediate phase. The summary of the growth of
YBCO films by spray pyrolysis technique is shown in Table 2.9.



2-102 Technical Progress in Wire Development

2.18.5. Conclusions

A detailed review of the summary of the various bulk solution techniques to grow superconducting
YBCO films has led to the following conclusions.

e Itis essential to develop an alternative low-cost solution approach to grow both buffers and
superconductors to fabricate low-cost YBCO coated conductors.

o Solution seed layers such as Gd,O3, La,Zr,0 provide good templates on which to grow high-
current-density YBCO films. The performance of the solution seed layers approached that of
the vacuum seed layers.

e YBCO tapes 0.8 m long and carrying an end-to-end critical current density of 625 KA/cm?
were produced by combining both nonvacuum and vacuum buffer layer technologies.

e YBCO films with a critical current density of 2 x 10° A/lcm® were produced from sol-gel
alkoxide precursors.

« Very high current density (J, > 4 x 10° A/lcm®) YBCO films have been fabricated by using the
TFA precursor approach. The TFA process has become the most popular nonvacuum route to
YBCO so far. HF evolution during the film growth could limit the YBCO growth rate.

o lodide precursors are promising, mainly because the method that employs them does not need
any water during processing. YBCO films with a transition temperature of 90 K and a critical
current density of 1.3 x 10°> A/cm® have been obtained by using iodide precursors.

e Nonfluorine solution precursor routes have been developed to deposit YBCO and YbBCO films
with a critical current density of up to 6.4 x 10° A/cm?. This is another promising route.

o Naphthenate precursors in toluene have been used to grow YBCO films with a critical current
density of 1.2 x 10° A/cm?. Naphthenate precursors are only available in Japan. This could be a
limiting factor for widespread application of this method.

o Electrodeposition and spray pyrolysis have resulted in low critical current densities so far.
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2.19 Epitaxial Growth of Solution-Based Rare Earth Niobate, REsNbO7 Films on
Biaxially Textured Ni-W Substrates

M. Paranthaman, S Sathyamurthy, H. Y. Zhai, A. Goyal and M. S, Bhuiyan (ORNL); and K. Salama
(University of Houston)

2.19.1 Introduction

Chemical solution deposition has emerged as a viable, low-cost, nonvacuum process for fabricating
long lengths of YBCO coated conductors. RABITS™ starting templates are ideal for this process [1].
Solution deposition of buffer layers offers potential cost advantage relative to PVD. The main objective of
this work is to research and develop faster, potentially lower-cost, and simpler RABITS™ architectures as
alternatives to the standard PVD-grown three-layer architecture of YBCO/CeO,/YSZ/Y,03/Ni-W [2]. The
challenge is to match the high quality of currently used PVD buffer stacks with solution buffers in long
lengths and preferably at lower cost. For a film to function as an effective buffer, it must be dense and
crack-free. Buffer layers such as REAIO; (rare-earth aluminate; RE = La, Nd) [3,4], NdGaO; [5], and
BaZrO; [6] have been initially grown epitaxially on SrTiO3; (100) single-crystal substrates from sol-gel
alkoxide precursors. The REAIO; buffers grown on biaxially textured Ni (100) <001> substrates had a
good out-of-plane texture but had two in-plane textures [7]. Following this work, chemical solution
deposition was used to grow single cube-on-cube epitaxy of various RE,O3; (RE = Gd, Yb, and Eu)
[8-11], SrTiO; [12], and RE»Zr,0; (rare-earth zirconates; RE = La, Gd) [13-17] buffers directly on
textured Ni or Ni-W substrates. YBCO films with a critical current density of 2 MA/cm? were grown on
single LZO buffered Ni-W substrates by pulsed laser deposition. However, MOD YBCO films grown
directly on LZO-buffered Ni-W substrates yielded poor-quality films, mainly because BaZrO; formed at
the buffer-superconductor interface. Hence, there is a need to cap LZO buffers with CeO, cap layers. By
using sputtered CeO, cap layers on LZO buffered Ni-W substrates, YBCO films with a critical current of
135 A/cm have been achieved [16]. We have also developed a MOD precursor route to make textured
CeO, films [18].

To develop a single buffer layer that is compatible with MOD YBCO process, there is a need to
search for new innovative buffers. Dawley et al. [19] have shown that Nb-doped SrTiOs cap layers are
compatible with the MOD YBCO process. Hence, we started exploring rare earth niobium oxides as the
potential candidates. As per the phase diagram of the Y,03-Nb,Os system, YNbO, and Y;NbO;
(pyrochlore: Y,(YNb)O;) phases are known to exist. Both phases may be used as the buffer layers. In the
present work, we have studied the Y3;NbO; system. Y3NbO- is a cubic pyrochlore with a lattice parameter
of 5.2499 A (pseudo cubic lattice parameter: 3.713 A). Similarly, REsNbO; (RE = Rare Earth) phases are
also known to exist in the literature. RE3NbO- films have been grown by both the sol-gel alkoxide
precursor route and by MOD. Here, we report our successful demonstration of the growth of single
epitaxial REsNbO; (RE =Y, Eu, and Gd) solution buffer on strengthened and textured Ni-W (3 at. %)
substrates.

2.19.2 Experimental

The starting reagents were weighed in an argon-filled, inert-atmosphere glove box, and the solution
preparation was carried out under argon, with a standard Schlenk-type apparatus. Yttrium (I11)
isopropoxide (Alfa, 92-95%), niobium ethoxide (Alfa, 99.999%), and 2-methoxyethanol (Alfa,
spectrophotometric grade) were used without further purification. For preparing EusNbO; and Gd;NbO;,
europium (111) acetate (Alfa, 99.9%) and gadolinium (111) acetate (Alfa, 99.9%) were used after
purification. The Y3NbO; precursor solution with 0.4 M total cation concentration was prepared by
refluxing stoichiometric quantities of yttrium isopropoxide and niobium ethoxide in 2-methoxyethanol.
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The Y3NbO; precursor solution was then spin-coated onto short (2 x 1 cm) coupons of cube-textured Ni-
W substrates at 5000 rpm for 30 s; followed by heat treatment at the optimum temperature of 1100°C for
15 min in a flowing reducing atmosphere of Ar-4%H,. The tapes were introduced into a preheated
furnace kept at 1100°C after a 5-min purge with an Ar-4%H, gas mixture at room temperature. After
15 min of heat treatment at 1100°C, the tapes were quenched to room temperature in the same
atmosphere. Similarly, EusNbO; and Gd3;NbO; films on textured Ni-W substrates were prepared at
optimum temperatures of 1050°C/15 min and 1100°C/15 min, respectively. About 20-nm-thick REsNbO;
films were produced in a single coat. Multiple coatings were made to prepare thick films. On the
Gd;NbO;-buffered Ni-W tape, YBCO films were deposited by PLD at 780°C in 120mTorr oxygen with
average laser energy of 200 mJ. XRD was used to characterize the samples for phase purity and texture,
and the microstructure of both RE;NbO-, (RE = Y,Eu,Gd) and YBCO were monitored by SEM. A
standard four-point probe technique was used to measure the resistivity and transport critical current
density. The voltage contact spacing was 0.4 cm. A 1-uV/cm criterion was used to calculate critical-
current-density values. Electrical contacts of Ag were deposited onto the samples by dc sputtering
followed by an O, annealing in 1 atm for 30 min at 500°C.

A typical 6-20 XRD pattern of a single coat RE;NbO; (RE = Y,Eu,Gd) film on a textured Ni-W
substrate is shown in Fig. 2.113. These scans indicate the presence of strong c-axis (200) aligned films.
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200-nm-thick YBCO film grown on properties of a 200-nm-thick YBCO
three coats of 60-nm-thick Gd;NbO;, film grown on Gd;NbO; buffered Ni-W
buffered Ni-W substrates by PLD. substrates by PLD. A self-field critical
YBCO film has a preferred c-axis current density of 1.1 MA/cm?” at 77 K
orientation. Small amounts of NiO was obtained.

impurities and polycrystalline YBCO
peaks were also identified.

length coated-conductor fabrication by using a single buffer layer processed by a scaleable solution
deposition route.
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2.20 Pulsed Electron Deposition of YBCO Precursors
H. M. Christen, D. F. Leg, F. A. List, and S. W. Cook

2.20.1 Introduction

Pulsed electron deposition (PED), an ablation-based film growth technique similar to pulsed-laser
deposition (PLD) but based on much simpler equipment, is a comparatively new method for the
fabrication of superconducting tapes. In this work,
we show how this approach can be applied to the
deposition of fluoride-based precursors. Last year’s
work explored both in situ YBCO growth and ex situ
precursor studies. The results showed serious
difficulties for the in situ growth. Hence, that work
led us to focus on room-temperature precursor
deposition, for which we implemented apparatus.
The main hurdles of the approach (composition Hollow /
control, growth rate variations, and source
performance) were overcome, leading to PED being
applicable as a routine precursor-deposition method. Trigger

Tape (moving
perpendicular to
drawing plane)

2.20.2 Growth Apparatus and Precursor
Targets

Trigger pulse generator

Figure 2.119 shows a schematic drawing of the
PED apparatus. A photograph of the system is given
in Fig. 2.120. The tape to be coated travels between

Fig. 2.119. Schematic representation of the
pulsed electron deposition apparatus.
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Fig. 2.120. Photograph of the PED reel-to-
reel deposition system. The target
manipulator is seen on the right, the supply
and pick-up reels on the left. The red line
shows the travel path of the tape.
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Fig. 2.121. (a) Spatial variation of the deposited
material, determined from profilometry and a fit to

the two reels in a reciprocating action; multiple passes
are performed for a full deposition, with the tape
traveling at a fixed speed of 0.15 cm/s.

Figure 2.121 shows the spatial distribution of
ablated material in the plane of the traveling substrate.
The plot shows a calculated profile given as a product
of a Gaussian variation in the horizontal direction and a
Gaussian variation in the vertical direction, with the
parameters determined from a least-square fit to
15 datapoints obtained by profilometry. The width of
the profile is a function of the target-to-substrate
distance, which must be chosen as a compromise
between two opposite constraints: a short target-to-
substrate distance yields a higher collection efficiency
of the ablated material but also a larger thickness
nonuniformity. For a tape traveling through a 5-cm-long
deposition zone, as schematically indicated in
Fig. 2.121(a), the resulting thickness profile across a
1-cm-wide tape is shown in Fig. 2.121(b).

According to the profile in
Fig. 2.121(a), 25% of the deposited material
is deposited onto the tape. Actual
experiments (thickness measurements on
long tapes and weighing the target before
and after the deposition) showed that only
10% of the material is collected in a typical
process. This indicates that the actual
profile is broader than the assumed
Gaussian or that some of the material is not
collected on the substrate. Finally, after

Gaussian profiles. (b) Lateral thickness profile resulting
from the deposition onto a tape moving vertically through

resurfacing of the target as required due to
uneven target wear, a total of 5% of the

target material is actually deposited onto the
substrate. While this seems low, it
represents a significant improvement over simple evaporation processes. Multiple tape passes through the
deposition zone would obviously increase the collection efficiency.

Long-term source stability tests showed that repeated firing (> 500,000 pulses) in oxygen led to
missing pulses (i.e., triggered pulses that resulted in no discharge to the target). However, when operating
in nitrogen, the source performs satisfactorily, with more than 9 million pulses fired without error to date.
All experiments were performed with a source voltage of 16 kV and a repetition rate of 10 Hz.

The targets used for this study were made by ball-milling the desired ratios of powders of YF;, BaF,,
and CuO, pressing 1-in. pellets at 8000 Ib, and sintering for several hours in air at 800°C.

a rectangular deposition zone as illustrated in (a).

2.20.3 Composition Control

An initial series of experiments was performed in which a target with Y:Ba:Cu-ratio of 1:2:3 was
used and films were deposited at different pressures. The chemical composition of the deposits was then
analyzed by inductively coupled plasma-mass spectroscopy (ICP-MS). As is seen in Fig. 2.122, the
correct ratio of Ba:Y = 2 is achieved at a pressure of about 11 mTorr; however, at that pressure the
deposit is Cu-deficient. The correct Cu-stoichiometry is obtained at 6 mTorr. Therefore, the correct
stoichiometry cannot be obtained from a stoichiometric (YFs) + (BaF,), + (CuO); target. For all further
experiments, the targets were therefore prepared with an off-stoichiometric Y:Ba:Cu ratio.
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Fig. 2.122. Composition (determined by ICP-
MS) for films deposited at various
background pressures and using a target of
composition (YF3)(BaF,),(CuO)s.

1.1:1.9:3.0

Deposition
rate
(Alpulse)

' I 11:1.9:30
1
k

50k 100k 150k
Total pulses

Fig. 2.123. Composition of the deposited
material as a function of process time. Three
samples were deposited at different times while
the source was running continuously, and the
composition for all was measured by ICP-MS.
Target composition was Y:Ba:Cu = 1:1.8:3. Also
shown is the growth rate as function of time.
Target was mounted on a copper plate.

Most important for the deposition of precursors
onto long tapes is the stability of the process with
process time. To verify that the composition of the
ablated material does not change with time, we
performed an experiment in which individual
samples were introduced at different times during a
long run (170,000 pulses). The deposit was then
analyzed by ICP-MS. Figure 2.123 shows the
corresponding result. A target of composition
Y:Ba:Cu = 1:1.8:3 was used, resulting in slightly
Y-rich and Ba-deficient films as desired. As can be
seen in Fig. 2.124, the composition remains fairly
constant. Additionally, in this experiments where the
target was mounted on a copper plate, the growth
rate varied only little during the 170,000 pulses.
(See below for a more thorough treatment of growth
rate variations with time).

2.20.4 lon-Probe-Based Diagnostics

The deposition of precursors onto long lengths
of tapes requires long-time operation of equipment
with many of the parameters held constant. It is
therefore of great importance to have a method that
allows the operator a quick verification of the
essential growth process, without having to insert
and remove a sample. lon probes have been used
previously in PLD, as they probe directly the flux of
ions from the target toward the substrate. In
Fig. 2.125, the insert shows the schematic of the ion
probe circuit used here. As indicated in Fig. 2.119,
the probe can be inserted and removed during a
growth run and is located close to the substrate for a
measurement. Electronic noise dominates the signal

during the first 3 to 4 us. A positive signal then corresponds to positive ions being collected at the
negatively charged exposed probe. The area under the curve is therefore proportional to the ionic charge
arriving at the substrate, and for a ionization rate that can be assumed to be constant during an
experiment, this signal is proportional to the deposition rate.

For in situ monitoring during a growth experiments where chamber pressure and target-substrate
distance are held constant, it is sufficient to keep track of the peak voltage rather than the integrated
signal. In Fig. 2.126, the deposition rate is compared to that peak voltage. To obtain this data, the source
was operated continuously for 12 h, during which the growth rate gradually decreased (see below). At
different times, a sample was placed in the deposition zone and removed again after 40,000 to 60,000
pulses. The ion probe signal was measured before and after the deposition onto the sample, and the value
used for the abscissa is the average of those two voltages.

The data in Fig. 2.126 clearly demonstrate that the ion probe is a useful tool for the determination of

the growth rate during a long experiment.
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Fig. 2.124. The typical trace (voltage as function
of time, with the PED trigger signal defining the
zero of time) can be fitted well with an
exponentially modified Gaussian. Inset shows
the circuit diagram of the ion probe used for plume
diagnostics.
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Fig. 2.125. Integrated area of ion probe
traces (from least-square fits to a
exponentially modified Gaussian
curve) as a function of chamber
pressure. The highest ion current is
achieved at = 9 mTorr.

2.20.5 Target Wear and Growth-Rate
Reduction

A challenging issue in PED is the
observed decrease of deposition rate during
prolonged runs. Due to target wear, a
similar decrease is occasionally observed in
PLD; however, under some conditions the
effects seen in PED are much more severe.

One possible reason for a decrease in
deposition rate is a potential change in
source performance with time. To test that
hypothesis, two identical targets were
mounted in the chamber, and we first
ablated from the first one until a visual
decrease in plume intensity was observed.
The targets were then exchanged in situ,
and ablation proceeded from the second
target. It was immediately observed that the
plume intensity returned to the initial value,
and source performance can thus be ruled
out as a cause of deposition rate reduction.

Both thermal and electrical changes are

possible reasons for a deterioration of the target surface that leads to a reduction in the ablation rate. The
target is subject to large electrical fields, which may result in microstructure changes and strong thermal
stresses. In fact, the target temperature may reach several hundred degrees Celsius during the deposition.
A series of experiments was performed with the target mounted in different ways. Figure 2.127

shows the various configurations. In a first experiment (A), the target was deliberately isolated thermally
and electrically by placing an alumina disc between the target and its mount. Silver paste was used for all
connections. As seen in Fig. 2.128, mounting the target on the alumina disc led to a very quick decrease
in the deposition rate. Interestingly, replacing the alumina disc with a copper plate barely changed this
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Fig. 2.127. Various target mounting
approaches used for the study of growth rate
deterioration. A, B, and C are examples for
precursor deposition. D is used to compare with
a strongly insulating target.
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behavior (B). However, when silver paste was
painted onto the sides of the target, the deposition
rate remained high for a much longer time. This
behavior was confirmed in a second experiment, in
which the ion probe was used to monitor the plume
intensity during an even longer run (Fig. 2.129). Ina
fourth configuration, ablation took place from an
alumina target. The deposition rate was low in this
case for the entire experiment.
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Fig. 2.128. Growth rate as function of process
time for the various target-mounting
approaches. The width of each rectangle
corresponds to the time over which the growth
rate is averaged.

These results allow us to speculate that electrical surface conductivity (from the place where the
electron pulse impinges toward the edge of the target) is a very important factor in the ablation
mechanism. Removing the current path (from the edge of the target to ground) does not initially change
the plume intensity (blue and red symbols in Fig. 2.129) but results in a very quick deterioration of the
ablation process. This indicates electric-field-induced changes in the target. SEM analysis and energy-
dispersive X-ray difraction (EDX)-mapping across the target did not show any clear differences between

well-grounded and other targets, however.
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Fig. 2.129. lon probe peak voltage as function
of process time for the various target
mounting approaches.

2.20.6 Summary and Conclusions

This series of experiments has shown that
PED can be a reliable approach for the deposition
of fluorine-based precursors. In fact, the originally
encountered problems associated with
compositional control and growth rate variations
can all be addressed by comparatively simple
methods. Furthermore, temporarily inserting an ion
probe between the substrate and the target yields a
quick measurement of the deposition rate and thus
represents a valid process control approach.

2.21 An Approach for Electrical Self-
Stabilization of HTS Wires for Power
Applications

T. Aytug and J. R. Thompson (ORNL and the University of Tennessee) M. Paranthaman, H. Y. Zhai,
A. A. Gapud, K. J. Leonard, and D. K Christen (ORNL)

For effective implementation of coated conductors, it is necessary to electrically and thermally
stabilize the HTS coating by means of a parallel electrical conductor capable of shunting the current away
from the HTS layer in the event of a local transient to the dissipative state, possibly caused by a thermal
spike, a microcrack in the superconductor layer, or a current surge beyond the superconductor’s critical
current. Otherwise, because of the extremely high current density carried by the superconductor layer
(~10° A/cm?), such an event would immediately damage an electrically isolated superconducting coating

due to the extreme level of local Joule heating.
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From an applications perspective, the optimum engineering current density (current per unit total
cross-sectional area) is achieved by using the metal tape as both substrate and stabilizer. Such a
configuration requires electrical connectivity between the HTS layer and the underlying metal substrate
by using an intermediate conductive buffer layer structure. On the other hand, if the substrate tape has
high resistivity (> 10 uQ-cm at 77 K) or the buffer layers are insulating, an additional high-conductivity
metal stabilizer layer (e.g., Cu or Ag) must be added onto the HTS coating. Presently, all precommercial
approaches to coated conductors use low-conductivity Ni-alloy tapes and insulating buffer layers so that
an additional layer of copper is laminated onto the superconductor. An envisioned HTS wire architecture
would involve the combined use of a strong, high-conductivity Cu-alloy tape substrate and a conductive
buffer layer, thereby eliminating the need for additional stabilizing layers. This achievement would not
only yield substantial improvement in the engineering critical current density; it would also provide
benefits in reduced material cost, absence of substrate ferromagnetism, and increased thermal
conductivity when compared with Ni-alloys.

In our previous investigations on the development of conductive buffer layers directly on pure Cu or
Ni surfaces, electrical connectivity proved to be a major challenge, mainly because of the poor oxidation
resistance and high reactivity/diffusivity of Cu or Ni. A discontinuous insulating oxide layer (i.e., Cu,O or
NiO) usually forms at the metal-substrate interface, either during the growth of conductive buffer layers
or after the processing of YBCO films. In this study, we have addressed these issues by using several
unique properties of the fcc metal Ir as a base buffer, followed by a single buffer layer of Lag;SrosMnO;
(LSMO). This buffer layer combination improves oxidation resistance of the substrate and effectively
blocks diffusion of the substrate species into the HTS layer. Iridium is identified as having excellent
oxidation and corrosion resistance among platinum group metals, and low oxygen diffusivity. Moreover,
its native oxide, IrO,, under conditions of stability, is characterized by metallic conductivity (bulk
resistivity, p ~30-100 uQ-cm) and chemical inertness. These properties make Ir a unique candidate for a
conductive interface. LSMO was selected for its electrical conductivity and structural/chemical
compatibility with YBCO. In this initial work, we have used Ni-alloy substrates for a proof-of-principle
assessment of the feasibility of LSMO/Ir as a conductive buffer interface.

Magnetron sputtering systems with rf and dc sources were used to deposit LSMO and Ir thin films,
respectively, on biaxially textured Ni-3at%W (Ni-W) substrates. For Ir film growth, sputtering gas of Ar
+ 4%H, and substrate temperatures in the range of 550 to 650°C were used. Subsequent LSMO
deposition was conducted at 625 to 700°C in a mixture of forming gas and 5 x 10~ Torr of H,O. For both
films, sputter-gas pressure was around 10 mTorr. Film thicknesses were varied from 50 to 500 nm for Ir
and 40 to 300 nm for LSMO. YBCO films with thickness in the range of 200 to 1500 nm were grown by
PLD:; a KrF excimer laser system operated at an energy density of ~ 2 J/cm” was used. Samples were
characterized for crystal structure, phase, and texture by XRD. Cross-section examinations of the samples
were conducted by a high-resolution TEM equipped with an EDS unit. A standard four-probe technique
was used to evaluate the electrical properties, including the temperature-dependent resistivity of the
conductive buffer layers, superconducting transition temperature, critical current density, and current-
voltage characteristics of the composite structure. Values of critical current density were assigned at a
1-uV/cm criterion.

A typical XRD spectrum for a 1-um-thick YBCO film deposited on LSMO/Ir/Ni-W is shown in
Fig. 2.130. All diffraction peaks are (00l) type reflections, indicating c-axis growth for each layer. After
1-um-thick YBCO deposition, there is no evidence of peaks from unwanted insulating NiO or other
reactants. This is a significant observation because our previous studies of conductive buffer layers on Ni-
based templates always showed some NiO formation at the substrate—buffer-layer interface, even after
growth of only 0.2-um-thick YBCO. It is apparent that this buffer structure effectively blocks diffusion of
oxygen inward as well as Ni outward. Further support for this assertion comes from the high-resolution
TEM image in Fig. 2.131, showing a cross-sectional view of a 0.2-um-thick YBCO/LSMO/Ir/Ni-W
sample. To clearly identify the interfaces, the sample was tilted away from the [010] Ni-W zone axis
along the (001) direction. All interfaces are clean and homogeneous with no intermediate reaction zones
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Fig. 2.130. X-ray diffraction 8-20 pattern of
a 1-um YBCO film on conductive
LSMO(40 nm)/Ir(400 nm) buffered,
biaxially textured Ni-W substrate.
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Fig. 2.131. (a) Cross-section TEM bright-field
image of the 0.2-um-thick YBCO/LSMO/Ir/
Ni(W) composite structure showing well-
defined interfaces between the layers.

(b) High-resolution EDS line scan across the
Ir/Ni-W boundary showing undetectable oxygen
levels and sharp drop of Ni signal at the
interface.

or phases present between the individual layers. More importantly, an EDS line scan (using an electron
probe approximately 1.5 nm in diameter) across the boundary between the Ir buffer and Ni-W substrate
[Fig. 2.131(b)] confirmed the absence of oxygen within the Ir, Ni-W, or at the interface. Sharp changes of
the Ir, Ni, and W signals at the interface also verify that there is no significant intermixing. While Ir has
an equiaxed grain structure, both YBCO and LSMO exhibit c-axis columnar growth, typical for
perovskites, with no secondary phases or porosity. Some porosity is visible at the Ir and Ni-W boundary,
although diffraction analysis confirmed that the interface is atomically coherent, and there was no
indication of reaction phases that could have been pulled out during the sample preparation. Possibly, the
pores result from strain induced by either lattice mismatch or the large difference in thermal expansion

coefficient between the Ir layer and the substrate.

The XRD and TEM observations are consistent with
measurements of the temperature-dependent resistivity, pne-
T (Fig. 2.132). Here p.« is calculated from the thickness of
the entire structure, assuming a negligible interfacial contact
resistance (i.e., <107 Q-cm?). For direct comparison, data
for bare Ni-W substrate are also included. The metallic ppe-
T behavior of the as-deposited conductive LSMO/Ir/Ni-W is
indistinguishable from the same structure after deposition of
a thick (0.7-um) YBCO layer. This observation indicates
excellent electrical coupling between YBCO-LSMO-Ir-
(Ni-W). Presence of a native metal oxide layer at the
substrate-buffer interface would likely decouple the HTS
layer, which in turn would increase the calculated py Of the
YBCO/LSMO/Ir/Ni-W by nearly a factor of 300 times the
present value. The comparable transition temperature
values, in the range of 88 to 89 K for both the 0.2- and
0.7-um-thick YBCO films, further point to the effectiveness
of Ir layers as diffusion barriers to Ni and W because
growing thicker films requires longer time at elevated
temperatures in the presence of an oxygen ambient. The
slightly lower net normal-state resistivity for the Ir coated
architectures as compared with that of the Ni-W substrate,
along with the sharp decrease observed in pp at lower

30

[-a—Ni-3at.% W
|-2— LSMO/Ir/Ni(w)
|—=— YBCO(0.2 um)/LSMO/IF/Ni(w)

N
a
Il

N
o
1

£
Q
G
]
> —o=J, (0.2 um) = 2.2 x 10° Alem”
g 151 o 10 R s (07 smy = 1% 10° Al
- ! L ‘
2 o 10
‘® 10 §
1) - 10°
) s
Z 54 i. 10t
Tc=88-89K= i SR Sa Smew Sar SmaEs
0 H(T)
T T T T T T
0 50 100 150 200 250 300

Temperature (K)

Fig. 2.132. Temperature-dependent
net resistivity measurements for

0.2 and 0.7-um thick YBCO samples
grown on conductive LSMO/Ir/Ni-W
substrates. For comparison, data for
LSMO/Ir/Ni-W and biaxially textured Ni-
W substrate is also included. Inset
shows the field-dependent transport
critical current densities at 77 K for the
same YBCO films.
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temperatures (< 100 K), is associated with the much lower resistivity [p (300 K) = 4.8 pQ-cm] and larger
resistivity ratio of Ir [p(273 K)/p(77 K) = 7], compared with Ni-W. The inset of Fig. 2.132 shows the
transport critical current density at 77 K for the same YBCO films as a function of magnetic field, applied
parallel to c-axis. Self-field critical-current-density values of 2.2 x 10° A/lcm? and 1.3 x 10° A/cm?® were
obtained for the 0.2- and 0.7-um YBCO coatings, respectively. These high critical-current-density values
result from the presence of only low-angle grain-to-grain alignments, along with an overall a high-quality
YBCO coating, free of cation contamination. However, the decrease of critical current density with
increasing YBCO thickness is probably associated with degradation in the microstructure and crystalline
orientation of PLD films, as is well documented.

To evaluate the stability provided by the conductive 3.0 . .
buffer interface, we measured current vs voltage TP e ':Ollflted Net
characteristics of YBCO/LSMO/Ir/Ni-W. Tests were 2551 g "™ e),' "
conducted on 0.2-um-thick YBCO films at an applied field 2.0 ../ ! /
of 1 Tesla due to the limitations of our current source. In S $ vBCOIsolated
Fig. 2.133 are displayed three current-voltage curves: for the Es1 ¢ (data) ¥ /'
Ni-W tape only; for a typical isolated HTS coating at 77 K, s ¥ \I*l d
for 1 Tesla having a power law relation V o (I/15)*; and for ' S 'l /
the actual sample. The data from the sample agree well with 054g p
the expected current-voltage curve for the net, combined 0_0"' : al kb
ideal case of a nonlinear HTS layer and ohmic LSMO/Ir/Ni- 0 1 2 3 4
W. That is, for an envisioned current surge with | > I, the /1,

total current is partitioned ideally between the YBCO and
the substrate (i.e. Iy = lsu + l47s) Via the conductive
interface. As a check, we are able to recover the current-

Fig. 2.133. The I-V curves obtained
from the 0.2-pm-thick YBCO on
conductive LSMO/Ir/Ni-W in a field of

voltage behavior of an isolated HTS film by subtracting the 1 Tesla and for the bare Ni-W
expected current through the substrate from the total substrate. The figure includes also a
measured current. The result of this exercise, labeled model curve with power law n=15 and
“model” in Fig. 2.133, is in reasonable agreement with the the curve derived for the isolated YBCO
curve generated from the expected power law relation. film from the actual measurement.

Although for the present case of a thin YBCO coating in a

magnetic field, electrical stability to an overcurrent of ~3 I is provided, the p.« value of ~15 pQ-cm is not
sufficiently low to provide necessary stabilization for a practical, high-current conductor. As an example,
for a YBCO film carrying 100 A/cm-width (a practical current level), in the event of a transient loss of
superconductivity, the dissipated heat flux would be ~32 W/cm?, which is above the critical heat flux of
~10 W/cm? for boiling liquid nitrogen. Nevertheless, the present results establish a proof of principle for a
conductive buffer stack on a metal substrate and provide motivation for the development of a fully
conductive Cu-based RABITS™, where the metal substrate conductivity is sufficient to provide
stabilization. Research is in progress on both the development of textured copper-based substrates and
implementation of the Ir-based architecture, which promises high electrical conduction to the substrate
combined with an excellent barrier to both oxygen and cation diffusion.

2.22 Characterization of Suitable Buffer Layers on Cu and Cu-Alloy Metal
Substrates for Development of Coated Conductors

C. Cantoni, D. K. Christen, E. D. Specht, M. Varela, J. R. Thompson, A. Goyal, Y. Xu, and
S J. Pennycook

We investigated several issues associated with the development of buffer and superconducting layers
directly on Cu substrates, including poor Cu oxidation resistance, high Cu thermal expansion, and surface
sulphur-mediated buffer layer epitaxy.
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The fast Cu oxidation is due to the very high diffusivity of Cu ions through CuO/Cu,0, and the
consequent inability of the native metal oxide to be self-protective (at YBCO processing conditions). This
poses stringent requirements on the buffer layers to be used on Cu. Such layers need to block cation and
oxygen diffusion more efficiently than the Y,04/'YSZ/CeO, buffer combination on Ni-W alloy, for which
self-passivation of the native oxide at the buffer-substrate interface does occur.

Another concern related to the use of Cu-RABITS™ is the large strain imposed by the substrate on
the YBCO film during cooldown. In fact, the thermal expansion coefficient of Cu can be estimated as 18
x 107° K" in the temperature region of interest (the same quantity for Ni is 16 x 10° K™). On the sole
basis of the difference between Cu and YBCO thermal expansion (aygco = 12 x 10°° K‘l), a residual
strain of ~0.45 % in the YBCO film can be calculated. This value is very close to the failure limit of 0.5%
for compressive strain, as experimentally derived by bending tests of coated conductors.

Although an ordered sulphur superstructure is necessary on the Cu surface (just as for Ni) to nucleate
and grow many cubic oxides, such superstructure cannot be formed on Cu by controlling sulphur
adsorption as is done for Ni and Ni alloys. Therefore, the choice of possible buffer layers on Cu is limited
to materials that can be grown on a clean fcc metal surface.

Among the possible oxides used today in coated-conductor technologies, MgO is certainly a good
candidate as a barrier layer for oxygen in buffer layer architectures intended for Cu. Previous **O
transport studies indicate that the oxygen diffusion coefficient of MgO at 800°C is roughly 107%° cm?/s,
nearly 13 orders of magnitude smaller than that of YSZ at the same temperature. Although MgO is known
to grow on clean fcc metal surfaces, this layer alone is not a suitable buffer layer due to rapid Cu
diffusion. For this reason a seed layer of TiN was introduced as a Cu diffusion barrier between MgO and
the metal substrate. TiN is one of the most widely investigated barrier materials in Cu metallization for
integrated circuit technology and is structurally compatible with MgO, having the same rock-salt crystal
structure and a lattice mismatch of only 0.5%. Further, we found that TiN could be easily grown
epitaxially on Cu without the need for a sulphur template. We deposited LMO as a cap layer on MgO for
good lattice match and chemical compatibility with YBCO. LMO was selected among other perovskites
(SrTiOs, SrRuO3) because of the wide window of deposition conditions for single-oriented (100) films on
MgO.

The Cu substrates used for this study include Cu (001) single crystals, Cu (001) epitaxial films
deposited on (001) MgO or (001) SrTiO; (STO) single crystals, {100}<100> textured Cu tapes, and
{100}<100> textured Cu-48%Ni-1%Al tapes. All the oxide buffer layers were grown in an ultra high
vacuum PLD chamber equipped with a load lock for loading samples and targets, a reflection high-energy
electron diffraction (RHEED) system, a residual gas analyzer, and a Kaufman-type ion source for sputter-
cleaning. The laser used for ablating target materials was a KrF excimer laser with a power of 150 W and
a wavelength of 248 nm. The laser fluence varied between 4 and 5 J/cm?, and the repetition rate between
10 and 20 Hz.

Fully (100)-oriented, epitaxial TiN films were grown on a TiN target in a nitrogen background
pressure of 3.0 to 10 x 10™° Torr and a substrate temperature of 580°C. The film nucleation and growth
were monitored by RHEED, and a cube-on-cube epitaxial relationship was observed between the Cu
substrate and TiN film. After a nearly 200-nm-thick TiN film was grown, the nitrogen was pumped out,
the substrate temperature was increased to 600°C, and oxygen was introduced in the chamber with a
partial pressure of 0.8 to 1.0 x 10~ Torr for the growth of the MgO layer. In that range of oxygen
pressure, the TiIN RHEED pattern exhibited spots in addition to those typical of a clean (001) surface.
Figure 2.134 shows the RHEED pattern produced by a clean TiN surface and that of a TiN film when
exposed to the oxygen pressure and temperature indicated above. The latter suggests the presence of a 6 x
6 superstructure, likely formed by oxygen adatoms bonded on film surface lattice sites. The superstructure
was stable at the deposition condition employed for the MgO buffer layer, and fully (001) oriented MgO
films could be grown on the surface. Thermodynamic data of free energy of formation for MgO and TiO,
indicate higher stability of the former oxide than for the latter. The formation of MgO is thus favored over
the formation of TiO, and the O adatoms initially present on the TiN surface at the time the MgO
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deposition starts are
likely incorporated in the
growing MgO film. Once
a 100-nm-thick MgO film
was grown, an additional
LMO cap layer was
deposited in situ at a
temperature of 620°C and
an H,0 partial pressure of
5to 8 mTorr.

Figure 2.135 shows
the critical current density
of a YBCO film grown

by PLD on a buffered Cu
Fig. 2.134. RHEED patterns of an epitaxial TiN film on (001) Cu (left) (001) epitaxial film on
as deposited in a vacuum background and when exposed to an MgO single crystal. The
oxygen partial pressure of 8 x 107 Torr at a temperature of 600° critical current was
(right). measured by electrical
transport as a function of
107 the applied magnetic field at 77 K. The thickness of
3 the laser-ablated YBCO film (180 nm) was
10° L Lliolte measured by RBS, and the corresponding critical
E NO16 current density in self-field was 3.5 MA/cm?. That
w value is comparable with those obtained on YBCO

YBCO/S5TO

films deposited directly on single-crystal STO
substrates. The behavior of critical current density in

10* E field and the value of irreversibility field (Hy; =7 T)
F | are also typical of YBCO films on STO or LAO
10° : L : : : : single crystals.
o 1 3 4 5 6 7 Figure 2.136 shows a low-magnification
H( Z-contrast STEM image of the multilayered

Fig. 2.135. Critical current density vs applied structure LMO/MgO/TiN grown on the Cu film on
magpnetic field for a YBCO film deposited on MgO single crystal after deposition of the YBCO
LMO/MgO/TiN/Cu/MgO(crystal) (black line and  tgp film. All the interfaces appear clean and there is
dots), and a typical YBCO films deposited on 5 eyidence of reactions or interdiffusion between
single crystal STO (gray line). the different layers. Further, oxygen presence at the
CUu/TiN interface was not detected from in situ electron energy loss spectroscopy measurements.

To estimate the actual residual strain induced by the Cu substrate in the superconductor, we
deposited the same buffer layer architecture and YBCO film described above on a 1.5-mm-thick Cu
crystal. The Cu crystal was nearly a single crystal with a FWHM of 0.28° for the (001) rocking curve, and
a [001]-tilt of 1°. The critical current density was derived in this case by measuring the sample magnetic
moment hysteresis in a SQUID magnetometer as a function of temperature and field. The observed sharp
transition temperature transition and the high critical-current-density value at low temperature (J, [5 K] =
1.42 x 10" Alem?) were indicative of absence of weak-links. The critical-current-density value at 77 K
and low magnetic field was 1 MA/cm? We used high-resolution XRD to measure the lattice parameters
of the layers composing the heterostructure. By using (002) and (111) type reflections, we calculated a
lattice distortion of (a-c)/a=-1.31% in the TiN film and 0.04% for MgO. The YBCO lattice constants
were evaluated by using (005), (006), and (113) reflections, and the residual strain was estimated to be ¢,
= 0.25%. This value is significantly lower than the 0.45% calculated on the basis of differences in thermal
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expansion, and closer to the residual strain measured on the
50-um-thick Ni-3%W substrate (0.08%). This result
indicates that strain is released by introduction of
dislocations within the buffer layers or at their interfaces.
An example of this mechanism is illustrated in Fig. 2.137,
which shows a high-magnification Z-contrast STEM image
of the interface between MgO and LMO. The large lattice
mismatch between the two oxides (7.3%) is accommodated
in the early stages of film nucleation with the introduction
of disorder and misfit dislocations in the very first atomic
planes of LMO, leading to virtually unstrained growth of the
rest of the film. Another strain-relief mechanism that can
occur when stiff and brittle films are deposited on soft

and ductile metals is the insertion (and motion) of
dislocations in the underlying metal substrate rather than the

Fig. 2.136. STEM image of a
YBCO/LMO/MgO/TiN/Cu multilayer
structure on MgO single crystal

acquired with high-angle annular film. .
dark field detector. This technique To complete our study we grew the LMO/MgO/TiN
provides direct compositional contrast, buffer layer heterostructure and the YBCO film on 99.99%
and the heavier elements appear pure Cu tapes that were thermomechanically processed to
brighter. obtain a biaxial texture with XRD FWHM s of 6° and 5° for

the in-plane and out-of-plane alignment. In this case, the
magnetically determined critical current density at 77 K and low
magnetic field was 0.7 MA/cm? corresponding to a transport
critical current density of nearly 1.5 MA/cm?. Although this is a
very encouraging value, it is not consistent with the optimal
degree of texture of the buffered substrate, which, according to
previous studies on the dependence of transport critical current
density on grain boundary distribution in coated conductors,
should correspond to 2.5 MA/cm?. These samples also showed a
lower transition temperature (T, = 88.5 K) than typical YBCO
films on coated conductors, which suggests the possibility of
chemical contamination of the YBCO film by outward Cu

¥
v . diffusion. SEM measurements were consistent with this
Fig. 2.137. High-resolution STEM hypothesis and in particular showed sparse Cu,O outgrowths in
micrograph of the LMO/MgO the form of big particles and, sometimes, straight lines aligned
interface. with the substrate rolling direction. We attributed the formation

of these outgrowths to oxidation that occurs during the YBCO
deposition on the unprotected back side and edges of the substrate, and that propagates toward the front.
Outgrowths form preferentially in correspondence to defects, such as pin holes or scratches, introduced on
the substrate surface during the rolling process. EDX measurements performed before and after
subsequent high-temperature vacuum anneals on TiN/Cu bilayers deposited on 7° STO bicrystals
indicated no detectable Cu diffusion through the TiN grain boundary. This experiment suggests that the
occurrence of the Cu,O outgrowths is not related to the presence of a low-angle grain boundary in the
textured substrate. No such Cu,O eruptions were in fact observed along the Cu substrate grain boundaries,
whose traces are still visible through the YBCO film.

One of the possible ways to avoid oxidation from the back side is to alloy Cu with a more oxidation-
resistant metal. We investigated the performance of nonmagnetic Cu-48%Ni with 1-1.5% Al using the
same buffer layer architecture used on pure Cu and a 0.3-um-thick YBCO film grown by PLD. The small
percentage of Al in the substrate is very effective in passivating the CuNi alloy, which otherwise can
oxidize nearly as fast as pure Cu. Passivation occurs by formation of a thin Al,O; surface layer at
extremely low oxygen partial pressure. The layer is very desirable for protecting the back side but is not a
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suitable template for well-oriented buffer or superconducting layers. Therefore, the Al,O; layer that had
formed on the substrate front surface during the texturing anneal was removed by ion sputtering prior to
the deposition of the seed layer. Although the TiN deposition occurs without introduction of oxygen in
the deposition chamber, the Al present in the substrate can readily diffuse up to the surface at
temperatures greater than 400°C and oxidizes in the presence of residual background oxygen, thus
corrupting the buffer layer epitaxy. This problem was avoided by depositing an initial 100-A-thick TiN
layer at 400 °C. The cube epitaxial growth, which does not normally occur at such low temperature, was
achieved by locally increasing the energy of the impinging species with a 400- to 500-eV Ar” ion beam.
The rest of the TiN film and the subsequent buffer
layers were deposited at the conditions used for pure Cu

10°

substrates. Figure 2.138 shows the XRD 6-20 pattern © g
acquired on a YBCO/LMO/MgO/TiN/ e .85
CuNiAl sample that showed a transport critical current g gg. g 9§ 88 a
density of 2 MA/cm?. Only YBCO and substrate peaks are o858 2 s 3 g
present, and there is no evidence of unwanted oxide peaks. "~§ 5> 5§ 8§|F
Four-circle diffractometer measurements revealed optimal - § g
alignment of the YBCO film with a FWHM of 2.8° for the wer
out-of-plane texture (in the rolling direction) and 6.5° for 20 25 30 35 40 45 50 55
the in-plane texture. 6-20 (deg)
In conclusion, we have shown that a multilayered .
structure consisting of LMO/MgO/TiN acts as a good \F(g(.:é/lfﬁbe/ﬁg é?l?\lfgf Sigj gampl o

diffusion barrier and structural template for the deposition

of high-critical-current-density YBCO film on pure Cu and

Cu alloy substrates. Each of the three buffer layers has a unique property that is essential to suppress Cu
oxidation, keep the interfaces clean, and accommaodate strain. TiN is a barrier to outward Cu diffusion.
MgO is a barrier to inward oxygen diffusion and is stable enough thermodynamically to be grown on
TiN. LMO provides structural compatibility with the YBCO lattice.

2.23 Electrical and Magnetic Properties of Conductive Cu-Based Coated
Conductors

T. Aytug, M. Paranthaman, A. Goyal, N. Rutter, H. Y. Zhai, A. A. Gapud, and D. K Christen (ORNL);
J. R. Thompson and A. O. ljaduola (University of Tennessee)

For the effective implementation of coated conductors at cryogenic temperatures (~30-77 K),
stabilization against thermal runaway will be required in the event of an overcurrent situation (exceeding
critical current of the HTS coating). In general, a coated conductor architecture involves epitaxial
fabrication of a thin layer (1-2 wm) of HTS film (usually YBCO) on biaxially textured buffer layers
deposited on a thick (50-um) flexible metal substrate (Ni or dilute Ni-alloys). Thus, additional
stabilization by electrical connection to a good conductor is required for insulating buffer layers and
resistive Ni-alloy substrates (> 10 uQ-cm at 77 K). A solution is to electrically shunt the HTS layer,
either by an intermediate conductive buffer layer to a low-resistive metal substrate (i.e., Ni or Cu) or by
depositing a stabilizing metallic cap layer (i.e., Cu or Ag) onto the HTS coating. While a conductive
buffer provides an effective solution only when the substrate material is highly conductive, it is the most
desirable approach from an applications perspective since it would yield the optimum engineering current
density (critical current per unit total cross-sectional area). Coupling the HTS layer adequately to a pure
Ni or Cu tape through a conductive-buffer layer also provides an overall less complicated structure with
reduced resistance and an increased thermal conductivity, providing more efficient heat transfer to either
a coolant bath or through the thermal diffusivity of the system.

To date, many reports on using the RABITS™ technique for coated conductor fabrication have
utilized high-purity Ni (99.99%) and strengthened Ni-alloy as the base, textured material. However, the
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ferromagnetism of pure Ni and Ni-alloy hinders their use in applications requiring time-varying (ac)
currents due to hysteretic energy losses. On the other hand, Cu is a lower-cost, lower-resistivity and
nonmagnetic alternative for the production of long RABITS™-based coated conductor tapes. Recently,
we have demonstrated the growth of electrically well-coupled YBCO films on conductive
SrRuO3/LaNiOs bilayer and Lagy7SrosMnO3z (LSMO) single-layer buffer structures deposited on biaxially
textured Ni tapes. Although recent progress has been made in the development of nonconductive,
protective buffer architecture, there have been no reports on the development of conductive buffer layers
on pure Cu substrates for coated conductor applications. Because of its electrical conductivity, thermal
stability, and structural compatibility with YBCO; we have investigated the viability of LSMO as a
conductive buffer interface on biaxially textured Cu substrates. Here, we demonstrate the fabrication of
electrically connected high-critical-current (> 2 x 10° A/lcm? at 77 K) YBCO coatings on Cu tapes. The
electrical, superconducting, and magnetic (hysteretic loss) properties of these short prototype conductors
are reported.

Cube-textured [{100}(100)] Cu substrates of 50-um thickness were obtained from randomly
oriented, high-purity (99.99%) Cu bars by cold-rolling, followed by an anneal in vacuum at 800°C for
1 h. To minimize Cu diffusion and to reduce the oxidation rate of the substrate, first a protective Ni
overlayer (1.6 um) was deposited by dc-magnetron sputtering at a temperature of 600°C in a reducing
atmosphere of forming gas (96%Ar + 4%H;). Subsequent growth of the LSMO buffer was conducted by
rf-magnetron sputtering in a mixture of forming gas and 2 x 10~ Torr of H,0, with the substrate
temperature at 550 to 625°C. These conditions have solved the slight Sr contamination that we have
observed in earlier work of LSMO on Ni. The YBCO films were grown at 780°C in 120 mTorr of O, by
PLD) by using a KrF excimer laser system operated at an energy density of =2 J/cm®. For these research
samples, typical thicknesses of the LSMO and the YBCO films were 300 and 200 nm, respectively. The
crystallographic orientation and texture of the films were characterized by XRD. A standard four-probe
technique was used to evaluate the electrical properties, including the temperature-dependent resistivity of
the conductive buffer layers, superconducting transition temperature, critical current density, and current-
voltage characteristics of the composite structure. Critical-current-density values were assigned at a
1-uV/cm criterion. The magnetic properties of the samples were measured in a SQUID-based
magnetometer at a temperature of 95 K, in fields up to 800 Oe applied parallel to the tape plane.

Figure 2.139 shows the critical current density
performance of a YBCO film deposited on an LSMO/Ni/Cu 10
substrate as a function of magnetic field measured at the
boiling and near-triple-point temperatures of liquid nitrogen
with the field applied parallel to c-axis. The sample has a
transition temperature greater than 90 K, indicating YBCO
free of cation contamination. At 77 K, the zero-field
transport critical current density is 2.3 x 10° A/cm?, and the
irreversibility field is high, near 7 T. At 65 K, the critical
current density is 4.8 x 10° A/lcm? and remains around 10"
1x 10° A/em® at 3 T, which is highly desirable for H (T)
applications such as motors, generators and energy storage
requiring field strengths of several Tesla. The high critical-
current-density values could be obtained primarily due to the
excellent texture, with low-angle grain-to-grain correlations
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Fig. 2.139. Magnetic field dependence
of critical-current-density curves
measured at 65 and 77 K, for a YBCO
film on the conducting buffer

dominating the entire sample and an overall high degree of structure of LSMO/Ni/Cu. The inset
in-plane (A¢) and out-of-plane (Aw) alignment. In fact, the shows the temperature-dependent net
measured XRD FWHM widths A¢ and Aw of the average resistivity of the same YBCO sample, as
total ensemble of grains are sharp; 7° and 6.5° for YBCO, well as the data for LSMO/Cu and for a
6° and 5° for underlying Cu substrate, respectively. It is pure biaxially textured Cu substrate.

clear from the inset of Fig. 2.139, which shows the
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temperature-dependent four-point resistivity measurements, that there is excellent electrical coupling
between the Cu substrate and the LSMO layer, as evidenced by the similar p,-T behaviors. However,
after the YBCO deposition, pne-T characteristics of the sample deviates from the ideal behavior,
indicating somewhat degraded metallic connectivity, most likely resulting from the presence of
discontinuous NiO regions (detected from the XRD analysis) at the LSMO-Ni interface. In fact, our
model calculations showed that the observed increase in py at the superconducting transition can be
associated with a significant interfacial contact resistance between the YBCO film and the Cu substrate.
On the other hand, complete isolation of YBCO from the substrate would yield a pn (calculated for the
entire structure) that is 2 x 10* times higher than the present value of p (2 pQ-cm) at the transition
regime. The observed value is low enough to provide significant stabilization for the current levels of the

present structure.

Next we compare in Fig. 2.140 the current-voltage
characteristics at 77 K of a model, ideally coupled
conductor architecture (HTS + conductive buffer +
substrate) with experimental results from the actual sample
in Fig. 2.141. Figure 2.140 (model) plots current vs electric
field (voltage/distance between voltage taps) curves for the
Cu tape only, for the isolated HTS coating with a critical
current of 150 A/cm-width (practical level of operating
current), and for the combined ideal case, in which the HTS
layer and Cu are electrically connected through an
intermediate conductive buffer layer. The interfacial contact
resistance is assumed to be negligible (i.e., <10~° Q-
cm?).The typical nonlinear I-E behavior for the isolated
HTS layer has a power law relation E o< (I/1.)". For | > I,
the ideal case exhibits a near-linear differential ohmic
behavior, with slope determined by the metal tape
resistivity. Then, for an envisioned transient with | > I, the
total current through the conductor partitions between the
HTS layer and the metal tape, greatly reducing the power
excursion in the entire structure. The current-voltage curves
obtained from our actual sample are displayed in Fig. 2.141.
While the scales are quantitatively different, qualitatively
we observe similar characteristic compared to the model
conductor, although the interfacial resistivity is
nonnegligible, as noted above. In order to check the
stabilization provided by the metal tape and to push the
current to levels greater than the critical current, we
recorded the data at 1 Tesla and compared that with the data
compiled from three other isolated YBCO films having
similar power-law behaviors. While the results exhibit
similar current-voltage characteristics for bare Cu and
isolated HTS film (compared with Fig. 2.140), data obtained
from the actual sample do not agree quantitatively with the
ideal behavior (dashed curve). This may be explained by the
inhomogeneous electrical coupling and current transfer
between the YBCO and the Cu substrate, possibly due to the
formation of a discontinuous NiO layer at the interface.
Nevertheless, were there a complete isolation, the
superconductor would have been destroyed at current levels,

N
o

I.= 150 A/cm ! 7/

HTS | 4
N s

isolate |

L=
N A o ©
P R 1

C /) Ideally

u ]

\ 7 " coupled 4

| s ! N\

Cu 7 s | Logal b

) ]

7 /T =77K ]

0 100 200 300 400 500
I(A/cm-width)

E (mV/cm)
S

oN DO ®
PR I
N

Fig. 2.140. Ideal current vs electric
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conductor architecture. Data for Cu,
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Fig. 2.141. The I-V curves obtained
from the actual sample in afield of
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there were a complete electrical
coupling.



Technical Progress in Wire Development  2-123

I =3 x| (see Fig. 2.141). Currently, we are trying to improve the electrical coupling and implement a
detection mechanism that will monitor voltage across the metal tape.

To determine the potential ferromagnetic ac loss due to the Ni diffusion barrier, we measured the
hysteretic magnetic properties of a fully formed coated conductor at 95 K, just above the superconductive
transition temperature. For these Ni materials, the loss properties change little below 95 K. The quasistatic
studies were performed on a sample of mass 9.6 g, with the dc magnetic field oriented parallel to the
plane of the tape. This configuration approximates the self-field on the substrate due to current flow in a
tape and minimizes demagnetization effects. After cooling to 95 K in zero applied field, the hysteretic
magnetization loop was measured by sweeping the field from +H . t0 —Hpax t0 +Hpax in sSmall steps. A

numerical integration of the area inside the loop M(H) provides W= §> M (H)d(H), the ferromagnetic

energy loss per cycle, with maximum magnetic field (Hnax). The measurements were repeated as a
function of Hp.x up to 800 Oe, since the ferromagnetic loss increases with ac field amplitude, which is
proportional to the peak ac current. The resulting ferromagnetic loss (W) per cycle per gram of tape is
shown in Fig. 2.142 as a function of Hy.. The inset of this 200
figure shows the magnetization of the sample for several ?H L:9I5 K -
field excursions. At Hy.x = £800 Oe, the loss has nearly Iplane_ _e--
saturated at approximately 180 erg/g of tape per cycle. The
calculated maximum hysteretic ac ferromagnetic loss at 60
Hz for a 50-um-thick, 1 m x 1cm tape would be 5.5 mW,
compared with 43 mW for the biaxially textured all-Ni
RABITS™ and 8.4 mW for a magnetically reduced Ni—
5at%W tape. These ferromagnetic losses of 5 to 9 mW 0P

L. 0 100 200 300 400 500 600 700 800 900
correspond to modest additions (10-20%) to the energy H_(Oe)
losses expected in an HTS coating of achievable YBCO-
based conductors. As an example, for an envisioned coated
conductor architecture operating at I = I, of 200 A/cm-
width, applying the Norris theory, which is shown to
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Fig. 2.142. Ferromagnetic hysteretic
loss, W, due to the Ni layer in
YBCO/LSMO/Ni/Cu. First, W increases
rapidly with H,., then saturates. The

provide a good estimate of ac loss for YBCO-bgsed inset shows the magnetization loops for
conductors, the power loss per meter per cycle is, L. = (1 / the same sample at T = 95 K, for

27‘E)|02 =480 mW at 60 Hz. For more realistic operation at |, various Hmay €xcursions, where the field
=1,/2, in which case the loss is smaller by a factor of 17, the is applied parallel to the plane of the

superconductive hysteretic loss component yields a value of tape.

L. ~ 28 mW. Obviously, further reducing the total energy

loss would be possible by either reducing the thickness of Ni or completely replacing the Ni film with a
functional nonmagnetic metal layer. Similarly, the hysteretic loss in HTS can also be decreased by
producing conductors with higher critical current that can operate at smaller 1,/I., or possibly by
geometrical optimization such as subdividing the tape into noninteracting conductors.

This work shows the development of a conductive coated conductor architecture on biaxially
textured Cu tapes having a layer sequence of YBCO/LSMO/NI/Cu. A self-field critical current density
(77 K) value exceeding 2 x 10° A/cm? was achieved, and electrical characterization suggests good
electrical coupling between the YBCO and the Cu substrate. Assessment of the magnetic loss associated
with the Ni overlayer shows that it should be small compared with the hysteretic loss in an operational
superconductive coating. Although these initial studies were conducted on pure copper, the ultimate
implementation will require strengthened tape. In principle, this can be achieved by appropriate alloying
and precipitation hardening, which will also retain high electrical conductivity of the tape.
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2.24 Simultaneous Inductive Determination of Grain And Intergrain Critical
Current Densities of YBCO Coated Conductors

A. Palau, T. Puig, and X. Obradors (Ingtitut de Ciencia de Materials de Barcelona); E. Pardo, C. Navau,
and A. Sanchez (Universitat Autonoma de Barcelona); A. Usoskin and H. C. Freyhardt (Zentrum fur
Funktion Wekstoffe, Géttingen); L. Fernandez and B. Holzapfel (IFW Dresden); R. Feenstra (ORNL)

Magneto-optic flux imaging and transport measurements have demonstrated that the supercurrent
flow in coated conductors is of a percolative nature through a network of low-angle grain boundaries. As
a result, for certain magnetic field histories, complex flux patterns of currents circulating within the grains
and currents crossing grain boundaries may arise. Some attempts have been made to develop noninvasive
experimental methodologies to determine the intergrain critical current density associated with the grain
boundary network, J.°8, and the intragrain critical current density, J.°. Here we present an inductive
methodology that is suitable for calculating J.°® and J.° of a single conductor from a set of hysteresis
loops. This method is based on the anomalous behavior of the hysteresis loops in coated conductors and
reflects the effect of superimposed fields in the grain boundaries from circulating currents within the
grains.

A number of high-quality IBAD and RABITS™ coated conductors from different laboratories have
been analyzed. A YBCO-IBAD sample, IBAD-3, is a 1-um-thick YBCO film grown by a high-rate PLD
process, on an IBAD-Y SZ/Ni-Cr stainless steel substrate. Additionally, two RABITS™ samples have
also been analyzed: RABITS™-a is an 800-nm YBCO film deposited by PLD on a YSZ/CeO, /Ni—
0.1%Mn tape, and RABITS™-b is a 1-um -thick YBCO film grown by a BaF, ex situ process that uses
evaporated precursors on a CeO,/YSZ/Y,03/Ni/Ni-3%W tape. Zero-field cooled magnetic measurements
were carried out with a standard SQUID magnetometer equipped with a 5.5-T superconducting coil on
samples of 5 x 5 mm? Subtraction of the substrate magnetic signal was required in all cases.

The right-hand side inset of Fig. 2.143 shows
a typical hysteresis loop for RABITS™-b after
substrate subtraction for a maximum applied field
(H+=5000 Oe at 5 K). The hysteresis loop appears 4x10°
to be anomalous with a maximum on the reverse
branch of the magnetization at an applied field of
Ha= 2300 Oe, instead of at H,=0 as expected for an
epitaxial film on single-crystal substrate (see also
the result for a 230-nm thin film in the inset of
Fig. 2.143). A maximum in the reverse
magnetization at H,>0 has been observed earlier 0 0 1000 2000 3000 4000
ascribed to granularity effects and was explained H_ (Oe)
by the same mechanism as that of the hysteretic :
behavior of critical current density in transport
measurements. As the magnetic field is ramped up,
flux enters the material and gets pinned into the

M (EMU/cm®)
¥
=

¢ RABIiTS™-b for H,, = 1000, 2000, and
3000 Oe.
¢ IBAD-a for H,, = 600, 1000, and 5000 Oe.

grains. Subsequent decrease of the magnetic field Fig. 2.143. Magnetic hysteresis loops at 50 K.
results in a reverse magnetic field component Left inset: schematic of magnetic fields at a grain
through the grain boundaries due to the flux lines boundary. Right inset: M(H) curve at 5 K for Hy, =

trapped in the superconducting grains. Thus, the 5000 Oe for RABITS™-b (#) and YBCO film (0).

local magnetic field at the grain boundary, Ho.®,

results from the vectorial sum of the applied magnetic field, H,, and the return field coming from each
grain that contributes at the boundary, H,.wm (Se€ upper left-hand side inset of Fig. 2.143), HioP=H—
Hrewrn. N this work, Hi,cC® has been considered to be uniform over the sample because the contribution of
the self-magnetic field arising from the percolating intergrain critical current density can be neglected in
thin-film materials, as it has been evidenced by critical-state model calculations for this particular
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geometry. Therefore, when H,,°°=0, the
magnetization peaks and Hpeax~Hreturn.

Magnetization measurements are then a very 2.0t

powerful method to infer the granularity effects of

coated conductors. 1.5
Figure 2.143 shows hysteresis loops at o

different H,, for IBAD-a and RABITS™-b at 50 K. 8 1.0f

It is confirmed that both types of coated conductor x

samples display the maximum in the reverse 0.5r

magnetization at H,>0. How-ever, the

magnetization of both samples peaks at different 0.%

Hpeak, and this peak evolves differently with
increasing Hr,. The inset of Fig. 2.144 shows Hpeax
as a function of Hy, for the three samples analyzed,

Fig. 2.144. Numerically calculated
dimensionless factors g and x as a function

IBAD-a, RAB_iTST'V'-a, and RABITS™-b at 50 K. of a/L. Inset: Hpeax a@s a function of H,, at 50 K for
Clearly, Hpea increases for low values of Hy,, and IBAD-a (¢)RABITS™-a (%), and RABITS™-b
then it saturates. The values of both the saturation (o). Also indicated are the Heo**™ and Heg™

field, H,™, and the peak saturation field, Hyex™, are values for the RABITS™-b sample.
characteristic of each type of coated conductor.

The relation Hyeac~Hretwurn €Stablishes that (i) H e is reached when the grain magnetization
saturates; thus Hpea ™ (T)~Hrewn ™ (T), and (i) Hy™™ is a measure of the magnetic field required to saturate

sat

the grains (i.e., Hy(T)~2Hg (T), where Hg' is the full penetration field of the grains). Therefore, by
using the experimental values, Hpea”(T) and Hy,*(T), we will be able to determine the grain critical
current density, J.°, and the grain size if the relations J.°(Hyewm) and J.°(Hg ) are known.

We have calculated the return field for saturated cylinders with constant critical current density
(Bean critical-state model), assuming that two isolated adjacent grains (zero separation) contribute to the
return field at the grain boundary. Calculations have been derived for cylinders of different aspect ratios,
a/L (a=cylinder radius and L=cylinder thickness), to emulate the grains composing IBAD and RABIiTS™
coated conductors. Using a numerical simulation based on energy minimization in the Bean critical-state
model, we have then also determined the full penetration field for isolated cylindrical grains of different

aspect ratios. The two equations obtained are

ge - 10 HiZ, 10 Hia

c — return (20)
A XL A XL
* sat
je10H 10 H; o~

47 na 4r 2na’

where x and n are numerically calculated dimensionless factors depending on the ratio a/L. These
equations, derived for isolated cylindrical grains, do not need to be corrected for any component of the
intergranular self-field for thin-film samples. Therefore, combining Egs. (20) and (21) we obtain the
relation, (Hpea™/Hm™)=(x/2n)/(a/L)=g(a/L), which can be used to estimate the average grain size by
means of the function g(a/L) shown in Fig. 2.144, and the experimental value Hpea™*/Hy,™. For all IBAD
and RABITS samples analyzed the grain size obtained is indeed temperature independent (see the upper
inset of Fig. 2.145). The average grain radius, &, obtained for IBAD-a sample is ~1.7 um, while the
RABITS™-a and RABITS™-b samples gave average grain radius of ~20 and ~12 um, respectively. The
obtained grain radius, a, for both IBAD and RABITS™ coated conductors are consistent with the
structural grains determined by TEM and electron backscattered diffraction.

The determination of the aspect ratio a/L enables us to estimate J.° using the x(a/L) dependence
shown in Fig. 2.144 and Eq. (20). Results are presented in Fig. 2.145 (open symbols). Values for J.© are
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Fig. 2.145. Temperature dependence of 3.8
(closed symbols) and 38 (open symbols) for
IBAD-a (¢), RABIiTS™-a (%), and RABiTS™-
b (e). Lower inset: magnetic field dependence
and hysteretic behavior of J,°®(H) IBAD-a (¢),
RABITS™-a (%), and RABITS™-b () at 50 K
and H,, = 5000 Oe. Upper inset: temperature
dependence of the average train radius obtained
for three samples: IBAD-a with <a> = 1.7 pm, (),
RABITS™-a with <a> = 20 um (*), and
RABITS™-b with <a> = 12 um (e).

in the expected range of YBCO thin films.
However, RABITS™-b sample, grown by the BaF,
ex situ process, displays a slightly less sensitive
temperature dependence than the other samples
grown by PLD. This feature deserves further
investigation because it could indicate that different
pinning mechanisms are relevant in these films.

Positive errors bars have been introduced in the
J.C values in order to consider that J.° has been
calculated at Hyes™, Where we have determined
Hrewrn from the grains. The decrease in J. from H,=0
to Hpea™™ has been estimated from results of thin
films.

On the other hand, the hysteresis loop
measurements for H>2Hs , where Hs is the full
penetration field of the sample, allow us to
determine the percolating intergrain critical current
density, J.°°. The total measured magnetic moment,
m~m°2, where m®® is the magnetic moment of the
intergranular part, because the magnetic moment of
the grains is m°<10-10"° min all the samples.
This indicates that the large current loops of the
intergrain percolating currents generate a larger
magnetic moment than the grain current loops
associated with J.C. Thus, it can be considered that
the measured magnetic moments of the m(H) cycles

solely correspond to the magnetic moment of the intergranular component, though strongly influenced by
the return field of the grains. Then, the temperature dependence of J.°® at Hi,.>°~0 can be calculated from
the equation, JCGB=(3Om/RSVS), where mis the value of the magnetic moment at the peak, and Rsand Vs
are the total sample radius and volume, respectively. Results are shown in Fig. 2.145 (closed symbols) for
the three samples. The J.°8(T) values for the IBAD and RABITS™ samples are just two to four times
smaller than the corresponding J.°(T), indicating that these coated conductors are of very high quality.

Finally, by applying the same equation, J.°®=(30nYR.\V,), to both the initial and reverse branches of
the m(H) curve, we have determined the magnetic field dependence of J.°® and the associated hysteretic
behavior responsible for the anomalous hysteresis loops (see lower inset of Fig. 2.145). Therefore, we
encounter now by inductive magnetic measurements, the hysteretic behavior of J.°8(H) reported earlier
from transport measurements.

In conclusion, we have demonstrated that solely from magnetic hysteresis loops measured at
different maximum applied magnetic fields, we are able to determine simultaneously the grain and
intergrain critical current densities of IBAD and RABITS™ coated conductors. The simplicity of the
method paves the way to a full investigation of the relationship between granularity and vortex pinning
effects. This inductive contactless methodology is based on the anomalous behavior of the hysteresis
loops of high-critical-current granular materials, induced by the return field from the grains into the grain
boundaries. Numerical calculations determining the return field and full penetration field of saturated
finite grains in the Bean critical-state model have been required in order to properly quantify the grain
critical current and give relevant evidence for grain size structure of both types of conductors.
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2.25 Magnetism and Ferromagnetic Loss in Ni-W Textured Substrates for Coated
Conductors

A. O. ljaduola, J. R. Thompson (University of Tennessee), A. Goyal (ORNL), C. Thieme (AMSC), and
K. Marken (OST)

2.25.1 Introduction

High-temperature superconductors are fascinating materials with great fundamental interest and
significant technological potential, one of which is the development of tapes and cables for low-loss
conduction of high-density electric currents. However, problems arising from the “weak-link” intergrain
current transport have led to the development of different methods for their fabrication. The RABITS™
[1-3], IBAD [4-7] and the ISD [8,9] methods are the most recent methods being used to create a substrate
on which a highly textured HTS with low angle grain boundaries can conduct large intergrain currents.
The Ni-W alloys studied in this work are well suited as the base material for RABITS™ applications.

Nickel, which is more amenable to the thermomechanical processing that produces biaxial texturing,
was initially used for RABITS™ conductors. However, its ferromagnetism, with a Curie temperature of
627 K and a saturation magnetization of 57.5 emu/g at T = 0, is considered undesirable. Moreover, its use
in ac applications can lead to high hysteretic losses that add to the usual ac losses in the superconductor.
Consequently, suitable alloys with reduced ferromagnetism need to be developed. In earlier work, we
investigated certain magnetic properties of a series of Ni-Cr materials that were biaxially textured.[10].
This present work deals more extensively with the Ni-W alloy series, highlighting their magnetic
properties. The Ni-W materials are particularly interesting and desirable because they facilitate the
subsequent deposition of epitaxial buffer layers by the presence of a thin nickel tungstate surface layer,
which inhibits oxidation and interdiffusion. These advantages, together with greatly increased strength,
have led at least two commercial manufacturers to adopt Ni-W materials for use in production of
prototype coated conductors.

2.25.2 Experimental Details

Niy_ W, materials with nominal compositions x =0, 3, 5, 6, and 9 at. % W were used. The alloys
were formed by either vacuum-melting or powder metallurgy methods. The starting alloys were then
subjected to thermomechanical processing (a series of rolling deformations and heat treatment) to produce
the desired {100}<100> biaxial texturing. In the final step, the alloys were recrystallized by annealing at
temperatures near 1000°C for the vacuum-cast materials and 1300°C for the powder metallurgy alloys;
the maximum temperature is limited by the need to avoid secondary recrystallization, which destroys the
desired biaxial texturing.

For the magnetic studies, a sample of tape, with typical dimensions of 3 to 3.5 mm x 3.5t0 4 mm
and thickness of 50 to 75 um, was mounted in a SQUID-based magnetometer, either a Quantum Design
model MPMS-7 or a model XL with ac capabilities. The tape was vertical with the magnetic field applied
parallel to the sample’s surface in order to minimize demagnetizing effects. Temperatures ranged from 5
K to 375 K in fields up to 50 kOe. We measured both the isothermal mass magnetization M(H) at
different fixed temperatures and M(T) in fixed field. For the ferromagnetic loss studies, we measured one
complete loop of the dc magnetization M(H), starting from field +H,.x and sweeping to field —H ., then
back to field +Hpax. This process was repeated at progressively higher field amplitudes Hpax in the range 5
to 800 Oe. For example, in a 100-Oe cycle, (Hmax = 100 Oe) the sample was first “exercised” by applying
a magnetic field H = +100 Oe, —100 Oe, +100 Oe and —100 Oe, which simulates several cycles of ac field
in an application and establishes the steady state ferromagnetic response. Then the loop M(H) (in units of
G cm®/g) was measured, sweeping the field in small increments from +100 Oe to —100 Oe and back to +
100 Oe. In any conductor configuration, the field excursion Hy.x will increase with the amplitude of the
ac current, with a geometry-dependent proportionality [11]. Measurements of ferromagnetic loss were
doneat T=50 Kand 77 K.
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In some cases, the ac magnetization was measured to determine whether the ferromagnetic loss per
cycle depended on frequency. Frequencies ranged from 2.5 to 600 Hz, with ac field amplitudes h, up to
6.8 Oe-peak. In one case, a bias dc field was applied parallel to the ac field to assess its influence. For the
deformation studies, we used a common bending strain of 0.4% for all the deformed samples. The
formula

thickness of sample
diameter of mandrel

bending strain = (22)

was used to determine the appropriate mandrel to deform each of the samples. A sample was wrapped
around the mandrel and then flattened to complete a half cycle of deformation; when reverse wrapped and
again flattened, the tape completed one complete deformation cycle. The objective of this bending study
was to simulate the work hardening that might be encountered during handling or fabrication of electrical
equipment. Finally, the effect of temperature cycling was investigated for one sample, by dipping it in
liquid nitrogen, warming it to room temperature, and then immersing it again. This thermal cycle was
repeated eight times, after which the ferromagnetic loss was remeasured in a 400-Oe cycle at 77 K.

2.25.3 Results and Discussion

For an overall perspective, Fig. 2.146 shows
the mass magnetization M plotted versus applied
field H for all samples studied. The measurements
were done at T="5 K in fields H up to 10 kOe; in
order to obtain the saturation magnetization Mgy,
these measurements were done at 5 K. The values
of M steadily decrease with the addition of Iy i
tungsten. This is clearly seen in Fig. 2.147, a plot of 08 e Eé,iﬁf}
Mgz VS W-content x. The figure reveals a variation 10 o m:gw Eggm
with x that is very nearly linear, similar to that o T T L Ni(no def, ORNL)
observed in Ni-Cr alloys.[10,12] A linear

——g=s—w—w—f=w—m—m—a

—n— Ni (3 def ~1% strain)
—e—Ni3W (ORNL)
Ni3W (Oxford)
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extrapolation to Mg, = 0 intersects at critical W
concentration x, = 9.55 *+ 0.40 at.%. Long ago, this
alloy system was studied by Marian [13] and
subsequently reported in [14] and in a data
compilation still later [15]. The data of Marian are

H (Oe)
Fig. 2.146. Magnetization M vs applied
magnetic field H for all samples studied.
Measurements were done at T =5 K.

shown in Fig. 2.147 as well.

We determined the Curie temperature for
several alloys from temperature-dependent measurements of M(T). The analysis was based on the relation
that the spontaneous magnetization varies with temperature as M o< (T, — T)” with § = 1/3 for a 3D
Heisenberg magnet.[16]. In approximating the spontaneous magnetization by the bulk signal, we ignore
all data very close to T, due to the influence of the applied field. The process is illustrated in Fig. 2.148,
which shows M 2 plotted against T for two alloys, Ni-5at%W and Ni-6at%W. The substantial region of
linearity shows that the “critical point” relation given above describes the system rather well. The Curie
temperature was obtained by a linear extrapolation to M * = 0. The resulting values of T, are presented in
Fig. 2.149 as a function of W-concentration x. Again, the values of Marian [13] are included for
comparison. As with the saturation magnetization Mg, We observe a nearly linear decrease with x; a
linear extrapolation to T, = 0 gives a value for the critical concentration x, = 9.75 = 0.40 at. %, which is
consistent within experimental error with the result from Mg, This implies, perhaps more fundamentally,
that Mg, and the Curie temperature are proportional in these Ni-W (and Ni-Cr) alloys. Table 2.10 lists
these two parameters for the present samples.
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Fig. 2.147. Variation of saturation
magnetization of Ni;_,W, alloys with W-
content x, including values obtained here
and those reported by Marian [V. Marian,
Ann. Phys. Ser. 11(7), 459 (1937)]. The line is
a linear dependence fitted to the present data
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Fig. 2.149. Dependence of Curie temperature
of Ni;_yW, alloys on W-content x, with present
results and those of Marian [V. Marian, Ann.
Phys. Ser. 11(7), 459 (1937)]. The straight line
extrapolates to the critical concentration x..

Table 2.10. Magnetic properties of Ni-W alloys

Material Mgt (G-cm®/g) Te (K)
Nickel 57.06 627
Ni-3at%W 36.4-37.3 >420
Ni-5at%W 27.4-28.0 339
Ni-6at%W 19.8 250
Ni-9at%W 4.36 25

15000 - o Ni-5at%W | -

Ni-6 at% W

10000 -

M (G-cm3)]®

5000 -

0 H—
0 50 100 150 200 250 300 350 400 450
T(K)

Fig. 3of AOI etal

Fig. 2.148. A plot of M® vs temperature T for
Ni-5at%W and Ni-6at%W. Straight lines show
the extrapolation to M = 0 used to define Curie
temperature.

Next, we consider the hysteretic energy loss in
these ferromagnetic Ni materials. To illustrate
some essential features, we show in Fig. 2.150
several plots of magnetization M vs H for a rather
lossy sample of electroplated Ni, at T = 120 K.
Included are curves for cycles with Hpax = 100,
200, 400 and 800 Oe. Qualitatively, it is clear that
the area inside the loop increases as the field
excursion increases, and then saturates when the
material becomes reversible in sufficiently large
fields. This is the general behavior for all materials
studied. To obtain the hysteretic energy loss per
cycle W, we numerically integrate each M(H) loop
to obtain its area. Many of these results are
collected in Fig. 2.151, a plot of loss W vs field
excursion Hpax. The general behavior of these soft
ferromagnetic materials (coercive fields of a few
Oe) is similar, with a roughly linear variation at
low field amplitudes H,x, followed by saturation
at higher field amplitudes. As the temperature
decreases, the loss W increases as might be
expected, but only slightly between 77 and 50 K.

To better visualize some trends, we show in
Fig. 2.152 the maximum ferromagnetic energy loss
per cycle Wfor each alloy as biaxially textured (no
bending deformation), at T = 77 K. In particular,
the histogram contains values of loss measured in
400-Oe cycles, with the materials listed in order of
increasing W content. Two qualitative trends can
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Fig. 2.150. The magnetization M vs H for
lossy, electroplated Ni at a temperature of
120 K. The plot illustrates that the ferromagnetic

Loss, W = I MdH = loop area, increases with
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Fig. 2.152. Histogram showing maximum
hysteretic loss W of samples studied. Ni-
9at%W has an almost negligible loss. Alloys with
same atomic composition have different values
of ferromagnetic losses due to different methods
of preparation. In particular, alloys annealed at
higher temperatures have lower ferromagnetic
losses. T,nn. = annealing temperature; PM =
powder metallurgy; Vac cast = vacuum cast.
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Fig. 2.151. Hysteretic loss per cycle W as a
function of field excursion Hpyay, for
undeformed Ni, Ni-6at%W and Ni-5at%W
samples (prepared by vacuum casting
(AMSC, ORNL, and Oxford) or powder
metallurgy methods (ORNL). Loss increases
roughly linearly with Hy,,, then saturates. Also,
loss increases somewhat as T decreases.

be discerned. First, the loss W generally decreases
when tungsten is added. This is hardly surprising
because Ni-W at these compositions forms a solid
solution (no precipitates or inclusions that could pin
domain walls) and, as shown in Fig. 2.147, the
saturation magnetization M, decreases
approximately linearly with W content. The Ni-
9at%W has negligible loss, as expected from the
critical concentration of W in Ni. The loss depends
both on intrinsic material properties, such as Mgy,
and on extrinsic features, such as the density of
defects that pin domain walls. We also observe that
the ferromagnetic loss is lower for the powder
metallurgy materials compared with vacuum-cast
materials with similar compositions. Interestingly,
the Ni- 5at% W powder metallurgy material has
even lower loss that the vacuum-cast 6 at% W alloy.
This second observation most likely originates from
the higher annealing temperatures (~1300°C) that
could be used with the PM-based alloys (without
inducing unwanted secondary recrystallization),
compared with the lower (~1000°C) temperatures
used for these vacuum cast materials. Qualitatively,

this should lead to a lower density of dislocations and related structural defects. Indeed, dislocations are
reported to be the primary pins that impede domain wall motion in Ni [17], and one may expect similar
effects in these dilute Ni-W alloys. Grain boundaries also act as pin domain walls, but the present
materials are all strongly textured with small angle grain
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boundaries and the mean grain sizes are similar; this

implies that the differences between materials arise 800 — ‘ ‘ ‘ ‘
mostly from other features. Overall, the method of ool e ]
preparation of the alloy plays a prominent role in
determining its hysteretic losses. 2 1

To assess the impact of deformation on the & 50r /-i: 1
ferromagnetic loss per cycle, we used pure Ni, Ni- S 400} — 1
3at%W and Ni-5at%W. Each of these samples was < a00f / TR 000
deformed controllably by applying 0.4% bending & 200] e Ni-3 1% W: ORNL
strain, as described earlier. Figure 2.153 shows how 100l e~ Ni-3 at% W; Oxford
the loss Wincreases with the number of half-cycles L | | N, e
of bend, for Ni-3at%W and Ni-5at%W materials. 0 1 2 3 3
This figure shows the maximal ferromagnetic loss number of half deformations
per cycle, as observed in field cycles with Hpyx =
400 Oe. For all alloys, the hysteretic loss increased Fig. 2.153. Hysteretic loss per cycle for Ni-
with number of cycles of deformation, with the 3at%W and Ni-5at%W as a function of
biggest jump in loss coming from the first half-step number of half-cycles of deformation. Loss
of deformation. A bending strain of 0.4 % lies near increases with number of cycles of deformation

the limit tolerated by the superconductive coating in (0.4% bending strain).
fully fabricated materials [18,19].

A check was made for adverse effects of temperature cycling, using a vacuum cast Ni-5at%W
sample as biaxially textured. Eight thermal cycles of T =300 K to 77 K to 300 K changed the
ferromagnetic loss only slightly, from W= 295 to 302 erg/g-cycle. From this, we can say that
ferromagnetic loss is essentially unaffected by temperature cycling.

In ac magnetic measurements, a small oscillatory magnetic field is applied, and the induced sample
moment is time-dependent, unlike the dc measurements, where the sample moment is constant during the
measurement time. Such measurements can be very sensitive to small changes in M(H). The ac
susceptibility, x = dM/dH is the (local) slope of the M(H) curve and it is frequently the quantity of interest
in ac magnetometry. More generally, however, a measurement of an ac magnetic moment yields two
quantities: the magnitude of the moment |m| and its phase shift o, relative to the drive signal.
Alternatively, one can consider the in-phase or real component nv and an out-of-phase, or imaginary,
component N, For ferromagnets, an irreversible domain wall movement appears as a finite dissipative
component n”. Values for the ferromagnetic loss were obtained from the expression

W=zrzxh_xM", (23)

where M " is the out-of-phase mass magnetization and h,. is the amplitude of the applied ac field [20].
The SQUID magnetometer provides an ac field up to 6.8 Oe, and its frequency range is from 0.001 to
1000 Hz. Comparing experimental values for loss W from ac and dc measurements gave good agreement
between the two methods, although this could only be done for small fields, up to 6.8 Oe.

We used this ac capability to investigate the relationship between the ferromagnetic loss per cycle
and the frequency of the applied field. This is important because of potential applications for coated
conductors in specialized electrical equipment (e.g., airborne generators and devices with operating
frequencies above the usual 50 to 60 Hz of the power grid). As seen in Fig. 2.155, the loss per cycle W
was found to be independent of the ac field frequency. The figure shows results for vacuum-cast Ni-
5at%W at 77 K subjected to field amplitudes h,. = 4 and 6.8 Oe, for frequencies f up to 600 Hz. Here,
there was no dc bias field and the sample had no bending deformation. The significant increase in loss
with h,, = 6.8 Oe compared with that at h,. = 4 Oe occurs when the field amplitude h,. or Hpax iS
comparable with the coercive field H.. Another potential loss mechanism is from eddy currents, which
gives a nominally frequency-dependent but amplitude-independent loss. However, we estimate the skin
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Fig. 2.154. Hysteretic loss for undeformed Ni- Fig. 2.155. Ferromagnetic loss as a function
5at%W vs dc bias field at temperature of 77 K of applied ac frequency for two different
and a fixed ac field of 5 Oe. Loss decrease fixed values of ac field. Loss per cycle is
drastically when alloy is magnetized into independent of frequency in the range shown.
reversibility by dc bias field.

depth of this alloy to be several millimeters, much larger than the sample thickness, meaning that eddy
losses should be small relative to the ferromagnetic loss, as observed.

Finally, we investigated the effect of a dc bias field, Hy. on the ferromagnetic loss W for a fixed ac
field amplitude and frequency. Figure 2.154 shows the result obtained for an undeformed Ni-5at%W at
hy. of 5 Oe and temperature of 77 K. The loss decreased rapidly as the bias field Hy increased and
reduced W to nearly zero for a dc field of ~50 Oe. This is readily understood as a consequence of the fact
that a dc field can magnetize the sample into its region of magnetic reversibility (and eventually
saturation). For the lossy electroplated Ni in Fig. 2.146, this region corresponds to dc fields > ~400 Oe; it
occurs at lower fields for the more reversible biaxially textured and annealed Ni-W alloys.

2.25.4 Conclusions

In summary, both the saturation magnetization Mg, and Curie temperature T, decrease linearly with
W-content x in Ni,_W, alloys (with x=0, 3, 5, 6, and 9 at. % W), with a critical concentration x. =~ 9.6 at.
% W. Generally, the ferromagnetic hysteretic loss decreases as the concentration of W rises. The loss
increases with magnetic field excursion Hy.y, at first almost linearly and then saturating at larger Hyax.
The loss is stable with temperature cycling. When subjected to bending deformation, (0.4 % bend strain),
the materials gave higher levels of ferromagnetic loss. This is due to the effects of pinning of domain
walls by induced defects. From ac studies, we found that ferromagnetic loss is independent of the ac
frequency applied and that it decreases drastically when the alloy is biased into its reversible regime by a
collinear dc bias field.
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2.26 Improvement of In-Field Transport Critical Currents in (Y,BaCuOs/
YBa,Cus07_4)xN Multilayer Films on Ni-Based Textured Substrates

A. A. Gapud, A. Goyal, S Kang, L. Heatherly, and D. K. Christen (ORNL); T. J. Haugan, P. N. Barnes,
and T. A. Campbell (Air Force Research Laboratory, Wright-Patterson Air Force Base)

2.26.1 Introduction

In the endeavor to enhance flux pinning in YBa,Cus0;_s (YBCO) films of coated conductors for real-
world industrial applications, two recent developments in particular have played a great role. First, the old
issue of weak links caused by high-angle grain boundaries has been circumvented by reproducibly
fabricating highly textured YBCO films, for example those grown on RABITS™ [1,2]. Second, there has
been a great deal of effort towards in situ introduction of pinning sites in YBCO films, in which useful
defects are produced as the film is grown, as opposed to ex situ methods requiring an additional step such
as irradiation by energetic particles. Some examples of this involve the introduction of nanoparticles of
BaZrO; [3] into the superconducting bulk, propagation of linear defects by growing a film on a substrate
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dusted with nanoparticles [4], and using different combinations of rare-earth components in place of the
Y in 123 compounds [5,6].

Previously, growth of (211/123)xN multilayer films was shown to increase critical current density
(77 K,~1-2 T) of YBCO by 200 to 300% when deposited on single-crystal substrates [7,8]. The
composite (211/123)xN films are a superlattice type structure of alternating layers of 123 and Y,BaCuOs
(211) “pseudo-layers” containing discontinuous 211 nanoparticles that deposit by the island growth mode.
The 211 nanoparticle size is as small as ~8 nm with area number density estimated as > 4 x 10"
particles/cm? [8]. The resulting structure is essentially a layered nanoparticulate dispersion of
nonsuperconducting 211 nanoparticles inside a 123 matrix.

This paper reports on the extension of the (211/123)xN multilayering process to YBCO films on
RABITS™., Details of critical-current-density enhancement as a function of temperature, applied
magnetic field, and orientation with respect to this field are reported.

2.26.2 Experimental

Buffered Ni and Nig ;W 3 Substrates were prepared at ORNL. The as-rolled tapes were annealed at
1250°C for 20 min in a vacuum chamber containing 3 x 10~ Torr of H,S, which produced the primary
texture and a sulfur superstructure on the surface of the alloy. After it was annealed, the tape was rewound
to its starting position, and a seed layer of Y,03 was deposited in the same chamber by a reactive electron
beam evaporation method. For this deposition yttrium metal was evaporated in the presence of
5x 10° Torr H,O. The tape was then transferred to another chamber, and the YSZ and CeO, layers were
deposited by an rf magnetron sputtering process. YSZ and CeO; targets were sputtered in the presence of
3 and 8 x 107 Torr H,0, respectively. The resulting buffer layer architecture was a 25-nm-thick cap layer
of CeO,, a 200-nm-thick intermediate layer of YSZ, and a 30-nm-thick seed layer of Y,0;. At the Air
Force Research Laboratory, alternating 211/123 layers were applied in situ by PLD on buffered Ni tape;
the processes were described in detail elsewhere [7,8]. The samples in this study had a thickness of
0.3 um.

PLD was used to prepare 0.2-pm-thick control samples at ORNL. All transport measurements were
conducted at ORNL by a standard four-probe method in which applied current was pulsed to minimize
joule heating. Current-terminal contact resistances
to the sample were also minimized, on the order of
10 uQ, by applying the leads onto annealed,
sputtered-silver pads topped with indium. Current
was averaged over opposite directions to subtract
any thermal-voltage offset. A criterion of 1 uV/cm
was used to determine critical current density from
the voltage-current curves. Measurements were
performed in fields up to 9 T, in liquid-helium-
cooled cryostats in which the samples were cooled
in helium vapor with very good temperature
stability (within 10 mK).

2.26.3 Results and Discussion

The field dependence of critical current

density at three different temperatures is shown in
Fig. 2.156 for a field oriented along the c-axis. As
with the results on single crystals, the critical
current density of the film with and without the
nanoparticles overlap at the lowest fields.
However, the in-field performance of the film is
significantly improved. At 5 T, the critical current

Fig. 2.156. Critical current density of two films
with 211 nanoparticles (filled symbols)
compared to PLD film without (open
symbols), in applied field H || c at the
temperatures shown. Enhancement in critical
current density is seen only at the two higher
temperatures.
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density is higher by a factor of more than 8 at 77 K and
more than two at 65 K. At 2 T, the increase is twofold
at 77 K and a factor of 1.5 at 65 K. The increase,
however, stops at 40 K. Thus the enhancement
provided by this process may only be effective at liquid
nitrogen temperatures and would be best suited for
moderate field applications in this particular regime.
Improvement of critical current density in field is
also indicated by the “flatness” of J(H), which is
quantified by the scaling exponent o in the so-called
collective flux pinning regime [9], where J.(H) ~H™ .
For the film without a 211 phase, we find o ~0.5, as
shown in Fig. 2.157. For the multilayered film, the
field dependence transitions to power law past a
temperature-independent field, marked in the plot by
the large arrow, at about 0.5 T, where a is as low as
0.3. (The dependence then falls off rapidly as Hi, takes
effect at intermediate fields.) This is reminiscent of the
effect of matching fields in irradiated film with
columnar defects, in which a temperature-independent
kink is clearly seen in J,(H) at a matching field H. In

o (Maem?)

0. f

Fig. 2.157. Log-log plot of two films with
211 nanoparticles compared to PLD film
without in applied field H || ¢ at the
temperatures shown, indicating the
estimates of a (dotted lines) for the
power-law regime between 0.1and 1 T
where J; ~H™ .

fact, just recently, in these multilayered films, Civale et al. have found strong evidence of a matching field
of ~2.5 T at 77 K along the ab direction [10]. Because of this, it may not be unreasonable to find a
matching phenomenon along the c direction as well. If one were to assume the area density of pinning
sites to be similar to that of the nanoparticles (4 x 10*/cm?), the matching field would be 8 T. Figure
2.157 suggests something closer to 3 T, indicated by the smaller arrow, although this could be due to the
significant effect of H;,, in this regime; thus the actual matching field may not be clear. It is for this reason
that the effect is diminished for the case of T=77 K. For T =40 K, it is expected that the effect is also

diminished, and for the limited number of data points
available (due to maximum system current
available), there is no clear sign of matching-field
effects.

Previously, the exponent o has been
theoretically predicted [11,12] to have values 0.5 or
0.63, where no correlated pinning is assumed in the
models. The a value obtained for our unmodified
film is consistent with this. The fact that the
multilayered films show a smaller o value, albeit for
a limited range of fields, suggests highly correlated
flux pinning, which would be consistent with
extended structures seen on TEM for multilayer
films on single crystals [8].

Of particular interest is the dependence of
critical current density on the angle 6 between the ¢
axis and the applied field, shown in Fig. 2.158. At a
field of 1 T, along c axis there is enhancement at the
two higher temperatures over all orientations.
Again, in the case of 40 K the effect has diminished,
consistent with J.(H) data (see Fig. 2.156). Most
striking is the enhancement for fields along ab for
all three temperatures, implying that this particular
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Fig. 2.158. Critical current density vs angle
between the applied magnetic field and

c direction,at 1 Tfor 77 K,at1 Tand 2T for
65 K, and at 2 T for 40 K. Solid circles are with
nanoparticles; open circles are without. For
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effect has weak temperature dependence, if any. In fact, for T = 65 K and 77 K, the relative increase in
J.(H || ab) for all three curves is about the same, by a factor between 1.8 and 2.1. These observations are
also consistent with the Civale et al. report of matching field effect along ab for 2.5 T, 77 K due to the
spacing of the nanoparticle layers when viewed along the ab direction.

Because of the strong enhancement of critical current density for H|jab compared with Hj|c for the
multilayered samples, the variation in critical current density with respect to 0 is significantly affected by
the multilayering. If one were to quantify J.(8) nonuniformity by defining g = J.(H||ab)/J.(H||c), then £ for
77 K, 1 T increases by about 20%, from 2.6 to 3.1. For 65 K, £ increases by about 40% from 1.9 to 2.7 for
H=1T, while at 2 T the increase is from 1.7 to 2.7, a slightly higher increase of about 60%.

Another indication that correlated pinning is a
greater factor than random pinning, point-like
pinning is the comparison with angular dependence
as predicted by using the treatment of Blatter [9]
and recently applied by Civale et al. [13], where the
point flux pinning angular dependence is given by
Je(0) = J[He( 0)], and where we have the
anisotroPic effective mass function £(6) = [cos?0 + v
25in?0]M?, v = mw/me. In this case, effects of
correlated defects would manifest as additional 10|
pinning for aligned fields, such as for ion tracks or
the well-known intrinsic pinning for fields parallel
to the ab planes. Unlike the success of Civale et al.
in applying this model to PLD films [10,13], our

25+

=20 u] 20 40 B0 g0 100
Angle (degrees)

attempts to fit the data to this theoretical curve by Fig. 2.159. Attempt to fit mass-anisotropy
using the o values have not been successful, as curve to da}gasl at65K, 1T, using J[He(@)] =
shown in Fig. 2.159 for a multilayered film at T = Jc[1 T*e(0)] .

65 K and 1 T, where we have assumed, based on

Fig. 2.157, that the critical current density reasonably follows the power law, ~H%° at H = 1 T. Because
of the shallow peak in critical current density for 8 ~0°, the mass anisotropy description fails, indicating
that the additional pinning in this direction is correlated. Moreover, even with the highest reasonable v,
the elevated values of J. (H || ab) could not be due to random pinning. This would be consistent with
evidence of matching effects in this direction. Interestingly, if this peak were to be due only due to mass
anisotropy, then any field matching effect would be equivalent to a mass anisotropy of about 22, as
shown.

Mass anisotropy scaling also fails to predict the anisotropy S of the curve J.(6) because of the strong
J: (H || ab). As was previously shown in our recent study at moderate fields [14], one can first assume that
Jo(H) follows the power law, ~H“at H=1T. ThenforH=1T,y =5, and o = 0.5, the prediction for g =
J[He(90°)1/3[He(0°)] = y* = 2.24, which is much lower than 2.7 at 65 K and 3.1 at 77 K for the
multilayered films.

It should also be noted from Fig. 2.158 that even without multilayering the YBCO film already
shows significant structure along ¢ and fails to fit the curve predicted by mass anisotropy scaling. In fact,
the poor fit is very similar to that shown in Fig. 2.159 for the multilayered film, implying that there was
already some correlated pinning along ¢ and along ab. However, the angular-dependent variation in
critical current density is less than that predicted by mass anisotropy: for 65 K, g is less than 1.9. It is
possible that the island or columnar growth from our PLD processing already encouraged correlated
pinning along the thickness of the c-oriented film, and the multilayering further enhanced this effect by
superimposing another correlated pinning mechanism. Any correlated pinning along ab may have been
further enhanced by the even stronger matching-field effect of the nanoparticle layering along ab, thus
elevating £.
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The introduction of 211 nanoparticles into PLD YBCO films has been shown to enhance flux
pinning at temperatures above 40 K, for fields up to 2 T. There is further evidence of correlated field
matching along both c and ab, but most especially along ab where angular dependence shows the greatest
enhancement in critical current density, by about a factor of two.
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2.27 Modeling Current Flow in Granular Superconductors and Implications for
Potential Applications

N. A. Rutter and A. Goyal

2.27.1 Introduction

A coated conductor fabricated by the RABITS™ route consists of a metallic substrate, one or more
buffer layers, and a high-temperature superconducting layer such as YBCO [1,2]. The metallic tape,
which is usually Ni-based, is cold-rolled and recrystallized to induce the cube texture {001}<100> [3]. If
the tape is a Ni-alloy, it may be coated with a layer of pure Ni [4]. The substrate may also be annealed in
a sulfur-containing environment to produce a surface onto which oxide layers may be grown epitaxially
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[5]. Buffer layers such as Y,03, YSZ and CeO, are deposited, maintaining the cube texture of the
underlying grains [6]. The superconductor is then deposited such that it grows biaxially, with the
crystallographic c-axis perpendicular to the tape and with the a and b axes aligned with the rolling and
transverse directions of the tape. Electron backscatter measurements have demonstrated that the
crystallographic orientations of the superconducting grains are indeed determined by those in the
underlying layers [7]. Hence the superconducting film is made up of a network of grains that have
crystallographic orientations that are within a few degrees of {001}<100>.

The critical current density (J.) of such a superconducting grain network is likely to be limited by
dissipation at the low-angle grain boundaries, which generally have less current-carrying capability than
the grains [8]. (In this chapter, the uppercase symbol J is used to represent macroscopic current densities
of samples; the lowercase symbol j is used to represent the microscopic current densities in individual
grains and boundaries.) Current flow in polycrystalline coated conductors therefore relies on the transfer
of current across the grain boundaries. Thus when model current flow is attempted, the physical structure
of the superconducting film may be represented as a two-dimensional network of grains, each being
oriented close to {001}<100>. The current that is able to flow between any two neighboring grains
depends upon the relative misorientation of the grains and the surface area of the common interface.

2.27.2 Coated Conductor Models

A number of models that study current percolation in networks of low-angle grain boundaries have
been developed [9-14]. The factors studied in such models include grain size, sample dimensions, extent
of grain misorientation, and grain shape.

2.27.2.1 Grain Shape

In most models the conductor consists of a regular array of equally sized, identically shaped grains.
The models of Specht et al. [10] and Rutter et al. [11,12] use an array of hexagons; Nakamura et al. [13]
use squares. The only model in which the grains are not identically shaped is that of Holzapfel et al. [14].
This model is unlike the others in that the grain structure used is one that has been measured by electron
backscatter diffraction (EBSD) rather than being simulated.

Each of these methods of modeling the structure has various advantages and disadvantages. The
square-grain structure is the simplest to model, but its main limitation is that each grain has only four
neighbors, whereas in real tapes the number of neighbors is around six. The other problem with the
square-based model is that the length of the shortest grain boundary path across the width of the sample is
exactly equal to the tape width. In a real tape, this is unlikely to be true. Thus the critical current (which is
proportional to the length of the grain boundary path across which dissipation occurs) is likely to be
underestimated by the square model.

The use of a hexagonal model addresses these issues. The

number of nearest neighbors is six, and the shortest boundary path )
length is increased in excess of the tape width. One of the main
problems of the hexagonal grain model is that one of two distinctive
orientations, which are shown in Fig. 2.160, must be chosen.
Both existing models [10,11] placed the hexagons in the
orientation shown in Fig. 2.160(a), relative to the tape length and <
width directions. The minimum boundary path length (marked in Fig. 2.160. Different ways in
bold) is now approximately a factor of 4/3 greater than the tape which a 4x4 array of
width. In the arrangement shown in Fig. 2.160(b), this minimum hexagonal grains can be

arranged. In (a) the minimum

length is just 2/v/3 times the width. Also, it is clear from the figure grain boundary path across the

that the number of grains along the length of the tape and the conductor width is 4w/3
number across the width are not as easily define(_j as for the square whereas in (b), the value is
grains. Although both cases would be well described as a 4 x 4 array 2WA3.

of hexagons, the aspect ratios of the samples are quite different.
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The Holzapfel model [14] has grains with more irregular shapes. In this case the structure is that of a
real tape measured by EBSD. The resolution of the grain edges is determined by the size of the square
pixels in the array. This model is more realistic in that the grains have a range of shapes and sizes and
have differing numbers of nearest neighbors.

2.27.2.2 Grain Boundary Misorientation

The first attempt to study critical currents in coated conductors by percolation modeling [10] used a
bimodal distribution of boundary currents, assigning values of 0 or 1 randomly to the grain boundaries,
rendering a given fraction, f, conducting and the remainder, (1-f), nonconducting. Subsequent models
have attempted to assign critical currents to the boundaries based on grain misorientation. Holzapfel was
able to use the true orientations of the grain as measured by EBSD to determine the boundary
misorientation. An alternative is to use a gaussian distribution to assign grain orientations [13] before
calculating the boundary misorientations. This effectively simulates a conductor for which the grains are
misoriented about one axis (for example, only in-plane rotations). However, the result is a grain boundary
misorientation distribution (GBMD) which is not quite accurate. The GBMD produced by this approach
will always give a peak at 0°, indicating that that is the most common grain boundary angle. If a three-
dimensional orientation is assigned to each of the grains [11], the GBMD instead indicates no 0°
boundaries and a peak at an angle of a few degrees. The latter approach produces results similar to EBSD
measurements [12], but the former would be a good approximation if the out-of-plane texture of a tape
was very good.

2.27.2.3 The Relationship Between Misorientation Angle and Critical Current Density

After the misorientation angles of all boundaries in a model sample have been determined, the next
step is to associate this angle (8) with a critical current density. The relationship was first investigated by
making measurements on bicrystal grain boundaries [15,16]. Because most data exist for zero applied
field and at a temperature of 77 K, this is the situation that is usually considered in modeling. This
relationship between j.and 6 [17-20] is not precisely known, and thus there have been various different
attempts at quantifying it. It is most generally expressed as

j.(6)= jc'exp(_(eT_’B)j for 6> B

j.(6)=j. foro<p

(24)

where j¢' is the value measured for single crystals.
Equation (24) therefore suggests that there is a plateau region for very small angles where there is no
decrease in j, followed by an exponential decrease with increasing angle. It is believed that this “plateau
region” is simply a region in which the measured properties are determined by the properties of the grain
[12,19] and that the grain boundary properties probably continue to improve all the way to 0°. It has been
noted that twin boundaries, which are present within the granular

regions, are effectively 1.8° boundaries [21], and thus it is Table2.11. A summary of the

values of o for measur ements on

assumed that when a measurement on a bicrystal boundary has a [001] tilt boundariesin thin film
misorientation angle less than 1.8°, the critical current will be YBCO in self-field at 77 K
limited by the grains. 5
Whether or not the plateau is included, there is still some Author o (%)
variation in the values quoted for the factor a. Tables 2.11 and lvanov [17] 4.4
2.12 show some values estimated from bicrystal measurements Heinig [18] 3.8
and the values used in percolation models. Figure 2.161 shows this Verebelyi [19] 3.2
relationship schematically. The straight line portion represents the Holzapfel [14] 54

properties of grain boundaries with misorientation angle 6; a
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Table 2.12. Valuesof oo and B used in

per colation models

plateau is shown representing cases where the grains have the
same j. as (a) 4° boundaries [14] or (b) 1.8° boundaries [21].

Author o () B(°) 2.27.2.4 Algorithms to Calculate the Critical
Rutter [11,12] 3.4 0 Current
Holzapfel [14] 2.4 2.4 When the grain structure has been determined and the
critical currents of the grain boundaries assigned, the
Nakamura* [13] 3.0 3.0 g gnea,

*not stated explicitly — estimated from text
and figure 3

calculation of the critical current depends upon the solution
of a network problem. Consider a path along the grain
boundaries that traverses the width of the sample. The

maximum current that can cross this path is equal to the sum

Je() T-0) — =l

Jeg) - AN == Je Sl

H N

Jea)

j (log scale)

0 5 10 15

Misorientation angle, (8)

Fig. 2.161. Schematic showing the
relationship between critical current and
boundary angle, with plateaus at (a) 4° and
(b) 1.8° due to granular dissipation.

Fig. 2.162. (a) lllustration of the algorithm for
finding the minimum current sum across the
tape width. Six alternative paths from the top of
the conductor to a point at the bottom of the top
row are shown in bold. (b) A path across the
conductor which will be considered (bold) and
one which will not (dotted line).

of the critical currents of the grain boundary
segments that comprise the path. When all such
paths are considered, the weakest is the one that
limits the amount of current that can flow along the
sample length. If that path can be found and the
sum of the boundary currents comprising the path
is calculated, the critical current of the sample is
known. This method is based on a property of
networks known as the “maximum-flow/minimum-
cut theorem,” proved by Ford and Fulkerson [22].
In physical terms, when the critical current of a
sample is reached, the limiting path of grain
boundaries will be where dissipation occurs and, in
the presence of a magnetic field, the path will act
as a flux flow channel [23,24].

One inexact algorithm that has been utilized to
calculate the minimum boundary sum for
hexagonal grains [11,12] is the following. The
minimum path across the conductor width along
the grain boundaries is sought. The width is
comprised of a number of rows of grains as shown
in Fig. 2.162(a). Several possible routes from the
top of the sample to the point at the bottom of
row 1 are indicated in bold. The route involving the
lowest critical current sum from the top of the
conductor to this point is likely to be one of the
paths marked in bold, and an assumption is made
that any other paths will be longer. The minimum
sums to all points along this first row are found.
Subsequently, the minimum sums to all points
along the bottom of the r' row can be calculated by
considering paths from the (r—1)" row. This
algorithm does not consider paths such as the one
shown by the dotted line in Fig. 2.162(b), although
it does analyze the type of path shown in bold.
Analysis of such modeled hexagonal structures has

indicated that the paths that are not analyzed are rarely part of the limiting path [12], and thus the
algorithm is often accurate. The main advantage of this method is that it does not require that all the grain
boundary critical currents be stored in the computer’s memory at the same time.
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The method used by Holzapfel et al. [14] produces an exact solution. It describes each square in the
array as a “room” and each boundary as a “door.” A unit of current is represented by a “mouse,” which
attempts to walk from one end of the conductor to the other by passing through the doors according to a
rule, such as always keeping the walls on the right hand side. When a mouse gets to the end, the capacity
of each door for carrying further mice is reduced by one. When a mouse fails to reach the other end of the
tape, the critical current has been reached. Using this method the current is quantized and, if the ratio of
the highest possible boundary critical current to the lowest is to be sufficiently high (~10%), then the
number of mice that must travel through the sample will be very high, and the calculation will be time-
consuming for large networks.

There are a number of ways in which this method may be made more efficient. The first is to close
permanently any door that a single mouse goes through in both directions to prevent further mice from
going down dead ends. An alternative is to use mice that can carry different amounts of current, with the
large-capacity mice going through the network first, followed by smaller-capacity mice.

The mouse-walk method is based upon the Ford-Fulkerson algorithm of flow-augmenting paths [25-
27]. This algorithm finds a path through the network along which the capacity has not yet been reached (a
flow-augmenting path). The flow (current) is then increased by the maximum amount that can flow along
that path (), and the remaining capacity of each boundary along the path is reduced by . When no more
flow-augmenting paths remain, the maximum flow has been reached and the critical current has been
calculated.

2.27.3. Development of a New Model

The main limitation of most existing models is that they use unrealistic grain shapes (i.e., hexagons
or squares). The Holzapfel model [14] calculates a critical current in a more realistic grain network but is
limited by the need to perform the EBSD measurement. The aim is therefore to develop a model that
combines the type of grain structure in the Holzapfel model with flexibility of conductor scale and
crystallographic orientation.

2.27.3.1 Simulation of a 2-D Grain Network

Grain structure simulation is carried out by the Monte-Carlo Potts method [28] developed as a grain
growth model by Anderson et al. [29-31]. The method has been used recently by a number of authors
[32-35] to generate both two- and three-dimensional grain structures. For the purposes of a coated
conductor model, we use a two-dimensional array of square pixels. Initially, each pixel is attributed a
unique index number or letter, which identifies it as a grain and hence at the start of the simulation, the
sample consists of a large number of small, square grains. The algorithm used to simulate grain growth
begins by randomly selecting an individual pixel. The overall “energy” associated with that pixel is
determined based on the number of near neighbors (of the eight linked by edges or vertices) in different
grains. The algorithm then evaluates the effect on the energy of changing the index number of the pixel
such that it is in the same grain as one of its four nearest neighbors (linked by edges). If this energy
change is favorable (negative) or neutral (zero), then the change is made with probability (P) equal to 1. If
however, the energy change would be positive, then the change is made with a probability given by

Eq. (25):
~AG
= == 25
P eXp( KT j =

where AG is the difference between the number of neighboring pixels in different grains before and after
the change is made. The factor KT is a thermodynamic variable and has been set equal to 1 for the
purposes of this model.

An example of this process is shown in Fig. 2.163. The grain structure starts out as shown in (a) with
the center pixel selected. It has an “energy” of 5 (five out of eight neighbors that share an edge or vertex
are in other grains). It will then be provisionally assigned the index of one of the four neighbors with
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which it shares an edge, and the consequences of
B | B B B | B B B | B | B making the change are evaluated. The trivial case is

that it “changes” to grain A, and the structure is
AL BRI s e maintained with no effect on the overall energy.
A oA alla A & Al al a Alternatively, it could attempt to change to B

which would result in the situation shown in

a) E=5 b) B=4 ¢) E=7 Fig. 2.163(b). The new energy for this pixel would
Fig. 2.163. The center pixel has an energy of be 4 units, and_as this is favorapl_e, the chang_e .
(@) 5, (b) 4, or (c) 7, depending on which grain would be confirmed. The remaining alternative is
itisin. to attempt to become a C grain, resulting in the
structure shown in Fig. 2.163(c). As this energy
change is positive (+2 units), the change will occur
with a probability of exp(-2). When the number of
attempted pixel index changes equals the total
number of pixels in the lattice, one time period of
grain growth, known as a Monte Carlo Step has
occurred. Grain growth progresses to produce
structures such as those shown in Fig. 2.164 for a
300 x 300 pixel lattice. Once a physical grain

Fig. 2.164. Grain structures generated by the

del 300 x 300 pixel grid with MCS . .
?uomge?: (ic () 1)5 (b)pﬁl.l())(g gr?d (\(':V)' 1000. structure has been established, the crystallographic

orientation of each grain is assigned. This
assignment is carried out randomly based on a typical X-ray gaussian distribution as is the case in other
simulations. In order to simplify the model slightly, only a single grain misorientation (i.e. in-plane) is
considered here, rather than the three-dimensional misorientation used elsewhere [11,12]. Except where

stated otherwise, a FWHM of 10° is used.
2.27.3.2. Defining Sample Parameters

A modeled sample, which carries current along
its length, is composed of P, pixels along its length e —— P ———
and P,, pixels across its width. There are an average N,I
of N, grains in the length direction and N,, grains
across the width. Each grain is, on average,
composed of p, pixels in the length direction and p,, i
in the width direction. This is shown in Fig. 2.165. N,
Hence, N x py = Pyand N, X py = Py; thus so for length
equiaxed grains, pi= pw = p.

S

S-U
«—

The average grain size is determined by F@g. 2.165. Definition of the total nu_mber of
pixels (P), the average number of pixels per

calculating the total numbe‘r‘s of. vertuz:al grain grain (p), and the number of grains in the
boundary segments, v, and “horizontal” boundary width (N,,) and length (N)) directions.
segments, h, in the sample.

P :W (26)
\Y,
GRS on

The (P-1) term arises from the fact that the sample edge boundaries are not counted when summing
the grain boundaries. This method is essentially equivalent to using a linear intercept method in the two
perpendicular sample directions.
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2.27.3.3 Calculating the Critical Current

The relationship between grain boundary angle and j. was discussed earlier [see Eq. (1)]. Values of a
=2.4° and B = 1.8° will be used in the initial calculations. Hence all grain boundaries for which 6 < 1.8°
will be indistinguishable from the grains. Results will be normalized by dividing the calculated critical
current density (J) by the single crystal value j..

Once the network of grain boundaries, each with an assigned critical current, has been established,
one needs to calculate the maximum current that may flow through such a network. One requires an
algorithm that determines the path of grain boundaries across the width of the conductor whose critical
current sum is the minimum of all such possible paths.

1w,
Jc—v—v%(lc-l) (28)

As noted previously, several algorithms may be used, some of which are approximations and others exact
solutions. A solution was sought that would be both exact and efficient to reduce calculation time.
The pixel grid consists of Rrows and C

columns as shown in Fig. 2.166 and is indexed as TS B4y pg, 09
follows. Pixels are indexed [r,c], with r running )
from 0 to (R-1) and ¢ from 0 to (C-1). A ) a4, sk
horizontal boundary with the index [r,c], forms the :
upper edge of pixel [r,c],. A vertical boundary with R 24, 24, 23,

the index [r,c], forms the left edge of pixel [r,c]. A
vertex with the index [r,c]y is located at the upper Fig. 2.166. Indexing of cells, edges and

left corner of pixel [r.c],. vertices in the square pixel model for a
~ Each pixel boundary has already been conductor C columns long and R rows wide.
assigned a critical current. Hence values of [r,c],

are filled fromr =1 to R-1 and ¢ = 0 to C-1 and values of [r,c], are filled fromr =0to R-1and c=1to
C-1. The calculation is performed by finding minimum values of paths to the vertices, and thus initial
values of the vertices must be assigned as follows :

[r.c]lx=0 forr=0
(29)

[r.clx=-ce for all other r
The problem is to find the ‘shortest’ route from the vertices in row 0 to those in row R, where shortest
means having the lowest critical current sum. The calculation is carried out in two stages, as follows.

Consider a vertex [1,c]x. One route from the top of the sample to it is along vertical boundary [0,c],.

The critical current sum along this path is equal to the sum of the value stored at [0,c], and the value of
[0,c],. If this sum is lower (which must be the case here since [1,c]x = <), then the new value replaces the
old one.
Step 1:

[r.Clxewy = Min { [1,Clxoiy , [r-1,C + [r-1,c-1], }  (c=1-C-1) (30)

where min { a, b } represents the lower of values a and b.

When this calculation is performed with ¢ ranging from 1 to C, the vertex values in row 1 are now
critical current sums between there and the top of the conductor. However, they may not be the minimum
values. Lower-sum paths may exist that include the horizontal boundaries in row 1. Thus the following
calculations are performed for the vertices in row 1.

Step 2:

[r.Clxnewy = Min { [r.Clxoiy » [1,C-11 + [r,c+1]n }  (cF15C-1) (1)
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Step 3:
[r’C]x(new) =min { [rlC]X(O|d) ' [r1C+1]x + [r’c]h} (C:C'l_)l) (32)

The 3 steps are carried out in sequence along each row of the array from top to bottom, and when
this has been completed, the values of the vertices along row R represent critical current sums for possible
routes across the sample width, but these are not necessarily the lowest J. paths. The algorithm can be
made to produce an exact solution by continuing as follows.

[r’C]x(new) =min { [rlC]X(O|d) ' [r+1,c]x + [r’c]v} (C:]_%C-l) (33)

In Step 4, Eq. (33) is followed by steps 2 and 3, first in the (R—1)" row, then in each subsequent row
up to row 1. Steps 1-3 are then repeated from the top of the sample to the bottom.

If these steps leave the values at all the vertices in the grid unchanged, then the solution found in the
initial stage (steps 1-3 only) was exact and the lowest value along row R is the critical current. Otherwise,
this scan along the rows of vertices is repeated up to the top of the sample (steps 4, 2, 3) and back to the
bottom (steps 1, 2, 3) until no changes are made to the vertex values.

This method was used for a number of model structures alongside the “mouse-walk” algorithm [14]
and the Ford-Fulkerson algorithm [25-27] to ensure that the results were identical. The time taken to
solve a 600 x 600 pixel array with grain sizes of 5 x 5 pixels completely is approximately 80 s, of which
the initial scan of the grid (steps 1, 2, 3) is completed within the first 10 s. The answer produced by just
the single downward scan is on average an overestimate of approximately 10 to 15%. This algorithm as
coded is many times faster than the Ford-Fulkerson method. As the values of all grain boundaries are held
in memory at the same time, the limitations of the hardware used to carry out the calculation restrict the
size of network used to around 400,000 pixels.

2.27.4. Modeling Results

2.27.4.1 Features of the Model

First we will examine the nature of the grain structures
produced by the Anderson grain growth model. One
Monte-Carlo Step is defined as attempting P, x P,, grain
transitions, and this is the basic time unit for growth.
Growth is symmetrical in the vertical and horizontal
directions, and so p, and p,, will be equal. When the Monte /
Carlo Step = 0, the grains are all composed of a single pixel ] : : :

(p = pi= pw=1). The dependence of p, the average grain ! Y owtntme ey 10000
size expressed in pixels, as the Monte Carlo Step is _ . .

increased is shown in Fig. 2.167. The structures from Fig. 2.167. Plot showing grain growth
which the grain sizes were calculated were generated on a Tatﬁ in the An?_ersoré_mode_l. Grain size
600 x 600 square pixel lattice. The model replicates the 's the average finear dimension.

result found by Burke [36]

such that the grain size is proportional to the square root of the growth time, which is represented by the
Monte Carlo Step number. The resulting grain size for a given Monte Carlo Step value is not dependent
upon the sample size or shape (as long as there remain several grains across both width and length).

The fact that there are grains of different sizes for cases other than p = 1 is an important feature of
the model. Figure 2.168(a) shows the linear grain size distribution functions for average grain sizes of
1.9 and 4.7 pixels; Fig. 2.168(b) shows a normalized plot, in which the grain size is divided by the
average. These plots demonstrate that the peak in the distribution is just below the mean grain size, and
only approximately 1% of grains have a linear dimension greater than three times the average. This
distribution has been noted to correspond closely with that measured in real materials [33].

100

Grain size (pixels)
=
o




Technical Progress in Wire Development  2-145

osq &%,
M 125
% 8_0.3 8 v ®

1234567601 o 1 2 3 4
Grain size (pixds) Nor malis=d grain size

Figure 2.168. (a) Histogram showing the
distribution of absolute grain sizes for
MCS=3(p=1.9 and MCS =30 (p =4.7)
and (b) the normalized distribution
which for high values of p lie on a single
curve.

In order to discover the essential differences
between this percolation model and previous models,
samples containing N, grains along the length and N,
grains across the width are considered. In the simplest
case, no Monte Carlo steps are carried out, and the grain
structure consists of square grains, each 1 pixel by 1
pixel in size. This situation is then identical to the
Nakamura model [13]. We compare it with samples that
still have N, x N,, grains, but the grains are irregularly
shaped and have p > 1.

Figure 2.169 shows three such modeled samples, for
which N, = 25 and N,, = 10. The simplest case is that p =
1 where the grains are regular, identical squares
(Fig. 2.169(a)]. Figure 2.169(b) shows a structure for
which p = 2. Although the grain structure is still not
realistic, it does at least have a range of grain sizes

and there are two other differences that may be

a)

important for percolation. The average number of

neighbors with which each grain shares a boundary is

greater than four, and the minimum grain boundary

path length connecting the upper and lower edges of

the sample is now somewhat greater than the sample
width. In figure 2.169(c), for which p=5, it is
evident that a much more realistic grain structure
exists than in the previous cases, even though the
pixel resolution is still apparent.

The critical current densities of samples such as
those illustrated in Fig. 2.169 have been calculated so

that the differences between the square-grain model

and one with more realistic grains can be understood.
Samples with N, = 200 and N,, = 20 have been
considered with the value of p varying from 1 to 10
in order to study the effect upon J.. Additionally, the
p =1 and p =5 models are compared for samples of

fixed width over a range of lengths.

Fig. 2.169. Modeled samples for which N, =2

and N,, = 10. (a) p = 1 generates the simple
square model, (b) p = 2 produces irregular
grains, but highly pixelated, and (c) p = 5, with
more realistic grain shapes.

5

Figure 2.170(a) shows results of simulations of
100 samples for each value of p. It demonstrates that
the square pixel model (p = 1) produces a
significantly different result with a much lower
average critical current. The reason for this is
associated with the fact that the value of J; is directly

proportional to the length of the path that limits the current. In the case of square grains, this path is likely
to be a straight line across the sample width. However, when the grains are irregular, this path is likely to

be more circuitous, leading to higher values for J.. Increasing p above around 5 has little effect. Thep=1
and p = 5 models are compared over a range of sample lengths in Fig. 2.170(b). This illustrates again the

lower values of J. produced by the simple square model.

2.27.4.2 Sample Dimensions

Although the three parameters of tape length, tape width, and average grain size may each be
independently varied, the grain network is best described in a dimensionless manner, describing the
sample in terms of the number of grains along the length and the number of grain across the width. In
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terms of the critical current density of a network, the solutions to a
10-cm-long, 1-cm-wide tape with 100-um grains is identical to a 1
cm x 1 mm tape with 10-um grains. We can vary the grain size for
a sample of fixed dimensions, which is equivalent to varying the
sample area (maintaining the aspect ratio) while holding the grain
size constant.

We will first consider a square sample of dimensions

CHE (10 mm)2 The grains are isotropic and the average linear grain size
F is 5 pixels. The average number of grains in each dimension is
ns . varied from 5 up to 120. This sample is compared with a sample
“%% ) that is 30 mm long and 3 mm wide in which N,, ranges from 4 to

0z

0.1+

60. Thus in both cases the range of grain sizes examined is
approximately 25to 250 um. The calculated critical current

densities are shown in Fig. 2.171, demonstrating that grain size has
little or no effect for the square conductor but is important for tapes
om0 4000000 that are longer than they are wide.
W, The critical current of the tape that has an aspect ratio of
Fig. 2.170. (a) The dependence 1p fzfll!s rather si.gnificantly as tht_a size of the grains beco_me a
of the calculated sample significant f_ractlon of t_he tape width. For a conductor with this
critical current density on the shape and size, the grain size would have to be around 50 um or
value of p (N, = 200, N, = 20) smaller to avoid any significant reduction in J.. The difference in
and (b) comparison of p=1 and behavior between the two conductor shapes is important to consider
p=5 for various conductor when designing an experiment to verify the proposition that smaller
lengths (N,,=40). grains are favorable for coated conductors. To see a reduction in J,
one would need to ensure that the length (which corresponds to the

distance between the voltage contacts in a four-
point measurement) was significantly greater than
the tape width. This often not the case for
measurements made on small-scale samples. — .

Previous grain-boundary network models that o 027 S .
use square or
hexagonal grains have predicted that the sample 011
width must contain at least 50 to 100 grains to avoid
“percolative pinch-off” [6,10]. It has also been 0
observed that there is an approximately logarithmic 10
decrease in J; as the sample length is increased [13].
These ideas have been investigated here by using
the more realistic grain shape model.

It has been proposed [12] that for a given
sample width, there is the following relationship
between J. and conductor length:

J, e Gjm .

This expression arises from a Weibull analysis [37], and m represents the Weibull modulus among a set of
tape sections.

Calculations have been carried out over a range of widths and lengths for p = 1 (the square-grain
model) and p = 5 (irregular grain model). A plot of log J. vs log (1/N)) for both cases is shown in
Fig. 2.172. It turns out that the gradients of the lines in these plots varies with and is approximately equal

+Simple sguere model (p=1)
avarled grain sl1e= p=5)

1 00

0.3 T i

Je /e
‘\
L ]
L ]
L ]
L ]

100
Grain size (microns)

1000

Fig. 2.171. Dependence of calculated critical
current density on grain size for two different
conductor shapes, a 10 x 10 mm square and
a 3 x 30 mm rectangle (p = 5).

(34)
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Fig. 2.172. Log-log plots of critical current

density vs length for various conductor widths

for a FWHM of 10° with (&) p =1 and (b) p = 5.
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Fig. 2.173. Plots demonstrating the
relationship between critical current density
and sample width and length for a FWHM of
10° with (@) p=1and p = 5.

to the conductor width. Hence the following
relationship between tape width and length is
proposed to approximate J. over limited ranges:

1
3. z(ij " (35)
N|

Figure 2.173 shows the data from Fig.
2.172 replotted in terms of Eq. (12) forp=1
and p = 5. The plot indicates a series of lines for
different widths rather than a single straight
line, although the values do lie along a single
line for tapes that are highly aspected (I >> w).
These two figures demonstrate how the
critical current is reduced as the tape length
increases, and that this dependence becomes
stronger as the tape width narrows. An
alternative way of looking at it is that the
current is reduced as the width decreases and
that this dependence becomes more significant
for long tapes. Figure 2.173 demonstrates that
Eq. (12) is most accurate in predicting the width
and length dependence of tapes when the grain
size is a small fraction of the sample dimensions
and the tape is highly aspected. Fortunately, this is
the case for most practical coated conductors.

2.27.4.3 Crystallographic Texture and
Intragranular Dissipation

Another advantage of the model is that it can be
adapted to study the effect of intragranular
dissipation. Because each grain in the model is made
up of a number of small square pixels, it is possible
to assign critical-current values to the boundaries
between the intragranular regions in order to simulate
the intragranular J.. The effect of the intragranular
regions will be considered together with the effect of
changing the FWHM of the grain orientations
because the effects of the two parameters are closely
interrelated. For example, if the grains were able to
carry the same amount of current as 1.8° grain
boundaries, which may occur due to the existence of
twins, it is evident that intragranular dissipation in a
sample would be significant if all grains are aligned
to within a few degrees. If however the sample has a
large FWHM, the effect of the grains is likely to be
less significant, with most dissipation occurring at
the grain boundaries, most of which will have a
lower j..



2-148 Technical Progress in Wire Development

It is useful to define a parameter that describes the current-carrying capability of the granular regions
in a similar way to that of the boundaries. Instead of using absolute values of j., we will instead define the
“equivalent angle” of the grains, €, such that grains that carry the same amount of current as 2° grain
boundaries are described as € = 2° grains. We will assume that all the grains within a sample have the
same j. and that this value is independent of the orientations of the grains.

The effect of varying the FWHM of the

distribution of grain orientations has been modeled

for samples with different intragranular critical L U

currents. Figure 2.174 shows how J; varies with 08 | *e=0°
FWHM when the grains carry the same j. as 0°, o g=18°

1.8°, and 4° boundaries. Also shown (by the dotted 5061 N L ey

line) is the situation in which the grains are not 3;’0_4 geo g D\-,

considered and hence effectively can carry an ° e

infinite amount of current. In the case in which the 024 a s aa,, “» —.

grains have £ = 0° and the FWHM is very low, we 00 | R e, e
can draw two conclusions. As the critical current T 5 10 15 20
decreases with increasing FWHM, this must be a FWHM ()

regime in which grain boundaries affect J.. Also as

J. is lower than would be the case if the grains Fig. 2.174. Graph showing how the critical
could carry infinite current (the dotted line), then current is reduced as the FWHM increases,
there must also be some intragranular dissipation. and how it depends on the current carried by

the grains. The broken line shows the critical-
current-density values if intragranular dissipation
is not considered.

Hence for high j. grains, when the FWHM is low,
dissipation is both intra- and intergranular. If the
FWHM is above 5° however, this sample has the
same critical current as it would if the grain j. were infinite. Therefore, there must be no intragranular
dissipation for a FWHM above 5°, and sample J. is only limited by the grain boundaries.

For the situation in which & = 4°, the grains in the sample can only carry the same amount of current
as a 4° grain boundary. Figure 2.174 shows that up until approximately 3°, J. does not fall with increasing
FWHM. Hence in this regime, the critical current of the sample must be limited only by dissipation within
the grains. At higher FWHM values (between 5° up to around 20°), J. changes with FWHM and is below
the value that would be achieved with perfect grains and hence is in the mixed regime with some
dissipation within grains and some at grain boundaries. Above around 20°, J. is determined only by the
grain boundaries.

Figure 2.175 shows in a three-dimensional plot how J. varies with both FWHM (a factor which
affects the current-carrying ability of the grain boundaries) and € (a measure of the current-carrying
capability of the grains). Depending upon where samples produced by a particular coated conductor
process lie on the plotted surface, one may determine whether it is more important to concentrate on the
quality of the grains, the boundaries, or both, to best improve the critical current. For example, process A
produces a sample that is very well textured with a FWHM of just 2° but has rather poor grains, which
behave like 4° grain boundaries (e = 4°). Process B gives a FWHM of 8° but has better grains, which are
able to carry the same currents as 2° boundaries. Figure 2.176 indicates that these samples will carry
similar critical currents. It also shows that in order to improve sample A, it is of little use trying to
improve the texture further or to dope the boundaries with calcium because doing so would have little
effect on the overall J.. Instead, one needs to improve the quality of the grains. Conversely for sample B,
concentrating on the grain boundaries is more important.
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From the data plotted in Figs. 2.174 and 2.175,
it is possible to produce a schematic phase diagram
indicating the regions in which dissipation is
entirely intragranular, or entirely intergranular or a
combination of both. To calculate the points
comprising the boundaries in Fig. 2.176, one
considers in turn given values of €. The transition
between the intragranular region and the mixed
region is determined by increasing the FWHM from
zero until a fall in J; is observed. The FWHM is
then increased further until the point at which J; is
indistinguishable from that in a sample with perfect
intra-granular critical current density grains. This marks the transition to the regime of

(represented by , the equivalent angle) on grain-boundary dissipation only. This has been done

critical current density as predicted by the for val_ues of eup to 1_00-
model. Points A and B are possible samples Figure 2.176 indicates that most coated
discussed in the text. conductors are probably in the mixed zone but

closer to the grain-boundary regime (i.e. most
dissipation occurs along grain boundaries, but grains
IG also have some effect). For example, if we assume
Mixed that the quality of grains is limited to e=1.8° by the
presence of twin boundaries, then only conductors in
which the FWHM is higher than 12° have no
significant granular dissipation. The figure also
shows that very sharply aligned (almost single-
crystalline) samples have to be achieved before the
regime of exclusively intragranular dissipation is
reached. Textures with FWHM values of 5 to 6° are
currently being reported in RABITS™ tapes [38].
The mechanism of dissipation will have
important consequences for the effect of the sample
dimensions. Percolation modeling generally

Fig. 2.175. The effect of the FWHM and the

=
o

Equivalent angle of grains (°)
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Fig. 2.176. Graph showing regimes of
dominance of grain boundary dissipation
(GB), intragranular dissipation (IG) and the

combination of the two (mixed). Lines are considers samples in which dissipation occurs only
plotted for changes of 1% in critical current at grain boundaries (i.e., in the grain-boundary
density. zone). If a sample were in the mixed zone, it is

likely that the length and width dependences would
be lessened, and ultimately for samples in the intragranular zone, J. should be totally independent of the
sample dimensions.
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3. Summary of Technology Partnership Activities

3.1 Background

Oak Ridge National Laboratory (ORNL) is akey participant in the U.S. Department of Energy’s
(DOE's) national effort on electric power applications of high-temperature superconductivity (HTS).
ORNL has formed effective teams that combine the resources of the Laboratory with the entrepreneurial
drive of private companies. New technology partnership mechanisms, afeature of the ORNL
Superconducting Technology Program for Electric Power Systems since itsinception in 1988, have
resulted in 42 superconductivity “pilot center” cooperative agreements and 10 cooperative research and
devel opment agreements (CRADAS). Eight cooperative agreements and two interagency agreements were
active during FY 2004. In addition, licensing agreements, joint inventions, and joint publications with the
private industry partners have ensured that there is technology transfer throughout the program.

Technology partnering on Laboratory-industry teams can occur in several ways. In the ORNL
program, the cooperative development level of technology partnering is emphasized: joint Laboratory-
industry teams work on problems that (1) require combined resources and expertise and (2) have a clear
objective of precompetitive research and technology development. For the project to succeed, each
partner depends on the success of the other. Most of the cooperative projects with private industry and the
Laboratory precompetitive research and development (R& D) projects involve devel oping key technology
in which commercialization of the resultsis expected to occur after aminimum of 3 to 5 years.

3.2 Relationship to the DOE Mission

The ORNL program mission isthat of its program sponsor, DOE’ s Office of Electricity Delivery and
Energy Reliability Superconductivity Program: to develop the technology base necessary for industry to
proceed to commercialization of electric energy applications of HTS. HTS will enable new energy-
efficient motors, transformers, and transmission lines and will aso provide electric power equipment
manufacturers with strategic technology for global competitiveness. Electric utilities can defer acquisition
of new transmission rights-of-way with successful introduction of superconducting cables. System
stability and protection will be enhanced with the introduction of fault-current limiters. Distributed utility
systems in the future, which will include distributed generation systems, will benefit from the small size
and light weight of the next generation of electric power equipment. In addition, oil-free power
transformers and cables will provide a cost-effective, more environmentally friendly option for the utility
sector.

3.3 Funding

DOE funding for the ORNL program and a summary of funds-out cooperative agreementsin 2004
are shown in Table 3.1. Funds-out to industry, universities, and other federal agencies (e.g., the National
Institute of Standards and Technology) was more than $3 million in FY 2004.

3.4 Technology Partnership Approach

An interdisciplinary approach uses many of the resources available at ORNL to meet the program goals
for joint Laboratory-industry development of HTS technology for electric power applications. The
superconductivity agreement mechanism interlinks R& D projects with industry and universities that
optimize utilization of facilities, expertise, and program resources for the benefit of all participants. This
program also coordinates the ORNL activities with the other national |aboratories, government agencies,
university centers, and industry groups.
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Cooperative agreements ensure that technology development is industry-driven. The ORNL Office
of Technology Transfer and Economic Development and patent counsel work together to place these
agreements. Where appropriate, these efforts are coordinated with projects within ORNL that are funded
by the DOE Office of Science aswell as Work for Others and ORNL Laboratory Director's R&D Fund
projects.

Effective funds-out to industry is used to supplement industry cost share. In FY 2004, $3 millionin
funds-out to industry and universities was provided through cooperative agreements and subcontracts. To
keep industry involved from the start of the program and to ensure commercialization potential, al of
these technol ogy-partnering mechanisms are augmented by CRADAS, user agreements, and licensing
activities.

Responsiveness to American industry has high priority in this program. An ORNL ad hoc technical
review committee, consisting of a project manager, a scientific coordinator, a manager for conductor
development, and a manager for applications development, reviews al inquiries from industry and
recommends projects for possible funding. This review ensures that (1) the proposed work fits the
program mission, (2) the work is collaborative, (3) there is legitimate commercial interest, and (4) the
work isfeasible. Substantial private-sector cost share is required on cooperative agreements.

ORNL provides support to the DOE Headquarters (DOE-HQ) Superconductivity Program for
Electric Power Systems by identifying, guiding, and monitoring R&D at ORNL and ORNL subcontractor
sites and by performing coordination, anaysis, and planning of activities related to the national program.

ORNL works with the other program laboratories to address such issues as communication among
program participants, workshop and meeting implementation, planned competitive solicitations and
superconductivity agreements, and coordination of technical and economic assessments. ORNL leads the
Superconductivity Partnerships with Industry Technical Review Committee and manages the Cryogenics
Initiative subcontracts on behalf of all the program stakeholders.

3.5 Program Inventions

A summary of the new invention disclosures for FY 2004 is shown in Table 3.2. Patentsissued in
FY 2004 are shown in Table 3.3, and al patentsissued since 1994 are shown in Table 3.4.
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Table 3.1. Superconductivity Program summary of cooper ative agreements as of September 30, 2004

Total agreement cost share ($K)

- Approved a By DOE
Participant term Type By Technology Area
To To industry
ORNL  Industry
American 4/5/01— C 2,400 0 2,400 HTS conductors for electric
Superconductor 4/4/05 power applications; Wire
Development Group; and
YBCO wires
General Electric 8/2/02— C 650 0 650 Design and development of a
Company 7/31/05 100-MVA HTS generator
MicroCoating 5/15/03— C 200 0 100  Demonstration of high current
Technologies 5/14/05 density YBCO filmson CCVD
buffers; effort stopped August
2003
NIST- 12/1/00- IAG 0 860 860 YBCO phase diagram support
Gaithersburg 12/31/04
NIST-Boulder 3/98— IAG 0 1,297 1,297  Electromechanical properties
2/29/07 for superconductor
applications
Oxford 1/94— C 1450 0 1675 Develop technology for dip-
Instruments 12/31/2004 coated BSCCO-2212 wire and
RABITS™
Southwire 2/1/97- FO 12066 500 12631 Develop HTS cable
Company 9/30/2005 technology
SuperPower, Inc.  10/8/02— C 500 0 500  Produce high current density
9/30/06 YBCO coated conductors
SuperPower, Inc.  07/01/04— C 850 0 850  Matrix fault current limiter SPI
02/28/07
Waukesha 6/15/97— FO 3197 250 2556.4 HTS transformer
Electric Systems ~ 9/30/2005
Total Active 21,213 2,907 23,519.4
Agreements
Total Completed 17,374  6,535.6 22,496.7
Agreements
TOTALS 38,687 9,442.6 46,0616.1

®NFE = no-funds-exchange; FO = funds-out; FI = funds-in; IAG = interagency agreement; and C = CRADA.

**DOE to LANL
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Table 3.2. Invention disclosures during FY 2004

ID No. Subject Submitted by
1336 Novel Oxide Buffers for Superconductors and M. Paranthaman, S. Sathyamurthy, and
Other Electronic Devices S. Bhuiyan
1358 Fabrication of High-J. YBCO Thick Filmsvia A. Goyal and Y. Xu
Solution Processing
1362 Fabrication of Solution-Derived Epitaxial Films A. Goyal
1399 Modified Buffer Stack for Epitaxial A. Goyal, D. F. Lee, E. D. Specht,
Superconductors on RABITS™ L. Heatherly, and F. A. List
1401 Simplified Buffer Stack for RABITS™ L. Heatherly, F. A. List, D. F. Lee, A. Goyal,
T. Aytug, M. Paranthaman, C. Cantoni, and
R. Feenstra
1449 Method to Form Self-Aligned Nano-Dots and A. Goyal and S. Kang
Nano-Rods within the Superconductor to Enhance
Properties
1457 Novel Functional Buffer Layersfor YBCO Coated M. Paranthaman and A. Goyal (ORNL);
Conductors (CRADA ORNLO00-0577) U. Schoop, C. Thieme, D. Verebelyi, and
M. W. Rupich (AMSC)
1461 Chemical Solution Deposition Method to Fabricate M. Paranthaman (ORNL); S. Sathyamurthy

Highly Aligned IBAD-MgO Templates

and T. Aytug (UT); P. Arendt, L. Stan, and
S. Foltyn (LANL)

Table 3.3. Patentsissued in FY 2004

Patent No./ID No. Date Issued Title

6,635,097 B2/316.4  Oct. 21, 2003 Biaxially Textured Articles Formed by Powder Metallurgy

6,645,313 B2/1697-X Nov. 11, 2003 Powder-in-Tube and Thick-Film Methods of Fabricating High
Temperature Superconductors having Enhanced Biaxial Texture

6,663,976 B2/649.2  Dec. 16, 2003 Laminate Articles on Biaxially Textured Metal Substrates

6,700,297 B2 March 2, 2004 Superconducting PM Undiffused Machines with Stationary
Superconducting Coils

6,716,795 B2/726.2  Apr. 6, 2004 Buffer Architecture for Biaxially Textured Structures and Method of
Fabricating Same

6,740,421 B1/1205 May 25, 2004 Rolling Process for Producing Biaxially Textured Substrates

6,764,770 B2/1047 July 20, 2004 Buffer Layers and Articles for Electronic Devices

6,784,139 B1/375 August 31, 2004 Conductive and Robust Nitride Buffer Layers on Biaxially Textured
Substrates

6,790,253 B2/316.13  September 14, 2004  Biaxially Textured Articles Formed by Powder Metallurgy

6,797,030/316.12 September 28, 2004  Biaxially Textured Articles Formed by Powder Metallurgy
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Table 3.4. Cumulative listing of patents

Patent No./ID No. Date I ssued Title
5,357,756 ( 1185-X) October 25, 1994 Bipolar Pulse Field for Magnetic Refrigeration
5,395,821 (1039-X) March 7, 1995 Method of Producing Pb-Stabilized Superconductor Precursors

5,525,583 (1471-X)
5,546,261

5,646,097

5,739,086 (1640-X)
5,741,377 (1640-X)
5,830,828 (1193-X)
5,846,912 (1512-X)
5,898,020 (1640-X)

5,958,599 (1640-X)
5,964,966

5,968,877 (18-19)
5,972,847 (458)

6,055,446 (1193)
6,077,344 (223)

6,106,615 (368)
6,114,287 (534)
(HTSPC-023)
6,150,034 (467)
6,156,376 (467)
6,159,610 (467)
6,180,570 B1 (312)
6,256,521 B1
(1784, new 148)
6,261,704 B1 (218)

6,270,908 B1 (734)
6,286,194 B (1193)

6,296,701 B1 (296)
6,331,199 B1
6,375,768 B1 (312)

6,385,835 B1

June 11, 1996
August 13, 1996
July 8, 1997

April 14, 1998
April 21, 1998
November 3, 1998
December 8, 1998
April 27, 1999

September 28, 1999
October 12, 1999

October 19, 1999
October 26, 1999

April 25, 2000
June 20, 2000

August 22, 2000
September 5, 2000
November 21, 2000
December 5, 2000
December 12, 2000

January 30, 2001
July 3, 2001

July 17, 2001

August 7, 2001
September 11, 2001

October 2, 2001
December 18, 2001
April 23, 2002

May 14, 2002

and Method of Producing Superconductor Articles Therefrom
Superconducting Magnetic Coil (with AMSC)

Hermetically Sealed Superconducting Magnet Motor

Method of Fabricating a (1223) TI-Ba-Ca-Cu-O Superconductor
Structures Having Enhanced Biaxia Texture and Method of
Fabricating Same

Structures Having Enhanced Biaxia Texture and Method of
Fabricating Same

Process for Fabricating Continuous lengths of Superconductor
Method for Preparation of Textured Y Ba,Cus;O, Superconductor
Structures having Enhanced Biaxial Texture and Method of
Fabricating Same

Structures Having Enhanced Biaxial Texture

Method of Forming Biaxially Textured Alloy Substrates and
Devices Thereon

High Tc YBCO Superconductor Deposited on Biaxially
Textured Ni Substrate

Method for Making High-Critical-Current-Density Y Ba,CusO;
Superconducting Layers on Metallic Substrates.

Continuous Lengths of Oxide Superconductors

Sol-Gel Deposition of Buffer Layers on Biaxially Textured
Metal Substances

Method of Forming Biaxially Textured Alloy Substrates and
Devices Thereon

Method of Deforming a Biaxially Textured Buffer Layer on a
Textured Metallic Substrate and Articles Therefrom

Buffer Layers on Rolled Nickel, or Copper as Superconductor
Substrates

Buffer Layers on Metal Surfaces having Biaxial Texture as
Superconductor Substrates

Buffer Layers on Metal Surfaces having Biaxial Texture as
Superconductor Substrates

Biaxialy Textured Articles Formed by Plastic Deformation
Preferentially Oriented, High Temperature Superconductors by
Seeding and a Method for their Preparation

MGO Buffer Layers on Rolled Nickel or Copper as
Superconductor Substrates

Rare Earth Zirconium Oxide Buffer Layers on Metal Substrates
Apparatus for Fabricating Continuous Lengths of
Superconductor

Method of Depositing An Electrically Conductive Oxide Film
on a Textured Metallic Substrate and Articles Formed
Therefrom

Biaxially Textured Articles Formed by Powder Metallurgy
Method for Making Biaxially Textured Articles by Plastic
Deformation

Apparatus for Fabricating Continuous Lengths of
Superconductor
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Table 3.4 (continued)

Patent No./ID No. Date I ssued Title

6,399,154 B1 (734) June 4, 2002 Laminate Article

6,440,211 B1 (649) August 27, 2002 Method of Depositing Buffer Layers on Biaxially Textured
Meta Substrates

6,447,714 B1 (316) September 10, 2002  Method for Forming Biaxially Textured Articles by Powder
Metallurgy

6,451,450 B1 (749) September 17, 2002  Method of Depositing a Protective Layer over aBiaxially
Textured Alloy Substrate and Composition Therefrom

6,468,591 (218) October 22, 2002 Method for making MgO buffer layers on rolled nickel or
copper as superconductor substrates

6,486,100 B1 November 26, 2002  Method for Preparing Preferentially Oriented, High
Temperature Superconductors Using Solution Reagents

6,555,256 B1 April 29, 2003 Method of Depositing an Electrically Conductive Oxide Film on
a Textured Metallic Substrate and Articles Formed Therefrom

6,599,346 B2 (316.3) July 29, 2003 Biaxially Textured Articles Formed by Powder Metallurgy

6,602,313 B2 (316.2) August 5, 2003 Biaxially Textured Articles Formed by Powder Metallurgy

6,607,839 B2 (316.9) August 19, 2003 Biaxially Textured Articles Formed by Powder Metallurgy

6,610,413 (316.5) August 26, 2003 Biaxially Textured Articles Formed by Powder Metallurgy

6,610,414 (316.11) August 26, 2003 Biaxially Textured Articles Formed by Powder Metallurgy

6,617,283 B2 (889) September 9, 2003 Method of Depositing an Electrically Conductive Oxide Buffer
Layer on a Textured Substrate and Articles Formed Therefrom

6,635,097 B2 (316.4) October 21, 2003 Biaxially Textured Articles Formed by Powder Metallurgy

6,645,313 B2 (1697-X) November 11, 2003  Powder-in-Tube and Thick-Film Methods of Fabricating High
Temperature Superconductors having Enhanced Biaxial Texture

6,663,976 B2 (649.2) December 16, 2003  Laminate Articles on Biaxially Textured Metal Substrates

6,700,297 B2 March 2, 2004 Superconducting PM Undiffused Machines with Stationary
Superconducting Coils

6,716,795 B2 (726.2) April 6, 2004 Buffer Architecture for Biaxially Textured Structures and
Method of Fabricating Same

6,740,421 B1 (1205) May 25, 2004 Rolling Process for Producing Biaxially Textured Substrates

6,764,770 B2 (1047) July 20, 2004 Buffer Layersand Articles for Electronic Devices

6,784,139 B1 (375) August 31, 2004 Conductive and Robust Nitride Buffer Layers on Biaxially
Textured Substrates

6,790,253 B2 (316.13)  September 14, 2004  Biaxially Textured Articles Formed by Powder Metallurgy

6,797,030 (316.12)

September 28, 2004

Biaxially Textured Articles Formed by Powder Metallurgy




4. Events, Honors, and Awards

4.1 Mike Gouge Named Editorial Board Member for the Journal of
Superconductivity: Incorporating Novel Magnetism

Mike Gouge, leader of the Applied Superconductivity Group in the Fusion Energy Division and
applications team leader in the ORNL Superconductivity Program, was named as a new editorial board
member of the Journal of Quperconductivity: Incorporating Novel Magnetism, beginning in January
2005. Typicaly, board members serve three to five years. Mike will specifically help secure article
submissionsin the area of applied superconductivity.

The Journal of Superconductivity: Incorporating Novel Magnetismisin its fifteenth year of
publication. Its scope includes novel magnetic phenomena. In addition to regular submission articles,
proceedings of topical conferences within the subject matter of the journal, as well as an occasiona
invited review article, are published init. The journal publishes six issues annually with over 1000 pages
of text.

4.2 ORNL Showcases Superconducting Wire Technology at “Superconductivity
Day on the Hill”

The Coalition for the Commercial Application of Superconductors (CCAS) sponsored a
Superconductivity Day on the Hill on February 26, 2004, in the Rayburn House Office Building
(Fig. 4.1). Congressmen Markey and Olver (both D-MA) visited and spoke, and Congressman McNulty
(D-NY) spent along time examining the exhibits. A substantial number of |egidlative directors, assistants,
and staff from multiple committees al'so heard CCAS President John Howe' s presentations, entered into
significant discussions, and picked up literature. ORNL’s Dave Hill and Bob Hawsey attended the
exhibition. ORNL displayed alength of second-generation RABITS™-based superconducting wire and
provided information to a number of the attendees.

OFFICE OF ELECTRIC TRANSMISSION AND DISTRIBUTION O
Improving the way electricity is delivered to you

Fig. 4.1. Attendees at the Superconductivity Day on the Hill, sponsored by
the Coalition for the Commercial Application of Superconductors,
February 26, 2004.

4.3 Goyal Co-Edits Book on High-Temperature Superconductivity

Amit Goyal, of ORNL’s Metas and Ceramics Division, co-edited Fabrication of Long-Length and
Bulk High Temperature SQuperconductors (The American Ceramic Society, Ceramic Transactions,
Voal. 149, 2004). Other co-editorsinclude Ruling Meng of the University of Texas, Houston; Kaname
Matsumoto of Kyoto University, Japan; Herbert Freyhardt of University of Guttingen, Germany; and
Winnie Wong-Ng of the National Institute of Standards and Technology, Gaithersburg, Maryland.

The book, a summary of developmentsin HTS research, is divided into three sections:. “ Coated
Conductors’; “BSCCO-Based Conductors, MgB, , and Other HTS Materials’; and “Control of
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Microstructure.” Papersinclude topics such as long-length flexible wires and tapes, melt-textured YBCO
materials, processing of HTS materias, the current status and potential for Y BCO-based coated
conductors, BSCCO-based conductors, and MgB,-based wires.

4.4 ORNL’s Superconductivity Project Inventors named Patent Award Recipients
at May 25 Ceremony

The ORNL superconductivity project was cited in FY 2004 for significant patents awarded in 2003.
ORNL senior scientist Amit Goyal and ORNL retirees Don Kroeger and Bob Williams were the only
ORNL inventors named as Patent Award Recipients at the May 25, 2004 “Key Contributor and Patent
Awards Ceremony” sponsored by the ORNL Technology Transfer and Economic Devel opment
Directorate. The award was for the U.S. patent, “Biaxially Textured Articles Formed by Powder
Metallurgy.” The patent describes powder metallurgical methods to make alloys for the textured template
used for RABITS™-based high-temperature superconducting wires. The patent has been licensed to
American Superconductor Corporation.

4.5 ORNL Superconductivity Researchers Partnered with North Carolina S&T
State University to win $1.4 million NSF Grant

ORNL was notified in May 2004 that its Historically Black Colleges and Universities (HBCU)
partner university, North Carolina A& T State University, has been awarded a $1.4 million National
Science Foundation grant. For this, Professor Dhananjay Kumar, an ORNL joint faculty member with
North Carolina A& T State University, along with ORNL staff members David Christen, Steve Pennycook
and Jianxin Zhong, will develop a science and education program in the areas of hanostructured magnetic
and HTS materials. Dr. Christen is ateam leader in the OE-funded superconductivity project at ORNL as
well asaprincipal investigator for research funded by the DOE Office of Basic Energy Sciences into the
physical properties of high-temperature superconductors.

4.6 Paranthaman named an Associate Editor of the Journal of the American
Ceramic Society

ORNL'’s Parans Paranthaman was named an associate editor of the Journal of the American Ceramic
Society. Dr. Paranthaman is a senior research staff member funded by DOE-OE/Superconductivity
Program for Electric Power. For more than three-quarters of a century, the Journal of the American
Ceramic Society has been the premier forum and archive used by scientists, engineers, and students to
learn about original research in ceramics. Since HTS materials are ceramics, the journal is an important
forum for dissemination of results of original research in thefield of HTS. Every month the journal
publishes more than 40 papers that have been rigoroudly reviewed by an international team of renowned
ceramists. The papers describe research concerning traditional and advanced ceramic materials and
composites, fabrication processes, applications, and instrumentation. Invited feature papers by recognized
authorities who review scientific developmentsin particular fields of research are published frequently.
Thejourna is published 12 times each year. It includes approximately 3600 editorial pages.

4.7 ORNL participates in Superconducting Cable Kick-off Event on Capitol Hill

ORNL participated along with industrial partner Southwire Company in a superconducting cable
project “kick-off” event on June 2, 2004. The event was organized by the three cable companies and their
superconducting wire suppliers, who were awarded cost-shared demonstration projectsin the United
States. ORNL s partner, Southwire Company (and their joint venture partner nkt cables of Denmark), will
be developing and installing a 200-m-long three phase HTS cable at an American Electric Power
substation in Columbus, Ohio. The cable has the highest rated current of any of the three new projects
announced on June 2.
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4.8 ORNL Team Leader Co-Edits an issue in MRS
Bulletin
BULLETIN - seeee
Parans Paranthaman of ORNL’s Chemical Sciences Division co- A T
edited aspecid issuein the area of “High-Performance Y BCO-coated High-Performance YBCO-Coated
Superconductor Wires” in the August 2004 issue of MRS Bulletin Superconductor Wires

(Fig. 4.2). The issue provides an overview of the current status of the
R&D in the area of HTS wiresin the world. Parans has also co-written
an articleon RABITS™ with Amit Goyal of ORNL and Urs Schoop of
American Superconductor Corp. More details may be found on the
MRS Bulletin website:
http://www.mrs.org/publications/bull etin/2004/aug/

MRS Bulletin ranked second among 159 materials science journals
and first among 67 applied physicsjournalsin the Institute for
Scientific Information® Journal Citation Reports® (JCR) impact factor

ratings, 1999 Science Edition. Fig. 4.2. MRS Bulletin
special issue, August

2004.

4.9 Amit Goyal named to Executive Editorial Board for
the Encyclopedia of Superconductivity

Amit Goyal was invited to join the executive editorial board (comprised of only four members
internationally) for creation of a comprehensive Encyclopedia of Superconductivity, to be published by
John Wiley & Sons. It will have three volumes:

Vol.1: Superconductivity Basic Aspects and Theory
Vol.2: Materials Devel opment
Vol.3: Superconductivity Applications

Key functions of the executive editoria board are to (1) appoint an international advisory editorial
board, (2) formulate the table of contents outlining what the volumes will consist of, and (3) invite
appropriate contributors worldwide to provide their input.

4.10 Day of Science—November 17, 2003

The ORNL Superconductivity Program
participated in the Lab’s “ Day of Science,”
in which approximately 500 undergraduate
science, math, engineering, and technology
students from selected HBCUs and core
universities were invited to a“Day of
Science” at ORNL (Fig. 4.3). The purpose of
the event is to increase the number of
minority students that apply and are chosen
for the Laboratory's summer or semester
undergraduate research programs. The main
attraction of the Day of Scienceisan ORNL
science exhibition, in which research § 7
divisions present displays that showcase Fig. 4.3. Parans Paranthaman with students at the
their major research initiatives and “their 2003 ORNL Day of Science.
most personable scientists and engineers.”
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4.11 The 2004 Summer Intern Program

The ORNL Superconductivity Program hosted several interns with its Summer Intern Program in
2004, which represents a variety of DOE educationa programs (see Table 4.1 and Figs. 4.4-4.7).

Table 4.1. 2004 Summer Intern Program information

Name Institution DOE program ORNL mentor

Prof. Dhangjay Kumar  North Carolina A& T Faculty and Student Teams Dave Christen

Julius Steed 11 University

Tony Davis

Jeffrey Jordon

Jennifer Williams Carter High School Laboratory Science Teacher ~ Patrick Martin

(teacher) (Knoxville, Tenn.) Professional Development

Erin Stewart Indiana University of Science Undergraduate Parans Paranthaman
Pennsylvania Laboratory Internships

Nicolas Cunningham Middle Tennessee State Research Alliance for Patrick Martin
University Minorities

Alex Thorn Princeton University Higher Education Research Mike Gouge

Experiences at ORNL

Kartik Venkataraman  University of Wisconsin-  Visiting Researcher Parans Paranthaman

Madison

Fig. 4.4. Summer interns from North Carolina Fig. 4.5. Interns Jennifer Williams, a teacher from
A&T University with mentors (left to right) Jeffery Carter High School in Knoxville, and Nicolas
Jordan, Julius Steed, Jim Thompson (UT-ORNL), Cunningham, from Middle Tennessee State

Dave Christen (ORNL), Professor Dhanajay University, with ORNL mentor Patrick Martin
Kumar, and Tony Davis. (right).
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Fig. 4.6. Interns Erin Stuart, from Indiana University
of Pennsylvania, and Nicolas Cunningham, from
Middle Tennessee State University, with ORNL
mentor, Patrick Martin (center).

Fig. 4.7. Alex Thorn (left ), intern from Princeton University. Kartik Venkataraman, visiting researcher
from the University of Wisconsin.
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