























Subtask 1.4.5: Cryogenic dielectric R&D and design rules.
I. Sauers, E. Tuncer, D. R. James, A. R. Ellis

Objectives:
Cryogenic dielectrics, like cryogenic cooling systems, is an enabling technology for HTS grid

applications. Conventional dielectrics have grown with the grid over the last 120 years to higher
voltage levels, now approaching 1 MV in some cases, and high component reliabilities with
proven materials. Utilities expect comparable reliability for new technologies and this puts a high
expectation on the performance of HTS devices. To meet the expectation, there is an increasing
need for cryogenic dielectric data on liquid nitrogen and other materials, such as fiberglass
reinforced plastics (G10) at longer gaps where currently the data available in the literature is
sparse. Partial discharge, surface flashover, ac and impulse breakdown data are needed with
sufficient statistical information to design large scale systems with adequate safety factors. In
this work we focus on characterizing generic cryogenic dielectric properties, including aging
studies, on existing materials, as well as developing generic design rules that can be used by the
high voltage engineer in designing HTS cables, transformers, fault current limiters, and
terminations.

Technical progress:

AC breakdown in liquid nitrogen

Liquid nitrogen (LN) is commonly used both as a coolant and electrical insulation in HTS
equipment for power applications. Hence it is necessary to know the electrical breakdown
characteristics of LN, under a variety of practical conditions. Measurements on ac breakdown in
liquid nitrogen were performed in a stainless steel dewar of 30-in. (762 mm) diameter which
could be pressurized from 1 to 2 bar absolute (Fig. 1). The high voltage electrode was a 4-in.
(101.6 mm) diameter stainless steel sphere to a grounded plane. The finish on the sphere was a
typical industrial grade which might be used in practice. A sliding seal at the top of the bushing
allows the high voltage lead to be moved up and down for changing the gap in place with the
electrodes still immersed in LN, which greatly speeds

up data acquisition. The breakdown voltage increased

linearly with gap over the limited range studied which is

expected for this electrode geometry since the electric

field is approximately uniform for gaps small compared

to the sphere radius. Larger gaps were not studied since

the phase-to-ground voltage rating of the bushing could

not be exceeded.

It is important to understand the statistics of the

breakdown values since equipment must be designed

such that the predicted failure probability is quite low,

for example 1%. A Weibull distribution is frequently

used as a model for the failure probability in breakdown

measurements where the failure mechanism is thought Fig. 1. AC breakdown data for liquid nitrogen

to be due to a “weakest link” or defect. as a function of gap for 101.6 mm (4 in.)
sphere to plane electrode geometry. The
symbols are the average value of at least 10
breakdowns and the error bars are the
minimum and maximum breakdown values.
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This distribution is given as:
F(V) = 1 - expl[-(V/Ves2)']

where F(V) is the cumulative failure probability
and Vg3 is the breakdown voltage with probability
of 63.2%. On a Weibull plot, b is the so-called
shape parameter or slope of the straight line fit to
the data. If the data fit a straight line well, then it
can be assumed that the breakdown values follow a
Weibull distribution. Figure 2 shows the liquid
nitrogen ac breakdown values for the 101.6 mm (4
inch) sphere-to-plane gap for a pressure of 1.014
bar (0.2 psig) for gaps of 1, 2, and 3 mm. From
such plots the breakdown voltage for a 1% failure
probability can be estimated. This data can be used
for design purposes in a number of applications.
For example a 2 mm gap for this geometry and
pressure should hold off about 26 kVrms with a 1%
failure probability. Additional work is needed on
the statistics of impulse breakdown in liquid
nitrogen gaps, especially at higher voltages.

Status of milestones:
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Fig. 2. Liquid nitrogen gap ac breakdown voltages
plotted as a Weibull distribution of failure probability.
The electrode geometry was 101.6 mm (4 inch) sphere-
to-plane at a pressure of 1.014 bar (0.2 psig). The b
values are the Weibull shape parameter and slope of the

linear fit.

¢ Quantify ac and impulse breakdown in LN2 as function of gap and electric field profile.

(Aug 31, 2007): Met June 2007.

e Quantify breakdown strength and partial discharge characteristics of solid G10 in
cryogenic environment. (Sept 30, 2007): On track,

Interactions:

Results are communicated to the appropriate industry partners to assist in their development and

planning activities.
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Section 1.5: Technical R&D and Support (Subcontracts)

Laboratory-coordinated activities involving the R&D of 2G wires and technical support of the
HTS program.

Subtask 1.5.1: American Superconductor Corporation 2G wire development subcontract.
M. W. Rupich (AMSC)

Objective:

AMSC is in the final stages of commissioning a manufacturing line for the production of 2G
HTS wire based on the MOD-YBCO/RABITS" technology. AMSC’s process is presently
capable of producing 2G wire with a performance level nearing that required for initial
commercial and military HTS wire-based applications. However, in order to meet the DOE and
commercial cost/performance targets for broad market acceptance, it is necessary to further
increase the critical current of the 2G wire, optimize the wire architecture and properties for
specific applications and reduce the 2G wire manufacturing cost. The objective of this
subcontract is to accelerate the development of a low-cost manufacturing process for 2G wire by
(1) improving the process rates and yields of the continuous processing technologies, (2)
enhancing the critical current of the YBCO layer, and (3) developing 2G wire architectures
suitable for commercial and military applications.

Highlights:

= AMSC’s 2G scaleup on track for production capacity of 720 km/year in December 2007
- 100% of production scale equipment installed
- 75% of processes qualified
= 1.4 um YBCO films qualified for insertion into AMSC’s baseline production
- 150 A (375 A/cm-w) achieved in 5-meter qualification runs of 344 superconductors.
- 1.4 pm hybrid Y(Dy)BCO/YBCO process slated for standard production in CY2007.
= Additional rate enhancements increase capacity of slowest steps in production process.

- Improvements in texture anneal and decomposition rates increase capacity to beyond
720 km/yr target for 344 superconductors.

= AMSC’s 344 superconductors used in successful cable test.

- Nexans fabricated and successfully tested a cable built with AMSC’s 344
superconductors

- Cable specifications include:

= 138 kV - 1820 A @ 74 K, 30 meters, 2-layer conductor — 33 tapes 2G wire (1-layer
screen 1G wire)
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Technical progress:
= Improved texture in RABITS template leads to increased Jc in YBCO films

- Mechanism controlling texture enhancement in Y,Oj3 seed layer was identified.
Standard (4-cm) RABITS template produced in AMSC’s pilot line with the enhanced
texture supported J.’s of 5 MA/cm” in a 0.8-pum-thick Y(Dy)BCO film.

= Process Improvements

- Improvements of texture anneal process increased processing capacity (344
superconductor equivalent) to ~2Mm/yr.

- A modified decomposition process demonstrated in R&D equipment that increases
process capacity (344 superconductor equivalent) to ~1M m/yr for 1.4-pm-thick
HTS.

Status of milestones:

v" 20-100 meter length of 344 superconductor wire with a critical current exceeding 100 A
at 77 K, self-field (July 31, 2007).

- Achieved January 2007 - 117 A (77 K, self-field) over 70 m of 344 superconductor.
= 100 meter lengths of 344 superconductor with an Ic exceeding 120 A at 77 K, self-field.
- On track for December 2007.

- 150 A demonstrated in 5-meter qualification wires
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Subtask 1.5.2: SuperPower, Inc., 2G wire development subcontract.
V. Selvamanickam (SuperPower)

Objective:
SuperPower is now in a position to produce good quality 2G wire in "pilot-scale" mode with

performance level that satisfies most HTS demonstration applications. To meet the DOE and
practical commercial application cost/performance target, however, it is necessary to further
improve the HTS transport properties. Further, it is important to refine the conductor structure
and fabrication processes to reduce the conductor cost. The purpose of this project is to
accelerate the development of commercial long-length high-performance IBAD/MOCVD 2G
wire.

Highlights:
Significant enhancements in production rates.

SuperPower has invested significant amount of resources on the optimization and scale-up of its
MOCVD-IBAD 2G wire, with particular emphases on wire performance, uniformity, length and
throughput. As a result, substantial progress has been made with many record long-length
performances achieved at high production rates. Last quarter, we reported several achievements
of long-length 2G wire produced at high speeds, the slowest step (MOCVD) having a speed of
135 m/h of 4-mm-wide wire. This quarter, we increased the speed of the MOCVD process to 180
m/h of 4-mm-wide wire. At the same time, we maintained a high critical current level of 285
A/cm in a 1-pm-thick HTS film produced at this high rate. The figure on the next page shows the
advancements made in the last year in increasing the speed of the MOCVD process. Next, we
produced a 130-m-long 2G wire with all processes at high speeds (IBAD MgO at 360 m/h,
homo-epi MgO at 345 m/h, LMO at 345 m/h, and MOCVD at 180 m/h, all values for 4-mm-
wide wire). A minimum critical current of 201 A/cm was achieved over 130 m with a 3.5%
uniformity in I, (see next page). The speeds listed above correspond to annual production
capacities of 1400 km/year for the IBAD, homo-epi MgO, and LMO processes and 720 km/year
for MOCVD, even assuming that only 45% of time in a year is available for deposition.
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Increase in production speed of MOCVD process while maintaining high Ic performance
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Long-length 2G wire with all processes at high production rates

Status of milestones:

e Short sample 2G wire with I of 750 A/cm. (July 31, 2007): On track — reached 740
Alcm.

e Short sample 2G wire with a J, of 30 kA/cm? at 77 K, 1 T (without copper stabilizer)
(July 31, 2007): Presently at 20 kA/cm? level.
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Subtask 1.5.3: NIST-Boulder electromechanical studies for superconductor development
subcontract.
N. Cheggour, Danko van der Laan (NIST-Boulder)

Obijective:

Substantial advances have been achieved in the development and fabrication of 2G wires,
particularly in the area of critical current performance. For these wires to be broadly employed in
practical applications, however, both the electromechanical responses and the mechanical
integrity of 2G wires under operational stresses in cryogenic environment must be determined
and understood. In addition, these factors will vary with wire geometry and will therefore
influence the conductor design and fabrication. Objective of this project is to perform the
electromechanical research needed to develop 2G wires for electric power-grid and high
magnetic-field applications. Critical performance feedback will be provided to companies and
organizations developing the conductors and demonstration projects.

Highlights:

Initial results suggest substantial improvement in 2G wire delamination strength.

HTS/buffer delamination in 2G wires will result in catastrophic failure. This failure mode has
been of particular concern in wires that have been slit. We have been collaborating with wire
manufacturers to improve the delamination strength under transverse tension. Data feedback is
critical to the present wire production scale-up process. Recent results have shown that an
improved quality control during 2G wire production may significantly raise the delamination
strength, even for slit conductors. More delamination testing is underway to verify this finding.
In addition, conductors with new geometries to improve the delamination strength, conductors
with a thick YBCO coating, and those with filamentized YBCO layer for low AC loss, will be
tested shortly.

Technical progress:

1) New electromechanical test configurations for 2G wires.

We converted the experimental setup for the determination of longitudinal compressive and
tensile strain effects on 2G wires. The setup has been automated and can be operated without
requiring the use of a servo-hydraulic test system. This helped free up the servo-hydraulic setup
for conductor delamination studies and studies on coated conductor splices. Progress has been
made on the engineering/physics modeling of the intrinsic strain effect. The data is needed by the
wire developers to set strain limits for engineering designs.

2) Commence modeling of ““hard” bending on critical current.

We have been studying the critical current vs. hard-bending strain in order to obtain engineering
design data for power cable bending limits. The database has been extended with results on
YBCO coated conductor with thick YBCO layers. We have begun the modeling of the hard
bending effect on critical current, to predict this effect from data obtained from tensile and
compressive strain on critical current.

3) Stress-strain characterization of 2G wire joints.
Due to finite wire length, most practical HTS applications will contain solder joints. Failure at
these critical nodes will render the device inoperable. Therefore, it is necessary to determine and
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understand the joint characteristics at room and cryogenic temperatures to avoid failure during
winding, field-splicing, installation and operation. We have designed a new experiment to
measure both the joint resistivity and the coated-conductor critical-current as a function of stress
at 76 K. Various joints, made by ORNL using different types of solders, were tested at NIST. We
measured differences in joint resistivity between samples before stress is applied. Depending on
the joint preparation, a large increase in resistivity is measured at relatively low stress levels.
Procedures for joints preparation are needed to ensure that the joint resistivity does not
deteriorate with stress.

Status of milestones:

e Complete delamination-strength measurements at 76 K on a total of 30 slit 2G wire
samples with new geometries, fabricated by AMSC and SuperPower. (July 31, 2007): On
track.

e Complete measurements of critical-current vs. hard-bending strain at 76 K on a total of 6
2G wire samples, fabricated by AMSC and SuperPower. (Sept. 30, 2007): On track.

Interactions:

We maintain substantial interactions with industry and organizations by independent testing of
their HTS wires. Results are communicated to the appropriate partners to assist in their
development and designing activities.
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Subtask 1.5.4: NIST-Gaithersburg subcontract to investigate HTS phase relationships.
W. Wong-Ng, L. P. Cook, I. Levin (NIST-Gaithersburg)

Objective:
In order to maximize the performance and provide for cost-effective means to fabricate 2G

wires, accurate data on the phase equilibria of mixed lanthanide HTS compounds and their
behavior as applied to thin films is required. The main objective of this work is to provide
critical phase equilibrium data on the single-phase regions of mixed lanthanide HTS phases
under conditions that match 2G wire processing. These phases fall in the systems Ba-R-R’-Cu-O,
where R and R’ are selected lanthanides and Y. The data will enable improvement of the
superconducting properties of 2G wires through enhanced flux-pinning, leading to expeditious
and cost-effective market entry. Another objective is to determine a parallel set of Ba-R-Cu-O
phase diagrams as applied to films. Since phase assemblages in thin films could differ from those
predicted by the bulk phase equilibria, availability of phase relations for Ba-R-Cu-O films will
be critical for the further development of 2G wires.

Highlights:

By mixing the smaller lanthanides Y with the larger Sm in the Bay«(Smi+xyYy)Cu3Og+,
superconductor, both flux-pinning and melting properties can be tailored and optimized.
Following the determination of the single-phase region of the solid solution Ba, x(Smjx.
yYy)Cu306+, under various processing conditions so as to provide data for intrinsic flux pinning
applications, we have succeeded determining the phase equilibria in the vicinity of the Ba,.
«(Smi+xy Yy)Cu3Og+, phase. We found that this solid solution (in the BaO-poor region) is in
equilibrium with CuO, BaCuO,, (Y,Sm),Cu,0s, (Sm,Y),CuQO4, Ba(Sm,Y),CuOs, and BaCu,0,
under 100 Pa po; at 810°C. This information also identifies possible phases for flux pinning
application, an important area for coated conductor development.

A paper concerning the understanding of melting temperature of Ba,RCu30; (R=Nd, Sm, Gd, Y,
and Er) has been submitted. The conventional Debye temperature, customarily estimated using
an isotropic approximation, fails to account for the trend of melting temperatures for the
Ba;RCu307 high T, superconductors, as a function of the ionic radius of R’ T or r(R3+). We
overcame this problem by calculating the ‘improved’ Debye temperatures using the mean sound
velocity along the c-axis of Ba,RCu30O7 that features an anisotropic layered structure.

Phase relationships of Ba,RCu3Og:x (Where R=lanthanides or mixed lanthanides) on films
provide guidelines for coated conductor processing. We have used the mixed lanthanide films in
the system Ba-(Nd,Eu,Gd)-Cu-O to demonstrate the difference between phase relations in films
and in bulk. We have also successfully prepared combinatorial films using the RABiTS substrate
provided by AMSC and used these to construct the BaCuO,-Y,03-CuO diagram for films. We
confirmed the absence of the green phase, BaY,CuOs, which leads to different phase relations
around Ba,YCu3;0¢:4 In films.

Technical progress:
1) Phase equilibria of the Ba-Sm-Y-Cu-O system
In addition to completing the single-phase region determination of the solid solution Ba,.
«(Smyx.yY’y)CusOs+, under different processing conditions so as to provide data for
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2)

intrinsic flux pinning applications, we have succeeded investigating the phase diagram in
the BaO-poor region of the complex Ba-Sm-Y-Cu-O system under 100 Pa po; at 810 °C.
Phase relationships surrounding the Ba, . (Smi+xyY’y)CuszOg, single phase in the complex
multi-component BaO-Sm;0;-Y,0;-CuO, system, including solid solution studies of
various related phases have been studied in detail. We found that this solid solution (in
the BaO-poor region) is in equilibrium with CuO, BaCuQO,, (Y,Sm),Cu,0s,
(Sm,Y),CuQOy4, Ba(Sm,Y),CuOs, and BaCu,0s.

Currently we are continuing to collaborate with ORNL and AFRL to use selected
samples of this Ba, «(Smix.yYy)Cu3Og:, region with Sm/Y ratio of 0.667/0.333 to
correlate with superconducting properties. The targets have been prepared at NIST and
have been delivered to AFRL for film deposition on single crystal substrates. Once they
have succeeded the deposition process, the targets will be delivered to ORNL for film
deposition on RABITS.

Phase Relationships Determination in the Ba-R-Cu-O System

We successfully determined the phase relationships of the Ba-Y-Cu-O, Ba-(Nd,Eu,Gd)-
Cu-0O, Ba-Nd-Cu-O and Ba-Gd-Cu-O systems in film form. At 735 °C and 100 Pa pog,
high-temperature x-ray diffraction experiments showed that while BaNd,CuOs (‘brown-
phase’ structure) can be prepared in film form using the trifluoroacetate solution methods
on SrTiOs substrates, BaGd,CuOs and Ba(Nd;3Eu;,3Gd;3),CuOs (‘green-phase’
structure) cannot. As a result of the absence of the ‘green phase’ in films,
Bay(Nd,3Eu3Gd;/3)CusOgx 1s in equilibrium with the ‘brown phase,” and a
compatibility line is found between Ba,GdCusO¢:« and Gd,03 in the BaO-poor region of
the Ba-Gd-Cu-O diagram, a configuration different from that of the bulk phase diagram.

We are continuing to advance our understanding of the phase relationships of the thin
film Ba-Y-Cu-O system in the vicinity the high-temperature superconductor Y213 using
the combinatorial thin film synthesis approach with oxides as targets and RABITS as the
substrate (provided by AMSC). Similar to the films prepared using the “BaF,” process,
we also confirmed the absence of the green phase BaY,CuOs. Because of this absence,
phase relations around Ba, Y Cu3Og are different from the bulk for the combinatorial
route as well. Possible reasons for different phase relationships in bulk and thin film
materials include strain, texturing, and kinetics that are determined by the substrate, film
thickness, and the processing conditions. We continue to study the cause of the
differences with particular focus on the effect of fluorine and other differences in
processing conditions.

Status of milestones:

Complete initial determination of single-phase regions for selected mixed lanthanides
(July 31, 2007): On track.

Complete initial study on processing relationships among phases in selected Ba-R-Cu-O
systems as applied to films (Sept. 30, 2007): On track
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Interactions:
We continue to interact with ORNL and AFRL on phase equilibria and property studies of Ba,.

«(RixyR’y)Cu30¢+,; with BNL on modeling of phase transitions and melting of Ba;RCu3Ogs,
phases; with ORNL and AMSC on phase relationships of Ba-Y-Cu-O and Ba-R-Cu-O films. (we
have completed a Ba-Y-Cu-O diagram for films on RABITS provided by AMSC); and with
Superpower on the determination of the interaction of Ba,YCu30¢:,/LaMnQOs;, where LaMnOs is

a potential buffer layer.
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Subtask 1.5.5:  University of Houston MOD processing and pinning subcontract.
K. Salama (Univ. Houston)
Status of milestones:

e Under negotiation.

Subtask 1.5.6: Energetics technical support subcontract.
B. Marchionini (Energetics)
Status of milestones:
e Compile and distribute to DOE the results from the Annual Peer Review Meeting: On
track.

Subtask 1.5.7: TMS technical support subcontract.
P. Herz (Technology & Management Services, Inc)
Status of milestones:
e Complete remaining web-design tasks: Met Feb. 2007.

Subtask 1.5.8: Bob Lawrence & Associates outreach subcontract.
Bob Lawrence (Bob Lawrence & Associates)
Status of milestones:
e Publish periodic Superconductivity Update Newsletter for HTS outreach: On track.

Subtask 1.5.9: Navigant HTS Technology and market Assessment subcontract.
David Walls (Navigant)
Status of milestones:

e Complete HTS Market Assessment report. On track.

50



Planned ORNL Foreign Travel:

Name Destination Date Purpose
Isidor Sauers Vancouver, Canada | Oct. 13 — | Attend and host 2007 Conference on
Oct. 18 Electrical Insulation and Dielectric
Phenomena (CEIDP).
Parans Paranthaman | Tsukuba, Japan Nov.2- | Attend 20™ Int’l Symposium on

Nov.7 Superconductivity (ISS07) and visit
research centers.

Amit Goyal Jeju Island, Korea | Nov. 6 — | Attend Int’l Workshop on Coated
Nov. 12 Conductors for Applications
(CCAO07) and visit research centers.
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