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PRACTICAL SUPERCONDUCTOR DEVELOPMENT FOR
ELECTRICAL POWER APPLICATIONS
ANNUAL REPORT FOR FY 2005

ABSTRACT

High-critical-temperature superconductors are ideally suited for electric
power applications that require large current carrying capacity, often in the
presence of high magnetic fields. This report describes progress at Argonne
National Laboratory (ANL) in the research and development of practical
superconducting components and devices. In FY 2005, these efforts focused
primarily on characterizing and improving second-generation superconductors
made with YBa,Cu;O7.x (YBCO) in several different architectures.

1 INTRODUCTION

The Department of Energy/Office of Electricity Delivery and Energy Reliability
(DOE/OE) superconductivity program seeks to establish the technology that will enable broad-
scale commercialization of high-T, superconductors (HTSs) in a wide variety of electric power
applications. The principal objective of this program is to develop methods to fabricate and use
structurally reliable HTSs for generating, transmitting, and storing electrical energy. Research
efforts within the OE program are focused on improving the electrical performance properties of
HTS materials through the elucidation and manipulation of processing methods and the
development of practical methods for mass-producing commercial conductors. In this program,
the science and technology associated with fabricating long-length conductors is a major point of
emphasis. Cooperative relationships that tie together industrial, national laboratory, and
academic partners are integral to the success of the OE/HTS program.

HTS embodiments in the form of coated conductor-type tape must satisfy several
requirements. The conductor must be able to carry kilo-amp level currents at high voltage and,
for some applications, in the presence of large magnetic fields. It must also be strong, flexible,
and cryogenically stable. Potential applications for such conductors include transmission lines,
motors, generators, transformers, magnetic energy storage units, and power electronics devices.
The present obstacles to the large scale use of the YBCO coated conductor include low critical
current density in large applied magnetic fields, relatively poor mechanical properties, and
difficulty in efficiently fabricating long (kilometer) lengths with uniform properties.

The OE/HTS program at ANL focuses on providing detailed electromagnetic, chemical,
and structural characterization of second-generation YBCO coated conductors fabricated by
alternative processing routes as a means to improve the processing methods and systematically
eliminate each of the progress-limiting obstacles. This report reviews technical progress in
(1) developing and utilizing a coordinated suite of characterization methods to evaluate localized
superconductivity in coated conductors (produced by industrial and national laboratory
collaborators) and to identify the causes of localized reduced performance in these conductors,



(2) devising methods/procedures to eliminate performance-limiting defects, (3) exploring
processing modifications that enhance in-field performance, (4) examining the mechanical
properties of YBCO-coated conductors, and (5) assessing the state-of-the art in selected areas of
HTS technology application.



2 COORDINATED CHARACTERIZATION OF COATED CONDUCTORS (C*)

The ANL work on “coordinated characterization of coated conductors” seeks to correlate
local superconducting performance with observations derived from the application of a suite of
materials characterization tools. These tools span the range from scanning and transmission
electron microscopy (SEM and TEM) of the YBCO superconductor microstructure to energy
dispersive spectroscopy (EDS) and Raman microscopy studies of precursor phase development
and to paralleling evaluations of substrates and buffer layers. Remarkable improvements in the
performance and end-to-end uniformity of coated conductor tapes have been reported recently
[1-3]. However, to understand the micro-structural features that provide such improvements, as
well as those that are deleterious, it is necessary to correlate them with local superconductivity.

The C* program uses two techniques to quantify local superconducting properties. One
technique involves the use of patterned rings to measure the superconducting critical current
density (Jc) over a range of magnetic field and temperature. Although the spatial resolution is
~1 mm, this non-contact technique is amenable to sequential processing studies, such as the
optimization of YBCO oxygen content. The second non-contact technique, magneto-optical
imaging (MOJ), is used to evaluate the local Jc with a spatial resolution of ~1 micron. Thus, MOI
has been particularly useful to guide further electron microscopy and Raman examinations. As
an example, in FY 2004, the first fully-adapted C* studies identified several types of
YBCO/buffer-layer interactions and correlated them with diminished performance compared to
regions where the buffer layer was intact [1].

Moreover, the introduction of artificial pinning centers has become a paramount thrust of
the OE superconducting wire development program. Here, the direct correlation of local Jc with
defect densities, shapes, and size distributions, connected by theory, is vital to ensure that each
type of defect is properly interpreted in terms of its influence on conductor performance. This
new direction for C* is expected to take on considerably greater importance during FY 2006 and
beyond.

Characterization tools that are in situ and nondestructive have high value, and the ANL
C* program has concentrated on these. MOI is a non-destructive probe that can be used to
examine localized Jc in both the absence and the presence of a protective silver cap layer. Also,
the use of contact-free measurement methods for Jc determination in patterned samples is
amenable to studies that require further high-temperature processing. Raman-based techniques
developed in the C* program are being implemented as non-destructive, in-situ probes of
precursor evolution on reel-to-reel fabrication lines (e.g., at SuperPower, Inc. [2b]). Raman also
provides insights into superconductivity in the YBCO, but it requires removal of the silver sheath.
In the past, TEM has been primarily a destructive probe. Presently, however, novel sample
preparation techniques using a focused ion beam (FIB) allow for the extraction of tiny TEM
specimens with minimal local disruption of the coated conductor. These FIB techniques are now
fully implemented in the C* program, and the high value of using them for cross section
examination and three-dimensional imaging is being demonstrated on a consistent basis.



The C* program is heavily dependent on receiving top-quality coated conductor
specimens from industrial partners and from collaborators at other national laboratories
participating in the OE/HTS program. Argonne works in close coordination with SuperPower,
Inc., and American Superconductor through formal Cooperative Research and Development
Agreements (CRADAs) and plans to strengthen existing ties with the Oak Ridge National
Laboratory (ORNL), the Los Alamos National Laboratory (LANL), and the Brookhaven
National Laboratory (BNL) as appropriate. In the cases of the national laboratories, two types of
beneficial interactions are apparent: (1) the use of the unique features of the C* characterization
tools and approaches coupled to the ORNL, LANL, and BNL capability to make high quality
coated conductor specimens, and (2) the inter-laboratory collaborations on characterization that
occur in the 2G Wire Development Group (2G-WDG) headed by American Superconductor.

The results presented in Section 2 exemplify the types of studies being performed in the
C* program at Argonne. A report is presented on the examination of fully-processed metal-
organic-chemical-vapor-deposited (MOCVD) YBCO films on buffered, ion-beam-assisted-
deposition (IBAD) templates fabricated by SuperPower, Inc. Then, a description is given of
electron microscopy and Raman microscopy data obtained for specimens of YBCO and Er**-
added YBCO coated conductor produced by the metal organic deposition (MOD) method under
development at American Superconductor using RABiTS-based substrates.

2.1 MOCVD COATED CONDUCTORS

During FY 2005, a number of MOCVD-type coated conductor tapes supplied by
SuperPower, Inc. were examined in considerable detail. Typically, tape specimens were
extracted from >50-m-long lengths of conductor composed of YBCO (ca. 1>1.5 um thick) on
CeOs-buffered IBAD templates supported on a nickel alloy substrate [1,2]. The characterization
of such tapes generally proceeds in the following way. After fabrication, SuperPower measures
the critical current (Ic) along selected lengths of the tape in approximately 1-cm increments, and
then forwards specimens from the measured lengths to Argonne for detailed characterization
using the cadre of C* tools outlined above. Figure 1 diagrams what the Ic versus position data
tend to look like for typical samples. Of particular interest in Fig. 1, for example, is the drop-off
region near the 40 m (4000 cm) position. In this region the Ic drops by nearly a third in zero field
and in moderate fields (i.e., fractions of a Tesla) as well.

Key questions to be addressed regarding the data trend in Fig. 1 include (1) what causes
the occasional random drops in Ic, and (2) what can be done to raise the overall Ic to even higher
values? To explore the first question, FIB/SEM/TEM and Raman measurements were made in
the vicinity of the minimum, and the maximum points of the ca. 40-m position Ic dip as indicated
in the lower inset in Fig. 1. This particular tape sample was one that SuperPower prepared by a
multi-pass MOCVD process, yielding a film composed of three individually deposited
0.4-um-thick YBCO layers. SEM images of FIB-cut cross sections from the 3732 and 3742 cm
segments (see Fig. 2) indicate that there is more second phase between the YBCO layers in the
lower Ic segment than there is in the higher Ic segment. Also, the morphology of the topmost
YBCO layer for the lower Ic segment appears to be more disrupted by ragged columnar grains
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FIGURE 1 Top Inset: Critical current profile over a 100-m length of
an MOCVD YBCO tape produced by SuperPower, Inc. Bottom Inset:
Expanded plot of a selected 10-cm section around the drop-off feature
in the top inset. The 3732- and 3742-cm tape increments are the ones
referred to in the text as the “lower Ic” and “higher Ic” segments.

than does the topmost YBCO layer in the higher Ic segment. Clearly, the higher Ic segment
(3742 cm) is more uniform (layer-to-layer), better textured, and freer of second phase
precipitates than is the lower Ic segment (3732 cm).

The results of higher magnification TEM examinations shown in Fig. 3 confirm the more
prominent occurrence of interfacial second phase decorations (ISPDs) along YBCO/YBCO
interfaces in the lower Ic segment. However, it is also clear in the TEM images that both
segments (higher and lower Ic) contain numerous columnar growth domains. These columnar
growths are a-axis oriented YBCO grains that often extend through the entire thickness of an
individual YBCO layer and seem to increase in number from the bottom layer to the top layer.
Two other noteworthy observations from the SEM and TEM images of the higher and lower Ic
segments are that there is relatively little porosity and no obvious grain boundary meandering in
any of the MOCVD-deposited YBCO layers. These observations are typical of C* findings for
MOCVD-coated conductor tapes produced by SuperPower.

Raman microscopy measurements on the lower and higher Ic segments confirm that the
a-axis grain structure is more prominent in the topmost YBCO layer than in the underlying layers.
This was demonstrated by using the FIB to make slanted cuts (referred to hereinafter as
“wedges”) through the entire YBCO film and buffer layer (surface-to-substrate) as depicted in
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FIGURE 2 SEM images of FIB-cut cross sections from the
lower and higher Ic segments.

Fig. 4. With this slope-cut architecture it is possible to obtain an averaged Raman spectrum of
the entire YBCO film (through thickness) that can be compared to representative Raman spectra
obtained from the top surface. It is known from prior studies [4] that the observed Raman spectra
of YBCO films emanate from the uppermost 0.2 to 0.3 um of YBCO because the excitation laser
(633 nm) does not penetrate more than about 0.3 um of YBCO. The wedge embodiment in Fig. 4
allows the taking of Raman spectra across a surface (the wedge) that should be representative of
the entire YBCO film.

The plots in Fig. 5 show a comparison of the top surface and wedge surface Raman
spectra for the lower and higher Ic segments. The assignments indicated in these plots are based
on extensive analyses/interpretations of the Raman spectra of YBCO films reported previously
[4-5]. The appearance of the O4 mode of orthorhombic YBCO near 500 cm’ for the collection
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coated conductor specimens.
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geometry used to make these measurements (i.e., laser propagation path parallel to the YBCO
c-axis [4,5]) indicates that some of the YBCO grains have severely tilted c-axes. Comparison of
the intensity of the O4 mode with that of the 335 cm™ O2+/03- mode of YBCO provides a
means of gauging the relative amount of c-axis tilted grains [4]. It is clear in Fig. 5 that the top
surface Raman spectra show a greater relative intensity of the O4 mode than do the wedge
surface spectra for both the lower Ic and the higher Ic segments, indicating that there are more
tilted YBCO grains in the top layer than there are on average (through thickness) for both
segments. It is also apparent from these two sets of Raman spectra that the YBCO near the top
surface contains some phase-separated tetragonal YBCO, as is evidenced by the reduced
intensity of the Ba mode, the appearance of the O2+/O3+ mode of tetragonal YBCO, and the
somewhat lower frequency of the Cu2 mode [4,5] in the top-surface Raman spectra for both
segments. The reason(s) for this apparent depletion of oxygen in the YBCO lattice near the top
of the film are under investigation. Possible causes that are being investigated include the etching
process used to remove silver cap layers prior to Raman study, sample warming during the FIB
milling process, and the influence of near-surface orthorhombic/tetragonal phase separation on
oxygen incorporation into the YBCO lattice.

An additional observation made in the course of studying the higher and lower Ic
segments of the sample discussed above is that there is also SEM/EDS and Raman evidence for
minor but detectable amounts of residual carbon phases in MOCVD-produced YBCO films. In
post-MOCVD films, the carbon appears to be amorphous/soot-like; in post-oxygenated films,
carbonate is occasionally observed. Figure 6 contains a collection of Raman and SEM/EDS data
that exemplify the manifestations of carbon seen in the course of C* examinations of MOCVD-
coated conductor specimens. For example, the EDS spectrum in the upper right inset confirms
the presence of carbon. The series of Raman spectra (left inset) show (a) evidence for BaCO; in
one location, (b) a location where amorphous carbon bands are observed, (c) a location that
appears to be free of carbon phases, and (at the bottom of the inset) the difference spectrum
obtained after normalized scaling of spectra (b) and (c) followed by subtraction of spectrum
(c) from spectrum (b). (The “X” marks show the normalization points for the scaling process.)
The residual spectral features in the difference spectrum between 1100 and 1700 cm™ resemble
spectra that are typically observed for various forms of amorphous carbon. The surface and
cross-section SEM images reveal the presence of “volcano”-like tubes that erupt upward away
from the substrate surface, possibly evidencing the escape of gas (e.g., CO,) during oxygenation
of the post-MOCVD YBCO product. In the coming year, extensive analytical measurements will
be made to determine the amount, type, and source of carbon in the MOCVD YBCO films
produced by SuperPower.

In collective summary of the C* examinations of SuperPower’s long-length MOCVD-
coated conductor tapes performed in FY 2005 at Argonne, it is generally apparent that the
MOCVD-type deposition process produces a dense (low porosity), uniform YBCO film. These
films, whether deposited in a single pass through the MOCVD chamber or by multi-pass layering,
show domains of columnar YBCO grain growth (a-axis grains) that increase in number through
thickness from the substrate surface to the topmost layer. Grain boundary connectivity appears to
be well developed, with little tangible evidence of meandering boundaries. Carbon-containing
phases, possibly residues from the precursor pyrolysis reaction, are observed in a uniformly
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FIGURE 6 Upper Right Inset: Carbon EDS map of a typical post-
MOCVD-deposited YBCO film surface. Lower Right Insets: SEM
images (surface and cross section) of the volcano-like eruptions
observed in some regions of MOCVD-deposited YBCO films. Left
Inset: Raman spectra obtained from selected regions of MOCVD
product films.

distributed pattern throughout most of the films examined at Argonne to date. The extent to
which these carbonaceous residues have any adverse effect on the performance of the MOCVD-
coated conductor manufactured by SuperPower is currently under investigation.

2.2 MOD COATED CONDUCTORS

FY 2005 C* efforts on the MOD/RABiTS-coated conductor being developed by
American Superconductor (AMSC) [3] were directed at elucidating the mechanisms of flux
pinning in MOD YBCO thin films. This work involved close cooperation between AMSC and
Argonne staff, wherein dozens of tape specimens produced at AMSC were forwarded to
Argonne for comprehensive examination of micro-structural, phase composition, and texture
characteristics. These characteristics were compared/contrasted with the measured in-field
current carrying properties of the respective samples to identify the key process-related variables
that promote flux pinning. A major point of emphasis has involved the determination of factors
that influence the field angle dependence of flux pinning in YBCO thin films, with emphasis on
uniformly enhancing flux pinning at all field angles.
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Numerous studies (by many groups worldwide) spanning more than a decade have shown
that the addition of rare earth oxides to YBCO generally leads to measurable increases in the flux
pinning strength when the conductor is placed in a magnetic field (H). Extensive studies
conducted by AMSC in conjunction with scientists at Los Alamos National Laboratory (LANL)
on their MOD-type YBCO films on RABiTS substrates revealed that the while the addition of
certain rare earth cations (e.g., Er'") to their MOD precursor improved the current-carrying
capacity (Ic in A/cm-width) in the H//c configuration, the value of Ic in the H//ab configuration
dropped off relative to that of rare-earth-free MOD YBCO films. The C* work on these types of
samples at Argonne has focused on developing an understanding of what influences the angular
dependence of flux pinning in the absence and presence of added rare earth cations.

The data in Fig. 7 (measured by Civale et al. at LANL) illustrate how Er’" additions
affect the Ic of MOD YBCO films as a function of angle with respect to the magnetic field
direction. With increasing Er’* addition, the Ic concurrently increases in the H//c configuration
while decreasing in the H//ab configuration. SEM images of FIB-cut cross sections from these
samples (see Fig. 8) reveal how the number of non-superconducting precipitates (the nominally
spherical white nano-dots in the Fig. 8 images) increases with increasing Er’" addition. But,
TEM measurements (see Fig 9) show that while the number of precipitates in the flux-pinning-
effective size domain does indeed increase with increasing Er’" addition, there is a corresponding
decrease in the number of planar defects (indicated by the white arrow heads in Fig. 9). The
results of a numerical analysis of the relative number of planar defects as a function of Er’"
addition performed on TEM images for the 0%, 25%, and 50% Er’"-added samples are tabulated

140F r T v T . '.
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100} :
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FIGURE 7 Plot of Ic versus magnetic field angle (at
75.5 K and 1 Tesla) for MOD YBCO films containing
various amounts of added Er’**. (Data courtesy of L.
Civale et al., LANL.)
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FIGURE 8 SEM images of a FIB-cut cross sections from
0%, 25%, and 50% Er**-added MOD samples produced by
American Superconductor. Note the increase in Ic value
with increasing Er®* addition.
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50 nm 50 nm

FIGURE 9 TEM images of representative domains in FIB-cut cross
sections of the 0% and 50% Er**-added specimens. The white arrow
heads mark the locations of planar defects.
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in Table 1. The presumption here is that the planar defects enhance H//ab pinning, while the
second phase nano-dots enhance H//c pinning. Ideally, one wants to inoculate the YBCO matrix
with nano-dots without simultaneously losing the planar defect structure. The reason(s) for the
fall-off in the number of planar defects with increasing Er’" addition is a matter that requires
conclusive investigation.

Energy filtered TEM (EFTEM) examination of the Er'*-added specimens performed in
conjunction with high-precision EDS shows conclusively that the nano-dots are composed of
(Y,Er),03, and that the Er’" content in the YBCO matrix tends to increase with increasing Er**
addition. This is demonstrated in Fig. 10, which shows the Y/Er and Ba EFTEM maps of the
superconducting phase (the “matrix”) for the 50% Er’*-added sample, together with EDS spectra
of the matrix for all three samples listed in Table 1 (normalized to the Cu-ka line). Note the
concurrent increase in the Er line intensity and the decrease in the Y line intensity relative to the
Cu-kp intensity with increasing Er addition.

Figure 11 presents SEM images and EDS maps taken from the surfaces of the 25% and
50% Er’*-added specimens together with similar images for a 100% Er’*-added specimen. These
images show that with progressively increasing Er’" addition, the excess Er+Y tends to segregate
to the grain boundaries. The inset in the upper right corner of Fig. 11 is a plot of how the Ic
varies with Er*" addition at 65 K and H = 2 T. Note that Ic drops off for Er*" additions greater
than 50%, indicating that the beneficial effect of rare earth addition eventually reverses,
presumably because of the extensive (Y,Er),Os grain boundary segregation and related micro-
structural effects.

Raman spectra of the Er’*-added series of samples also produced some interesting
insights. In addition to the normal first order Raman spectrum of MOD YBCO typically
observed in C* investigations [4-5], a crystal field excitation (CFE) spectrum of the Er’" in the
(Y,Er),03 nano-dots was also detected. This effect is shown in Fig. 12, which presents Raman
spectra for (top to bottom) ErBa,CusO7.x (ErBCO), YBCO with 50% added Er’",
Yo.5ErosBa;CusO7.x, and Er,O;. The spectral features observed for pure Er,Os are part of the
CFE spectrum for Er*" cations on non-centrosymmetric C, sites of the Er,Os lattice [6]. (This
particular CFE spectrum emanates from the Er’" “Fy), state [6a].) The same CFE spectral features
are evident in the Raman spectrum of Y sErysBa,Cu;O7.x, indicating the presence of some
second phase (Er,Y),0s crystallites in the film microstructure. The Er’" CFE spectrum is much
stronger in the case of YBCO with 50% added Er’" as expected because of the appreciable

TABLE 1 Planar defect density and spacing as a function of Er®*

addition
Number of Planar ~ Average Spacing Standard
% Er Added Defects per um (nm) Deviation
0 64 16 4
25 24 42 11

50 9 111 29
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FIGURE 10 Top Insets: Energy filtered TEM images showing the
distribution of Y/Er and Ba in a typical Er**-added MOD-type
YBCO film produced by American Superconductor. Note that the
Y/Er are prominent in the nano-dot precipitates, whereas Ba and
also Cu (map comparable to the Ba map) are not. Bottom: EDS
spectra of samples in Table 1.

amount of (Er,Y),0; that separates out as second phase nano-dots (per Figs. 8 and 10). The
absence of the CFE spectral features for ErBa,CuzO;.x gives several important pieces of
information. First of all, it implies that the ErBCO contains little or no Er,O; precipitates.
Secondly, it shows that the CFE features observed for Yy sErosBa;Cuz;O7.x and for YBCO with
50% added Er’" are not attributable to Er’" cations in the superconducting phase. An additional
strong implication of these results is that there are very few (if any) Er’" cations on non-
centrosymmetric sites (e.g., Cu2 or Ba sites) in the MBCO lattice. Er’” cations on such non-
centrosymmetric sites would be expected to generate a CFE signature that is distinguishable
from that of Er,Os.
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FIGURE 11 Left Side Insets: SEM images of the surface of three Er®*-
added MOD-type YBCO films. Note the increasing grain boundary
segregation of precipitates with increasing Er®* addition. Lower Right
Quadrant Insets: Y, Er, Ba, and Cu EDS maps for the 100% Er**-added
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In summary, FY 2005 measurements performed on specimens of the MOD/RABITS-type
YBCO coated conductor indicated that the precursor formulation and processing conditions
being explored by AMSC produce a variety of second phase chemistries and microstructures.
Specifically, C* examination of samples with and without added Er’” shows that Er’" addition
leads to (Y,Er),O3 nano-dot precipitates in the (Y,Er) BCO matrix, but with a corresponding
steady decrease in the number of planar defects as the Er’* content is increased.
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3 REVERSIBLE OXIDATION OF THE YBCO COATED CONDUCTOR

It is well established that doping of grain boundaries (GBs) by calcium or oxygen greatly
affects the critical current (I;) in YBa,Cuz;Ox (YBCO) films containing grain boundaries [7-11].
The highest critical current across GBs is observed at the highest doping level. This behavior has
also been observed for oxygen doping of single-crystal YBCO films [12]. Calcium doping also
improves the critical current of coated conductors [13]. In FY 2005, a systematic study was
performed to determine how the oxygen doping level affects the critical current of coated
conductors. A contact-free method was used to measure the critical current of a ring sample, in
order to demonstrate the hypothesis that in the over-doped regime, where the transition
temperature decreases by as much as 4 K with increasing doping, the critical current continues to
increase, reaching its maximum in the most over-doped state.

3.1 EXPERIMENTAL PROCEDURES

The coated conductor used in this study was fabricated by the inclined substrate
deposition (ISD) method [14]. A biaxially textured ISD-MgO film =1-um thick, acting as
template film, was deposited on a non-textured polycrystalline Hastelloy C276 substrate by
electron-beam evaporation at room temperature with an inclination angle of 55°. An additional
~0.25-um-thick MgO film was grown epitaxially on top of the ISD layer at elevated temperature
(=700°C) with zero inclination angle. A SrRuO3 buffer layer and the YBCO film (=1.3-pum
thick) were deposited by pulsed laser deposition. Finally, a protective silver film of =2 pm was
deposited as a top layer by electron-beam evaporation. The result was a biaxially textured
YBCO-coated conductor sample with c-axis tilted ~32° away from the substrate normal. Details
of the fabrication conditions and layer-by-layer orientation relationship are reported elsewhere
[15]. Primary oxygen annealing was carried out after the deposition of the silver layer at 450°C
in 700 Torr oxygen for 1 hr, followed by slow cooling to room temperature in the same gas
atmosphere.

For the measurements of the critical current, a 5-mm-diameter disk was core-drilled from
a coated conductor sample. A ring, 4-mm OD and 3-mm ID, was then produced from the disk
employing a stainless steel ring mask and a miniature sand blaster that removed all layers from
the exposed part of the sample down to the substrate. The YBCO rings (with the protective
Ag-cover intact) produced this way were very robust and survived many secondary heat
treatments without any deterioration. The cross section of the ring was 1.33 um x 0.5 mm =
6.65 x 10 cm”.

The study of supercurrent transport was carried out using the persistent-current
magnetization technique [16]. The screening of the applied field induces a supercurrent
circulating around the ring and, thus, a magnetic moment that is proportional to the supercurrent.
This technique was employed previously to investigate epitaxial film rings containing artificial
GBs [10], as well as melt-textured rings with artificial GBs [16]. For small applied fields
(<5 mT), the measurements were performed in a non-commercial SQUID magnetometer [16],
and at higher fields, in a commercial vibrating-sample magnetometer. The current distribution in
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the samples was determined by the MOI technique, which allows visualization of the flux
patterns produced by the persistent current [17].

To change the oxygen concentration from the slightly under-doped to the well over-
doped regime, the samples were oxygenated at various temperatures in the range 300°C to 550°C
and quenched. This procedure worked well for YBCO single crystals and melt-textured samples
[12, 18, 19]. However, for thin film samples the quenching procedure did not yield reproducible
results, probably because the diffusion rates in thin films are high compared to the quenching
rate so that the oxygen concentration of the films changed during quenching. To circumvent this
problem, a novel scheme was devised for the secondary oxygenation of thin film samples. A
container with a tight lid was fabricated from porous melt-textured YBCO. The oxygen
concentration of the container was then fixed to that desired for the film by giving it the
appropriate oxygenation treatment. The thin film was then placed inside the container, and the
loaded container was placed in the furnace under the same oxygenation condition that the
container was exposed to originally. The annealing time that was found to be sufficient for the
film to come in equilibrium with the container was between 1 hour and 1 day, depending on the
temperature. The loaded container was then quenched in liquid nitrogen. In this way, it was
possible to reversibly change the oxygen concentration of a single coated-conductor sample from
the under-doped to the over-doped regime and back.

3.2 LOW MAGNETIC FIELD MEASUREMENTS

Initial measurements focused on the variation and reversibility of the superconducting
transition temperature, Tc, with oxygen doping. Figure 13 shows the superconducting transition
of the ring in a magnetic field of 1 uT (parallel to the ring axis) after oxygenation at various
temperatures. The lowest (T¢ = 87.4 K) is obtained for the lowest oxygenation temperature,
i.e., the highest oxygen concentration. As the oxygenation temperature is increased, Tc¢ increases
up to 91.2 K after 450°C oxygenation. Oxygenation above 450°C causes T¢ to decrease again
(under-doped state). Most of the superconducting transitions in Fig. 13 are very narrow (only a
few tens of a degree wide) indicating that the sample is very homogeneous. After quenching
from 475 and also 500°C some broadening is observed, presumably because the quench process
is not fast enough relative to the oxygen diffusion rate at these high temperatures. Also shown in
Fig. 13 is the transition of the as-made state. This transition is identical with the transition
obtained after the 300°C oxygenation (not shown), indicating that the oxidation in the pulsed-
laser-deposition chamber produces samples with a very high degree of over-doping. The almost
4 K variation in T¢ from the optimally doped state to the most over-doped state reflects the high
degree of over-doping that can be achieved for this sample. A similar variation in T¢ (91.2 K for
the optimally doped state and 87.6 K for the most over-doped state) has been previously
observed in high-quality YBCO single crystals [18]. However, the magnitude of the Tc
suppression in the over-doped state depends on sample preparation method.

A separate investigation revealed that the magnitude of T¢ suppression in the over-doped
state of single crystals depends on the nature of the crystal growth process. For example, in
Au-doped YBCO single crystals, the decrease of Tc¢ in the over-doped regime depends
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FIGURE 13 Superconducting transition of a coated conductor in the
as-made state and after oxygenation at various temperatures. Open
symbols are for oxygenation states in the over-doped regime: solid
symbols, in the under-doped regime. The data were obtained during
warming in a field of 1 uT after initially cooling in zero field to low
temperatures.

sensitively on the growth rate of the crystal [19]. At high growth rates, T¢ shows the typical
maximum at the optimum doping level, whereas for low growth rates no such maximum is
observed, with T¢ increasing monotonically with increasing oxygen concentration. The origin of
this behavior is not understood today [19]. This sample-dependent over-doping behavior is
probably related to the different amounts of T¢ suppression in the over-doped state for thin
YBCO films, as reported in the literature.

To obtain information about the critical current of the ring sample, its magnetization was
measured in various applied fields. Figure 14a displays typical SQUID magnetization
measurements of the coated conductor ring (in a state after oxygenation at 300°C). The ring is
initially cooled in zero field to low temperature. A magnetic field, as indicated in the figure, is
then applied, then the sample is warmed at a rate of about 0.3 K/min while the magnetic moment
of the current loop is monitored. At low temperatures, where the induced current is much smaller
than the critical current of the ring, the induced persistent current is mainly concentrated near the
outer rim of the ring, the penetration depth being determined by the temperature-dependent
critical current density of the ring. The field is well shielded from the bore of the ring, and the
flux enters only at its periphery. With increasing temperature (decreasing critical current) the
current (and associated magnetic flux front) penetrates deeper and deeper into the ring. The inset
(Fig. 14a, left side) shows a schematic of the ring, with a being the inner radius of the ring and b
being the outer radius. The current flows in the part of the ring bounded by b and r, with r
decreasing with increasing temperature. The slight decrease in the magnitude of the magnetic
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FIGURE 14 a. SQUID magnetization measurement of the
sample in the 300°C oxygenation state. The data were obtained
during warming in various magnetic fields, after initially
cooling in zero field to low temperatures. The two insets
schematically show the current flow in the ring at low and high
temperatures (below and above the kink temperature) as
explained in the text. b. VSM measurements of the sample in
the same oxygenation state as in Fig. 14a. The data were taken
with increasing field after initial cooling in zero field from
above Tc to the measurement temperature.
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moment in this regime is due to the decrease in the average diameter of the current loop, the total
current remaining constant. Eventually, the flux front reaches the inner rim of the ring when
r equals a (see the inset in Fig. 14a, right side). At that moment the field starts to penetrate into
the bore of the ring. This event is reflected by the kink in Fig. 14a at about 66 K for the 5 mT
curve. At the kink temperature, the current induced by the applied magnetic field equals the
critical current of the ring at this temperature. At temperatures above the kink, the critical current
of the ring now limits the circulating current. This critical current decreases monotonically with
increasing temperature, giving rise to a monotonically decreasing magnetic moment. In smaller
applied fields, the induced current at low temperatures is accordingly smaller, and the kink
therefore occurs at a correspondingly higher temperature. To obtain the kink temperatures in
very small fields, it is more convenient to plot magnetic moment versus field (M versus H),
instead of versus temperature (T). This way the kinks are easily identified down to 1 puT and
below.

The highest field available in the low-field SQUID magnetometer was 5 mT. To follow
the critical current to lower temperatures (higher critical currents), measurements were
performed with a VSM magnetometer. Here, it is more convenient to measure M versus H at
constant temperature, as shown in Fig. 14b. After cooling each time in zero field from above T¢
to the temperature chosen, the magnetic field was increased by discrete steps between 0.15 mT
(corresponding to the smallest current step of 1 mA of the power supply) and 1 mT, depending
on the temperature. After each field step, the magnetic field was allowed to stabilize for a period
of 5 to 20 seconds before the magnetization was recorded. With increasing magnetic field, the
induced persistent current and the associated magnetic moment of the current loop increased.
This increase ends abruptly when the induced current equals the critical current of the ring at the
temperature of the measurement. This change is reflected by a sharp kink in the magnetization
curve. At fields above the kink, the circulating persistent current remained constant was equal to
the critical current of the ring. Continued increase of the magnetic field above the range shown
here would eventually suppress the critical current, and the magnetic moment would decrease
accordingly (see below).

To obtain the critical current of the ring, the current induced by the applied magnetic field
was determined using the formula derived by Brandt et al. [20] for narrow thin films:

I = tRH/(In(8R/w) - 0.5), (1)

where R is the mean radius of the ring, w the width of the ring, and H the applied field. For the
ring geometry used in the present study, this yields a current of I (A) = 1.55 x H (mT). If the
current is distributed uniformly across the ring, which happens at the kink temperature, this
yields a current density J (10° A/cm?) = 0.23 x H (mT). For example, in 5 mT the kink in M
versus T in Fig. 14a occurs at 66 K. Thus, the critical current at 66 K is [c = 1.55 x 5 A =7.8 A,
and the critical current density Jc = 1.15 x 10° A/cm?.

By combining the VSM with the SQUID measurements, it is possible to follow the
critical current versus temperature over many orders of magnitude. Figure 15 displays the critical
current determined from the measurements in Fig. 14 using the above Brandt formula. In the
temperature range where the two experimental methods overlap, they yield identical results.
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FIGURE 15 Critical current density of the sample in the 300°C state.
The critical current density was obtained from the kink temperature
and kink-field values in Fig. 14.

Alternatively, the induced current can be determined from the magnetic moment
(M = R7]) it produces. The latter values for the critical current are about 20% lower than the
ones obtained from the Brandt formula. This relatively small difference could be due to the fact
that the VSM was calibrated with a Ni cylinder, not a thin-film ring. Also, the formula used by
Brandt to calculate the induced current is an approximation for a very narrow ring [20].

Measurements like those presented in Fig. 14 were performed at all oxidation states
shown in Fig. 13. The results are summarized in Fig. 16. Figure 16a shows the critical current
versus temperature in the as-made state and after oxygenation at various temperatures. A clear
trend is apparent, the lower the oxidation temperature (i.e., the higher the oxygen concentration),
the higher the critical current. The highest critical current is observed in the as-made state, which
corresponds closely to the 300°C oxidation state. The critical current for the 250°C state (not
shown) is identical to the as-made state. The crossover of the J¢ curves above 77 K is due to the
proximity to T¢, which decreases with increasing oxygenation in the over-doped regime (see
Fig. 13).

Figure 16b shows a plot of J¢ at a given temperature versus the oxygenation temperature
of the sample. The lines drawn through the data points are quadratic polynomial fits. Also shown
is the superconducting transition temperature (solid points, right scale) determined from Fig. 13
(onset temperature). As the state of the sample is changed from under-doped (at high
oxygenation temperatures) to over-doped (low oxygenation temperatures), Tc¢ displays the usual
maximum at optimal doping. However, Jc continues to increase with the maximum J¢ observed
for the most over-doped state. This trend is reduced near 77 K and even reversed at 85 K due to
the closeness of the measurement temperature to the decreasing T in the over-doped regime.
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FIGURE 16 a. Critical current density versus temperature for the
sample prepared in states with various oxygen concentrations,
obtained by processing at various temperatures. The data were
obtained from measurements like those in Figs. 14 and 15. b. Current
density at various temperatures as function of the oxygenation
temperatures. The Jc data are obtained from Fig. 16a. Solid symbols
represent T¢ versus oxygenation temperature (right scale), taken
from Fig. 13.



24

It is tempting to further increase the oxygen concentration beyond the level achieved so
far, with the expectation of increasing Ic, at least below 77 K. However, annealing the sample in
flowing O, at lower temperatures than presented here did not further change Tc. This could be
due either to a very low oxygen diffusion rate at this low temperature or to the lack of
dissociation of the O, molecule. To test for the latter, an oxygen/ozone mixture [21] was tested,
but at the ozone concentration used, the protective Ag film and the YBCO film were destroyed at
temperatures as low as 200°C.

It should be pointed out that the ring method described above probes the weakest regions
of the ring sample, i.e., the regions with the lowest Jc. Because of the nature of the ISD
deposition of the film, there is an inherent transport anisotropy in the plane of the film. Transport
measurements on typical samples revealed a factor-of-two anisotropy in the critical current
density, with the current parallel to the ridges being the larger of the two. To check if this
anisotropy changes with oxygen concentration, the flux distribution in two states with different
oxygen concentration was imaged using the MOI technique. The first state investigated was
obtained by oxygenating the sample at 475°C, the other at 300°C. The magnetization
measurements showed that at 77 K, the 300°C state has a factor of 2.4 larger Jc value than the
475° state. The two states were obtained in the last two oxygenation steps of the present
investigation, with the 300°C state being the last one. Jc measurements in this last 300°C state
agree well with the results obtained in the first 300°C state shown in Fig. 14, reflecting the
reversibility of the oxygenation procedure used.

Figure 17a (upper two panels) shows the trapped flux patterns in the ring in the last two
oxygenation states at 77 K after application and switching off a 0.1 T field perpendicular to the
ring plane. The higher intensities in patterns correspond to the stronger normal component of the
magnetic flux in the sample. The picture reveals the critical state of the ring where Jc near the
external perimeter circulates in one direction, and it flows in the opposite direction near the
internal edge of the ring. The boundary between the regions with opposite current orientations is
the bright line with a strong flux concentration. Dark lines at the external and internal edges of
the ring correspond to a concentration of a negative field. These features are typical for thin film
samples (see [17] and references therein). In an isotropic ring the boundary between opposite
currents should be concentric with the sample boundaries. However, in a ring of an anisotropic
superconductor it should form an ellipse with a shorter axis along the larger current direction.
Such an ellipticity with a short axis approximately in the vertical direction is clearly observed in
Fig. 17a (picture on the left). The anisotropy can be estimated from a simple relation:

k= JCI/JCZ = (W - 232)/(W - 231), (2)

where w is the width of the ring, and a; and a; are distances from the inner boundary of the ring

to the current reversal line (see b in Fig. 17). From this line in Fig. 17a one obtains the value
k~1.8.

The specific shape of the sample used in this study allows independent estimates of the
anisotropy. The external perimeter of the ring has three rectangular elements resulting from the
shape of the mask used in the sand blasting (see ¢ and d in Fig. 17). Here, the critical currents
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FIGURE 17 a. Magneto-optical image of the trapped magnetic field at 77
K in the ring after oxygenation at 450°C and 300°C. The bright lines
reflect trapped-field maxima, which occur where the persistent current
suddenly changes direction. b. Schematic of current flow in an anisotropic
ring. c. Schematic of current flow in the rectangular sections. d. Stainless-
steel mask (dark gray) on top of the round sample disk (light gray)
showing the origin of the rectangular sections of the ring produced by
sandblasting.

following the sample edges form envelope-like patterns with bright flux concentration lines in
the corners. At these lines the currents experience a sharp turn, and their angles are defined by
the ratio of currents along the perpendicular sides, as shown in ¢ of Fig. 17 [17]. The symmetry
of the pattern in the rectangle on the right-hand side of the ring in Fig. 17b shows that the
maximum current is oriented parallel to the longer side of this rectangle. Distances of the
crossing point of the field concentration lines from the sides of the rectangle yield k = 1.7, in
good correspondence with the estimate from the current reversal line. Note that orientations of
the lines in the corners of the other two rectangles (although less pronounced due to some
imperfections in these areas) qualitatively correspond to the direction of current anisotropy
determined from the elliptic reversal line and flux concentration lines in the right rectangle.
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Numerous fine streaks at some angle to the vertical direction in Fig. 17a indicate that the film has
a texture in that direction, which is the reason for the observed anisotropy. The results presented
here show that this texture-defined anisotropy is practically independent of the oxygen treatment.

The picture on the right in Fig. 17a shows the trapped flux pattern after the final 300°C
annealing. A comparison with the pattern before the annealing (left side) indicates that the
anisotropy of the sample did not change. However, the contrast became stronger due to the
improved critical current density in accordance with the macroscopic measurements. As can be
seen in Fig. 17a (right side), some damage occurred in the last experimental step (just below the
right-hand rectangular section), which locally reduced the critical current density and pushed the
current dividing line (bright line) toward the inner rim of the ring. This local damage did not
affect the net critical current of the ring, as mentioned above. It also does not affect the
conclusion about the anisotropy of the critical current.

3.3 HIGH MAGNETIC FIELD MEASUREMENTS

Experiments were also conducted to investigate how changes in the oxygen concentration
affect the critical current in an applied magnetic field. It is well known that Ic is rapidly
suppressed as the magnetic field is increased [12,22]. For application purposes it is thus
important to optimize the oxygen concentration to yield the smallest suppression.

Figure 18a (upper panel) demonstrates how the magnetic field suppresses the critical
current in the as-made state. Magnetization data are taken after initially cooling in an applied
magnetic field, as indicated, from above 91 K to the measurement temperature. The field is
applied perpendicular to the plane of the ring. Because of the inclined nature of the film growth,
the angle between the c-axis and magnetic field is about 30°. The magnetic moment arising from
the Meissner effect (i.e., due the flux expelled from the sample during cooling) has been found to
be negligibly small. After field cooling, the field was incrementally increased in small steps
ranging between 0.15 and 1 mT, depending on the measurement temperature. After each current
step, the system was allowed to stabilize between 5 and 20 s before the magnetization was
recorded. As can be seen in Fig. 18a, the kink in M versus H is dramatically suppressed as the
cooling field is increased. The critical currents determined from the kink fields, as described
above, are displayed in Fig. 18b. A complete set of data is shown for 77, 70, and 65 K. The so-
called zero field-cooled (zfc) value (Fig. 18a) for the critical current is plotted at 1 mT, which
corresponds to the estimated remnant field in the superconducting magnet. Just as in zero field,
Jc steadily improves as the temperature is lowered. At 77 K a dramatic drop-off in the critical
current occurs at fields above 1 T. This drop-off, which probably is due to the approaching
irreversibility field, significantly shifts to higher fields as the temperature is lowered. Thus,
dramatic improvement in Jc occurs in high fields as the temperature is lowered. Figure 18b also
shows two data points at 60 K, for | mT and 7 T. By lowering the temperature by 5 K from 65 to
60 K, the critical current in 7 T improves by about a factor of four.

Figure 19 shows how the critical current in an external field, Ic (H), is affected by the
oxygenation treatments. The upper panel is for 77 K, the lower panel for 65 K. Again, the
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FIGURE 18 a. Magnetic moment of the sample after cooling to
65 K in an external field as indicated. AH is the increase in
magnetic field above the field-cooled value. b. Critical current
density versus the magnetic field applied during cooling. The
data are obtained from measurements like those in Fig. 18a,
but for different temperatures. For 60 K, only two data points
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highest critical currents are obtained in the state with the highest oxygen concentration. This
effect can best be seen in the inset in Fig. 19b, which displays the critical current at selected
external fields as a function of the oxygenation temperature (in the over-doped regime). The
result clearly shows that the highest Jc in zero field as well as in high field is obtained in the
most over-doped state (at 77 K and below).

The above presented results show how the contact-free ring technique can be used to
evaluated electromagnetic properties of HTS embodiments and, more specifically, reveal how
these properties are affected by changing the oxygen concentration of coated conductor samples
from the under-doped to the over-doped regime.
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4 RESIDUAL STRESSES IN MULTILAYERED COATED CONDUCTORS

During the processing of coated conductors, residual stresses are developed in various
buffer layers and in the superconducting film because of differing thermal expansion properties
of the various layers. In addition, intrinsic stresses that develop during high-energy processing
and layer growth may also contribute to residual stress. These residual stresses may lead to
damage of the superconducting YBCO film, and thus to degradation of superconducting
properties and service life. Therefore, it is critical to evaluate and understand residual stresses in
coated conductors to optimize processing for the successful development of high-J. coated
conductors.

4.1 FINITE ELEMENT ANALYSIS OF COATED CONDUCTORS

Residual stress (of) in a thin film of thickness t, deposited on a coated conductor
substrate, can be estimated using Stoney’s equation [23]:

E.t>
o, = ———— A 3)
6(1-vt,

In the above equation, Ej, t, and v are the elastic modulus, thickness, and Poisson’s ratio
of the substrate, and Ax is the change in substrate curvature due to the presence of the film.
Equation 3 essentially indicates that the stress in the film is proportional to the change of
substrate curvature induced by that film. The change in substrate curvature can be measured by
techniques such as laser scanning and optical interferometry [24,25]. Stoney [23] originally
developed an equation for a thin, single layer of film on a much thicker substrate (tr << t;). For
multilayered systems, the use of Stoney’s equation is based on the premise that, during
deposition of any specific layer, the change in substrate curvature is assumed to be caused only
by a specific layer [26]. The equation does not consider the interlayer interactions [26].
Therefore, the stresses estimated by Stoney’s equation in multilayered systems may not represent
the actual values of stresses present in the specific layers. Thus, to assess the applicability of
Stoney’s equation for multilayered systems, a 3-D finite element analysis (FEA) was performed
by considering the interaction between the layers and, subsequently, evaluating the residual
stresses in the various layers of the coated conductor.

The 3-D FEA was performed with ABAQUS standard finite element software. The
simulations were performed for an ISD-MgO buffered YBCO-coated conductor of the
configuration YBCO/CeO»/yttria-stabilized zirconia (Y SZ)/homoepitaxial MgO (HE-MgO)/ISD-
MgO/Hastelloy C276 (HC) substrate. For the analysis, the thickness of the HC substrate was
taken to be 150 um. Table 2 gives the thickness and deposition temperature of the buffer layers
and the YBCO film that were used in the FEA. The elastic modulus and the coefficient of
thermal expansion of the HC substrate, buffer layers, and the YBCO film are given in Table 3.
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TABLE 2 Thickness and deposition temperatures of
various layers of the YBCO-coated conductor used in FEA.

Deposition Temperature

Layer Thickness (um) (°C)
ISD-MgO 2 Room temperature
HE-MgO 0.5 700
YSZ 0.15 800
CeO, 0.01 800
YBCO 0.3 760

TABLE 3 Mechanical and physical properties of coated
conductor materials [27-29].

Elastic Modulus Coefficient of Thermal
Material (GPa) Expansion (10°/K)
HC 170-220 12.5
MgO 250 12.8
YSZ 200 9.7
CeO, 200 11.3
YBCO 135-157 13.4

The coated conductor system was modeled as a rectangular geometry (10 mm X 5 mm),
and the simulations were performed so as to replicate the actual fabrication procedure of the
multilayered coated conductor. The HC substrate was treated as a 3-D deformable body (with
stress varying through the thickness), and all the other layers were considered as planar
homogeneous shells, i.c., stress was assumed to be constant within each layer. The effects of
intrinsic stresses developed during deposition and stress relaxation due to creep/plastic
deformation were ignored in the analysis. Thermal interactions between the layers arising from
differences in coefficient of thermal expansion and elastic interactions due to differences in
elastic properties were both considered in the analysis. Residual stresses (at room temperature) in
the individual layers of the YBCO-coated conductor were computed in a direction parallel to the
plane of the coating layers after deposition of all the layers. Besides computing the residual
stresses in the individual layers, finite element simulations were also performed to estimate the
change in substrate curvature resulting from the sequential deposition of the individual layers.
These computed curvature changes were used in Stoney’s equation to evaluate the residual
stresses in various layers of the YBCO-coated conductor. A comparison of the FEA-computed
residual stresses in the individual layers with those estimated by Stoney’s equation (using the
computed curvature values) provided guidance on the applicability of Stoney’s equation to
residual stress evaluation in multi-layers.
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Figure 20 shows the change in substrate curvature during various deposition steps. The
substrate curvature is considered to be zero at room temperature before deposition of any layer.
A positive change (convex) in substrate curvature due to the deposition of a layer produces a
compressive stress in the layer, whereas a negative change (concave) produces a tensile stress.
The data points numbered 1, 4, 7, 10, and 13 in the figure correspond to substrate curvatures at
room temperature subsequent to deposition of each layer. Because intrinsic stresses during layer
growth have been neglected in the present analysis, the substrate curvature remains constant at
each deposition temperature, i.e., at data points 2 and 3, 5 and 6, 8 and 9, and 11 and 12. Data

point 13 corresponds to the final curvature of the multilayered coated conductor after all the
layers have been deposited.

Figure 21 shows the residual stresses in the individual layers, calculated by substituting
the change in substrate curvature (before and after deposition of a particular layer, as in Fig. 20)
into Stoney’s equation [23]. For example, the residual tensile stress (<137 MPa) in the YBCO
film was estimated from Eq. 3 by using the difference in substrate curvature corresponding to
data points 13 and 10 in Fig. 20. In using Stoney’s equation, it is assumed that the change in
substrate curvature between 13 and 10 was caused only by the YBCO layer, whereas in reality,
the underlying layers also contributed to the curvature change. Figure 21 also shows the residual
stresses at room temperature in the individual layers, computed directly by FEA. As seen from
the figure, there is little difference between the residual stresses computed by FEA (which
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FIGURE 20 Substrate curvature in YBCO-coated conductor at
various deposition steps as estimated by FEA (RT = room
temperature).
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FIGURE 21 Residual stresses in various layers of YBCO-coated
conductor as estimated by FEA and by Stoney’s equation (using
computed curvatures).

considers the interlayer interactions) and those estimated by Stoney’s equation using the
numerically calculated curvatures. This finding clearly suggests that interlayer interactions have
negligible effects on the development of residual stresses in individual layers of a multilayered
system. To confirm the negligible effect of interlayer interactions, the stress in each layer at each
stage of deposition was computed by FEA. The computed values of stress at room temperature in
each individual layer did not significantly vary at various deposition stages. Therefore, Stoney’s
equation can be used to estimate residual stresses in specific layers of multilayered coated
conductors by measuring the changes in substrate curvature due to the presence of the layers.

4.2 INFLUENCE OF PROCESSING METHODS ON RESIDUAL STRESS

The purpose of this study was to evaluate the influence of different processing methods
on residual stress evolution in various layers of YBCO-coated conductors. Specifically, residual
stresses in YBCO films processed by sol-gel and pulsed laser deposition (PLD) techniques have
been evaluated, as have YSZ films deposited by IBAD. The residual stresses were measured by
x-ray diffraction (XRD). The measured residual stresses were compared with the residual
stresses calculated on the basis of thermal expansion mismatch to provide guidance on the nature
of residual stress evolution during processing of coated conductors.

YBCO films on LaAlOs substrate were processed by PLD and sol-gel techniques, and the
YSZ films on Hastelloy C substrate were processed by the IBAD technique. The substrates
(15mm x 12 mm) were polished to an approximately 1 um finish on both sides and were
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subsequently subjected to an ultrasonic cleaning to obtain flat and clean surfaces. The substrate
thickness (ranging from 100 um to 200 um) was measured by scanning electron microscopy.

Pulsed laser deposition of YBCO films on LaAlOs was carried out with a Lambda Physik
COMPex 201 excimer laser having a Kr-F, gas mixture as the laser medium [30]. The substrates
were glued on a rotating inclined sample holder using a silver paste, and were heated to
700-800°C during the deposition. The target was commercial YBCO (Superconductive
Components, Inc.), 25.4 mm in diameter and 6.4 mm thick, and the distance from target to
substrate was maintained at 40-80 mm. The oxygen partial pressure in the deposition chamber
was maintained at 200 mTorr by flowing ultra-high-purity oxygen through the chamber. The
energy density for deposition was estimated to be ~2 J/cm®. The thickness of the deposited
YBCO films was measured to be 300 nm. Four PLD specimens were prepared for each
substrate. Further details of the PLD process can be found elsewhere [30].

For the deposition of YBCO films on LaAlO; by sol-gel processing [31], a mixture of
yttrium, barium, and copper (1:2:3 molar ratio) was dissolved in trifluoroacetic acid and refluxed
for 4 hr. The solution was dried in air to get a blue solid residue, and later, methanol was used to
make a solution with a 1.5 mole cation concentration. The LaAlOs substrates were soaked with
the solution either by a dip or spin coating method. Two heat treatment steps at 400 and 780°C
were performed with the samples under an atmosphere containing 99.996% argon with 10 ppm
oxygen. The thickness of the deposited YBCO film was ~200-500 nm.

Ion beam assisted deposition [32] was used to deposit the YSZ film on the Hastelloy C
substrate. The substrate was placed on a rotating sample holder and was heated to 200-300°C
during the coating process. Under Ar/10% O, environment, an ion beam with energy of 300 eV
was impinged on the evaporated YSZ with an ion fluence of 200 uA/cmz. The ion bombardment
angle (angle between the ion beam and the substrate) was varied from 23° to 35° to change the
degree of texture of the deposited YSZ film. The thickness of the YSZ films was ~ 1 pum. The
details of the IBAD process have been described elsewhere [32]. In-plane texture of the YSZ
films was evaluated by x-ray pole figure analysis.

Residual stress in the YBCO and the YSZ films was measured by XRD (sin”y method)
using a Philips diffractometer [33]. The co-ordinate system used in diffraction experiments is
shown in Fig. 22. In this figure, 6;, 62, and o3 are the principal stresses, where o3 (= 0) is the
stress normal to the sample surface, and o, is parallel to the longest dimension of the sample;
also, o, 1s the residual stress in the sample surface at an angle ¢ from oy, and &4, is the strain in a
direction defined by ¢ and y, where y is the tilt angle between o3 and the incident x-ray beam.
The lattice spacing, d for a particular (hkl) reflection, was measured as a function of y by
performing x-ray 6-20 scans. The residual strain, Ad/d, associated with the (hkl) reflection of a
particular film is given by [33],

d, —d
(252t
. ; (4)
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FIGURE 22 Co-ordinate system used for x-ray diffraction
analysis.

where d, and d, are the measured lattice spacing of the film at angles y and 0° to o3,
respectively, and E and v are the elastic modulus and Poisson’s ratio of the film, respectively.
The residual stress o4 acting on the surface of the film in a direction ¢ from o, can be calculated
from the slope of the plot of (dy - di)/d; versus sin2\|/. For the YBCO and the YSZ films,
residual stresses were measured on three to four specimens, and in each specimen, the stress was
measured at ¢ = 0° and 45°. An average value of residual stress for the YBCO and the YSZ films
was determined by calculating the mean.

Figure 23 shows the XRD pattern of the YSZ films deposited on Hastelloy C substrate at
ion bombardment angles of 23° and 35°. As evident in Fig. 23a, the film deposited at 35°
exhibits a strong preferred orientation of the (200) planes, whereas the film deposited at 23°
(Fig. 23b) is non-textured with a relatively weak preferred orientation of (111) planes.

Figure 24 shows the (111) x-ray pole figures of the YSZ films deposited at 35° and 23°
ion bombardment angles. As evident in Fig. 24a, the YSZ film deposited at 35° exhibits four
reflections of (111) planes, suggesting the presence of in-plane texture. In contrast, Fig. 24b
shows a lack of any in-plane alignment in the YSZ film deposited at 23°. The ion bombardment
angle of 35° is consistent with the channeling direction [34] for the (111) in-plane orientation,
resulting in the observed (111) in-plane texture in Fig. 24a, whereas the absence of any
channeling effects at 23° ion bombardment angle likely causes the lack of in-plane texture in Fig.
24b. The YSZ film deposited at 35° will hereafter be referred to as textured film, and the film
deposited at 23°as non-textured film.
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FIGURE 23 X-ray diffraction patterns of YSZ films deposited on
Hastelloy C substrate at incidence angles of (a) 35° and (b) 23°.

After texture characterization, the residual stresses in the textured and the non-textured
YSZ films were measured by XRD using the procedure mentioned earlier. Figure 25 shows plots
of (dy - d1)/d. as a function of tilt angle W for the (200) plane for a textured YSZ film. The slope
of the plot for a given ¢ direction can be used to estimate the value of residual stress (G(I)) from
Eq. 4. The negative slope in the figure indicates a compressive stress in the sample. The average
compressive residual stress in the textured YSZ film was estimated to be 365 + 41 MPa. The
(111) reflection of the non-textured YSZ film was used to determine the average residual
compressive stress to be 598 + 75 MPa.

Similarly, XRD was used to estimate residual stresses in the YBCO films deposited on
LaAlOs; substrates by PLD and sol-gel techniques. The average residual tensile stress estimated
in the YBCO film processed by the sol-gel technique was 450 + 80 MPa, whereas the tensile
residual stress in the YBCO film processed by PLD was 178 + 53 MPa.
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FIGURE 24 (111) X-ray pole figures of (a) textured (deposited at 35°
ion bombardment angle) and (b) non-textured (deposited at 23° ion
bombardment angle) YSZ films.
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The residual stress (Gys) in thin films of a coated conductor may result from the thermal
expansion mismatch between the films and the substrate as well as from the intrinsic stresses
developed during the film growth. This relationship can be expressed as

Gres = Gth + O-int ' (5)

where oy, is the thermal mismatch stress, and iy is the intrinsic stress generated during the

growth of the film. The thermal mismatch stress (o) in a film can be calculated by an analytical
approach [35]:

oy AGAT (6)

T (-v)

where E and v are the elastic modulus and Poisson’s ratio of the film, respectively, Aa is the
difference in thermal expansion coefficients between the substrate and the film, and AT is the
difference between room and processing temperature. The elastic moduli and thermal expansion
coefficients of the materials used in the present study (Hastelloy C, LaAlOs, YSZ, and YBCO)
are given in Table 4. For most ceramic oxides, Poisson’s ratio is v = 0.3 [36]; hence, v of YSZ
and YBCO films was assumed to be 0.3 in the present study.
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TABLE 4 Elastic modulus and thermal expansion coefficient of coated conductor
materials [27-29,37].

Material Property Hastelloy C LaAIlO; YSZ YBCO
Elastic Modulus (GPa) 170-220 500 200 157
Thermal Expansion Coefficient (10 / K) 12.5 10.0 9.7 13.4

Equation 6 and the data given in Table 4 were used to calculate the thermal expansion
mismatch stress between YSZ and Hastelloy C—the resultant value being 140 MPa. In Fig. 26,
the calculated value of thermal expansion mismatch stress is compared with the measured
residual stress in YSZ film.

The data indicate that the magnitude of measured residual stresses is much larger than the
calculated thermal mismatch stress for both the textured and the non-textured YSZ films. This
difference is believed to result from intrinsic compressive stresses developed during IBAD
processing due to argon (Ar) ion-peening effects [38,39]. During IBAD processing, energized Ar
ions impinge on the YSZ film and get peened on the YSZ surface, inducing intrinsic compressive
stress in the film [38]. The superposition of this intrinsic compressive stress on the thermal
mismatch stress results in a larger measured residual stress in the YSZ films, as shown in Fig. 26.
Although both the textured and the non-textured YSZ films were processed by IBAD, the ion
bombardment angle was 35° for the textured film, as compared to 23° for the non-textured film.
The ion bombardment angle of 23° corresponds to a non-channeling direction, which results in
an increased number of ions getting peened at the surface of the YSZ film. In contrast, the
bombardment angle of 35° corresponds to a channeling direction, which is believed to minimize
the ion-peening effects. The increased ion peening at the surface of the film, apparently, induces
a larger intrinsic compressive stress and thus a higher measured residual compressive stress in
the non-textured film compared to the textured film.

Figure 27 compares the measured residual stress in the YBCO films (deposited on
LaAlOs; substrate by PLD and sol-gel techniques) with the calculated value of thermal mismatch
stress (515 MPa) between YBCO and LaAlOs. This bar graph indicates a significant difference
between the calculated thermal mismatch stress (515 MPa) and the measured residual stress
(178 £ 53 MPa) in the YBCO film deposited by the PLD technique. Similar to IBAD processing,
it is believed that intrinsic compressive stresses are induced in the YBCO film during PLD
processing [40,41]. During PLD processing, the ablated species in the laser plume have high
kinetic energies, ranging from a few tenths to several hundreds of eV [40]. It has been reported
[40,41] that the condensation of these energetic species results in intrinsic compressive stresses
in thin films deposited by PLD. A similar mechanism may cause intrinsic compressive stress in
the YBCO films, leading to a reduction in the tensile residual stress caused by thermal expansion
mismatch. Thus, the measured residual stress is less tensile compared to the thermal mismatch
stress, as shown in Fig. 27. However, in contrast to PLD and IBAD, the absence of any kind of
surface damage in sol-gel processing [31] contributes little intrinsic stress to the total residual
stress. Thus, the measured residual stress is expected to be approximately the same as the
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thermal mismatch stress. The measured residual stress in the YBCO film deposited by sol-gel
processing was 450 + 80 MPa, which agrees reasonably well with the calculated thermal
mismatch stress (515 MPa).

The processing techniques chosen for thin film deposition of coated conductors appear to
influence the nature and magnitude of intrinsic stresses (generated during film growth), which
can significantly alter the net residual stress in the films. IBAD processing of YSZ films on
Hastelloy C substrate led to intrinsic compressive stresses in these films due to Ar ion peening.
This resulted in a higher compressive residual stress in the YSZ films than the calculated thermal
mismatch stress between YSZ and Hastelloy C. The textured YSZ film had a lower intrinsic
compressive stress than the non-textured film, resulting in a relatively low compressive residual
stress in the textured film. As in the case of thin film processing by IBAD, PLD also led to
generation of intrinsic compressive stresses in YBCO films deposited on LaAlOs; substrates.
Thus, the resulting residual stress in the YBCO film was less tensile than the calculated thermal
mismatch stress between YBCO and LaAlOs. In contrast to IBAD and PLD processing, sol-gel
processing generated negligible intrinsic stress in YBCO films deposited on LaAlOs substrate.
The measured residual stress in the sol-gel-processed YBCO film was, thus, consistent with the
calculated thermal mismatch stress between YBCO and LaAlO;.
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5 HTS PROGRAM TECHNICAL EVALUATION/SUPPORT

During FY 2005, peer review and concomitant revision were completed for the report:

HTS Cable: Status, Challenges and Opportunities (December 2, 2004), 408 pages,
prepared by A.M. Wolsky for the participating signatories of the International Energy
Agency’s Implementing Agreement on Cooperative Program for Assessing the Impacts of
High Temperature Superconductivity on the Electric Power Sector.

Input for particular sections of the report was provided by a broad spectrum of
individuals. The peer review embraced the opinions of nearly 20 experts. The report was
disseminated within the U.S. by mailing CDs bearing it to a distribution list that includes about
30 individuals actively involved in the OE/HTS program. Thanks to the assistance of J. Badin
(Energetics) and his support staff, the report is now posted on the DOE HTS website. Table 5
indicates some of the information in the full report. A few comments about the information
presented in the table and its likely significance follow. The report also describes situations and
places where the adoption of HTS cable is more likely than elsewhere.

The table presents information about efforts now under way to demonstrate an HTS AC
cable. Two projects are being pursued in Europe, four in North America (three in the U.S. and
one in Mexico), and five in northern Asia (one in Japan, two in Korea, and two in China). The
highest voltage prototype is to operate at 135 kV, while most projects aim at 45 kV or less. This
emphasis is consistent with the likely market. Currents (rms within each conductor) range from
0.8 kA to 2.4 kA. Most conventional cable is used for voltages less than 22 kV, not high voltages.

Most conductor materials comprise Bi-2223 and silver alloy. The longest cable will
traverse 610 m. However, three projects plan to construct 30-m cable segments incorporating
REBaCuO (RE = rare earth) conductor (also called “second generation conductor” or “coated
conductor”). Nexans’ 3C REBaCuO cable project (funded by the European Economic
Community), though long delayed by the inability of team members to agree on intellectual
property issues, is still expected to proceed.

Besides the ability to carry its nominal or rated current for the cable’s intended life (30-
40 years), a cable must be able to carry far greater currents for brief times. This requirement is
made explicit by the over-current specifications in the table. These requirements are met in most
HTS cables by incorporating enough copper (or aluminum) to handle the excess current. (HTS is
too expensive to be put in place for only occasional duty.) Thus, the total space devoted to
conductor is determined by how much cold copper (or aluminum) is embodied by the cable.
Copper is preferred to aluminum because Al,Os is an excellent insulator, not a desirable property
for material at the HTS/stabilizer interface.

As is typical of electric power equipment, a cable requires electrical insulation (also
called “dielectric”) between the conductors. One family of designs puts the conductor, but not
the dielectric, in a cryostat. The dielectric is meant to operate at ambient temperature—thus the
name “warm dielectric cable.” The goal is to use dielectrics having well-known properties and
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reliability attested to by power engineering experience. Some say that this strategy complicates
the cable’s terminations compared with those required by the alternative strategy, “cold
dielectric,” in which both the conductor and the electrical insulation are within the cryostat.
Coaxial cable provides an example. Many groups plan to use polypropylene-laminated paper
(PPLP) for their dielectric, but alternatives are being investigated.

The table also shows that most cables will incorporate flexible cryostats made by
Nexans-Hannover, the only commercial supplier. Indeed, Nexans-Hannover has accumulated
experience that others might have to duplicate before achieving the combination of reliability
and price necessary for future commercial cable.

Most cable projects will depend on off-the-shelf refrigeration technology. However, two
projects (SuperPower, Inc., and AMSC) plan to test prototype acoustic cryocoolers. These raise
the hope for more reliable, lower-maintenance refrigeration, which is an important goal. CFIC
has delivered one of its acoustic cryocoolers to Toshiba for testing and use in Toshiba’s labs near
Tokyo.

Finally, the outer diameter of these various cables deserves attention. Some utilities seek
to put more power through existing infrastructure, rather than excavating new space and
constructing infrastructure within it. For example, the diameter of Japan’s existing ducts is
150 mm, and so their interest has been in putting more power through this diameter (or smaller).
Other benchmarks are provided by the diameters of commercial cable. In 1990, Okonite
Corporation supplied a high-pressure oil-filled cable having a 219-mm outer diameter. That
cable operates at 345 kV and guides up to 765 MW from Westchester to Long Island. Since 1990,
utilities have increasingly preferred solid dielectric (XLPE) cables to eliminate the possibility of
oil leaking to the environment. Nonetheless, oil-filled cables are still offered for sale. At high
voltages, HTS cable (e.g., AMSC’s Long Island cable, 325-mm OD) has not yet been
demonstrated to be as compact as HPOF cable (Okonite’s HPOF cable, 219-mm OD).



TABLE 5 HTS cable projects underway around the world (as of 03 December 2004).

Project Chinese
Management Academy of American
Characteristic Innopower® Science KERI KEPRI SuperAce ConduMex Tratos Cavi SuperPower Superconductor  Ultera 2* Nexans
Financial Status Funded Funded Funded Funded Phase-I Funded Funded Funded Funded Funded Funded Funded
Demonstration Site Puji Substation Chang Tong Cable LG Cable KEPRI/KEPCOs Test Site CRIEPI’s Lab CIDEC Lab Pieve Santo Stefano Albany, N.Y. East Garden City, Bixby Substation, ?
Kunming, Yunnan Facility Facility At Kochang at Yokosuka Phase II at (AR, TItaly) Long Island, N.Y. Columbus, Ohio ? Spain ?
ChinaSouthernPowerGrid  (Lanzhou Province) substation near Queretaro
Utility Yunnan Electric Power none KEPCO KEPCO TEPCO, ChubuE, & KEPCO Commission Federal none Niagara-Mohawk Long Island American Electric E.On
Group de Electricidad (CFE) (a National Grid Power Authority Power
Company)
Planned Start April 2004 Winter 2004-2005 July 2004 Summer 2005 March, 2004 Phase I: 2005 Spring 2005 Jan-2006 Bi-2223 April, 2006 Spring 2006 22007 ?
of Operation Phase II: 2006 (start) Dec-"06 YBaCuO
Type AC AC AC AC AC AC AC AC AC AC AC
Phases 3 3 3 3 1 1(Phase I) & 3 (Phase II) 3 3 3 3 1
Voltage 35kV 15 229kvV 229kV 77kV 23kV 45 kv 34.5kV 138 kV 13.5kV 10kV
(phase-to-phase)
Current 2kA 1.5 ka 1.2kA 1.2 kA 1.0 kA 2kA 2kA 0.8 kKA 2.4kA 3.0kA 1kA
(within phase)
Length 33.5m 75m 30m 100 m 500 m 5m & 10 m Phase I 50m 350 m 660 m 200 m 30m
100 m Phase II
Design ‘Warm Dielectric Warm dielectric Cold Dielectric Cold Dielectric Cold Dielectric Warm Dielectric Warm Dielectric Cold Dielectric Cold Dielectric Cold Dielectric Cold Dielectric
XLPE PPLP PPLP Polyethylene CryoflexTM 4
3 coaxial cores, and Triad HTS each coaxial core
4 HTS layers per phase in one cryostat one coaxial in cryostat other participants in 5m,45kV 3 coaxial cores, in own cryostat Triaxial HTS
one phase per cryostat Triad HTS OD Cable Fits component design & cold dielectric in one cryostat (all in 355 mm pipe) 3 inner HTS coaxial
OD HTS phase 34 mm 3 cores, in 175 mm Duct OD cable selection 1 outer Cu HTS
OD cable 112 mm in one cryostat 133 mm 1PN Fault Spec: Fault Spec: in one cryostat, OD
Fault Spec: Fault Spec: (Mexico City) 38 cycles, 23 kA 15 cycles, 69 kA ~140 mm
Fault Spec: 5 cycles, 25 kA 25 cycles, 31.5 kA VNIIKP (633 millisec) (250 millisec) Fault spec:15
2 sec, 25 kA (500 millisec) (Moscow) cycles, 56 kA
(250 millisec)
HTS Bi-2223 Bi-2223 Bi-2223 Bi-2223 Bi-2223 suitable for AC Bi-2223 Bi-2223 Bi-2223 Bi-2223 Bi-2223 REBaCuO
(SEI's CT-OPT, (short sample of REBaCuO, (SEI's CT-OPT, on Stainless Steel
Controlled Over Pressure) if available) Controlled Over Pressure)
subsequent 30-m section of
YbaCuO
AC Loss Goal <1.0 W/m per phase ? 1 W/m per phase 50% of Conventional measured value given here ? ? <0.5 W/m per phase ? ? ?
1.3 W/m/phase @ 1 kA
Conductor Supplier InnoST AMSC AMSC SEI Furukawa AMSC AMSC SEI AMSC to be determined EAS
Trithor Bi-2223, Nexans SC
Nexans provided SRL- REBaCuO SuperPower
Electrical Insulation Nexans provides former YBaCuO
Cable Fabricator within Cryostat
Chang Tong Cable LG Cables SEI Furukawa ConduMex SEI Nexans Ultera Nexans
Company via Turnkey Contract Tratos Cavi
Shanghai Cable Works
(terminations’
goal <120W/unit
Inst. Of Plasma Physics at
Academia Sinica)
Cryostat Type flexible flexible ? included in Turnkey flexible flexible flexible flexible flexible flexible flexible
& Supplier goal <1.5 W/m 1.0 W/m Straight Section Nexans-Hanover, 5 m ~2.5 W/m ~5 W/m2 ~5 W/m® ~5 W/m®
Nexans-Hanover Furukawa Condumex, 10 m Tratos Cavi SEI Nexans-Hanover

Nexans-Hanover ~ Nexans-Hanover

4%



TABLE 5 (Cont.)

Project Chinese
Management Academy of American
Characteristic Innopower® Science KERI KEPRI SuperAce ConduMex Tratos Cavi SuperPower Superconductor  Ultera 2* Nexans
Cryogen LN, 70-80K, LN, LN, 70-80K included in Turnkey N> LN, LN, LN, LN, LN, LN
Refrigeration seven, 300W-GM Tank 4 kW cable + 2kW 6 kW @ 77K SkW@70K
& Supplier CryoMech CAST terminations Phase II-Air Products, Stirling closed loop Air Liquide Praxair Air Liquide
Suzuki Shoukan Aishin BOC AMSC-pulse tube & Praxair-QDrive

Sterling-cooler

! Ultera is a joint venture of NKT and Southwire

? Southwire continues to supply electric power (26,000 hours at 100% load) to its cable manufacturing plant through an HTS, three-phase, 30-m cable of its own construction (each phase HTS

coaxial, Bi-2223, cold dielectric, LN, cooling, 12 kV phase-to-phase, 1.2 kA, 27 MVA).

* Itis a coincidence that Nexans cryostat’s trade-name is the same as the name of the dielectric material used by Ultera. They use different materials.

* InnoPower expects to build a 110-kV, 1-2 kA cable of several hundred meters length in the vicinity of Beijing during coming years.

Table prepared 30 November 2004 by A.M. Wolsky, Operating Agent for International Energy Agency’s Implementing Agreement

.

°1%
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6 CONCLUSION

The key findings in this report are summarized as follows:

Electron microscopy and Raman spectroscopy examinations of SuperPower’s long-length
MOCVD-coated conductor tapes show that the MOCVD-type deposition process is capable
of producing a dense (low porosity), uniform YBCO film. These films exhibit domains of
columnar grain growth (a-axis grains) that increase in number through thickness from
substrate to surface. Grain boundary connectivity appears well developed, with little tangible
evidence of meandering boundaries. Relatively small amounts of carbon-containing phases
are observed in a uniformly distributed pattern throughout most of the films examined to date.

Er’* addition to the MOD-type YBCO precursor used by American Superconductor increases
flux pinning in the H//c orientation but concomitantly decreases flux pinning for H//ab. C*
examination of samples with and without added Er'” shows that Er'" addition leads to
(Y,Er),03 nano-dot precipitates in the (Y,Er)BCO matrix, but with a corresponding steady
decrease in the number of planar defects as the Er’" content is increased.

. A systematic investigation was made to determine how changes of the oxygen concentration
affect the temperature and magnetic field dependence of the critical current in YBCO films.
At temperatures of 77 K and below, the highest values for the critical current in zero field
and in high field as well were obtained in the most over-doped state, i.e., in the state with the
highest oxygen concentration.

. A finite element analysis (FEA) was performed to assess the applicability of Stoney’s
equation (Eq. 3) to residual stress evaluation of individual layers of a multilayered YBCO-
coated conductor. The values of residual stresses estimated by Stoney’s equation were
similar to those directly computed by FEA, indicating that Stoney’s equation can be used to
estimate residual stresses in multilayered coated conductors.

The processing techniques chosen for thin film deposition of YBCO coated conductors
influence the nature and magnitude of intrinsic stresses (generated during film growth), and
therefore can significantly alter the net residual stress in the films. IBAD processing of YSZ
films on Hastelloy C substrate led to intrinsic compressive stresses in these films due to Ar
ion peening. This resulted in a higher compressive residual stress in the YSZ films than the
calculated thermal mismatch stress between YSZ and Hastelloy C. The textured YSZ film
had a lower intrinsic compressive stress than the non-textured film, resulting in a relatively
low compressive residual stress in the textured film. Similar to thin-film processing by IBAD,
PLD also led to generation of intrinsic compressive stresses in YBCO films deposited on
LaAlOs; substrate. Thus, the resulting residual stress in the YBCO film was less tensile than
the calculated thermal mismatch stress between YBCO and LaAlOs. In contrast to IBAD and
PLD, sol-gel processing generated negligible intrinsic stress in YBCO films deposited on
LaAlO; substrate. The measured residual stress in the sol-gel-processed YBCO film was,
thus, consistent with the calculated thermal mismatch stress between YBCO and LaAlOs.
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6. The significant progress made worldwide in demonstrating HTS technology for AC cables
has been comprehensively summarized.
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