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Abstract

A reel-to-reel tape handler mounted on a four-circle diffractometer is used to provide a characterization by X-ray
diffraction of the entire 1 m length of a YBa,Cu;0,/CeO,/Y Zr;_.0,/Ce0,/Pd/Ni (YBCO/CeO,/YSZ/CeO,/Pd/Ni)
tape. Cube-textured Ni was formed by rolling and annealing; epitaxial CeO,/YSZ/CeO,/Pd buffer layers were deposited
by reactive sputtering; YBCO was converted ex situ from Y, BaF,, and Cu codeposited by e-beam evaporation.
Rocking curve FWHM (mean =+ standard deviation) for 95 segments of 1 cm length are: YBCO(005) = 6.2 £ 0.5°,
YSZ(002) =10.4 +0.4°, and Ni(002) =7.6+0.3°. ¢ scan FWHM are: YBCO(113) =9.6+0.4°, YSZ(111) =
13.0 £ 0.4°, and Ni(111) = 10.6 & 0.4°. Greater than 95% of the tape at each point is cube textured from Ni to YBCO.
The critical current density J. is 0.36 & 0.04 MA/cm? at 77 K and is inversely correlated with the rocking curve FWHM.
Calculations suggest that J. might be increased by a factor of 2.1 by producing a sharper texture and that the uniformity

of the texture will support scaling to kilometer lengths.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

YBCO, which has high J, at 77 K even in high-
magnetic fields, is a promising superconductor for
use in applications such as motors, transformers,
and power transmission. Its performance is con-
siderably degraded by high-angle grain boundaries
[1], presenting a technical challenge in the pro-
duction of long superconductors. Superconducting
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films with no high-angle grain boundaries are
readily grown epitaxially on single-crystal sub-
strates, but long YBCO conductors have been
produced only by epitaxial growth on biaxially
textured polycrystalline substrates or buffer layers
[2,3], with both low- and high-angle grain bound-
aries [4]. Short tapes have been prepared with
Je>2x10° Alem? [5,6], and meter-long tapes
with J, = 1 x 10° A/cm?® [2]. These J.’s are high,
but many applications require kilometer lengths:
how will J; scale with tape length?

While there are no observations concern-
ing YBCO conductors for kilometer lengths, the
critical current for km-long conductors has been
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calculated using a simplified model where a ran-
domly located low-angle fraction of the grain
boundaries all have the same J, and the remaining
high-angle boundaries are nonconducting; the su-
percurrent must percolate through the conducting
boundaries [7,8]. These models show that if the
fraction of conducting boundaries is high enough
to give a high J, for centimeter lengths, J. will be
only ~10% lower for kilometer lengths. That is,
there is a significant probability that a random
bunching of high-angle boundaries will block most
of the current only in cases where either the frac-
tion of conducting grain boundaries or the width
of the tape (relative to the grain size) is so low that
even short samples are poorly conducting. There is
no fundamental obstacle to long, crystallographi-
cally aligned tapes.

Can processing conditions be kept sufficiently
uniform that the distribution of grain boundary
angles is constant over the length of a tape? As a
step toward answering this question, we present
the first complete characterization of the texture of
a meter-long superconducting tape. A reel-to-reel
tape handler mounted on a four-circle diffrac-
tometer was used to obtain rocking curves and ¢
scans covering the entire length of the tape and
0/20 scans and pole figures at selected positions.
These results are correlated with J, measurements
for each 1 cm segment of the tape.

2. Experimental
2.1. Sample preparation

Samples used in the ex situ conversion are pre-
pared by co-evaporating Y, Cu and BaF, onto
Ce0,/YSZ/CeO,/Pd/Ni rolling-assisted, biaxially
textured substrates (RABiTS™). Details of the
RABITS™ fabrication processing are given else-
where [9]. Briefly, long-length RABiTS™ is pre-
pared in a continuous, single pass, reel-to-reel
process where a rolled Ni tape, 0.05 mm thick and
13 mm wide is recrystallized into a cube texture by
annealing at 1050° C. Pd (1.5 nm), CeO, (24 nm),
YSZ (160 nm) and CeO, (14 nm) buffer layers are
deposited by reactive DC magnetron sputtering
using metallic targets and Ar and H,O as the

sputtering and reactant gases, respectively. In this
single pass arrangement, the entire RABiTS™
substrate, including metal annealing and buffer
depositions, is processed concurrently at a speed
of 18 m/h. Following RABiTS™ fabrication, the
substrate is loaded into a three-gun reel-to-reel
electron-beam evaporation system for precursor
deposition. Source materials in the form of me-
tallic Y and Cu and crystals of BaF, are used to
deposit a film 350 nm in thickness and with Y/Ba/
Cu composition of 0.93/2.09/3.00 as determined by
inductively coupled plasma (ICP) analysis [10].

The meter-long precursor-coated RABiTS™ is
loaded into a reel-to-reel extended zone atmo-
spheric furnace for conversion to YBCO. Details
of the furnace and the conversion process can be
found elsewhere [11]. Briefly, seven transverse-flow
modules, each 30 cm long, are stacked end-to-end
and incorporated into an Inconel 601 conversion
chamber which is 2500 x 5 x 1 cm® (I x w x h).
Two Inconel 601 tubes serve as gas inlet and outlet
ports within each flow module, each 1 cm in di-
ameter with 125 pm holes. These tubes are welded
in place in a transverse-flow geometry, with the
sample between opposing input and output holes.
The chamber is heated within a 22-zone furnace,
with the sample spooled between reels at either
end. Total pressures at the gas inlet, gas outlet and
within the chamber, as well as oxygen activity are
continuously monitored. The five upstream mod-
ules can be set to provide either a wet or dry gas
environment, whereas the two downstream mod-
ules remain dry at all times. Ni leaders are spot
welded to the meter-long sample, the furnace is
preheated, and conversion to YBCO is conducted
at a speed of 0.6 m/h in a single pass, with a wet
conversion time of 120 min, a dry annealing time
of 60 min, a conversion temperature of 740 °C, an
O, partial pressure of 130 mTorr, an H,O partial
pressure of 70 Torr, and a gas flow rate of 5.5 I/
min.

Following conversion to YBCO, a 1 um thick
silver cap layer is deposited onto the YBCO film
by reel-to-reel DC magnetron sputtering. The
sample is then annealed at 500 °C in flowing O, to
oxygenate the YBCO and to decrease the contact
resistance between Ag and YBCO. Sectional J,
measurement at 1 cm increments is performed at
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77 K and self-field using standard four-probe
configuration and a 1 pV/cm criterion.

Cross-sectional transmission electron micro-
scopy with energy-dispersive X-ray analysis was
used to locate and identify phases in a similarly
prepared short sample.

2.2. Texture measurement

The sample was mounted for X-ray diffraction
on a reel-to-reel handler bolted to the ¢ stage of a
Huber four-circle diffractometer as shown in Fig.
1. Up to 20 m of 12.5 x 0.05 mm?® tape can be
spooled on reels 10 cm in diameter. The inside
diameter of the y circle is 40 cm, providing clear-
ance for 360° rotation of y and ¢. One reel is
controlled by a microstepping motor, the other is
driven by a constant-torque motor. The sample
slides across stainless steel guides with a 10 cm
radius which keep the tape at a constant height
between the guides, where it is irradiated.

A Cu rotating anode source operates at 5 kW. A
bent, sagitally focusing graphite (002) mono-
chromator selects K, fluorescence, and collimation
is provided by a 75 cm flight path upstream of a
2.5 mm wide x 5 mm high-entrance slit. Diffracted
radiation is collimated by soller slits. These par-
allel-beam optics make the measurements insensi-
tive to small changes in the sample position. This
system was an adaptation of one built for other

®, 20|

Fig. 1. Reel-to-reel tape handler mounted on four-circle dif-
fractometer. Reel diameter is 10 cm, y circle ID is 40 cm.

uses; we are currently building a dedicated system
in which higher intensity is obtained by placing the
X-ray source much closer to the sample and using
a parabolically bent variable-period multilayer to
both collimate and monochromate the incident
beam.

At an incident angle of 26/2 = 15°, the footprint
of the 2.5-mm-wide beam is 2.5 mm/sin 15° =1
cm. Thus texture measurements were repeated at 1
cm intervals to cover the entire tape with one for
each J. segment. Out-of-plane texture was mea-
sured by rocking curves (w scans) taken by rotat-
ing the sample about both the rolling direction
(wgr) and the cross direction (wc). The FWHM Aw
and A¢ are calculated from least-squares fitting to
a Gaussian lineshape. In-plane texture was in-
ferred from ¢ and w scans [12]. For Ni(111) and
YSZ(111) ¢ scans, the four reflections at an azi-
muth 45° to the rolling direction are symmetry
equivalent and the in-plane width is

A® = \/A¢ — tan® 1A} + Ac)/2, (1)

where y = 35° is the inclination of the reflections.
For YBCO(1 1 3), the reflections at the azimuth of
the rolling and cross directions are not equivalent;
we measure at the azimuth of the cross direction
and compute

A® = \/AP — tan® 7A2. 2)

Data were collected for the Ni substrate, the
YSZ buffer layer, and the YBCO superconductor.
The CeO, cap is consumed during the formation
of YBCO; scattering from the buried CeO, and Pd
layers is too weak to collect useful data.

To see whether textures other than the
(00 1)[100] cube texture are present, we perform
“tape scans”’, in which we hold the sample and
detector orientation fixed at the Bragg reflection
angles for cube texture and count scattered X-rays
while scanning the tape position. Where other
textures are present, the cube texture intensity will
decrease. Other factors which may affect the in-
tensity are the sharpness of the cube texture, the
thickness of the superconducting layer, and the
presence of other phases or amorphous material.
Having identified possible locations of unwanted
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texture, we determine the magnitude of the cube
texture fraction from pole figures collected at these
positions on the tape. YBCO(113), YSZ(111),
and Ni(111) pole figures are collected using the
Schultz reflection geometry [13]. Volume fraction
is computed by integrating pole intensity using an
equal-area projection; the integrated intensity of
the cube texture peaks is compared to the total
integrated intensity. We define “cube texture” to
be orientations where (A¢/30°)* + (Aw/25°)* < 1;
A¢ and Aw are the in-plane and out-of-plane an-
gular deviations from the nearest cube texture
orientation. 6/26 scans were collected at selected
points on the tape to analyze chemical phase. Tape
scans were made at the Bragg angle of each sec-
ondary phase.

3. Results and discussion

The J, for each 1 cm section of the tape is shown
in Fig. 2. The sectional J. is 0.36 £0.04 MA
(mean + standard deviation). There are small
deficits near 20 and 83 cm. In the rest of this paper
we will focus on possible causes of this variation.
The mosaic spread varies little over the length of
the tape (Table 1 and Fig. 3); the decrease in J,
near 83 cm is associated with a broadening of the
mosaic for all layers, while the decrease near 20 cm
is not.

ool o
o] S W

e
§ 0.2 J.=0.36 + 0.04 MA/lcm’
ﬁk}
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OO T T T T T 1
0 20 40 60 80 100
position (cm)

Fig. 2. J., measured for each 1 cm segment.

Table 1
Mean, standard deviation, and maximum FWHM (deg)
Layer Ni YSZ YBCO
Rocking curve Awc  Mean 7.62 10.35 6.24
SD 0.30 0.37 0.47
Max 9.79 12.30 8.85

Rocking curve Awg  Mean 11.10 15.36 8.07
SD 0.31 0.95 0.52
Max 11.89 17.89 9.86

¢ scan A¢ Mean 10.58 12.97 9.62
SD 0.40 0.38 0.36
Max 12.81 13.95 11.01

In-plane mosaic A® Mean 8.21 9.13 8.56
(Eq. (2)
SD 0.51 0.63 0.32
Max 10.47 11.19 9.95
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Fig. 3. ¢ scan and rocking curve widths.

A 0/20 scan at the tape midpoint (Fig. 4) shows
cube-textured Ni, CeO,, YSZ, and YBCO, along
with NiO, Y,Cu,0s, and BaCeO;. TEM shows
that NiO grows at the interface between Pd/Ni and
CeO, when the O, pressure is raised for YBCO
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Fig. 4. 0/20 scan at tape midpoint. BaCeO; peaks are also
consistent with BaF,, and the peak marked ‘?” may also be due
to BaF,.

formation. The uppermost CeO, layer is entirely
consumed, leaving a continuous BaCeOj; layer 30
nm thick; reaction of CeO, with BaF, accounts for
the observed BaCeO; as a reaction product. El-
lipsoidal Y,Cu,Os particles ranging in size from 50
to 100 nm are found throughout the YBCO film.
Reaction of CeO, with BaF, would leave excess Y
and Cu, which will react under oxidizing condi-
tions to form Y,Cu,Os. The BaCeO; X-ray re-
flections exhibit broadening which corresponds to
a 12 nm grain size, while the other reflections are at
instrumental resolution, indicating >30 nm parti-
cle size.

The YSZ(002) Bragg intensity varies by only
9% over the length of the tape, but YBCO has
large decreases in intensity near 83 and 94 cm (Fig.
5). The decrease at 83 cm is associated with a
broadening of the YBCO mosaic (Fig. 3), but this
does not occur at 94 cm, indicating that there is a
deficit of cube-textured YBCO at this point. The
intensity of NiO diffraction shows the diffusion of
oxygen to the Ni substrate occurs uniformly over
the length of the tape (Fig. 6). Fig. 7 compares
pole figures at points of higher (40 cm) and lower
(20 and 83 cm) J.. While the YBCO Bragg inten-
sity is lower at 83 cm (Fig. 6), the fraction of cube
texture remains unchanged (Table 2); only the
mosaic of the cube texture changes. Retained
rolling texture is observed in Ni, while YSZ and
YBCO have grains rotated 45° from the majority
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Fig. 5. Intensity from cube-texture Bragg reflections.
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Fig. 6. Bragg intensity from reaction products.

phase. The variations in the fraction of cube tex-
ture does not vary significantly, either between
layers or between segments, which suggests that
the 45° rotated grains form on regions with re-
tained rolling texture.

Multivariate regression analysis was done to
determine the effect of all the texture variables on
J. and all possible interaction terms such as the
effect of out-of-plane texture on in-plane texture,
etc. Nine texture variables were considered in all.
The best fits for all possible combinations of
variables was identified. Statistical tests such as the
student ¢-test, the p-value of the predicted coeffi-
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Fig. 7. Log-scale, background-subtracted pole figures.

Table 2
Fraction without cube texture
20 cm 40 cm 83 cm
YBCO(113) 2.8% 2.7% 2.9%
YSZ(111) 3.9% 3.4% 4.7%
Ni(111) 2.8% 2.6% 2.5%

cients and the f-test for the regression analysis
were performed to determine the statistically sig-
nificant coefficients. It was determined that the
texture variables account for only 20% of the
variation in the J. as a function of length. Ex-
tending the analysis to include secondary phases
increased the number of possible variables to 12. It
was determined that inclusion of the secondary
phases in the analysis, could still only explain
~38% of the variation in the J.-data as a function
of length.

Texture accounts for only some of the low-fre-
quency variation in J.: the decrease near 83 cm but
not that near 20 cm. We have demonstrated that
epitaxial YBCO films can be grown on textured
polycrystalline substrates with great uniformity.
The degree of cube texture is uniform and high.

The sharpness of that texture exhibits only minor
variations, decreasing J. by only ~15%.

The texture of this tape is far from optimum:
the Ni substrate has a mean in-plane mosaic
AP =8.21° FWHM (Table 1). The epitaxy is ef-
fective: the YBCO texture is actually sharper than
that of Ni. Cube-textured Ni has been prepared in
short lengths with A® low as 5.0° FWHM [12];
efforts are underway to produce this texture re-
producibly in long lengths. As the texture sharpens
from 8.21° to 5.0°, the fraction of grain boundaries
with <5° misorientation increases from 69% to
90%, and we would expect J. to increase by a
factor of 2.1; i.e. from 0.37 to 0.78 MA/cm? [7].
Formation of cube-textured YBCO is not entirely
uniform; optimization of the reaction conditions,
improved tape handling, and better process con-
trol will be required for maximum J. over long
lengths. But if we extrapolate the 0.38 + 0.05 MA/
cm? variation in J, measured for this tape to a
length of 1 km, assuming Gaussian statistics, each
segment will still have J, > 0.23 MA/cm?. CeO,/
YSZ/CeO,/Pd/Ni substrates have been prepared
without significant variation in mosaic spread over
a 1 m length, and appear ready for scale-up.



348 E.D. Specht et al. | Physica C 382 (2002) 342-348

4. Conclusion

A method for exhaustively characterizing the
texture of coated conductor tape in lengths up to
20 m has been applied to a meter-long YBCO film
grown on roll-textured Ni buffered with YSZ and
CeO,. The mosaic of substrate and epitaxial films
varies by only ~0.5° over the length of the tape;
this variation in texture accounts for only ~20% of
the variation in J.. Statistical extrapolation of the
texture fluctuations suggests that the texture will
support high J. over kilometer lengths.
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