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A nonvacuum reel-to-reel dip-coating system has been used to
continuously fabricate epitaxial Gd2O3 buffer layers on me-
chanically strengthened, biaxially textured Ni–(3 at.% W–1.7
at.% Fe), defined as Ni-alloy, metal tapes. Because of its
significance as a seed layer, optimum processing conditions
(postannealing speed and temperature) of Gd2O3 buffer layers
have been studied. Highly textured films were obtained under
reducing (96% Ar � 4% H2) atmosphere at temperatures
between 1100° and 1150°C; postannealing speed did not
significantly affect the crystalline quality of the Gd2O3. Scan-
ning electron microscopy revealed a continuous, dense, and
crack-free surface morphology for these dip-coated buffers.
The Gd2O3 layer thickness led to pronounced differences in
the growth characteristics of the subsequent YSZ and CeO2

layers deposited by rf-magnetron sputtering. Epitaxial YBCO
films grown by pulsed laser deposition on the short prototype
CeO2/YSZ/Gd2O3/Ni–(3 at.% W–1.7 at.% Fe) conductors
yielded self-field critical current densities (Jc) as high as 1.2 �
106 A/cm2 at 77 K. Pure Ni tapes were used to assess the
viability of dip-coated buffers for long length coated conductor
fabrication. The YBCO films, grown on 80 cm long and 1 cm
wide CeO2/YSZ/Gd2O3 buffered Ni tapes by the industrially
scalable ex situ BaF2 precursor process, exhibited end-to-end
self-field Jc values of 6.25 � 105 A/cm2 at 77 K. These results
demonstrate the reproducible epitaxy of solution-derived seed
layers on pure Ni and Ni-alloy tapes as well as underscore the
viability of solution approaches for the production of long
length YBCO-based coated conductors.

I. Introduction

RECENTLY, scalable techniques for achieving long lengths of
biaxially textured buffer layers and superconductors on Ni or

Ni-alloy substrates have been proposed. One of the approaches
uses the concept of rolling-assisted biaxially textured substrates

(RABiTS).1,2 This technique employs thermomechanical process-
ing to obtain sharp biaxially textured metal tapes, which can be
produced over long lengths. The primary issue for the successful
development of coated conductors for high-temperature supercon-
ducting (HTS) wire applications is to chemically isolate the HTS
film from the metal substrate, preventing diffusion of Ni into the
superconductor during high-temperature processing, and also pro-
vide an epitaxial template for growth of the HTS coating. Various
combinations of oxide buffer layers have been tried on metallic
substrates for the development of HTS-coated conductors.1–14 The
most successful tape architecture has been the combination of
CeO2 and yttria-stabilized zirconia (YSZ), yielding YBa2Cu3O7��

(YBCO) films with high critical current densities (Jc) exceeding
106 A/cm2 (77 K, 0 T).2,8,10–13 Fabrication of these buffer layers
is generally conducted by vapor deposition processes such as
electron beam evaporation (e-beam), pulsed laser deposition
(PLD), or magnetron sputtering.1–13 A major challenge in using
any of these buffer-deposition techniques is prevention of unfa-
vorably oriented NiO on the Ni surface.2,10–13,15 This requirement
is difficult in principle since the growth of oxide films generally
requires elevated temperatures and oxidizing environment. An-
other issue of concern has been the formation of cracks in the base
CeO2 layer at thicknesses greater than a few hundred ang-
stroms;10,16,17 it is well understood that integrity of a seed buffer
layer is crucial for reproducible epitaxial growth of subsequent
oxide buffer and HTS layers.

For the commercial development of a practical superconducting
wire technology, more adaptive and easily scalable processing
techniques are highly required. Nonvacuum chemical solution
based processes,18–28 such as sol–gel and metal-organic decom-
position (MOD), offer many desirable aspects, such as precise
control of metal oxide precursor stoichiometry and composition,
mechanical simplicity, and low cost. Recently, it has been reported
that various RE2O3 (rare-earth (RE) � Gd, Yb, and Eu) and
RE2Zr2O7 (RE � La and Nd) oxide films can grow epitaxially on
textured Ni substrates by using solution-based methods.23–25,28

While short segments of sol–gel seeded Ni substrates with
sputtered CeO2/YSZ overlayers have yielded YBCO with Jc in the
range of 0.4 � 106–1.1 � 106 A/cm2 at 77 K,23–25,28 long lengths
of high-Jc YBCO coatings on solution seed buffer layers have not
yet been produced.

Much of the work reported using the RABiTS technique has
used high-purity Ni (99.99%) as the texture material. However, the
low mechanical strength and ferromagnetism of pure Ni present
significant challenges in long length manufacturing and hinders its
usage in applications where AC losses are an issue. Therefore, it is
desirable to work with textured alloy substrates that are much
stronger and nonmagnetic, or have reduced magnetism. Recently,
the successful texturing of Ni strengthened with small additions
(3–5 at.%) of W and (1.7 at.%) Fe has been reported.29,30 These
substrates, typically 50 �m thick, accommodate similar annealing
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conditions and show comparable grain sizes to those of pure Ni.
After recrystallization, however, they exhibit yield strengths (YS)
of 143 and 154 MPa at 0.02% and 0.2% strain, respectively, which
are much higher than those of pure Ni (YS � 40 and 58 MPa,
respectively).29 In addition, the saturation magnetization, M, of a
Ni–(3 at.% W–1.7 at.% Fe), [Ni-alloy], (M � 40 G�cm3/g) was
found to be significantly lower than that of pure Ni (M � 57.5
G�cm3/g at T � 0 K). Development of oxide buffer layers and HTS
coatings by both vacuum and nonvacuum processes on these alloys
has just begun.28,30,31 Recently, high-quality YBCO films with Jc

(self-field, 77 K) values of 1.9 � 106 A/cm2 have been demon-
strated on such substrates where the oxide buffer layers have been
grown by all-vacuum processes.31 In addition to vacuum-based
techniques, oxide buffer layers have also been grown directly on
Ni-alloy tapes by nonvacuum solution-based methods. However,
despite a good crystalline structure, to date there have been no
reports on the growth of high-Jc YBCO films on these sol–gel
buffered alloy tapes.

In this paper, first we report the epitaxial growth and property
characterizations of sol–gel processed, reel-to-reel dip-coated
Gd2O3 seed buffer layers on textured Ni-alloy substrates. Effects
of processing parameters on seed-layer quality and carbon reten-
tion were systematically explored. Second, as a proof of principle,
we present the growth of high- quality YBCO coatings on short
segments of these Gd2O3/Ni–(3 at.% W–1.7 at.% Fe) tapes with
sputtered CeO2/YSZ cap buffer layers. Third, we extend short
sample studies to demonstrate for the first time the continuous
fabrication of high-Jc HTS coatings in long lengths on pure Ni tapes
that have solution processed seed layers. The electrical transport
properties, measured over lengths (100 cm) of YBCO films grown
using the ex situ BaF2 precursor process, are also reported.

II. Experimental Procedure

(1) Preparation of Biaxially Textured Ni and
Ni-Alloy Substrates

Biaxially textured Ni (99.99%) and Ni–(3 at.% W–1.7 at.% Fe)
substrates were obtained by progressive cold rolling of polycrys-
talline, randomly oriented Ni and Ni-alloy bars to a total defor-
mation of 95%–98%. After mechanical deformation, 50 �m thick
and 1 cm wide substrates were first cleaned with isopropyl alcohol
in a reel-to-reel ultrasonic cleaning unit, and then annealed at
1100°C (for pure Ni) and 1250°C (for Ni-alloy) for 1 h in a
reducing, forming gas (96% Ar � 4% H2) atmosphere. The
procedure yields the desired {100}�100� cube texture to typical
levels of 6–8° FWHM.

(2) Preparation of Gd2O3 Solution and Coating Procedure
A 2-methoxyethanol solution of gadolinium methoxyethoxide/

acetate, prepared by an alkoxide sol–gel synthesis route, was used
to coat the Ni and Ni-alloy tapes. The solution preparation was
conducted under Ar gas atmosphere using a Schlenck-type appa-
ratus. To avoid premature hydrolysis, which can induce precipita-
tion, the as-received gadolinium acetate powder was first purified
by dissolving in a mixture of water and acetic acid at a ratio of 3:1,
filtered, and then evaporated to dryness in an oven maintained at
150°C for overnight to remove absorbed moisture. Then the
purified gadolinium acetate of about 3.34 g was dissolved in 40
mL of 2-methoxyethanol in a 250 mL round-bottomed flask. The
flask was refluxed for 1 h with excess 2-methoxyethanol to
exchange the acetic acid ligand with the methoxyethoxide ligand.
The final volume was adjusted to 40 mL to produce a 0.5M Gd2O3

precursor solution.
In a reel-to-reel dip-coating unit, tapes with dimensions of 10

cm in length and 1 cm in width were coated to determine the
optimum processing parameters of Gd2O3 seed layers on Ni-alloy.
The textured tapes were continuously pulled through the Gd2O3

precursor solution at a constant speed in the range of 20–300 cm/h.
These double-sided, dip-coated tapes were then transported, in a
flowing forming gas atmosphere, through a preheated furnace at
various temperatures (Tan) ranging from 1050° to 1250°C. For this

processing, different tape transport speeds (San) in the range of 5 to
30 cm/h were investigated, resulting in heating rates of 6° to
40°C/min, respectively. The rate is limited by the length of the
uniform hot zone for the present furnace, which spans 	10 cm.
After the growth conditions of Gd2O3 on Ni-alloys were optimized
based on structural and morphologic characterizations, the same
parameters were used for the growth on Ni tapes. In fact, from
detailed studies (not shown here) the growth conditions of Gd2O3

on both substrates are found to be similar.

(3) Preparation of YBCO Test Structures
Sputtering by the rf-magnetron technique was used to deposit

both YSZ and CeO2 overlayers on short segments of the dip-
coated substrates, yielding the buffer-layer sequence CeO2/YSZ/
Gd2O3/Ni–(3 at.% W–1.7 at.% Fe). Oxide sputtering targets were
2 in. in diameter and the system base pressure was 1 � 10�6 torr.
Samples were attached onto a heated substrate block assembly by
clipping at both ends, in an on-axis sputtering geometry. Sputter-
ing conditions for both oxides consist of a mixture of 10 mtorr of
forming gas and 2 � 10�6 torr of H2O, and a substrate temperature
of 780°C. Typical film thicknesses for these YSZ and CeO2 layers
were around 200 and 20 nm, respectively.

To assess the quality of the CeO2/YSZ/Gd2O3/Ni-alloy multi-
layer structure, YBCO films were deposited by pulsed laser
deposition (PLD), using a XeCl excimer laser system, operated
with energy density of 
4 J/cm2. Details of the experimental
conditions were reported elsewhere.7–9 Typical YBCO film thick-
nesses were 200 nm.

(4) Characterization Techniques
X-ray diffraction analysis was used to analyze phase, structure,

and texture (i.e., the orientation relationship of the grains relative
to the substrate material geometry) of the buffer layers as well as
the YBCO coatings deposited on short samples. A Philips Model
XRG3100 diffractometer with CuK� radiation was used to record
powder diffraction patterns. Texture analysis was achieved using a
Rigaku rotating anode X-ray generator with a graphite incident-
beam monochromator selecting CuK� with slits defining 2 mm �
2 mm beam. Pole figures were collected with a 4-circle diffrac-
tometer. The out-of-plane (�-rocking curve scans) alignment of
the films was measured by rocking the desired (00l) planes about
an axis perpendicular to the scattering plane (�-axis) and the
in-plane (
-scan) alignments were measured by rotating the
desired (hkl) planes around the normal to the sample plane. Peak
width FWHM values were determined by least-squares fitting to
Gaussian line shapes. The texture of long-length samples was
measured with a larger diffractometer (Model 4-circle, Huber) to
accommodate a reel-to-reel translation stage. Data were obtained
as a function of position by continuously measuring out-of-plane
(�-rocking curve scan) and in-plane (
-scan) alignments, while
translating the sample. Microstructural investigations were con-
ducted using a Hitachi S-4100 high-resolution field emission type
scanning electron microscope (HRSEM). The thickness of the
buffer and superconducting layers was determined by Rutherford
backscattering spectroscopy (RBS). In addition, ion spectroscopy
techniques were used to determine the carbon content of the
dip-coated buffers, by using a resonance for the 1.73 MeV H� ions
at near normal incidence. A standard four-point contact technique
was applied to measure the superconducting critical temperature
(Tc) and Jc of the YBCO films. For short samples, the distance
between voltage contacts was 4 mm and the values of Jc were
assigned at a 1 �V/cm criterion. Electrical contacts of silver were
deposited onto the samples using dc-magnetron sputtering fol-
lowed by an O2 annealing in 1 atm for 30 min at 500°C.

III. Results and Discussion

(1) Growth of Gd2O3 Seed Layers on Biaxially Textured
Ni-Alloy Substrates

Figure 1 shows the XRD �–2� spectrum for a series of
dip-coated Gd2O3 seed layers processed at various temperatures
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ranging from 1050° to 1170°C at a fixed San of 10 cm/h. At Tdep

� 1100°C, broad and relatively low intensity (00l) Gd2O3 reflec-
tions are observed as evidence of inhomogeneity or high structural
defect density. For 1100°C � Tdep � 1175°C, the (00l) peak
intensities increase and the reflections sharpen, indicating substan-
tial improvement in the crystalline quality of the films. Since
dip-coated film thickness is directly proportional to the coating
speed, which was kept constant for each individual sample,
comparison of the relative Gd2O3 (00l) peak intensities reflects the
crystalline quality of the films. At temperatures above 1200°C,
however, the films showed extra Gd2O3 peaks reflections, which
are indexed as belonging to Gd2O3 monoclinic phase compo-
nents.32,33 To investigate the influence of annealing speed on the
crystalline quality of Gd2O3, a series of films were annealed at Tan

� 1150°C in different San in the range of 5–30 cm/h. From the
comparable (00l) �–2� peak intensities, shown in Fig. 2, it is
apparent that San does not significantly affect the crystalline
quality of the Gd2O3. The effect of Tan on the in-plane and the
out-of-plane texture of Gd2O3 layers was also studied at a fixed San

� 10 cm/h, and the results are shown in Figs. 3(a) and (b),
respectively. Note that biaxially textured Ni-alloy substrates gen-
erally have slightly different in-plane and out-of-plane textures
depending on the specific rolling and crystallization conditions.
Thus, to make a direct and more quantitative comparison between
the processing parameters and the crystalline quality of the grown
films, the FWHM peak-width ratio relative to the underlying
Ni-alloy is plotted as a function of Tan. Substantial improvement in
the in-plane and out-of-plane alignment of the Gd2O3 layers is
observed with an increase in temperature above 1050°C. Deposi-
tions at Tan � 1100°C, however, did not significantly affect the
epitaxial quality. Similarly the effect of San on the epitaxial growth
of the films (for the same samples studied in Fig. 2) can be
observed from the results of �- and 
-scan peak-width ratios, as
shown in Fig. 4, for a fixed Tan � 1150°C. While San does not have
a remarkable influence on the in-plane alignment of the films, an
increase in San over 20 cm/h has a negative effect on the

out-of-plane texture, as evidenced by the gradual increase in the
�-scan FWHM ratios. Since the uniform hot-zone length is 	10 cm
for the present furnace, the latter effect for higher San can be correlated
with the decreased residence time in the effective hot-zone region. On
the other hand, the in-plane alignment is likely governed by the
crystallographic texture of the underlying substrate. Hence, the
combined observations of Figs. 1–4 suggest that the optimal range for
epitaxial growth of Gd2O3 on Ni–(3 at.% W–1.7 at.% Fe) should be
a Tan of 1100° to 1175°C and San � 30 cm/h.

The epitaxial quality of the Gd2O3 films was examined by XRD
pole figure analysis. The logarithmic-scale (222) pole figures for
two films processed at Tan � 1150°C and San � 20 cm/h, having
thin (25 nm) and thick (73 nm) Gd2O3 layers, are shown in Figs.
5(a) and (b), respectively. The data for both films indicate
single-domain epitaxy, with the Gd2O3[001]//substrate[001] and
Gd2O3[110]//substrate[100]. This result is important, since any
other orientational domains could lead to the potential disruption
of current flow by high-angle grain boundaries in the HTS layer.

For implementation of nonvacuum dip-coated Gd2O3 seed
layers into long-length wire manufacturing, it is important to grow
dense and crack-free layers with minimum carbon contamination.
Resonant RBS has been used to analyze the carbon levels (number
of carbon atoms/number of gadolinium atoms) in several Gd2O3

samples, with an interest on the correlation with respect to Tan and
San. The results are summarized in Table I. The slight variations in
thickness for the same coating speed are due to differences in the
solution viscosity. While we observe no strong dependence of
carbon content on either Tan or San, the overall carbon levels are
significant (
0.4–0.6 carbon/gadolinium atom). These levels,
however, do not adversely affect the surface morphology of the
thinner buffers, as shown in the following. Plan-view HRSEM
micrographs of the surface morphology for 25 and 73 nm thick
Gd2O3 films fabricated on biaxially textured Ni-alloy substrates
are presented in Figs. 6(a) and (b), respectively. While each sample
exhibits a continuous, crack-free, and dense surface morphology,
significant surface roughening develops for the thicker coatings (Fig.

Fig. 1. XRD �–2� patterns of dip-coated Gd2O3 films grown on biaxially
textured Ni–(3 at.% W–1.7 at.% Fe) substrates at various annealing
temperatures.

Fig. 2. XRD �–2� patterns of dip-coated Gd2O3 films grown on biaxially
textured Ni–(3 at.% W–1.7 at.% Fe) substrates at 1150°C, for various
annealing speeds.
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6(b)). On the other hand, thinner coatings (25 nm) exhibit extremely
smooth and featureless surface microstructure (Fig. 6(a)), with an rms
roughness of 	3 nm as determined by atomic force microscopy
measurements. Such surface morphology should best serve the goal of
obtaining high-quality YBCO coatings, despite the internal carbon
content of the Gd2O3. The effects of Gd2O3 seed layer thickness on
the growth characteristics of subsequent oxide buffer layers are
discussed in the following section.

(2) Structural and Superconducting Property
Characterizations of YBCO/CeO2/YSZ/Gd2O3/Ni-Alloy
Multilayer Structure

After optimizing the fabrication process for dip-coated Gd2O3

films on Ni-alloys, we have first deposited YSZ and CeO2

overlayers by rf-magnetron sputtering, and then investigated the
quality of this solution seeded CeO2/YSZ/Gd2O3 buffer layer
structure by depositing YBCO films. In this architecture the YSZ
buffer layer acts as a Ni diffusion barrier and the CeO2 layer
ensures a better lattice match with YBCO. Figures 7(a) and (b)
show the results of XRD �–2� scans for the CeO2/YSZ bilayers
deposited on Gd2O3/Ni-alloy substrates, where the Gd2O3 layer
thickness is 25 and 73 nm, respectively. The data show that
CeO2/YSZ bilayers grown on thicker Gd2O3 layers have a poly-
crystalline nature (Fig. 7(b)), whereas films deposited on thinner
seed layers exhibit excellent c-axis oriented growth (Fig. 7(a)).
This growth behavior seems overwhelmingly governed by the
surface morphology of the Gd2O3 films. It is known that surface
roughness exacerbates adverse interfacial reaction between the

Fig. 3. Dependence of the normalized XRD FWHM peak widths, quantifying the crystallinity of Gd2O3 films as a function of postannealing temperature:
(a) the out-of-plane distribution width ��; (b) the in-plane distribution width �
. The lines serve as a visual guide.

Fig. 4. Effect of postannealing speed on the FWHM ratios of �-rocking curves and 
-scans for Gd2O3 films on Ni–(3 at.% W–1.7 at.% Fe) tapes, fabricated
at 1150°C. The dashed line serves as a visual guide.
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film and the substrate. Therefore, the relatively coarse surface
morphology of thicker Gd2O3 films could contribute to polycrys-
talline growth behavior of the CeO2/YSZ overlayers.

Following deposition of CeO2/YSZ overlayers, suitability of the
CeO2/YSZ/Gd2O3/Ni-alloy structure was tested with the growth of
YBCO films. A typical XRD �–2� scan is shown in Fig. 7(c),
where the pattern indicates only (00l) reflections for the YBCO,
demonstrating c-axis perpendicular to the substrate surface. After
YBCO deposition, weak NiO impurity peaks are observed at 37°
and 44°, implying minor oxidation of the metal substrate interface
during the HTS processing step. However, this occurrence seems
to have no adverse effect on the superconducting properties. The
relative in-plane and out-of-plane textures between individual
layers are documented in Figs. 8(a) and (b), respectively. The
�-rocking curve scans (Fig. 8(a)) obtained through the (002) peak
reflections for Ni, YSZ, and CeO2 (004), reflection for Gd2O3, and

Fig. 5. The (222) logarithmic pole figure of (a) 25 nm and (b) 73 nm thick dip-coated Gd2O3 film processed on biaxially textured Ni–(3 at.% W–1.7 at.%
Fe) at 1150°C with an annealing speed of 20 cm/h.

Table I. Processing Conditions and the Resulting Carbon
Contents of Several Dip-Coated Gd2O3 Films for a Series of

Annealing Temperatures, Annealing Speeds, and Coating
Speeds

Temperature
(°C)

Coating speed
(cm/h)

Annealing speed
(cm/h)

Gd2O3
thickness (Å)

No. of carbon at.
No. of Gd at.

1050 300 10 730 0.59
1100 300 10 670 0.58
1150 300 10 710 0.37
1175 300 10 730 0.39
1150 20 5 185 0.55
1150 20 20 130 0.49
1150 20 30 250 0.41
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the (006) reflection for YBCO, yield peak-width FWHM values
(��) of 5.2°, 7.2°, 7.7°, 6.4°, and 5.8°, respectively, indicating
good out-of-plane crystallographic alignment among the layers.
In-plane textures of the individual layers for the same sample are
illustrated in Fig. 8(b), where 
-scan data through the YBCO(103),
CeO2(111), YSZ(111), Gd2O3(222), and Ni(111) reflections reveal
four equally spaced peaks, with similar in-plane FWHM values
(�
) of about 8–9°. These in-plane epitaxial orientations corre-
spond to CeO2, YSZ, and Gd2O3 basal planes that are rotated 45°
relative to in-plane Ni-alloy substrate (100) axis, whereas the
a-axis and b-axis of the YBCO are rotated 45° with respect to the
top CeO2 axes. The observed 45° rotations are anticipated accord-
ing to the lattice match considerations between subsequent layers.

Since the qualifying test for any coated-conductor buffer-layer
structure is compatibility with the deposition of high-quality,
high-Jc YBCO coatings, electrical transport and superconducting
property measurements were conducted on the same sample.
Figure 9 compares the magnetic field (H//c-axis) dependence of Jc

at 77 K with those of YBCO films grown on solution derived

CeO2/YSZ/Gd2O3(dip-coated)/Ni and on standard, all vacuum
deposited, buffer layer RABiTS architecture of CeO2/YSZ/CeO2/
Ni. The inset of this figure shows the superconducting transition
region of the temperature-dependent resistivity, yielding a zero-
resistance Tc � 90.5 K. The zero-field transport Jc of the
YBCO/CeO2/YSZ/Gd2O3/Ni-alloy sample is 1.2 � 106 A/cm2 and
it exhibits a high irreversibility field (Hirr) of 7 T. This Jc

performance is comparable to that of epitaxial YBCO films on
CeO2/YSZ/Gd2O3(dip-coated) and all-vacuum CeO2/YSZ/CeO2

buffered biaxially textured Ni substrates. Thus, the microstructural
requirements for high-Jc are imparted in YBCO through the
CeO2/YSZ/Gd2O3, including a near absence of weak-linked high-
angle grain boundaries and an overall high degree of in- and
out-of-plane alignment. The slight differences in high-field Jc

behavior of the different samples arise from subtle variations in
flux pinning properties, which can be associated with small
changes in YBCO deposition conditions, composition, and sub-
strate surface properties.

(3) Long-Length Fabrication of RABiTS Architecture Based
on Dip-Coated Gd2O3/Ni Tapes

Having realized excellent structure and superconducting prop-
erties of YBCO films on short segments of CeO2/YSZ capped,
sol–gel synthesized Gd2O3 seed layers, we devoted our efforts to
long-length implementation of the same architecture on Ni tapes.
Figure 10 plots the XRD �-rocking curve intensity distributions
for the CeO2(002) � Gd2O3(004) and YSZ(002) peak reflections
taken along a 1 m length of CeO2/YSZ/Gd2O3(dip-coated) buff-
ered Ni tape. The tape was drawn through the solution at a rate of
80 cm/h, and the film was annealed in a preheated furnace at a
speed of 20 cm/h at 1130°C. It should be mentioned that by
reducing the concentration of Gd2O3 precursor solution from 0.5M
to 0.25M, 80 cm/h coating speed results in a layer thickness of

Fig. 6. High-resolution SEM micrographs for (a) 25 nm and (b) 73 nm
sol–gel dip-coated Gd2O3 seed layers on (100) textured Ni–(3 at.% W–1.7
at.% Fe) substrates.

Fig. 7. XRD �–2� scans, of the CeO2/YSZ bilayers on Gd2O3/Ni–(3 at.%
W–1.7 at.% Fe) substrates, where the Gd2O3 layer thickness is about (a) 25
and (b) 73 nm. (c) A typical XRD �–2� spectrum for a YBCO film on the
CeO2/YSZ/Gd2O3(20 nm)/Ni–(3 at.% W–1.7 at.% Fe) multilayer structure.
YBCO peaks are labeled by (00l) indexes.
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Fig. 8. XRD (a) out-of-plane (�-scans) and (b) in-plane (
-scans) texture for an epitaxial YBCO film (200 nm thick) on a CeO2/YSZ/Gd2O3/Ni–(3 at.%
W–1.7 at.% Fe) multilayer structure. The FWHM (�� and �
) for each scan are indicated.

Fig. 9. Magnetic field dependence of Jc, measured at 77 K, for a YBCO film on the CeO2/YSZ/Gd2O3/Ni–(3 at.% W–1.7 at.% Fe) multilayer structure.
Also shown for comparison are Jc (H, 77 K) for the YBCO/CeO2/YSZ/Gd2O3/Ni and YBCO/CeO2/YSZ/CeO2/Ni. The inset shows the resistive
superconducting transition region of the present sample.
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	20–25 nm. Uniform c-axis alignment among the buffer layers
can be seen from this figure. Slight changes in the �-rocking curve
intensities are due to variations in the thickness of the buffer
layers. Since the Bragg angles for the CeO2(002) and Gd2O3(004)
reflections are nearly coincident, it was not possible to distinguish
them within the resolution of our XRD system. Similarly, excellent
uniformity for the in-plane texture of the YSZ layer is evident from
the plot (Fig. 11) of XRD 
-scan intensity distribution recorded
from the YSZ(111) reflection along the tape length. The �- and

-scan FWHM values of 7.7° and 8.7° obtained for CeO2–YSZ–
Gd2O3 buffers and YSZ layer, respectively, are comparable to
those of the Ni substrate (�� � 7.8°, �
 � 8.5°). The quality of
this tape was examined by depositing YBCO films using the ex
situ BaF2 precursor process in a reel-to-reel system. Details of this
experimental procedure were reported earlier.34,35 The results of
electrical transport Jc measurements at 77 K and zero applied field,
conducted over a 80 cm long section of the same YBCO/CeO2/
YSZ/Gd2O3/Ni tape, are shown in Fig. 12. The sectional Jc values
were taken at each 1-cm increment along the tape length. The tape
width is 1 cm and the thickness of the YBCO coating is 300 nm.
It is clear from the figure that the sample exhibits an average Jc

value of 7.5 � 105 A/cm2 and it supports an end-to-end Jc of
6.25 � 105 A/cm2, with some regions reaching Jc values of 1 �
106 A/cm2. The latter value represents the best-recorded perfor-
mance on short samples. The low Jc sections marked with � are

associated with visible line features along the YBCO thickness,
resulting from the variations in the composition of YBCO(BaF2)
precursor films. Despite the existence of these flaws, the present
results represent the first reported achievement of high-Jc YBCO
performance on a long length RABiTS structure having a non-
vacuum solution processed seed layer.

IV. Summary and Conclusions

We have demonstrated the fabrication of high-Jc YBCO coat-
ings on sol–gel processed, reel-to-reel dip-coated Gd2O3 seed
buffer layers on textured, strengthened Ni and Ni-alloy substrates,
with sputtered CeO2/YSZ overlayers. High-quality Gd2O3 layers
were achieved at temperatures between 1100° and 1150°C under
reducing forming gas (96% Ar � 4% H2) atmosphere. It has been
found that the postannealing throughput speed (San) does not have
a significant affect on the in-plane alignment of Gd2O3. However,
the out-of-plane alignment has a tendency to degrade for San

exceeding 20 cm/h. Whether these findings will limit processing
speeds requires further study of the independent affects of ramp
rate and residence time in the furnace. The surface roughness of
Gd2O3 films was found to depend strongly on the thickness of the
layers by the combination of coating speed and solution viscosity,
which produced notable differences in the growth characteristics
of the subsequent YSZ and CeO2 barrier and cap layers. The
combinations of smooth morphology and crystalline cap buffer
layers on thin Gd2O3 yielded YBCO films with self-field Jc values
as high as 1.2 � 106 A/cm2 at 77 K. The magnetic field
performance of Jc was as good as that obtained for YBCO films on
standard CeO2/YSZ/CeO2 buffered Ni substrates.

After establishing this proof of principle on short prototype
conductors, we have presented our results on a length demonstra-
tion (100 cm) of dip-coated Gd2O3 seed layers on biaxially
textured Ni. The YBCO films grown using the ex situ BaF2

precursor approach on this nonvacuum and vacuum derived
CeO2(sputtered)/YSZ(sputtered)/Gd2O3(dip-coated)/Ni multilayer
structure supported a mean self-field Jc value of 7.5 � 105 A/cm2

at 77 K with some regions reaching 1 � 106 A/cm2. These
observations underscore the potential viability of nonvacuum
chemical solution-based synthesis routes for the development and
manufacturing of RABiTS-based coated conductors.
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