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YBCO coated conductor using biaxially textured clad composite Ni-Mn/Ni-Cr
substrate

Abstract

A new biaxially textured composite tape of Ni-4.5% Mn/Ni—-1.5% Cr was used as a substrate for a YBCO
coated conductor through the RABITS approach. Multi-layer CeO2/YSZ/Y203 buffer layers and YBCO film

were deposited on the substrate by pulsed laser deposition. The deposition conditions of the buffer layers
and the YBCO were studied and compared. Good biaxial textures have been obtained for buffer layers on
composite Ni-4.5% Mn/Ni—1.5% Cr substrates. Scanning electron microscopy on sample cross-sections
was used to examine the interface and diffusion of oxygen. The uniform formation of an Ni—-Mn-0 layer
between NiO and the Ni-4.5% Mn layer was observed, and the Ni-Mn-0 layer restricted the further
growth of NiO layer, which was thin and not continuous, within the coated conductor during YBCO
deposition at higher temperature and higher oxygen pressure. The J; of YBCO films on these metal

substrates was 1.5 x 108 Acm™2 at 77 K,0T.
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1. Introduction

A high temperature Superconducting (HTS) YBa;Cu; 0,4
{YBCO) coated conductor which consists of a superconducting
layer and 2 buffer fayer (which is multi-layer thin films)
deposited on flexible metal tape is expected to satisfy the
requircments of practical applications of high temperature
superconductors in electrical power devices operating at liquid
nilrogen temperature. Two main methods have been used to
obtain biaxial texture of the Superconducting layer, which is
required for high current-carrying capability of the HTS coated
conductor.  One methad [1, 2] uses ionized-beam-assisted
deposition (IBAD) 10 make the first thin flm layer deposited
on the polycrystaliine meta] tape biaxially textured, which
is followed by subsequent epitaxia) deposition of additional
buffer layers and superconducting layer. The other method,
called rolling-assisted biaxialiy textured subsirate (RABITS),

uses biaxially textured metal tape which is made by heat
4 Author to whont any correspendence should be addressed.
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treatment under controlled atmosphere following mechanical
deformation, and the texture of the metal tape is transferred
to the buffer layer and then up 1o the superconducting layer
through epitaxial deposition [3, 4]. It has been shown that
nickel is well suited as 2 substrate material for the RABITS
approach because it forms a very strong cube texture after
rolling and recrystallization. In addition, it is mere resistant
to oxidation than ¢.g, copper, and the small lattice mismatch
with the oxides used for buffer layers allows epitaxia] growth
of buffer layers and YRCO film. Current densities exceeding
10° A em™2 at 77 K self-field have been achieved in the YBCO
coated conductors made on textured Ni metal tape [5, 6).
The nickel, however, has disadvaniageous properties: (i) the
ferromagnetism of the nicket feads to magnetization losses in
ac field; (i) its low tensile strength after heat-treatment limits
the possibility of thin tapes, which are necessary to obtain 2
high engineering current density (i.e. the current in the HTS
divided by the whole Cross sectional area of the tape) [7].
One method of solving these problems is using Ni-alioy
substrate instead of pure Ni [8]. The ferromagnetic Curie
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lemperature can be suppressed by alloying, which can help
decrease the ac losses. The strength of the tapes is alse

expected to be enhanced by alloving due to solid solution

hardening. Elements that can supptress the ferromagnetism
of Ni within the solubility region are V, Cr, 8i, AL T{ and
Me. Compared with a pure Ni substrate, Ni with a small
amount of alloying exhibits significantly reduced ac losses and
increased mechanical strength, However, for alloy substrates,
in particular, Ni afloy substrates containing Cr, subsequent
epitaxial growth of the first oxide buffer Tayer is very difficuit.
The deposition of epitaxial oxides directly onthe Cr-containing
alloy reslts in the formation of non-cubic Cr;O. One way
to get around this problem is to deposit a thin Javer of Ni or
Ni-W on the Ni-Cr alloy before the deposition of the first
buffer layer. Another method is the design of a RABITS clad
composite substrate. These clad composite substrates were
originally developed in Japan by inserting a core metal rod into
a Ni pipe or by sandwiching a core metal sheet between two
Ag plates, which was followed by subsequently ¢oid rofling
and annealing as in the usual RABITS process [91. The core
metal is usuaily stronger and/or has better magnetic properties
in order to improve the performance without losing the biaxial
lexture of the original tape on the outer layer.

There are many reports on RABiTS-based costed
conductors that used Nj alloy substrates. Untl recently Ni-W
tape has been the most commonly used for replacing pure Ni
tape in the RABITS process [10-13]. Some studies on costed
conductors based on Ni—-Cr tapes have been reported [14], and
a clad composite Ni-Crbased tape has been used forthe IBAD
appreach [9]. To my knowledpe, there is no report about
using Ni-Mn alloy substrate for a coated conduclor, Adding
manganese ¢an control grain size and suppress abrormnal) grain
growlh during recrystailization and make grains more stable
at high/low temperatures. Moreover, adding manginese can
increase the ductility and high strain hardening czpacity of
the Ni-Mn tape [15]. In this study, clad composite Ni—
4.5% Mn/Ni~1.5% Cr substrale was used as a substrate for a
coated conductor through the RABITS approach. The thermal
expansion coefficients of the substrate (especially for Ni-
1.5% Cr) can maich both the buffer layers and the YBCO
film within <10%. Buffer layers with the archifscture of
CeO/YSZ/Y50y were prepared by pulsed laser dsposition
(PLD). Deposition conditions, fexture, microstructure and
interfaces, and superconducting properties were studied,

2. Experimental details

PLD was used to deposit alt oxide layers: Ce0y, Y203, YSZ,
and YBCO. In the PLD system, stoichiometric Y2021, YSZ,
CeO; and YBCO ceramic targets 2 inches in diameter were
mounted on a multiple target carrousel, which allowed all
oxide depositions for the YBCO coated conductor specimens
to be deposited in the same chamber i sific. The
background pressure of the PLD chamber was kss than
107¢ Torr, Biaxially textured clad composite nickel alloy
(Ni—4.5% Mn/Ni-1.5% Cr) tape was obtained from aGerman
supplier, which has a sandwich structure with a corelayer of
Ni-1.53% Cr and outside layers consisting of Ni-4.5% Mn.
The total thickness of the substrate is about 0.11 mm, and the
thickness of the Ni-Mn outer layer is greater than 10 m.,
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This tape has increased mechanical strength compared to pure
Ni tape. The substrates used in this investigation had biaxial
textures with in-plane and out-of-plane textures evaluated by
the full width at half maximum (FWHM) of the ¢-scan (Ap)
and the w-scan (Aw) of Ag = 8°-10° and Aw = §°-9°,
respectively.  97% of the metal tape swface area was cube
textured, as evaluated by pole figures.

The substrates, with a size of about 3 x 10 mm?, were
attached with silver paste to the target holder (also the
heater), which was directly facing the target, The deposition
temperature was measured by a thermocouple located in the
heater block. The particulars of the deposition system were
the following: fixed laser beam at an angle of 60° to the
normal of the target; target-substrate distance 50 mm; target
sotation 25 rpm. The deposition conditions were the following;
faser repetition rate 5-20 Hz; the of the laser spot on the
rarget 5 x 1 mm?; pulsed laser energy density on the target
2-3 Y em™2, Prior to deposition, substrates were heated from
room lemperature 1o the deposition temperature of Y03 in a
200 mTorr Ar/4% M, gas mixture, to prevent oxidation of the
pickel substrate, Specimens were fabricated at different stages
in the YBCO/CeOp/YSZ/Y 2 03/Ni architecture. This allowed
for a study of the texture, smoothness, and microstructure of
gach of the deposited layers and the development of the stack.

The Y;04 seed layer was deposited in 200 mTorr of
AtfA% Hy for T min at a 5 Hz laser repetition rate. Then
the laser repetition rate was increased to 10 Hz for 4 min,
In a reducing atmosphere, the (00/) orientation of Y20, can
be obtained over the wide deposition lemperature range of
500750 °C, which is basically due to the good lattice match
petween Y03 and Ni (lattice mismatch about 5.7%). After
XRD ¢-scan and w-scan analyses, an optimal deposition
temperature for the first step was chosen around 650 °C. The
reducing atmosphere was removed by pumping to the base
pressure of the system, which was ~8 x 10~¢ Torr, and then
te second part of the Y»0s film was deposited. At this
step, two deposition atmospheres were chosen and compared.
one was 0.1 mTorr oxygen atmosphere, and the other was a
vacuum below 8 x 1078 Torr which was the base pressure of the
deposition system used in this study. The biaxial textures of the
¥503 films deposited under these two conditions are almost
the same. From the point of view of preventing the undesirable
formation of an NiO layer between the metal substrate and the
v,03 layer, it should be advantageous to deposit Y504 inhigh
yacuum at this stage. However, after our examination of the
films, we found that the NiO layer and the Ni—-Mn—O reaction
and diffusion layers shown in the cross-section SEM image
(hgure 53 were not formed at this stage. The laser Energy
density on the target for Y;04 deposition was maintained at
shout 2 T em™?, After the Y203 deposition, oxygen gas was
senintroduced into the chamber, After stabilizing the pressure
o | mTorr the temperature was then increased from 650 to
780°C, and the YSZ buffer Tayer was deposited for 20 min
jn the current oxygen atmosphere. For the YSZ deposition,
the laser energy density on the target was increased to about
gJem™ and the repetition rate to 20 Hz. Deposition times
can be increased or decreased to change the thicknesses of the
Wers.

A cap layer of CeQ, was deposited at the same laser
pactgy densily as for YSZ and at a repetition rate of 5 Hz
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Figure 1. XRD 0-2¢ scans for a typical
YBCO/CeOy/YSZY ,05/Ni-4.5% Mn/Ni-1.5% Cr sample.

for 2 min. After deposition of the final buffer layer, the
oxygen pressure was subsequently increased to 200 mTorr,
and the superconducting YBCO layer was then deposited on
the buffer layers. The YBCO film was deposited within a
deposition temperature range of 770~790°C in 200 mTorr
oxygen pressure. The laser conditions were the following:
energy of 150 mJ]/pulse and repetition rate 10 Hz. Following
deposition, the YBCO film was quickly cooled to 550 *C under
the deposition pressure, and then kept for 20 min under an
oxygen pressure of 500 Torr. It is not suggested that these are
the optimal conditions for PLD of the various layers, but they
are the ones used in this investigation.

The as-deposited films were analysed by a variety of
characterizations. To study the crystalline alignment of the
substrate, buffer layers and supercenductor film, XRD §-26
scans, w-scans and ¢-scans were made to examine the textures
of samples. The microstructure of the varions films was
investigated by scanning electron microscopy (SEM) with
surface and cross-sectional views. A Digital Instruments
atomic force microscope (AFM) was used to characterize
the surface morphology and roughness of the buffer layers.
Electrical property characterizations of the samples were made
using a standard four-probe technigue with a 1 uVem™!
criterion: to determine the critical current {I.) as well as the
transition temperature 7;. The thicknesses of the films were
determined by etching the YBCO at an edge and measuring
step height using a profilometer.

3. Results and discussion

To examine the epitaxial growth of the successive layers
and determine the transfer of the biaxial texture of metal
substrate to the fiims deposited on this, a series of XRD
scans was taken. X-ray 6-28 scans on the intermediate
buffer layers of YBCO/CeO4/YSZ Y5 0a/MNi-4.5% Mn/Ni-
1.5% Cr architecture showed sharp (00[) peaks indicating
excelient c-axis texture in buffer layers that was carried over
to the superconducting YBCO layer {a typical figure is shown
in figure 1). However, there were very small NiO (111)
and (200) peaks that were likely to form during the YBCO
deposition.  ¢-scans of the different oxide layers on the
substrate indicate in-plane alignment of the various layers.

FWHM of
& -scans

b

e, (1L1)
g,

YBCO (303)

¥YSZO1)
8.6 |
¥,0; (222}
9.6 JLN
Wi 5500 (111)

UL

o 109 200 0 400

Figure 2. XRD ¢-scans for the typical results of a
YBCO/CeOy/YSZ/Y,02/MNi~4.5% Mn/Ni-1.5% Cr sample.

With a starting Ni—4.5% Mn with A¢ of 9.5°, the subsequent
A¢ are for CeDy = 9.6°, YSZ = 8.6°, CeO; = 8.8° and
YBCO = 9.1° ({figure 2 shows these XRID ¢-scans of a typical
YBCOICeOy/YSZ/Y 2 04/Ni—4.5% Mn/Ni-1.5% Cr sample).
The role of YSZ was mainly as a barrier layer to prevent
diffusion of oxygen and cation elements between YBCO
and substrate. The relationship between superconducting
properties of YBCO and the thickness of YSZ was analysed.
YSZ layers were deposited with the thicknesses between 50
and 1000 nm at a deposition rate of about 35 nm min~" while
the thicknesses of other layers were kept constant. For this
group of samples, the FWHM value of the XRD ¢-scan for the
(111) plane of YSZ did not change much with increasing YSZ
filmthickness, and the average value was about 8.2°, indicating
that the in-plane alignment was not changed by increasing the
thickness of the YSZ buffer layer. The J; of the YBCO film
was increased with increasing thickness of the YSZ, and the
Jo remained about 1 MA cm™? once the thickness was greater
than 300 nm. Figure 3 shows the relationship between the
FWHM of the ¢-scan, the thickness of the YSZ film and the
critical current density. Figure 4 shows the 7 and I plots of
a typical sample, The /-V plot of the current measured in a
typical specimen indicated that a 3.1 mm wide sample carried
a critical current (I;) of 10 A at liquid nitrogen temperature,
which is equivalent to a J, of 1.5 MA em™? at 77 K and self-
field. The T, of the sampie was 87.5 K.
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200 nm, respectively).
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Figure d. The [, and T, measurements of a typicai
YBCOMKCeO,/YSZ/Y:05/Ni~4.5% Mn/Ni-1.5% Cr sample with the
YBCO thickness 220 nm. The width of the sample was 3.1 mm.

Figure 5 is an SEM cross-sectional image of a
YBCO/CeO,/YSZ/Y,0y sample.  From the image, the
thicknesses of Y203, YSZ, and YBCO were about 65, 290,
and 130 om, respectively, The thickness of the CeQ, film was
about 2.5 nm calculated by deposition rate and time. This layer
cannot be seen clearly in figure 4 because it is too thin, The
interfaces between Y,04 and YSZ and also between YRCO
and CeO, (YSZ in the image) were clean and smooth, The
Y203, ¥YSZ, and YBCO layers were dense from the SEM
images.

The NiG layer identificd by energy dispersive spec-
trescopy (EDS) during SEM of the cross-section, was present
along the interface between the buffer and substrate, It was
not uniform and not continuous. It should again be noted
that NiO development within the sample occurred duzing the
YBCO deposition process and not during the buffer fayer de-
position. The thickness of NiO depended on the deposition
time of YBCO, e.g. the thickness of YBCO. In this image, the
YBCO film is thin (about 130 nm) so the NiO layer is not con-
tinuous. The layer of material between the Ni-Mn layer and
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Figure 5. Cross-sectional SEM image of an
YBCO/Cey/YSZIY,05/Ni-4.5% M/Ni-1.5% Cr sample.

NiO was identified by SEM-EDS as consisting of Ni-Mn-0O
species. Because this Ni-Mn-O layer is also formed during
the YBCO deposition, it does not damage the texture of the
buffer layers. Unlike the NiO peaks in figare 1, the XRD §-20
scan cannot show evidence of the Ni-Mn-0 layer, since there
may be overlap with other peaks. The reason that the Ni-Mn-
O layer was thicker than the NiO layer is that elemental Mz
is more easily oxidized than Ni for a given amount of O,. It
is supposed that the formation of Ni-Mn-O between Y,
and the Ni-Mn/Ni~Cr substrate restricted the further growth
of NiQ within the coated conductor during YBCO deposition
at higher temperatures and higher oxygen pressure. Although
currently being investigated, the mechanisms responsible for
the development of the Ni-Mn~O layer within the substrates
are not fully understood, The EDS-SEM analysis cannot give
accurate quantitative measure of the elements present, and fur-
ther study is under way to identify the Ni-Mn—O phase.

An AFM image of the YBCO on top of the sample is given
in figure 6. The outgrowths, or particulates on the surface, are
evident here, The AFM scan on this specimen indicates that
the Rys roughness over a 20 wm x 20 pm area was about
57.4 nm including the outgrowths and was 26.7 nm over the
same arca if outgrowths are excluded. This can be compared
to the roughness of the CeQ, layer, which is Rys = 2.6 nm.
The surface of YBCO layer is rougher than the underlying
layers, which can be easily expected.
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(b) T .

£ 290,000 mesaiy

2,000 iy

Figure 6. AFM image showing the surface morphology and
roughness of the YBCO layer: (a) 2D deflection image; (b} 3D
height image.

4. Conclusions

The biaxially textured composite tape of Ni—4.5% Mn/Ni-
1.5% Cr was used as the substrate for a coated conductor
through the RABITS approach in order to reduce the
ferromagnetism and to increase the mechanical strength.
Multi-layer CeQa/YSZ/Y,05 buffer layers were deposited on
the substrate by pulsed laser deposition. The Y403 layer was
deposited in two steps at Ar/d% H, gas and vacuum in order
to obtain a good biaxial texture seed layer and prevent the
formation of NiO. The biaxial textures of buffer layers have
been obtained on Ni~4.5% Mn/Ni-1.5% Cr substrates. The
thickness of the YSZ barrier layer was important to achieve
a high J, of YBCO film, and the threshold thickness was

~300 nm. Cross-sectional SEM and EDS were used to
identify the presence of NiC and Ni-Mn~O layers at the buffer—

substrate interface. The Ni-Mn—0 layer was found to form a

uniform layer between Y05 and Ni—4.5% Mn with thickness
of 30 nm, which was supposed to limit further NiO growth
to between 5 and 10 nm in thickness. The best J, of YBCO
films deposited by PLD on top of the CeOaf/YSZ/Y 05/ (Ni-
4.5% Mn/Ni-1.5% Cr) was about 1.5 x 10° Aem=2 a1 77 K
and self-field.
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