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ROUND SUPERCONDUCTOR WIRES

Cross Reference to Related Application(s)

[0001] This application claims priority to U.S. provisional patent application number
62/751,328, filed on October 26, 2018, which is hereby incorporated herein by reference in its

entirety.

Government Sponsorship

[0002] This invention was made with government support under DE-SC0015983 awarded by
U.S. Department of Energy - Small Business Innovation Research (SBIR). The Government

has certain rights in the invention.

Field

[0003] The embodiments disclosed herein are in the field of superconductors. More
particularly, the embodiments disclosed herein relate to round superconductor wires and
methods of fabricating same, which, inter alia, achieve a round superconductor wire having

improved current density in high magnetic field applications when made in small diameters.

Background

[0004] A promising high temperature superconductor (HTS) candidate for use in accelerator
magnets are RE-Ba-Cu-O (REBCO, RE=rare earth) coated conductors that are fabricated by a
reel-to-reel thin film process. Two challenges with REBCO coated conductors as compared to
Nb-Ti, NbsSn, and Bi-2212 wires are associated with their overall flat rather than round cross-

sectional geometry and a wide (~ 12 mm) profile rather than a multifilamentary architecture.
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To address these issues, globally, there have been recent efforts on high-current multi-strand
REBCO cable configurations for accelerator applications such as ROEBEL cables in a
rectangular structure, twisted stacked tape cables, and conductor-on-round-core (CORC®)
cables/wires. On the other hand, current round RE-Ba-Cu-O (REBCO, RE = rare earth)
superconductor wires are limited in engineering current density (Je) levels of about 400 A/mm?
at 20 T when made in diameters less than 2 mm. Problems in degradation of high-performance

REBCO tapes when wound to such small diameters are limiting the Jc levels of the round wires.

[0005] Therefore, there is a need to achieve increases in the J. of round REBCO wires to
substantially higher levels of about 1000 A/mm? at 20 T when wound to diameters less than 2

mm.

[0006] Thus, it is desirable to provide a round superconductor wire and method of making

same that are able to overcome the above disadvantages.

[0007] These and other advantages of the present invention will become more fully apparent

from the detailed description of the invention herein below.

Summary

[0008] Embodiments are directed to a round superconductor wire including at least two
superconductor tapes wound on a wire former. Each superconductor tape comprises: a bottom
stabilizer layer; a bottom silver layer disposed above the bottom stabilizer layer; a substrate
disposed above the bottom silver layer; a buffer film stack disposed above the substrate; a
superconductor film disposed above the buffer film stack; a top silver layer disposed above the
superconductor film; and a top stabilizer layer disposed above the top silver layer. Atleast one
of the bottom stabilizer layer, bottom silver layer, substrate, buffer film stack, superconductor

film, top silver layer, or top stabilizer layer is of a different width, thickness, or material
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composition in one of the superconductor tapes than in another of the superconductor tapes
which is inward from the one superconductor tape, such that the one superconductor tape is an

outer superconductor tape and the another superconductor tape is an inner superconductor tape.

[0009] In an embodiment, a thickness of the top stabilizer layer in the outer superconductor

tape is less than a thickness of the top stabilizer layer in the inner superconductor tape.

[0010] In an embodiment, a thickness of the substrate in the outer superconductor tape is

greater than a thickness of the substrate in the inner superconductor tape.

[0011] In an embodiment, a thickness of the superconductor film in the outer superconductor

tape is greater than a thickness of the superconductor film in the inner superconductor tape.

[0012] In an embodiment, a thickness of the outer superconductor tape is greater than a

thickness of the inner superconductor tape.

[0013] In an embodiment, a width of the outer superconductor tape is greater than a width of

the inner superconductor tape.

[0014] In an embodiment, a copper content in the top stabilizer layer of the inner
superconductor tape is greater than a copper content in the top stabilizer layer of the outer

superconductor tape.

[0015] In an embodiment, a substrate of the inner superconductor tape comprises a nickel
content more than 90% and a substrate of the outer superconductor tape comprises a nickel

content less than 80%.

[0016] In an embodiment, a substrate of the inner superconductor tape comprises stainless steel

and a substrate of the outer superconductor tape comprises Hastelloy.



WO 2020/087069 PCT/US2019/058355

[0017] Embodiments are also directed to a method for fabricating a round superconductor wire.
The method comprises: winding a first superconductor tape around a wire former; and winding
a second superconductor tape around the first superconductor tape. The first superconductor
tape and the second superconductor tape each respectively comprise: a bottom stabilizer layer;
a bottom silver layer disposed above the bottom stabilizer layer; a substrate disposed above the
bottom silver layer; a buffer film stack disposed above the substrate; a superconductor film
disposed above the buffer film stack; a top silver layer disposed above the superconductor film;
and a top stabilizer layer disposed above the top silver layer. At least one of the bottom
stabilizer layer, bottom silver layer, substrate, buffer film stack, superconductor film, top silver
layer, or top stabilizer layer is of a different width, thickness, or material composition in the

first superconductor tape than in the second superconductor tape.

[0018] In an embodiment of the method, a thickness of the top stabilizer layer in the second
superconductor tape is less than a thickness of the top stabilizer layer in the first superconductor

tape.

[0019] In an embodiment of the method, a thickness of the substrate in the second

superconductor tape is greater than a thickness of the substrate in the first superconductor tape.

[0020] In an embodiment of the method, a thickness of the superconductor film in the second
superconductor tape is greater than a thickness of the superconductor film in the first

superconductor tape.

[0021] In an embodiment of the method, a thickness of the second superconductor tape is

greater than a thickness of the first superconductor tape.

[0022] In an embodiment of the method, a width of the second superconductor tape is greater

than a width of the first superconductor tape.
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[0023] In an embodiment of the method, a copper content in the top stabilizer layer of the first
superconductor tape is greater than a copper content in the top stabilizer layer of the second

superconductor tape.

[0024] In an embodiment of the method, a substrate of the first superconductor tape comprises
anickel content more than 90% and a substrate of the second superconductor tape comprises a

nickel content less than 80%.

[0025] In an embodiment of the method, a substrate of the first superconductor tape comprises

stainless steel and a substrate of the second superconductor tape comprises Hastelloy.

[0026] Embodiments are further directed to a round superconductor wire comprising an

engineering current density greater than 450 A/mm? at 4.2 K, 20 T.

[0027] In an embodiment, an overall diameter of the round superconductor wire is less than

2.5 mm.

Brief Description of the Drawings

[0028] The foregoing summary, as well as the following detailed description, will be better
understood when read in conjunction with the appended drawings. For the purpose of
illustration only, there is shown in the drawings certain embodiments. It’s understood,
however, that the inventive concepts disclosed herein are not limited to the precise

arrangements and instrumentalities shown in the figures.

[0029] Figure 1A is a schematic and cross-sectional diagram illustrating a thin symmetric
REBCO tape (or REBCO-containing tape), wherein a REBCO film is positioned near the
geometric center, close to the neutral plane. The overall tape thickness even with a 20+um

thick copper stabilizer is small because of the use of a thin (22 pm) Hastelloy substrate. The
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thin symmetric REBCO tape is one of a plurality of thin symmetric REBCO tapes used to make

a round superconductor wire.

[0030] Figure 1B is a schematic and cross-sectional diagram illustrating another one of a

plurality of thin symmetric REBCO tapes used to make a round superconductor wire.

[0031] Figure 2A is a cross-sectional view illustrating a Symmetric Tape Round (STAR) wire.

[0032] Figure 2B is a plan view illustrating a 2.01 m long STAR wire.

[0033] Figure 2C is a plot illustrating E (in pV/cm) vs. I (in Amps) characteristics of a 2.01

m long STAR wire at 77 K, self-field.

[0034] Figure 3 is a plot illustrating J. of four STAR wires measured in high magnetic fields
at 4.2 K when bent to a radius of 15 mm. STAR wire #3 shows a Je of 406 A/mm? at 20 T and

286 A/mm? at 31.2 T.

[0035] Figure 4 is a cross-sectional view illustrating the STAR wire shown in Figure 2A, with
indicated diameters of each of the six REBCO tapes used to fabricate the STAR wire (i.e.,
round REBCO-containing wire) starting with a copper wire former diameter of 1.02 mm

(AWGI8 wire).

[0036] Figure 5 is a flowchart illustrating an embodiment of a method of fabricating a round

superconductor wire, in accordance with an embodiment.

[0037] Figure 6 is a plot illustrating width and thickness distribution of symmetric REBCO

tapes used in a STAR wire, in accordance with an example of an embodiment.

[0038] Figure 7 is a plot illustrating Je of a STAR wire made with symmetric REBCO tapes

of different thickness and widths from the inner layer to the outer layer measured in high
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magnetic fields at 4.2 K when bent to a radius of 15 mm. This STAR wire shows a Je of 586

A/mm? at 20 T.

Detailed Description

[0039] It is to be understood that the figures and descriptions of the present invention may have
been simplified to illustrate elements that are relevant for a clear understanding of the present
embodiments, while eliminating, for purposes of clarity, other elements found in a typical
round superconductor wire or typical method of fabricating a round superconductor wire.
Those of ordinary skill in the art will recognize that other elements may be desirable and/or
required in order to implement the present embodiments. However, because such elements are
well known in the art, and because they do not facilitate a better understanding of the present
embodiments, a discussion of such elements is not provided herein. It is also to be understood
that the drawings included herewith only provide diagrammatic representations of the presently
preferred structures of the present invention and that structures falling within the scope of the
present embodiments may include structures different than those shown in the drawings.
Reference will now be made to the drawings wherein like structures are provided with like

reference designations.

[0040] Before explaining at least one embodiment in detail, it should be understood that the
concepts set forth herein are not limited in their application to the construction details or
component arrangements set forth in the following description or illustrated in the drawings. It
should also be understood that the phraseology and terminology employed herein are merely

for descriptive purposes and should not be considered limiting.

[0041] It should further be understood that any one of the described features may be used
separately or in combination with other features. Other embodiments of devices, systems,

methods, features, and advantages described herein will be or become apparent to one with
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skill in the art upon examining the drawings and the detailed description herein. It’s intended
that all such additional devices, systems, methods, features, and advantages be protected by the

accompanying claims.

[0042] For purposes of this disclosure, the terms "film" and "layer" may be used

interchangeably.

[0043] For purposes of this disclosure, the phrase "round superconductor wire" may refer to a

substantially round superconductor wire.

[0044] For purposes of this disclosure, if the term "stabilizer" is mentioned generally (i.e.,
without the modifiers "bottom" or "top"), it may refer to either the bottom stabilizer or top

stabilizer.

[0045] This disclosure describes round REBCO wires with improved engineering current
density (J¢) in high magnetic fields at, for example, liquid helium temperatures. STAR REBCO
wires of diameters of 1.6 mm - 2 mm (or smaller) have been fabricated using REBCO tapes
wherein the REBCO film is positioned near the geometric center reducing its distance to the
neutral axis of the tape. Such STAR wires exhibit excellent tolerance to bend strain. This
technique leads to substantial improvement in Je levels of STAR wires by, inter alia, decreasing
the degradation of the critical current of these wires when wound into ultra-small diameters

especially when using high-performance REBCO tapes.

[0046] In aspects of the disclosure, engineering current density (Je) levels of 400 - 1500 A/mm?
at 4.2 K, 20 T may be achieved and which are up to about six-times higher than that achieved
by NbsSn round superconductors at 4.2 K, 20 T. NbsSn round superconductors are the only
superconductors that are used in high magnetic field applications such as accelerators for high

energy physics, fusion reactors and nuclear magnetic resonance (NMR) spectroscopy.



WO 2020/087069 PCT/US2019/058355

[0047] The inventors developed an innovative approach to fabricate round superconductor
(e.g.. REBCO) wires with high engineering current density (Je) and high tolerance to bending
strain. These round superconductor wires may only be 1.6 to 2 mm in overall diameter and are
made by winding narrow REBCO (rectangular) tapes on an approximately 1 mm diameter (or
less) copper wire former. Such small diameter round superconductor wires are possible by the
use of symmetric tapes where the REBCO film is positioned near the geometric center of each
wound tape. In other words, in each wound tape, the overall thickness of the combination of
the various layers on either side of the centrally located REBCO film is substantial the same.
Hence, the tapes are considered symmetric in this respect. Such a symmetric tape architecture
is achieved by a strategic selection of the thickness of the top copper stabilizer to minimize the
distance between the REBCO film and the neutral axis of the tape, which minimizes bending
strains when the round wire is bent into small diameters. The substrate (e.g., Hastelloy, Inconel,
Stainless Steel, Nichrome, Ni-W) itself is made thin, about 10 - 25 um, so as to enable good
tolerance to bending strain. The overall thickness of the REBCO tape is about 30 — 60 pm
including the copper stabilizer (see overall REBCO tape in Figure 1A). A plurality of these
REBCO tapes (e.g., six to eight in number), each about 2.5 mm in width, are wound on a copper
wire former to yield a Symmetric Tape Round (STAR) wire. The copper wire former is strong
in its axial direction while flexible enough for bending the STAR wire to a small diameter.
STAR wires of this disclosure yield a Je of 407 A/mm? at 20 T and 286 A/mm? at 31.2 T and

42 K.

[0048] Figure 1A, by way of example only, is a perspective schematic and cross-sectional
diagram illustrating a thin symmetric REBCO tape, wherein a REBCO film is positioned near
the geometric center, close to the neutral plane. The overall tape thickness even with a 20+um

thick top copper stabilizer is small because of the use of a thin (22 pm) Hastelloy substrate.
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The thin symmetric REBCO tape is one of a plurality of thin symmetric REBCO tapes used to

make a round superconductor wire.

[0049] Figure 1B is a schematic and cross-sectional diagram illustrating another one of a

plurality of thin symmetric REBCO tapes used to make a round superconductor wire.

[0050] Figure 2A, by way of example only, is a cross-sectional view illustrating a Symmetric

Tape Round (STAR) wire.

[0051] Figure 2B, by way of example only, is a plan view illustrating a 2.01 m long STAR

wire.

[0052] Figure 2C, by way of example only, is a plot illustrating E (in pV/cm) vs. I (in Amps)

characteristics of a 2.01 m long STAR wire at 77 K, self-field.

[0053] Figure 3, by way of example only, is a plot illustrating J of four STAR wires measured
in high magnetic fields at 4.2 K when bent to a radius of 15 mm. STAR wire #3 shows a Je of

406 A/mm? at 20 T and 286 A/mm? at 31.2 T.

[0054] If round REBCO wires can be produced with excellent bend strain tolerance that can
meet the stringent bend radius requirement of 15 mm and a Je at 4.2 K, 20 T of 600 A/mm?
now and 1000 A/mm? or more in the near future, REBCO coils made of multiple wound round
REBCO wires that enable future high-field accelerator magnets can be produced. A challenge
in achieving such high Je levels is the degradation in the critical current of the round REBCO
wires when made to small diameters of about 1.3 — 2.5 mm. This disclosure describes multiple
embodiments to achieve high Je in round REBCO wires such as those with these small

diameters.
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[0055] Currently, round REBCO wires are made with nearly identical REBCO tapes wound in
a spiral fashion over a round former. A key aspect of this disclosure is the use of REBCO tapes
of different structural dimensions and/or composition in the different layers of the multiple
superconductor tapes that comprise each round REBCO wire. The REBCO tapes of this
disclosure are also spirally wound over a round former. An embodiment of this invention is a
(e.g., steady) change in the structure of the REBCO tapes from the inner REBCO tape to the
outer REBCO tape of a round REBCO-containing wire. Some layers/structures within a
REBCO tape may not change from corresponding layers/structures in the previous underlying
REBCO tape (e.g., in any of the embodiments below). The following different structures of

REBCO tapes are disclosed:

a. Thickness of copper stabilizer on the REBCO film side.
b. Thickness of silver layer(s).

c. Thickness of substrate.

d. Thickness of REBCO film.

e. Width of REBCO tape.

Embodiment 1

[0056] The REBCO tape structures that are used to make the round superconductor wires of
the disclosure have been optimized based on the former diameter. Previously, the minimal
copper stabilizer thickness that results in about 90 to 95% retention of the critical current of the
innermost REBCO tape in a flat form was experimentally determined and used for the rest of
the REBCO tapes. In the present disclosure, the copper thickness is varied in each of the tapes
of the round superconductor wire. In an embodiment, the copper stabilizer thickness is steadily

decreased from the tape used in the first REBCO tape (closest to the wire former) to the

-11-
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outermost REBCO tape. The top copper stabilizer thickness is decreased according to the

diameter of each REBCO tape of the wire as shown in Figure 4.

[0057] Figure 4, by way of example only, is a cross-sectional view illustrating the STAR wire
shown in Figure 2A, with indicated diameters of each of the six REBCO (or REBCO-
containing) tapes used to fabricate the STAR wire (i.e., round REBCO-containing wire)

starting with a copper wire former diameter of 1.02 mm (AWGI18 wire).

[0058] Table 1 below provides an example of the top copper stabilizer thicknesses for the six
REBCO tapes of a round REBCO wire (with reference to, for example, Figure 4) that are
wound starting with a 1.02 mm former diameter assuming that the REBCO tapes consist of
Hastelloy C276 substrate of 15-22pum thickness and a yield strength of 830MPa. As shown in
Table 1, a round REBCO wire comprising tapes of a constant thickness (32 um) of top copper
stabilizer yields an engineering current density (Je) of 293 A/mm? at 77 K in zero magnetic
field. Whereas, a round REBCO wire comprising tapes of varying thicknesses of copper
stabilizer yields an improved/higher engineering current density (Je) of 320 A/mm? at 77 K in
zero magnetic field. Based on a lift factor of 2.25, the engineering current density (J¢) of this
wire at 4.2 K, 20 T is expected to be 720 A/mm?. Lift factor is the ratio of the critical current
at a temperature lower than 77 K in an applied magnetic field to the critical current at 77 K in

zero magnetic field.

Table 1. Copper stabilizer thicknesses for the six REBCO tapes of the round REBCO wire

that are wound (with reference to, for example, Figure 4)

Tape number 15 2nd 3rd 4th Sth 6t Final

Optimal Cu wire | Jebased
thickness [um] 32 25 18 12 5 0| OD on 600A
Bend diameter of the

tape [mm] 1.02 1.14 1.25 1.34 1.43 1.49 1.55 | 320 A/mm?
Using a constant Cu thickness per tape of 32um (total tape thickness is 61uum) 1.62 | 293 A/mm’

-12-
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[0059] It is seen from Table 1 that one benefit of using less thickness of top copper stabilizer
in the outer tapes of the wire is the smaller overall diameter which leads to higher engineering
current density (Je). Additionally, it is expected that the bend strain levels in the wire will be

significantly reduced with an optimized copper stabilizer thickness in each of the tapes.

Embodiment 2

[0060] The typical thickness of the substrate used in superconductor tapes in STAR REBCO
wires is about 22 um. Rather than using superconductor tapes with a constant thickness of the
substrate, the inventors have discovered an improvement in the retention of critical current of
round REBCO wires if a superconductor tape with a thinner substrate is used in the innermost
tape (closest to the wire former) and superconductor tapes with progressively thicker substrates
are utilized in the outer tapes. A general range of thickness of substrates in superconductor

tapes is 15 — 30 um and preferably in the range of 18 — 25 um.

Embodiment 3

[0061] The typical thickness of REBCO films in tapes used in the fabrication of round REBCO
wires is approximately 1.7 um. Recently, REBCO tapes with a REBCO film thickness of 4 -
Sum have been fabricated with substantially higher critical currents. These tapes exhibit critical
currents as high as 2000 A/4mm at 4.2 K, 15 T, which is more than a factor of 5 higher than
that of typical REBCO tapes used in round wires used so far. If REBCO tapes with thicker
REBCO films are used in the inner tapes, those tapes experience a significant degradation in
critical current. Hence, in this embodiment, REBCO tapes with thicker REBCO films are used
in the outer tapes of the round wire (versus thinner REBCO films in the inner tapes). In one
example, REBCO tapes with REBCO films less than 2 pm are used in the inner two tapes and
REBCO films greater than 4 um thickness are used in the third tape onwards. In another
example, REBCO tapes with REBCO films less than 2 pm are used in the inner two tapes and

-13-
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a REBCO film of 2 — 3 um thickness is used in the third tape, a REBCO film of 3 — 4 pm
thickness is used in the fourth tape, and REBCO films greater than 4 um thickness are used in
the fifth tape onwards. The above examples are not shown in Table 2 below. Table 2 below
shows the capability to achieve overall higher critical current (I¢) in round REBCO wires (with
reference to, for example, Figure 4) if a varying thickness of the REBCO film is used in the
tapes of each of the round REBCO wire. In Table 2, all REBCO tapes are 2.5 mm in width. A
round REBCO wire with a critical current of 1,088 A at 77 K in zero magnetic field as shown
in Table 2 will have critical current of about 2,450 A at 4.2 K in a magnetic field of 20 T
assuming a Lift Factor of 2.25. Based on a wire diameter of 1.6 mm, this critical current

correspond to an engineering current density (J¢) of 1,220 A/mm? at 4.2 K, 20 T.

Table 2. REBCO film thicknesses for the six REBCO tapes of the round REBCO wire that
are wound (with reference to, for example, Figure 4), achieving overall higher critical current

(I¢) in the round REBCO wire

Itape | 2™tape | 3¥tape | 4Mtape | 5™tape | 6"tape | Total wire

Film thickness (um) 1.7 1.7 1.7 1.7 1.7 1.7

Tape I (A) 83 94 99 104 104 104 588
Film thickness (um) | 2.5 2.5 2.5 2.5 2.5 2.5

Tape I (A) 107 130 138 146 153 153 827
Film thickness (um) | 3.5 3.5 3.5 3.5 3.5 3.5

Tape I (A) 97 122 161 193 204 214 991
Film thickness (um) | 4.5 4.5 4.5 4.5 4.5 4.5

Tape I (A) 83 110 138 179 234 262 1006
Film thickness (um) | 2.5 2.5 3.5 3.5 4.5 4.5

Tape I (A) 107 130 161 193 234 262 1087

Embodiment 4

[0062] Round REBCO wires having diameters of 1.5 — 2 mm are made with a constant REBCO
tape width of about 2.5 mm. In this embodiment, round REBCO wires are each made with
REBCO tapes each of varying width from 2 mm in the first tape to 3.3 mm in the sixth tape.
Table 3 below shows examples of three round superconductor wires (with reference to, for

example, Figure 4). The first round superconductor wire was made with all six REBCO tapes
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of a constant width of 2.5 mm in all tapes. The second round superconductor wire was made
with REBCO tapes of 2.5 mm width in the first four tapes and 3 mm width in the last/outermost
two tapes. The third round superconductor wire was made with REBCO tapes of different
widths from 2.5 mm in the innermost wound REBCO tape to 3.3 mm in the outermost wound
REBCO tape. A higher critical current (Ic) is achieved in the round superconductor wire made
with varying REBCO tape widths. The REBCO films of each of the REBCO tapes used in the

three examples are 1.7 um in thickness.

Table 3. Varying Widths for the six REBCO tapes of the round REBCO wire that are wound

(with reference to, for example, Figure 4), achieving overall higher critical current (I¢) in the

round REBCO wire
1®'tape | 2™tape | 3%tape | 4™tape | 5" tape | 6"tape | Total wire

Tape width (mm) 25 25 25 25 25 25

Tape I, (A) 83 94 99 104 104 104 588
Tape width (mm) 25 25 25 25 3 3

Tape I, (A) 83 94 99 104 125 125 630
Tape width (mm) 25 25 28 28 3 33

Tape I, (A) 83 94 111 116 125 138 667

[0063] Further embodiments of this invention include round superconductor wires each made
with REBCO tapes of different material composition for the stabilizer and substrate in the
different tapes. For example, the content of copper in the stabilizer could be varied from 100%
to less than 50% in the tapes used to fabricate the round wire. The remainder content of the
stabilizer could be Zn, Sn, and/or Ni. For instance, the copper content in the stabilizer layer of
the innermost tape can be close to 100% and decrease to lower values in the stabilizer layer of
the outermost tape. Correspondingly, the yield strength of the copper stabilizer could be as low
as 30 MPa in the innermost tape and increase to as high as 1000 MPa in the outermost tape.
Alternately, substrates of different composition could be used in the tapes to fabricate the round
wire. For example, the content of Ni, Cr, Fe could be varied in the substrates of the different

tapes used to fabricate the round wire. For instance, the substrate of the innermost tape could
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be made of a Ni alloy with a nickel content more than 90% and the substrate of the outermost
tape could be made of a Ni alloy with anickel content less than 80%. Alternately, the innermost
tape could be made with a stainless steel substrate and the outermost tape could be made with
a Hastelloy substrate. Correspondingly, the yield strength of the substrate could be as low as
100 MPa in the innermost tape and increase to as high as 1500 MPa in the outermost tape. The
different compositions of the stabilizer or substrate in the tapes used to fabricate the round wire
will result in differences in mechanical properties such as stiffness and yield strength as noted
above. Round wires made with tapes of different compositions will then yield superior
mechanical properties and in turn more tolerance to bend strain and in turn a higher retention

of the engineering current density (Je).

[0064] Embodiments are directed to a round superconductor wire including at least two
superconductor tapes wound on a wire former. Each superconductor tape comprises: a bottom
stabilizer layer; a bottom silver layer disposed above the bottom stabilizer layer; a substrate
disposed above the bottom silver layer; a buffer film stack disposed above the substrate; a
superconductor film disposed above the buffer film stack; a top silver layer disposed above the
superconductor film; and a top stabilizer layer disposed above the top silver layer. Atleast one
of the bottom stabilizer layer, bottom silver layer, substrate, buffer film stack, superconductor
film, top silver layer, or top stabilizer layer is of a different width, thickness, or material
composition in one of the superconductor tapes than in another of the superconductor tapes
which is inward from the one superconductor tape, such that the one superconductor tape is an
outer superconductor tape and the another superconductor tape is an inner superconductor tape.
In an embodiment, a thickness of the top stabilizer layer in the outer superconductor tape is
less than a thickness of the top stabilizer layer in the inner superconductor tape. In another
embodiment, a thickness of the substrate in the outer superconductor tape is greater than a

thickness of the substrate in the inner superconductor tape. In vet another embodiment, a
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thickness of the superconductor film in the outer superconductor tape is greater than a thickness
of the superconductor film in the inner superconductor tape. In yet another embodiment, a
thickness of the outer superconductor tape is greater than a thickness of the inner
superconductor tape. In yet another embodiment, a width of the outer superconductor tape is
greater than a width of the inner superconductor tape. In yet another embodiment, a copper
content in the top stabilizer layer of the inner superconductor tape is greater than a copper
content in the top stabilizer layer of the outer superconductor tape. In yet another embodiment,
a substrate of the inner superconductor tape comprises a nickel content more than 90% and a
substrate of the outer superconductor tape comprises a nickel content less than 80%. In a further
embodiment, a substrate of the inner superconductor tape comprises stainless steel and a

substrate of the outer superconductor tape comprises Hastelloy.

[0065] By way of example only, Figure 5 is a flowchart illustrating an embodiment of a
method 500 of fabricating a round superconductor wire. In an embodiment, the method 500
comprises winding a first superconductor tape around a wire former (block 502); and winding
a second superconductor tape around the first superconductor tape (block 504). This winding
(i.e., block 504) covers the situation where the second superconductor tape may or may not be
in direct contact with the first superconductor tape. For example, other superconductor tapes
may be between the first and second superconductor tapes. The first superconductor tape and
the second superconductor tape each respectively comprise: a bottom stabilizer layer; a bottom
silver layer disposed above the bottom stabilizer layer; a substrate disposed above the bottom
silver layer; a buffer film stack disposed above the substrate; a superconductor film disposed
above the buffer film stack; a top silver layer disposed above the superconductor film; and a
top stabilizer layer disposed above the top silver layer. At least one of the bottom stabilizer
layer, bottom silver layer, substrate, buffer film stack, superconductor film, top silver layer, or

top stabilizer layer is of a different width, thickness, or material composition in the first
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superconductor tape than in the second superconductor tape. In an embodiment of the method,
a thickness of the top stabilizer layer in the second superconductor tape is less than a thickness
of the top stabilizer layer in the first superconductor tape. In another embodiment of the
method, a thickness of the substrate in the second superconductor tape is greater than a
thickness of the substrate in the first superconductor tape. In yet another embodiment of the
method, a thickness of the superconductor film in the second superconductor tape is greater
than a thickness of the superconductor film in the first superconductor tape. In yet another
embodiment of the method, a thickness of the second superconductor tape is greater than a
thickness of the first superconductor tape. In yet another embodiment of the method, a width
of the second superconductor tape is greater than a width of the first superconductor tape. In
yet another embodiment of the method, a copper content in the top stabilizer layer of the first
superconductor tape is greater than a copper content in the top stabilizer layer of the second
superconductor tape. In vet another embodiment of the method, a substrate of the first
superconductor tape comprises a nickel content more than 90% and a substrate of the second
superconductor tape comprises a nickel content less than 80%. In a further embodiment of the
method, a substrate of the first superconductor tape comprises stainless steel and a substrate of

the second superconductor tape comprises Hastelloy.

[0066] Embodiments are further directed to a round superconductor wire comprising an
engineering current density greater than 450 A/mm? at 4.2 K, 20 T. In an embodiment, an

overall diameter of the round superconductor wire is less than 2.5 mm.

Example of One Embodiment:

[0067] Figure 6 illustrates an example of a STAR wire fabricated with the thickness and width
of the symmetric tapes varied in each layer. Thinner and narrower tapes with 32 um total

thickness and 1.4 mm widths were wound in the inner layers of the wire, while thicker and
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wider tapes with 50 um overall thickness and 2.6 mm widths were wound in the outer layers

of the wire.

[0068] A total of 12 layers were used to fabricate this STAR wire on a 0.51 mm diameter
copper former. The outer diameter of this wire was 2.04 mm. This wire exhibited a critical
current of 1,396 A at 4.2 K, 24 T which is the highest critical current achieved in a round
(approximately) 2 mm diameter REBCO wire. This critical current value corresponds to an
engineering current density (Je) of 427 A/mm? at 4.2 K, 24 T. This result shows a benefit of
this disclosure of using tapes of variable thickness and variable width to achieve high critical

currents in round REBCO wires.

[0069] Another STAR wire with an overall diameter of 1.3 mm was fabricated with six layers
of symmetric REBCO tapes. Two tapes of 1.4 mm width each and 33-34 um overall thickness
were used in the inner two layers, two tapes 1.8 mm width and 41-42 pm overall thickness
were used in the middle two layers, and two tapes 2.5 mm width and 45 um overall thickness
were used in the outer two layers. As shown in Figure 7, this round wire exhibited an

engineering current density (J¢) of 586 A/mm? at 42 K, 20 T.

[0070] Although embodiments are described above with reference to REBCO tapes
comprising REBCO superconductor films, the REBCO superconductor films described in any
of the above embodiments may alternatively be superconductor films comprising different
superconductor material(s). Such alternative is considered to be within the spirit and scope of
the present invention, and may therefore utilize the advantages of the configurations and

embodiments described above.

[0071] The method steps in any of the embodiments described herein are not restricted to being
performed in any particular order. Also, structures mentioned in any of the method
embodiments may utilize structures mentioned in any of the device embodiments. Such
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structures may be described in detail with respect to the device embodiments only but are

applicable to any of the method embodiments.

[0072] Features in any of the embodiments described above may be employed in combination
with features in other embodiments described above, such combinations are considered to be

within the spirit and scope of the present invention.

[0073] The contemplated modifications and variations specifically mentioned above are

considered to be within the spirit and scope of the present invention.

[0074] It’s understood that the above description is intended to be illustrative, and not
restrictive. The material has been presented to enable any person skilled in the art to make and
use the concepts described herein, and is provided in the context of particular embodiments,
variations of which will be readily apparent to those skilled in the art (e.g., some of the
disclosed embodiments may be used in combination with each other). Many other
embodiments will be apparent to those of skill in the art upon reviewing the above description.
The scope of the embodiments herein therefore should be determined with reference to the
appended claims, along with the full scope of equivalents to which such claims are entitled. In
the appended claims, the terms “including” and “in which” are used as the plain-English

equivalents of the respective terms “comprising” and “wherein.”
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What is Claimed is:

1. A round superconductor wire including at least two superconductor tapes wound on a

wire former, each superconductor tape comprising:
a bottom stabilizer layer;
a bottom silver layer disposed above the bottom stabilizer layer;
a substrate disposed above the bottom silver layer;
a buffer film stack disposed above the substrate;
a superconductor film disposed above the buffer film stack;
a top silver layer disposed above the superconductor film; and
a top stabilizer layer disposed above the top silver layer;

wherein at least one of the bottom stabilizer layer, bottom silver layer, substrate, buffer
film stack, superconductor film, top silver layer, or top stabilizer layer is of a different width,
thickness, or material composition in one of the superconductor tapes than in another of the
superconductor tapes which is inward from the one superconductor tape, such that the one
superconductor tape is an outer superconductor tape and the another superconductor tape is an

inner superconductor tape.

2. The round superconductor wire of claim 1, wherein a thickness of the top stabilizer
layer in the outer superconductor tape is less than a thickness of the top stabilizer layer in the

inner superconductor tape.

3. The round superconductor wire of claim 1, wherein a thickness of the substrate in the
outer superconductor tape is greater than a thickness of the substrate in the inner

superconductor tape.

4. The round superconductor wire of claim 1, wherein a thickness of the superconductor
film in the outer superconductor tape is greater than a thickness of the superconductor film in

the inner superconductor tape.

21-



WO 2020/087069 PCT/US2019/058355

5. The round superconductor wire of claim 1, wherein a thickness of the outer

superconductor tape is greater than a thickness of the inner superconductor tape.

6. The round superconductor wire of claim 1, wherein a width of the outer superconductor

tape is greater than a width of the inner superconductor tape.

7. The round superconductor wire of claim 1, wherein a copper content in the top stabilizer
layer of the inner superconductor tape is greater than a copper content in the top stabilizer layer

of the outer superconductor tape.

8. The round superconductor wire of claim 1, wherein a substrate of the inner
superconductor tape comprises a nickel content more than 90% and a substrate of the outer

superconductor tape comprises a nickel content less than 80%.

9. The round superconductor wire of claim 1, wherein a substrate of the inner
superconductor tape comprises stainless steel and a substrate of the outer superconductor tape

comprises Hastelloy.

10. A method for fabricating a round superconductor wire, the method comprising:
winding a first superconductor tape around a wire former; and
winding a second superconductor tape around the first superconductor tape;

wherein the first superconductor tape and the second superconductor tape each

respectively comprise:
a bottom stabilizer layer;
a bottom silver layer disposed above the bottom stabilizer layer;
a substrate disposed above the bottom silver layer;
a buffer film stack disposed above the substrate;

a superconductor film disposed above the buffer film stack;
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atop silver layer disposed above the superconductor film; and
a top stabilizer layer disposed above the top silver layer; and

wherein at least one of the bottom stabilizer layer, bottom silver layer, substrate, buffer
film stack, superconductor film, top silver layer, or top stabilizer layer is of a different width,
thickness, or material composition in the first superconductor tape than in the second

superconductor tape.

11. The method of claim 10, wherein a thickness of the top stabilizer layer in the second
superconductor tape is less than a thickness of the top stabilizer layer in the first superconductor

tape.

12. The method of claim 10, wherein a thickness of the substrate in the second

superconductor tape is greater than a thickness of the substrate in the first superconductor tape.

13. The method of claim 10, wherein a thickness of the superconductor film in the second
superconductor tape is greater than a thickness of the superconductor film in the first

superconductor tape.

14. The method of claim 10, wherein a thickness of the second superconductor tape is

greater than a thickness of the first superconductor tape.

15. The method of claim 10, wherein a width of the second superconductor tape is greater

than a width of the first superconductor tape.

16.  The method of claim 10, wherein a copper content in the top stabilizer layer of the first
superconductor tape is greater than a copper content in the top stabilizer layer of the second

superconductor tape.
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17. The method of claim 10, wherein a substrate of the first superconductor tape comprises
anickel content more than 90% and a substrate of the second superconductor tape comprises a

nickel content less than 80%.

18. The method of claim 10, wherein a substrate of the first superconductor tape comprises

stainless steel and a substrate of the second superconductor tape comprises Hastelloy.

19. A round superconductor wire comprising:

an engineering current density greater than 450 A/mm? at 42 K, 20 T.

20.  The round superconductor wire of claim 19, wherein an overall diameter of the round

superconductor wire is less than 2.5 mm.
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