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( 57 ) ABSTRACT 
Disclosed herein are superconducting wires . The supercon 
ducting wires can comprise a metallic matrix and at least one 
continuous subelement embedded in the matrix . Each sub 
element can comprise a non - superconducting core , a super 
conducting layer coaxially disposed around the non - super 
conducting core , and a barrier layer coaxially disposed 
around the superconducting layer . The superconducting 
layer can comprise a plurality of Nb2Sn grains stabilized by 
metal oxide particulates disposed therein . The Nbz Sn grains 
can have an average grain size of from 5 nm to 90 nm ( for 
example , from 15 nm to 30 nm ) . The superconducting wire 
can have a high - field critical current density ( J . ) of at least 
5 , 000 A / mm ? at a temperature of 4 . 2 K in a magnetic field 
of 12 T . Also described are superconducting wire precursors 
that can be heat treated to prepare superconducting wires , as 
well as methods of making superconducting wires . 
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SUPERCONDUCTING WIRES AND 
METHODS OF MAKING THEREOF 

CROSS - REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] This application claims benefit of U . S . Provisional 
Application No . 61 / 941 , 347 , filed Feb . 18 , 2014 , which is 
hereby incorporated herein by reference in its entirety . 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[ 0002 ] This invention was made with government support 
under Grant No . DE - FG02 - 95ER40900 awarded by the 
United States Department of Energy and under Grant No . 
DE - SC0006250 awarded by the United States Department 
of Energy . The government has certain rights in this inven 
tion . 

BACKGROUND 
[ 0003 ] Superconductivity is a phenomenon occurring in 
certain materials below certain temperatures , characterized 
by zero electrical resistance and expulsion of magnetic 
fields . Superconducting magnets are some of the most 
powerful electromagnets , and can be used in magnetic 
resonance imaging ( MRI ) machines , nuclear magnetic reso 
nance ( NMR ) spectrometers , mass spectrometers , particle 
accelerators , and in plasma confinement in fusion reactors . 
In particular , superconducting wires comprising filaments 
formed from niobium - based superconductors , such as nio 
bium tin ( Nb Sn ) , have attracted interest for use in a variety 
of electromagnetic applications , such as magnets ( e . g . , high 
field ( 10 - 20 T ) magnets ) , motors , and transformers . 

potential greater than the oxidation potential of Nb . In some 
examples , the metal oxide particulates can comprise a metal 
oxide selected from the group consisting of ZrO2 , A1 , 03 , 
TiO , , and combinations thereof . 
[ 0008 ] The superconducting layer ( e . g . , the Nb3Sn layer ) 
can , in some examples , have a high - field critical current 
density ( J . ) of from 5 , 000 to 21 , 000 A / mm ? or more at a 
temperature of 4 . 2 K in a magnetic field of 12 T . In some 
examples , the superconducting layer ( e . g . , the NbzSn layer ) 
can exhibit a high - field critical current density ( J . ) of 9 , 500 
A / mm² or more at a temperature of 4 . 2 K in a magnetic field 
of 12 T . The flux pinning force vs . field ( F . - B ) curve of the 
superconducting layer can peak at from 0 . 2 to 0 . 5 times the 
irreversibility field ( Birr ) . 
[ 0009 ] Also disclosed herein are superconducting wire 
precursors . The superconducting wire precursors can be heat 
treated to prepare superconducting wires , such as those 
described herein . 
[ 0010 ] In some embodiments , the superconducting wire 
precursor can comprise a metallic matrix ( for example , a 
Cu - based metal ) and at least one continuous subelement 
precursor embedded in the matrix . Each subelement precur 
sor can comprise in some examples , a Sn - based metal core , 
a Cu - based layer coaxially disposed around the Sn - based 
metal core , a metal oxide layer coaxially disposed around 
the Cu - based layer , and a Nb alloy layer coaxially disposed 
around the metal oxide layer . 
[ 0011 ] The Nb alloy layer can , in some examples , com 
prise an alloy of Nb and a metal that has an oxidation 
potential greater than the oxidation potential of Nb . In some 
examples , the Nb alloy layer can comprise a Nb alloy 
selected from the group consisting of a Nb - Zr alloy , a 
Nb — Al alloy , a Nb — Ti alloy , and combinations thereof . 
[ 0012 ] The metal oxide - layer can , for example , comprise 
a metal oxide that has a lower oxidation potential than 
NbO , . In some examples , the metal oxide layer comprises a 
metal oxide comprising a metal selected from the group 
consisting of Sn , Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and 
combination thereof . In some examples , the metal oxide 
layer comprises a metal oxide selected from the group 
consisting of SnO , , Cu , ZnO , Nb , Os , and combinations 
thereof . 
[ 0013 ] . In some examples , the superconducting wire pre 
cursor can comprise a metallic matrix ( for example , a 
Cu - based metal ) and at least one continuous subelement 
precursor embedded in the matrix . Each subelement precur 
sor can comprise a Sn - based metal core , a Cu - based layer 
coaxially disposed around the Sn - based metal core , a first 
Nb alloy layer coaxially disposed around the Cu - based layer , 
a metal oxide layer coaxially disposed around the first Nb 
alloy layer , and a second Nb alloy layer coaxially disposed 
around the metal oxide layer . 
[ 0014 ] The first Nb alloy and the second Nb alloy can each 
comprise an alloy of Nb and a metal that has an oxidation 
potential greater than the oxidation potential of Nb ( e . g . , Zr , 
Al , Ti , Be , etc . ) . In certain examples , the first Nb alloy and 
the second Nb alloy can each comprise a Nb alloy selected 
from the group consisting of a Nb / Zr alloy , a Nb - A1 
alloy , a Nb — Ti alloy , and combinations thereof . The first Nb 
alloy and / or the second Nb alloy can each optionally com 
prise a dopant to be incorporated into the resulting super 
conducting layer formed from the first Nb alloy and / or the 
second Nb alloy . Suitable dopants are known in the art , and 
include , for example , Ti , Ta , and combinations thereof . 

SUMMARY 
[ 0004 ] Disclosed herein are superconducting wires . The 
superconducting wires can comprise a metallic matrix ( for 
example , a Cu - based metal ) and at least one continuous 
subelement embedded in the matrix . Each subelement can 
comprise a non - superconducting core , a superconducting 
layer coaxially disposed around the non - superconducting 
core , and a barrier layer coaxially disposed around the 
superconducting layer . The superconducting layer can com 
prise a plurality of Nbz Sn grains stabilized by metal oxide 
particulates disposed therein . The NbzSn grains can have an 
average grain size of from 5 nm to 90 nm ( for example from 
15 nm to 30 nm ) . In some examples , the diameter of each 
subelement can be from 5 um to 150 um . 
[ 0005 ] The superconducting layer can , in some examples , 
further comprise a dopant , for example , to improve the 
superconducting properties of the superconducting layer . 
Examples of suitable dopants include , but are not limited to , 
Ti , Ta , and combinations thereof . 
[ 0006 ] In some cases , the barrier layer can comprise a Nb 
alloy , a Ta alloy , a Ti alloy , or a combination thereof . In 
certain cases , the barrier layer comprises a Nb alloy . In some 
examples , the Nb alloy can comprise an alloy formed from 
Nb and a metal that has an oxidation potential greater than 
the oxidation potential of Nb . In some examples , the Nb 
alloy is selected from the group consisting of a Nb / Zr 
alloy , a NbA1 alloy , a Nb — Ti alloy , and combinations 
thereof . 
[ 0007 ] The metal oxide particulates disposed in the super 
conducting layer can comprise a metal that has an oxidation 
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10015 ] . The metal oxide layer can , for example , comprise 
a metal oxide that has a lower oxidation potential than 
NbO , . In some examples , the metal oxide layer comprises a 
metal oxide comprising a metal selected from the group 
consisting of Sn , Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and 
combinations thereof . In some examples , the metal oxide 
layer comprises a metal oxide selected from the group 
consisting of SnO2 , CuO , ZnO , Nb20s , and combinations 
thereof . 
[ 0016 ] In some examples , the superconducting wire pre 
cursor can comprise a metallic matrix ( for example , a 
Cu - based metal ) and at least one continuous subelement 
precursor embedded in the matrix . Each subelement precur 
sor can comprise a Sn - based metal core , a Cu - based layer 
coaxially disposed around the Sn - based metal core , a Nb 
alloy layer coaxially disposed around the Cu - based layer , a 
metal oxide layer coaxially disposed around the Cu - based 
layer , and a barrier layer coaxially disposed around the metal 
oxide layer . 
[ 0017 ] The Nb alloy can comprise an alloy of Nb and a 
metal that has an oxidation potential greater than the oxi 
dation potential of Nb ( e . g . , Zr , Al , Ti , Be , etc . ) . In certain 
examples , the Nb alloy layer can comprise a Nb alloy 
selected from the group consisting of a Nb Zr alloy , a 
Nb — Al alloy , a Nb Ti alloy , and combinations thereof . 
The Nb alloy can further comprise a dopant to be incorpo 
rated into the resulting superconducting layer formed from 
the Nb alloy . Suitable dopants are known in the art , and 
include , for example , Ti , Ta , and combinations thereof . 
[ 0018 ] The metal oxide layer can , for example , comprise 
a metal oxide that has a lower oxidation potential than 
NbO , . In some examples , the metal oxide layer comprises a 
metal oxide comprising a metal selected from the group 
consisting of Sn , Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and 
combinations thereof . In some examples , the metal oxide 
layer comprises a metal oxide selected from the group 
consisting of SnO2 , Cuo , ZnO , Nb2O5 , and combinations 
thereof . 
[ 0019 ] The barrier layer can comprise any suitable mate 
rial that can inhibit diffusion of the superconducting layer 
into the metallic matrix . For example , the barrier layer can 
comprise Nb metal or an alloy thereof , Ta metal or an alloy 
thereof , Ti metal or an alloy thereof , Mo metal or an alloy 
thereof , or a combination thereof . In some embodiments , the 
barrier layer can comprise Nb metal or an alloy thereof . In 
certain embodiments , the barrier layer can comprise a Nb 
alloy . Examples of suitable Nb alloys include , but are not 
limited to , Nb / Zr alloys , Nb — Al alloys , NbTi alloys , 
Nb — Ta alloys , NbBe alloys , Nb — Ni alloys , Nb - Fe 
alloys , Nb - Sn alloys , and combinations thereof . In some 
examples , the Nb alloy can be selected from the group 
consisting of a Nb - Zr alloy , a Nb - Al alloy , a Nb — Ti 
alloy , and combinations thereof . 
[ 0020 ] In some embodiments , the superconducting wire 
precursor can comprise a metallic matrix ( for example , a 
Cu - based metal ) and at least one continuous subelement 
precursor embedded in the matrix , wherein each subelement 
precursor can comprise a core comprising a blend of a 
Sn - containing powder and a metal oxide powder , and a Nb 
alloy layer coaxially disposed around the core . 
[ 0021 ] The Sn - containing powder can , for example , com 
prise Sn powder , NbSn2 powder , Nb Sng powder , or a 
combination thereof . In certain embodiments , the Sn - con 
taining powder can further comprise Cu powder . 

( 0022 ] The Nb alloy layer can , in some examples , com 
prise an alloy of Nb and a metal that has an oxidation 
potential greater than the oxidation potential of Nb . In some 
examples , the Nb alloy layer can comprise a Nb alloy 
selected from the group consisting of a Nb / Zr alloy , a 
Nb — A1 alloy , a Nb — Ti alloy , and combinations thereof . 
[ 0023 ] The metal oxide powder can comprise a metal 
oxide that has a lower oxidation potential than NbO2 . In 
some examples , the metal oxide powder comprises a metal 
oxide comprising a metal selected from the group consisting 
of Sn , Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations 
thereof . In some examples , the metal oxide powder com 
prises a metal oxide selected from the group consisting of 
SnO2 , Cuo , ZnO , Nb20s , and combination thereof . 
[ 0024 ] In some embodiments , the superconducting wire 
precursor can comprise a metallic matrix ( for example , a 
Cu - based metal ) and at least one continuous subelement 
precursor embedded in the matrix , wherein each subelement 
precursor can comprise a Sn - based metal core ; a Cu - based 
layer coaxially disposed around the Sn - based metal core ; a 
Nb alloy layer coaxially disposed around the Cu - based layer , 
the Nb alloy layer further comprising a plurality of metal 
oxide regions disposed within the Nb alloy layer ; and a 
barrier layer coaxially disposed around the Nb alloy layer . 
[ 0025 ] The Nb alloy layer can , in some examples , com 
prise an alloy of Nb and a metal that has an oxidation 
potential greater than the oxidation potential of Nb . In some 
examples , the Nb alloy layer can comprise a Nb alloy 
selected from the group consisting of a Nb - Zr alloy , a 
Nb — A1 alloy , a Nb — Ti alloy , and combinations thereof . 
[ 0026 ] In some cases , the barrier layer can comprise a Nb 
alloy , a Ta alloy , a Ti alloy , or a combination thereof . In 
certain cases , the barrier layer comprises a Nb alloy . In some 
examples , the Nb alloy can comprise an alloy formed from 
Nb and a metal that has an oxidation potential greater than 
the oxidation potential of Nb . In some examples , the Nb 
alloy is selected from the group consisting of a NbZr 
alloy , a Nb - Al alloy , a Nb - Ti alloy , and combinations 
thereof . 
[ 0027 ] The plurality of metal oxide regions can , in some 
examples , each comprise a metal oxide that has a lower 
oxidation potential than Nb02 . In some examples , the plu 
rality of metal oxide regions each comprise a metal oxide 
comprising a metal selected from the group consisting of Sn , 
Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations thereof . In 
some examples , the plurality of metal oxide regions each 
comprise a metal oxide selected from the group consisting of 
SnO2 , Cu , ZnO , Nb , 0s , and combinations thereof . 
[ 0028 ] In some embodiments , the Nb alloy layer can 
comprise a plurality of discrete Nb alloy rods which in 
combination make up the Nb alloy layer . Each Nb alloy rod 
can comprise a Nb alloy core ensheathed in copper or a 
copper alloy . In these cases , the Nb alloy rods can be formed 
into hexed cross sectioned rods to facilitate hexagonal 
packing of the Nb alloy rods . In some embodiments , the 
plurality of metal oxide regions can comprise a plurality of 
metal oxide rods . Each metal oxide rod can comprise a metal 
oxide core ( e . g . , a metal oxide powder ) ensheathed in copper 
or a copper alloy . In certain cases , the metal oxide rods can 
also be formed into hexed cross sectional rods to enable their 
packing among the hexagonally packed Nb alloy rods . 
[ 0029 ] Also disclosed herein are methods of making 
superconducting wires . In some examples , the method can 
comprise heat treating any of the superconducting wire 
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precursors described herein to form a superconducting wire 
comprising a superconducting phase comprising Nbz Sn . 
( 0030 ) Heat treating the superconducting wire precursor 
can , for example , comprise heating the superconducting 
wire precursor at a temperature of at least 600° C . In some 
example , heat treating the superconducting wire precursor 
comprises heating the superconducting wire precursor at a 
temperature of from 600° C . to 850° C . 
[ 0031 ] Heat treating the superconducting wire precursor 
can , for example , comprise heating the superconducting 
wire precursor for at least 10 minutes . In some examples , 
heat treating the superconducting wire precursor comprises 
heating the superconducting wire precursor for from 10 
minutes to 800 hours . 

components , and constituents are included , even though not 
explicitly stated . In should also be noted that reference is 
made herein to ‘ layers ' of particular composition within the 
superconducting wires and superconducting wire precursors 
described herein . It should be noted that “ layers ' formed 
from a particular material ( e . g . , a particular alloy ) can be 
formed from an integral piece of the particular material ( e . g . , 
the particular alloy ) , or from a plurality of pieces of the 
particular material ( e . g . , the particular alloy ) that together 
combine to form the layer . 

DESCRIPTION OF FIGURES 
[ 0032 ] FIG . 1 illustrates a schematic cross section of a 
wire with modified “ tube type ” subelements ( before heat 
treatment ) to realize internal oxidation . 
10033 ] FIG . 2 illustrates a schematic cross section of a 
modified “ tube type ” subelement used in the wire shown in 
FIG . 1 ( before heat treatment ) to realize internal oxidation . 
[ 0034 ] FIG . 3 illustrates a schematic representation of a 
modified “ tube type ” subelement ( after heat treatment ) to 
realize internal oxidation . 
[ 0035 ] FIG . 4 illustrates a schematic cross section of a 
modified " powder - in - tube " subelement ( before heat treat 
ment ) to realize internal oxidation . 
( 0036 ] FIG . 5 illustrates a schematic cross section of a 
modified " rod - restack - process " subelement before heat 
treatment ) to realize internal oxidation . 
[ 0037 ] FIG . 6 shows scanning electron microscopy ( SEM ) 
image of Nb , Sn grains of a tube type subelement with 
Nb1Zr alloy and SnO2 powder , after being heat treated at 
625° C . for 800 hours . 
[ 0038 ] FIG . 7 illustrates a schematic cross section of a 
modified “ tube type ” subelement ( before heat treatment ) 
used to realize internal oxidation . 
[ 0039 ] FIG . 8 illustrates a schematic cross section of a 
modified “ tube type ” subelement ( before heat treatment ) 
used to realize internal oxidation . 

Superconducting Wires 
[ 0042 ] Disclosed herein are superconducting wires . The 
superconducting wires can comprise a metallic matrix and at 
least one continuous subelement ( also referred to as a 
filament ) embedded in the matrix . 
[ 0043 ] The metallic matrix can comprise any suitable 
metal or combination of metals . The metallic matrix can be 
formed from a metal or combination of metals that is 
electrically conductive at temperatures below 77 K . Prefer 
ably , the metal or combination of metals forming the metal 
lic matrix can exhibit a coefficient of thermal expansion that 
is substantially the same or greater than the coefficient of 
thermal expansion of Nb Sn . For example , the metallic 
matrix can comprise a Cu - based metal ( e . g . , copper or an 
alloy thereof ) . 
[ 0044 ] The superconducting wires can include any num 
ber of subelements , as known in the art , to prepare a suitable 
superconducting wire for a particular application . In some 
embodiments , the superconducting wire can comprise a 
single subelement . In other embodiments , the superconduct 
ing wire can comprise a plurality of subelements . For 
example , the superconducting wire can comprise from 1 to 
25 , 000 subelements ( e . g . , from 1 to 61 filaments , from 1 to 
244 filaments , from 1 to 366 filaments , from 1 to 1 , 000 
filaments , from 1 to 2 , 500 filaments , from 1 to 5 , 000 
filaments , from 1 to 15 , 000 filaments , or from 10 , 000 to 
25 , 000 filaments ) . 
[ 0045 ] Each subelement can comprise a non - supercon 
ducting core , a superconducting layer coaxially disposed 
around the non - superconducting core , and a barrier layer 
coaxially disposed around the superconducting layer . 
[ 0046 ] The non - superconducting core can comprise any 
suitable non - superconducting material . In some examples , 
the non - superconducting core can comprise a Sn - based 
metal ( e . g . , Sn metal or an alloy thereof ) . In certain embodi 
ments , the non - superconducting core can comprise a Sn 
Cu alloy . In some examples , the non - superconducting core 
can comprise a hollow core . 
[ 0047 ] The superconducting layer coaxially disposed 
around the non - superconducting core can comprise a Nb 
based superconductor , such as Nb Sn . The superconducting 
layer can comprise a plurality of NbzSn grains stabilized by 
metal oxide particulates disposed therein ( e . g . , dispersed 
throughout the superconducting layer ) . 
[ 0048 ] The Nb Sn grains can have a fine grained micro 
structure ( e . g . , an average grain size of from 5 nm to 90 nm ) . 
The metal oxide particulates can serve to stabilize the fine 
grained microstructure of the Nbz Sn at elevated tempera 
tures at which the Nb Sn is formed ( e . g . , from 600° C . to 
850° C . ) and inhibit Nb3Sn grain growth , thus allowing 
Nb Sn to maintain its fine grained microstructure when heat 
treated . 

DETAILED DESCRIPTION 
[ 0040 ] The materials , methods and devices described 
herein may be understood more readily by reference to the 
following detailed description of specific aspects of the 
disclosed subject matter , figures and the examples included 
therein . 
[ 0041 ] Before the present materials , devices and methods 
are disclosed and described , it is to be understood that the 
aspects described below are not intended to be limited in 
scope by the specific devices and methods described herein , 
which are intended as illustrations . Various modifications of 
the materials , devices and methods in addition to those 
shown and described herein are intended to fall within the 
scope of that described herein . Further , while only certain 
representative materials , devices and method steps disclosed 
herein are specifically described , other combinations of the 
materials , devices and method steps also are intended to fall 
within the scope of that described herein , even if not 
specifically recited . Thus , a combination of steps , elements , 
components , or constituents may be explicitly mentioned 
herein , however , other combinations of steps , elements , 
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[ 0049 ] The average grain size of the plurality of NbzSn 
grains in the superconducting layer can be determined using 
standard methods known in the art , such scanning electron 
microscopy ( SEM ) . In some examples , the plurality of 
Nb Sn grains can have an average grain size of 5 nm or more 
( e . g . , 10 nm or more , 15 nm or more , 20 nm or more , 25 nm 
or more , 30 nm or more , 35 nm or more , 40 nm or more , 45 
nm or more , 50 nm or more , 55 nm or more , 60 nm or more , 
65 nm or more , 70 nm or more , 75 nm or more , 80 nm or 
more , or 85 nm or more ) . In some examples , the plurality of 
Nb Sn grains can have an average grain size of 90 nm or less 
( e . g . , 85 nm or less , 80 nm or less , 75 nm or less , 70 nm or 
less , 65 nm or less , 60 nm or less , 55 nm or less , 50 nm or 
less , 45 nm or less , 40 nm or less , 35 nm or less , 30 nm or 
less , 25 nm or less , 20 nm or less , 15 nm or less , or 10 nm 
or less ) . 
[ 0050 ] The average grain size of the plurality of NbzSn 
grains can range from any of the minimum values described 
above to any of the maximum values described above , for 
example from 5 nm to 90 nm ( e . g . , from 15 nm to 90 nm , 
from 5 nm to 50 nm , from 15 nm to 50 nm , from 50 nm to 
90 nm , from 5 nm to 30 nm , from 15 nm to 30 nm , from 5 
nm to 45 nm , from 15 nm to 45 nm , from 30 nm to 45 nm , 
from 45 to 60 nm , from 60 nm , to 75 nm , or from 75 nm to 
90 nm ) . 
10051 ] In some examples , the superconducting layer can 
further comprise a dopant . Dopants can be incorporated into 
the superconducting layer to improve the superconducting 
properties of the superconducting layer . Suitable dopants are 
known in the art , and include , for example , Ti , Ta , and 
combinations thereof . 
[ 0052 ] The metal oxide particulates disposed in the super 
conducting layer can comprise a metal that has an oxidation 
potential greater than the oxidation potential of Nb . In some 
examples , the metal oxide particulates disposed in the super 
conducting layer can comprise a metal that is less noble than 
Nb ( e . g . , a metal that appears lower than Nb in a galvanic 
series ) . In some examples , the metal oxide particulates can 
comprise a metal oxide selected from the group consisting of 
ZrO2 , Al2O3 , TiO2 , and combinations thereof . In one 
embodiment , the superconducting layer can be substantially 
free of ZrO2 particulates . 
[ 0053 ] The barrier layer can comprise any suitable mate 
rial that can inhibit diffusion of the superconducting layer 
into the metallic matrix . For example , the barrier layer can 
comprise Nb metal or an alloy thereof , Ta metal or an alloy 
thereof , Ti metal or an alloy thereof , Mo metal or an alloy 
thereof , or a combination thereof . In some embodiments , the 
barrier layer can comprise Nb metal or an alloy thereof . In 
certain embodiments , the barrier layer can comprise a Nb 
alloy . In some examples , the Nb alloy can comprise an alloy 
formed from Nb and a metal that has an oxidation potential 
greater than the oxidation potential of Nb . In some 
examples , the Nb alloy can comprise an alloy formed from 
Nb and a metal that is less noble than Nb ( e . g . , a metal that 
appears lower than Nb in a galvanic series ) . Examples of 
suitable Nb alloys include , but are not limited to , NbZr 
alloys , Nb — Al alloys , NbTi alloys , Nb — Ta alloys , Nb 
Be alloys , Nb — Ni alloys , NbFe alloys , Nb - Sn alloys , 
and combinations thereof . In some examples , the Nb alloy 
can be selected from the group consisting of a Nb / Zr alloy , 
a Nb — Al alloy , a Nb — Ti alloy , and combinations thereof . 
[ 0054 ] The superconducting layer ( e . g . , the Nb2Sn phase ) 
can exhibit improved properties ( e . g . , an improved high 

field critical current density ( J . ) relative to existing niobium 
tin superconductors . The superconducting wire comprising 
the superconducting layer can therefore also exhibit 
improved properties relative to existing niobium - tin super 
conducting wires . For example , in some embodiments , the 
superconducting layer ( e . g . , the Nbz Sn layer ) can have a 
high - field critical current density of 5 , 000 A / mm² or more 
( e . g . , 5 , 500 A / mm2 or more ; 6 , 000 A / mm² or more ; 6 , 500 
A / mm² or more ; 7 , 000 A / mm² or more ; 7 , 500 A / mm² or 
more ; 8 , 000 A / mm2 or more ; 8 , 500 A / mm2 or more ; 9 , 000 
A / mm² or more ; 9 , 500 A / mm2 or more ; 10 , 000 A / mm or 
more ; 11 , 000 A / mm ? or more ; 12 , 000 A / mm ? or more ; 
13 , 000 A / mm² or more ; 14 , 000 A / mm² or more ; 15 , 000 
A / mm² or more ; 16 , 000 A / mm² or more ; 17 , 000 A / mm² or 
more ; 18 , 000 A / mm² or more ; 19 , 000 A / mm² or more ; or 
20 , 000 A / mm² or more ) at a temperature of 4 . 2 K in a 
magnetic field of 12 T . In some embodiments , the super 
conducting layer ( e . g . , the Nbz Sn layer ) can have a critical 
current density of 21 , 000 A / mm² or less ( e . g . , 20 , 000 A / mm² 
or less ; 19 , 000 A / mm² or less ; 18 , 000 A / mm² or less ; 17 , 000 
A / mm2 or less ; 16 , 000 A / mm² or less ; 15 , 000 A / mm2 or less ; 
14 , 000 A / mm² or less ; 13 , 000 A / mm² or less ; 12 , 000 A / mm² 
or less ; 11 , 000 A / mm² or less ; 10 , 000 A / mm² or less ; 9 , 500 
A / mm2 or less ; 9 , 000 A / mm² or less ; 8 , 500 A / mm ? or less ; 
8 , 000 A / mm² or less ; 7 , 500 A / mm² or less ; 7 , 000 A / mm² or 
less ; 6 , 500 A / mm² or less ; 6 , 000 A / mm² or less ; or 5 , 500 
A / mm² or less ) at a temperature of 4 . 2 K in a magnetic field 
of 12 T . 
[ 0055 ] The superconducting layer can have a high - field 
critical current density at a temperature of 4 . 2 K in a 
magnetic field of 12 T ranging from any of the minimum 
values described above to any of the maximum values 
described above . For example , the superconducting layer 
( e . g . , the Nbz Sn layer ) can have a high - field critical current 
density at a temperature of 4 . 2 K in a magnetic field of 12 
T of from 5 , 000 A / mm2 to 21 , 000 A / mm² ( e . g . , from 5 , 000 
A / mm2 to 13 , 000 A / mm2 ; from 13 , 000 A / mm2 to 21 , 000 
A / mm2 : from 5 , 000 A / mm2 to 9 , 000 A / mm2 ; from 9 , 000 
A / mm² to 13 , 000 A / mm² ; from 9 , 500 A / mm² to 13 , 000 
A / mm² ; from 13 , 000 A / mm² to 17 , 000 A / mm " ; from 17 , 000 
A / mm² to 21 , 000 A / mm² , or from 9 , 500 A / mm² to 21 , 000 
A / mm² ) . 
[ 0056 ] In some embodiments , the flux pinning force vs . 
field ( F . - B ) curve of the superconducting layer can peak at 
0 . 2 times the irreversibility field ( Birr ) or more ( e . g . , 0 . 22 
Bir or more , 0 . 24 Bin or more , 0 . 26 Bin or more , 0 . 28 Bir 
or more , 0 . 3 Birr or more , 0 . 32 Birr or more , 0 . 34 Birr or 
more , 0 . 36 Biry or more , 0 . 38 Biry or more , 0 . 4 Biry or more , 
0 . 42 Biw or more , 0 . 44 Bin or more , 0 . 46 Bir or more , or 
0 . 48 Birr or more ) . In some examples , the flux pinning force 
vs . field ( F . - B ) curve of the superconducting layer can peak 
at 0 . 5 times the irreversibility field ( B ) or less ( e . g . , 0 . 48 
Birr or less , 0 . 46 Birr or less , 0 . 44 Birr or less , 0 . 42 Birr or 
less , 0 . 4 Biy , or less , 0 . 38 Big or less , 0 . 36 Bive or less , 0 . 34 
Biry or less , 0 . 32 Biry or less , 0 . 3 Birr or less , 0 . 28 Birr or less , 
0 . 26 Birr or less , 0 . 24 Biry or less , or 0 . 22 Biry or less ) . 
[ 0057 ] The peak of the flux pinning force vs . field ( F . - B ) 
curve of the superconducting layer can range from any of the 
minimum values described above to any of the maximum 
values described above . For example , the flux pinning force 
vs . field ( F2 - B ) curve of the superconducting layer can peak 
at from 0 . 2 Bip to 0 . 5 Birr ( e . g . , from 0 . 2 Birr to 0 . 36 Birre 
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from 0 . 36 Bip to 0 . 5 Birr , from 0 . 2 Biry to 0 . 3 Birr , from 0 . 3 
Bip to 0 . 4 Birr , from 0 . 4 Birr to 0 . 5 Birr , or from 0 . 3 Bir to 
0 . 5 B ) . 
[ 0058 ] The diameter of each subelement in the supercon 
ducting wire can be , for example , from 5 um to 150 um . In 
some examples , the diameter of each subelement in the 
superconducting wire can be 5 um or more ( e . g . , 10 um or 
more , 20 um or more , 30 um or more , 40 um or more , 50 um 
or more , 60 um or more , 70 um or more , 80 um or more , 90 
um or more , 100 um or more , 110 um or more , 120 um or 
more , 130 um or more , or 140 um or more ) . In some 
examples , the diameter of each subelement in the supercon 
ducting wire can be 150 um or less ( e . g . , 140 um or less , 130 
um or less , 120 um or less , 110 um or less , 100 um or less , 
90 um or less , 80 um or less , 70 um or less , 60 um or less , 
50 um or less , 40 um or less , 30 um or less , 20 um or less , 
10 um or less ) . 
[ 0059 ] The diameter of each subelement in the supercon 
ducting wire can range from any of the minimum values 
described above to any of the maximum values described 
above , for example from 5 um to 150 um ( e . g . , from 5 um 
to 80 um , from 80 um to 150 um , from 5 um to 30 um , from 
30 um to 60 um , from 60 um to 90 um , from 90 um to 120 
um , from 120 um to 150 um , of from 10 um to 100 um ) . In 
other embodiments , the diameter of each subelement in the 
superconducting wire can be , for example , from 150 um to 
500 um . 

ant 

Superconducting Wire Precursors 
[ 0060 ] Also disclosed herein are superconducting wire 
precursors . The superconducting wire precursors can be heat 
treated to prepare superconducting wires , such as those 
described herein . 

fuse to the Nb alloy layer , forming a superconducting NbzSn 
layer . The composition of the metal oxide layer and the Nb 
alloy layer can be selected to provide for the formation of 
metal oxide particulates disposed within superconducting 
NbzSn layer upon heat treatment of the superconducting 
wire precursor . As described above , the metal oxide particu 
lates can serve to control the grain size of the Nbz Sn formed 
during heat treatment , thereby forming a niobium - tin super 
conducting phase comprising Nbz Sn grains having a refined 
average grain size ( e . g . , from 5 nm to 30 nm ) . 
100651 For example , the Nb alloy layer can comprise an 
alloy of Nb and a metal that has an oxidation potential 
greater than the oxidation potential of Nb ( e . g . , Zr , Al , Ti , 
Be , etc . ) . In some examples , the Nb alloy layer can comprise 
an alloy of Nb and a metal that has a higher affinity for 
oxygen than Nb . In certain examples , the Nb alloy layer can 
comprise a Nb alloy selected from the group consisting of a 
NbZr alloy , a Nb - Al alloy , a NbTi alloy , and combi 
nations thereof . The Nb alloy can further comprise a dopant 
to be incorporated into the resulting superconducting layer 
formed from the Nb alloy . Suitable dopants are known in the 
art , and include , for example , Ti , Ta , and combinations 
thereof . 
[ 0066 ] The metal oxide layer can , for example , comprise 
a metal oxide that has a lower oxidation potential than 
NbO , . In some examples , the metal oxide layer can com 
prise a metal oxide that can supply oxygen to Nb . In some 
examples , the metal oxide layer comprises a metal oxide 
comprising a metal selected from the group consisting of Sn , 
Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations thereof . In 
some examples , the metal oxide layer comprises a metal 
oxide selected from the group consisting of SnO2 , Cuo , 
ZnO , Nb 05 , and combinations thereof . 
[ 0067 ] Referring now to FIG . 7 , in some examples the 
tube - type subelement precursor ( 12 ) can comprise a Sn 
based metal core ( 25 ) ( e . g . , a Sn metal rod ) , a Cu - based layer 
( 24 ) coaxially disposed around the Sn - based metal core , a 
first Nb alloy layer ( 26 ) coaxially disposed around the 
Cu - based layer , a metal oxide layer ( 23 ) coaxially disposed 
around the first Nb alloy layer , and a second Nb alloy layer 
( 22 ) coaxially disposed around the metal oxide layer . Each 
subelement precursor ( 12 ) can further include a metallic 
matrix ( 21 ) disposed about the second Nb alloy layer . 
[ 0068 ] The first Nb alloy and the second Nb alloy can each 
comprise an alloy of Nb and a metal that has an oxidation 
potential greater than the oxidation potential of Nb ( e . g . , Zr , 
Al , Ti , Be , etc . ) . In some examples , the first Nb alloy layer 
and the second Nb alloy can each comprise an alloy of Nb 
and a metal that has a higher affinity for oxygen than Nb . In 
certain examples , the first Nb alloy and the second Nb alloy 
can each comprise a Nb alloy selected from the group 
consisting of a NbZr alloy , a Nb — Al alloy , a Nb — Ti 
alloy , and combinations thereof . The first Nb alloy and / or the 
second Nb alloy can each optionally comprise a dopant to be 
incorporated into the resulting superconducting layer 
formed from the first Nb alloy and / or the second Nb alloy . 
Suitable dopants are known in the art , and include , for 
example , Ti , Ta , and combinations thereof . 
[ 0069 ] The metal oxide layer can , for example , comprise 
a metal oxide that has a lower oxidation potential than 
NbO , . In some examples , the metal oxide layer can com 
prise a metal oxide that can supply oxygen to Nb . In some 
examples , the metal oxide layer comprises a metal oxide 
comprising a metal selected from the group consisting of Sn , 

Tube - Type Superconducting Wire Precursors 
[ 0061 ] Referring now to FIG . 1 , tube - type superconduct 
ing wire precursors ( 10 ) can comprise a metallic matrix ( for 
example , a Cu - based metal ) ( 11 ) ; and at least one continuous 
subelement precursor ( 12 ) embedded in the matrix . 
0062 ] As described above with respect to the supercon 
ducting wires , the metallic matrix can comprise any suitable 
metal or combination of metals . The metallic matrix can be 
formed from a metal or combination of metals that is 
electrically conductive at temperatures below 77 K . Prefer 
ably , the metal or combination of metals forming the metal 
lic matrix can exhibit a coefficient of thermal expansion that 
is substantially the same or greater than the coefficient of 
thermal expansion of Nbz Sn . For example , the metallic 
matrix can comprise a Cu - based metal ( e . g . , copper or an 
alloy thereof ) . 
[ 0063 ] Referring now to FIG . 2 , each subelement precur 
sor ( 12 ) can comprise a Sn - based metal core ( 25 ) ( e . g . , a Sn 
metal rod ) , a Cu - based layer ( 24 ) coaxially disposed around 
the Sn - based metal core ; a metal oxide layer ( 23 ) coaxially 
disposed around the Cu - based layer ; and a Nb alloy layer 
( 22 ) coaxially disposed around the metal oxide layer . Each 
subelement precursor ( 12 ) can further include a metallic 
matrix ( 21 ) disposed about the Nb alloy layer . 
[ 0064 ] The composition of the metal oxide and the Nb 
alloy can be selected in combination so as to facilitate 
internal oxidation of the Nb alloy upon heat treatment of the 
superconducting wire precursor . Upon heat treatment of the 
superconducting wire precursor , Sn from the core can dif 
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illustrated in FIG . 2 , the metal oxide layer can be introduced 
into the tube - type superconducting wire precursor preforms 
by positioning a metal oxide powder between the outer 
surface of the Cu - based tube forming the Cu - based layer and 
the inner surface of the Nb alloy tube forming the Nb alloy 
layer . The metal oxide layers in the precursors above can 
also be introduced into the tube - type superconducting wire 
precursor preforms by applying a metal oxide coating to an 
appropriate surface of the tube - type superconducting wire 
precursor preform . Again by way of example , in the case of 
the subelement precursor illustrated in FIG . 2 , the metal 
oxide layer can be introduced into the tube - type supercon 
ducting wire precursor preforms by applying a metal oxide 
coating to the outer surface of the Cu - based tube forming the 
Cu - based layer , the inner surface of the Nb alloy tube 
forming the Nb alloy layer , or a combination thereof . In 
these cases , the metal oxide coating can be applied using any 
suitable method , such as spraying , dip coating , vapor coat 
ing , or electrolytic coating . 
[ 0075 ] Once formed , the preforms can be formed into a 
wire by first extruding the preform , followed by either 
wire - drawing or swaging the extruded preform . Once drawn 
or swaged , the preform can be re - stacked by repeating the 
extrusion step , followed by the drawing or swaging steps , to 
achieve the desired wire diameter . The re - stacking step can 
be repeated as many times as necessary until the desired wire 
diameter is obtained . 

Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations thereof . In 
some examples , the metal oxide layer comprises a metal 
oxide selected from the group consisting of SnO , , Cuo , 
ZnO , Nb20s , and combinations thereof . 
[ 0070 ] Referring now to FIG . 8 , in some examples , the 
tube - type subelement precursor ( 12 ) can comprise a Sn 
based metal core ( 25 ) ( e . g . , a Sn metal rod ) , a Cu - based layer 
( 24 ) coaxially disposed around the Sn - based metal core , a 
Nb alloy layer ( 22 ) coaxially disposed around the Cu - based 
layer , a metal oxide layer ( 23 ) coaxially disposed around the 
Cu - based layer , and a barrier layer ( 27 ) coaxially disposed 
around the metal oxide layer . Each subelement precursor 
( 12 ) can further include a metallic matrix ( 21 ) disposed 
about the barrier layer . 
[ 0071 ] The Nb alloy can comprise an alloy of Nb and a 
metal that has an oxidation potential greater than the oxi 
dation potential of Nb ( e . g . , Zr , Al , Ti , Be , etc . ) . In some 
examples , the Nb alloy layer can comprise an alloy of Nb 
and a metal that has a higher affinity for oxygen than Nb . In 
certain examples , the Nb alloy layer can comprise a Nb alloy 
selected from the group consisting of a Nb - Zr alloy , a 
Nb — Al alloy , a NbTi alloy , and combinations thereof . 
The Nb alloy can further comprise a dopant to be incorpo 
rated into a resulting superconducting layer formed from the 
Nb alloy . Suitable dopants are known in the art , and include , 
for example , Ti , Ta , and combinations thereof . 
[ 0072 ] The metal oxide layer can , for example , comprise 
a metal oxide that has a lower oxidation potential than 
NbO2 . In some examples , the metal oxide layer can com 
prise a metal oxide that can supply oxygen to Nb . In some 
examples , the metal oxide layer comprises a metal oxide 
comprising a metal selected from the group consisting of Sn , 
Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations thereof . In 
some examples , the metal oxide layer comprises a metal 
oxide selected from the group consisting of SnO , , Cuo , 
ZnO , Nb2O5 , and combinations thereof . 
[ 0073 ] The barrier layer can comprise any suitable mate 
rial that can inhibit diffusion of the superconducting layer 
into the metallic matrix . For example , the barrier layer can 
comprise Nb metal or an alloy thereof , Ta metal or an alloy 
thereof , Ti metal or an alloy thereof , Mo metal or an alloy 
thereof , or a combination thereof . In some embodiments , the 
barrier layer can comprise Nb metal or an alloy thereof . In 
certain embodiments , the barrier layer can comprise a Nb 
alloy . In some examples , the Nb alloy can comprise an alloy 
formed from Nb and a metal that has an oxidation potential 
greater than the oxidation potential of Nb . In some 
examples , the Nb alloy can comprise an alloy formed from 
Nb and a metal that is less noble than Nb ( e . g . , a metal that 
appears lower than Nb in a galvanic series ) . Examples of 
suitable Nb alloys include , but are not limited to , Nb - Zr 
alloys , Nb — Al alloys , Nb — Ti alloys , Nb — Ta alloys , Nb 
Be alloys , Nb — Ni alloys , Nb - Fe alloys , Nb — Sn alloys , 
and combinations thereof . In some examples , the Nb alloy 
can be selected from the group consisting of a Nb - Zr alloy , 
a Nb - Al alloy , a Nb — Ti alloy , and combinations thereof . 
[ 0074 ] Precursors of this type can be fabricated using 
standard methods known in the art for fabricating tube - type 
superconducting strands . The metal oxide layers in the 
precursors above can be introduced into the tube - type super 
conducting wire precursor preforms by positioning a metal 
oxide powder at an appropriate position between two layers 
of the tube - type superconducting wire precursor preform . 
By way of example , in the case of the subelement precursor 

Powder - in - Tube Type Superconducting Wire 
Precursors 

[ 0076 ] Referring now to FIG . 4 , powder - in - tube type 
superconducting wire precursors can comprise a metallic 
matrix ( for example , a Cu - based metal ) , and at least one 
continuous subelement precursor ( 40 ) embedded in the 
matrix . Each subelement precursor can , for example , com 
prise a core ( 43 ) comprising a blend of a Sn - containing 
powder and a metal oxide powder , and a Nb alloy layer ( 42 ) 
coaxially disposed around the core . Each subelement pre 
cursor ( 40 ) can further include a metallic matrix ( 41 ) dis 
posed about the Nb alloy layer . 
[ 0077 ] As described above with respect to tube - type 
superconducting wire precursors , the composition of the 
metal oxide powder and the Nb alloy can be selected in 
combination so as to facilitate internal oxidation of the Nb 
alloy upon heat treatment of the superconducting wire 
precursor . Upon heat treatment of the superconducting wire 
precursor , Sn from the Sn - containing powder present in the 
core can diffuse to the Nb alloy layer , forming the super 
conducting Nb Sn layer . The composition of the metal oxide 
powder and the Nb alloy layer can be selected to provide for 
the formation of metal oxide particulates disposed within 
superconducting Nb Sn layer upon heat treatment of the 
superconducting wire precursor . As described above , the 
metal oxide particulates can serve to control the grain size of 
the Nbz Sn formed during heat treatment , thereby forming a 
niobium - tin superconducting phase comprising NbzSn 
grains having a refined average grain size ( e . g . , from 5 nm 
to 30 nm ) . 
[ 0078 ] For example , the Nb alloy layer can comprise an 
alloy of Nb and a metal that has an oxidation potential 
greater than the oxidation potential of Nb ( e . g . , Zr , Al , Ti , 
Be , etc . ) . In some examples , the Nb alloy can comprise an 
alloy of Nb and a metal that is less noble than Nb ( e . g . , a 
metal that appears lower than Nb in a galvanic series ) . In 
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certain examples , the Nb alloy layer can comprise a Nb alloy 
selected from the group consisting of a Nb / Zr alloy , a 
Nb - A1 alloy , a NbTi alloy , and combinations thereof . 
The Nb alloy can further comprise a dopant to be incorpo 
rated into the resulting superconducting layer formed from 
the Nb alloy . Suitable dopants are known in the art , and 
include , for example , Ti , Ta , and combinations thereof . 
10079 ] The core can comprise a homogeneous blend of a 
Sn - containing powder and a metal oxide powder . The metal 
oxide powder can , for example , comprise a metal oxide that 
has a lower oxidation potential than NbO , . In some 
examples , the metal oxide powder can comprise a metal 
oxide that can supply oxygen to Nb . In some examples , the 
metal oxide powder comprises a metal oxide comprising a 
metal selected from the group consisting of Sn , Cu , Zn , Nb , 
Fe , Ni , Cr , Co , W , and combinations thereof . In some 
examples , the metal oxide powder comprises a metal oxide 
selected from the group consisting of Sno , , Cuo , Zno , 
Nb , 05 , and combinations thereof . 
[ 0080 ] The Sn - containing powder can , for example , com 
prise Sn powder , NbSn , powder , Nb Sn? powder , or a 
combination thereof . In certain embodiments , the Sn - con 
taining powder can further comprise Cu powder . The addi 
tion of Cu to the powder core can have a catalytic effect for 
the formation of Nb Sn , and can reduce the reaction tem 
perature necessary to form the superconducting phase upon 
heat treatment . In some embodiments , the Sn powder can 
comprise from greater than 0 wt . % to 10 wt . % Cu powder , 
based on the total weight of all of the components in the 
powder core . 
[ 0081 ] Precursors of this type can be fabricated using 
standard methods known in the art for fabricating powder 
in - tube type superconducting strands . Once formed , the 
preforms can be formed into a wire by first extruding the 
preform , followed by either wire - drawing or swaging the 
extruded preform . Once drawn or swaged , the preform can 
be re - stacked by repeating the extrusion step , followed by 
the drawing or swaging steps , to achieve the desired wire 
diameter . The re - stacking step can be repeated as many time 
as necessary until the desired wire diameter is obtained . 

oxide rods . Each metal oxide rod can comprise a metal oxide 
core ( e . g . , a metal oxide powder ) ensheathed in copper or a 
copper alloy . In certain cases , the metal oxide rods can also 
be formed into hexed cross sectioned rods to enable their 
packing among the hexagonally packed Nb alloy rods . 
0084 ] Referring now to FIG . 5 , in certain embodiments , 
the superconducting wire precursors can comprise a metallic 
matrix ( for example , a Cu - based metal ) , and at least one 
continuous subelement precursor ( 50 ) embedded in the 
matrix . Each subelement can comprise a Sn - based metal 
core ( 51 ) ( e . g . , a Sn metal rod ) , a Cu - based layer ( 56 ) 
coaxially disposed around the Sn - based metal core , a plu 
rality of stacked Cu ( 55 ) - encased Nb alloy rods ( 54 ) dis 
posed around the Cu - based layer , and a barrier layer ( 53 ) 
coaxially disposed around the stacked Nb alloy rods . A 
plurality of metal oxide regions ( 57 ) can be disposed within 
the stacked Cu ( 55 ) - encased Nb alloy rods . The metal oxide 
regions ( 57 ) can each comprise a metal oxide powder . Each 
subelement precursor ( 50 ) can further include a metallic 
matrix ( 52 ) disposed about the barrier layer . 
[ 0085 ] As discussed above , the composition of the metal 
oxide and the Nb alloy can be selected in combination so as 
to facilitate internal oxidation of the Nb alloy upon heat 
treatment of the superconducting wire precursor . Upon heat 
treatment of the superconducting wire precursor , Sn from 
the core can diffuse to the Nb alloy layer ( e . g . , to the stacked 
Cu - encased Nb alloy rods ) , forming a superconducting 
NbzSn layer ( e . g . , a plurality of stacked Cu - encased Nb3Sn 
rods ) . The composition of the metal oxide layer and the Nb 
alloy layer can be selected to provide for the formation of 
metal oxide particulates disposed within superconducting 
Nb Sn upon heat treatment of the superconducting wire 
precursor . As described above , the metal oxide particulates 
can serve to control the grain size of the Nbz Sn formed 
during heat treatment , thereby forming a niobium - tin super 
conducting phase comprising Nb3Sn grains having a refined 
average grain size ( e . g . , from 5 nm to 30 nm ) . 
[ 0086 ] For example , the Nb alloy layer ( e . g . , the Nb alloy 
forming the Nb alloy rods ) can comprise an alloy of Nb and 
a metal that has an oxidation potential greater than the 
oxidation potential of Nb ( e . g . , Zr , Al , Ti , Be , etc . ) . In some 
examples , the Nb alloy layer can comprise an alloy of Nb 
and a metal that is less noble than Nb ( e . g . , a metal that 
appears lower than Nb in a galvanic series ) . In certain 
examples , the Nb alloy layer ( e . g . , the Nb alloy forming the 
Nb alloy rods ) can comprise a Nb alloy selected from the 
group consisting of a Nb / Zr alloy , a Nb - A1 alloy , a 
Nb — Ti alloy , and combinations thereof . The Nb alloy ( e . g . , 
the Nb alloy forming the Nb alloy rods ) can further comprise 
a dopant to be incorporated into a resulting superconducting 
phase formed from the Nb alloy . Suitable dopants are known 
in the art , and include , for example , Ti , Ta , and combinations 
thereof . 
[ 0087 ] The plurality of metal oxide regions can , in some 
examples , each comprise a metal oxide that has a lower 
oxidation potential than NbO2 . In some examples , the plu 
rality of metal oxide regions can each comprise a metal 
oxide that can supply oxygen to Nb . In some examples , the 
plurality of metal oxide regions each comprise a metal oxide 
comprising a metal selected from the group consisting of Sn , 
Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations thereof . In 
some examples , the plurality of metal oxide regions each 
comprise a metal oxide selected from the group consisting of 
SnO2 , Cuo , ZnO , Nb2O5 , and combinations thereof . 

Rod - Restack - Process Type Superconducting Wire 
Precursors 

[ 0082 ] Also disclosed herein are rod - restack - process type 
superconducting wire precursors . The precursors can com 
prise a metallic matrix ( for example , a Cu - based metal ) , and 
at least one continuous subelement precursor embedded in 
the matrix . Each subelement precursor can , for example , 
comprise a Sn - based metal core ; a Cu - based layer coaxially 
disposed around the Sn - based metal core ; a Nb alloy layer 
coaxially disposed around the Cu - based layer , the Nb alloy 
layer further comprising a plurality of metal oxide regions 
disposed within the Nb alloy layer ; and a barrier layer 
coaxially disposed around the Nb alloy layer . Each subele 
ment precursor can further include a metallic matrix dis 
posed about the barrier layer . 
[ 0083 ] In some embodiments , the Nb alloy layer can 
comprise a plurality of discrete Nb alloy rods which in 
combination make up the Nb alloy layer . Each Nb alloy rod 
can comprise a Nb alloy core ensheathed in copper or a 
copper alloy . In these cases , the Nb alloy rods can be formed 
into hexed cross - sectioned rods to facilitate hexagonal pack 
ing of the Nb alloy rods . In some embodiments , the plurality 
of metal oxide regions can comprise a plurality of metal 

m 
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[ 0088 ] The barrier layer can comprise any suitable mate 
rial that can inhibit diffusion of the superconducting layer 
into the metallic matrix . For example , the barrier layer can 
comprise Nb metal or an alloy thereof , Ta metal or an alloy 
thereof , Ti metal or an alloy thereof , Mo metal or an alloy 
thereof , or a combination thereof . In some embodiments , the 
barrier layer can comprise Nb metal or an alloy thereof . In 
certain embodiments , the barrier layer can comprise a Nb 
alloy . Examples of suitable Nb alloys include , but are not 
limited to , Nb - Zr alloys , Nb — Al alloys , Nb — Ti alloys , 
Nb — Ta alloys , Nb — Be alloys , Nb — Ni alloys , Nb Fe 
alloys , Nb - Sn alloys , and combinations thereof . In some 
examples , the Nb alloy can be selected from the group 
consisting of a Nb - Zr alloy , a Nb — Al alloy , a Nb — Ti 
alloy , and combinations thereof . 
[ 0089 ] In some examples , the Nb alloy layer can comprise 
a plurality of discrete Nb alloy rods , each Nb alloy rod 
comprising a Nb alloy core ensheathed in copper or a copper 
alloy . In some examples , the Nb alloy rods are formed into 
hexed cross sectioned rods , and the Nb alloy layer comprises 
a plurality of hexagonally packed Nb alloy rods . 
[ 0090 ] In some examples , the plurality of metal oxide 
regions can comprise a plurality of metal oxide rods , each 
metal oxide rod comprising a metal oxide core ensheathed in 
copper or a copper alloy . The metal oxide core can , for 
example , comprise a metal oxide powder . In some examples , 
the metal oxide rods are formed into hexed cross sectional 
rods to enable their packing among the hexagonally packed 
Nb alloy rods . 
[ 0091 ] Precursors of this type can be fabricated using 
standard rod - restack - processes known in the art . See , for 
example , U . S . Pat . No . 6 , 981 , 309 , which is hereby incor 
porated by reference in its entirety . Once formed , the pre 
forms can be formed into a wire by first extruding the 
preform , followed by either wire - drawing or swaging the 
extruded preform . Once drawn or swaged , the preform can 
be re - stacked by repeating the extrusion step , followed by 
the drawing or swaging steps , to achieve the desired wire 
diameter . The re - stacking step can be repeated as many 
times as necessary until the desired wire diameter is 
obtained . 

from 600° C . to 650° C . , from 650° C . to 700° C . , from 700° 
C . to 750° C . , from 750° C . to 800° C . , from 800° C . to 850° 
C . , or from 650° C . to 800° C . ) . 
[ 0094 ] Heat treating the superconducting wire precursor 
can , for example , comprise heating the superconducting 
wire precursor for at least 10 minutes ( e . g . , 20 minutes or 
more , 30 minutes or more , 40 minutes or more , 50 minutes 
or more , 1 hour or more , 2 hours or more , 3 hours or more , 
4 hours or more , 5 hours or more , 10 hours or more , 20 hours 
or more , 30 hours or more , 40 hours or more , 50 hours or 
more , 60 hours or more , 70 hours or more , 80 hours or more , 
90 hours or more , 100 hours or more , 200 hours or more , 300 
hours or more , 400 hours or more , 500 hours or more , 600 
hours or more , or 700 hours or more ) . In some examples , 
heat treating the superconducting wire precursor can com 
prise heating the superconducting wire precursor for 800 
hours or less ( e . g . , 700 hours or less , 600 hours or less , 500 
hours or less , 400 hours or less , 300 hours or less , 200 hours 
or less , 100 hours or less , 90 hours or less , 80 hours or less , 
70 hours or less , 60 hours or less , 50 hours or less , 40 hours 
or less , 30 hours or less , 20 hours or less , 10 hours or less , 
5 hours or less , 4 hours or less , 3 hours or less , 2 hours or 
less , 1 hours or less , 50 minutes or less , 40 minutes or less , 
30 minutes or less , or 20 minutes or less ) . The time for which 
the superconducting wire precursor is heat treated can range 
from any of the minimum values described above to any of 
the maximum values described above , for example for from 
10 minutes to 800 hours ( e . g . , from 10 minutes to 400 hours , 
from 400 hours to 800 hours , from 10 minutes to 200 hours , 
from 200 hours to 400 hours , from 400 hours to 600 hours , 
from 600 hours to 800 hours , from 10 minutes to 100 hours , 
or from 100 hours to 700 hours ) . 
[ 0095 ] Once formed , the superconducting wires described 
herein can be formed into similar electrically conducting 
structures , including , but not limited to , flattened tapes , 
laminated wires formed from multiple wires , and wound 
multi - wire cables . Applications for superconducting wires 
are known in the art , and include , for example , electromag 
netic devices such as , but not limited to : superconducting 
magnets , such as those described in U . S . Pat . No . 6 , 172 , 588 
to Laskaris et al . which is incorporated herein by reference 
in its entirety ; motors ; transformers ; and generators . Such 
electromagnetic devices may in turn be incorporated into 
larger system , such as , for example , magnetic resonance 
imaging systems , particle accelerators , and fusion reactors . 
[ 0096 ] The examples below are intended to further illus 
trate certain aspects of the systems and methods described 
herein , and are not intended to limit the scope of the claims . 

EXAMPLES 

Methods of Making 
[ 0092 ] Also disclosed herein are methods of making 
superconducting wires comprising heat treating any of the 
superconducting wire precursors described herein under 
conditions effective to form a superconducting wire com 
prising a superconducting phase comprising Nb2Sn . 
[ 0093 ] Heat treating the superconducting wire precursor 
can , for example , comprise heating the superconducting 
wire precursor at a temperature of at least 600° C . ( e . g . , 6250 
C . or more , 650° C . or more , 675° C . or more , 700° C . or 
more , 725° C . or more , 750° C . or more , 775° C . or more , 
800° C . or more , or 825° C . or more ) . In some examples , 
heat treating the superconducting wire precursor can com - 
prise heating the superconducting wire precursor at a tem 
perature of 850° C . or less ( e . g . , 825° C . or less , 800° C . or 
less , 775° C . or less , 750° C . or less , 725° C . or less , 700° 
C . or less , 675° C . or less , 650° C . or less , or 625° C . or less ) . 
The temperature at which the superconducting wire precur 
sor is heated during heat treatment can range from any of the 
minimum values described above to any of the maximum 
values described above , for example from 600° C . to 850° 
C . ( e . g . , from 600° C . to 725° C . , from 725° C . to 850° C . , 

[ 0097 ] The following examples are set forth below to 
illustrate the methods and results according to the disclosed 
subject matter . These examples are not intended to be 
inclusive of all aspects of the subject matter disclosed 
herein , but rather to illustrate representative methods and 
results . These examples are not intended to exclude equiva 
lents and variations of the present invention which are 
apparent to one skilled in the art . 
10098 ] Efforts have been made to ensure accuracy with 
respect to numbers ( e . g . , amounts , temperature , etc . ) but 
some errors and deviations should be accounted for . Unless 
indicated otherwise , parts are parts by weight , temperature is 
in °C . or is at ambient temperature , and pressure is at or near 
atmospheric . There are numerous variations and combina 
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tions of reaction conditions , e . g . , component concentrations , 
temperatures , pressures and other reaction ranges and con 
ditions that can be used to optimize the product purity and 
yield obtained from the described process . 

Example 1 

Overview 
[ 0099 ] Refinement of grain size and improvement of high 
field critical current density ( J . ) can be achieved for a NbzSn 
superconducting wire by internally oxidizing the Nb alloy . 
In such strands , the Nb alloy can be any Nb alloy where the 
additional element or elements can be oxidized internally , 
for example NbZr or NbA1 . The Nb alloy can also 
include other components that are not oxidized and that can 
increase the superconductivity potential , such as Nb doped 
with Ti , or Nb doped with Ta . An oxide powder can be 
positioned in the subelements so that during heat treatment 
the Nb alloy can reduce the oxide powder and take up the 
oxygen . Internal oxidation of Nb Zr or Nb A1 alloys can 
form fine intra - granular and inter - granular Zro , or A1 , 0 , 
precipitates in the Nbz Sn matrix . The ZrO2 or Al2O3 pre 
cipitates can refine the Nb Sn grain size ( e . g . , by a factor or 
three for a heat treatment temperature of 625° C . ) . The 
refined grain size of the Nb2Sn ( ~ 30 nm ) can shift the peak 
of the flux pinning force vs . field ( F . - B ) curve towards half 
of the irreversibility field ( Birr ) , and can improve the high 
field J . ( e . g . , by a factor of two for a heat treatment 
temperature of 625° C . ) . 

T ) . One report showed that a reduction of the Nb2Sn grain 
size improved the 12 TJ value by a factor of three . The shift 
of the Fn - B curve peak to 0 . 5 Birr can also reduce the value 
of J . below 2 T , which can reduce low - field magnetization 
and improve the stability of the Nb Sn conductors . 
[ 0103 ] One method that has been used to control the 
NbzSn grain size has been lowering the reaction tempera 
ture . A heat treatment at 600 - 800° C . can transform precur 
sors , including Sn , Cu , and Nb metals or alloys thereof in a 
green - state wire to the Nb3Sn phase through a diffusion 
reaction process . However , even reducing the temperature of 
615° C . can only refine the grain size to about 90 nm . 
[ 0104 ] An internal oxidation method that was successfully 
used in Nb Sn films offers an alternative . The film approach 
used a Nb - Zr foil which was first anodized to form a 
Nb , 0 layer on the surface and then annealed to decompose 
the Nb2O , and dissolve oxygen in the Nb / Zr alloy ; after 
being coated with Cu - Sn , the foil was reacted at 1050° C . 
to form NbzSn with ZrO2 precipitates . It was reported that 
with sufficient oxygen supply , the Nb Sn grain size could be 
refined by an order of magnitude . 
[ 0105 ] A lot of effort has been made to transfer this 
internal oxidation method from foils to Nb , Sn wires , M . 
Benz ( U . S . Pat . No . 6 , 583 , 362 to Benz , et al . ) fabricated a 
wire with Nb alloy having Zr and oxygen pre - dissolved , and 
similar work was repeated by B . Zeitlin later . However , 
pre - dissolving oxygen in the Nb - Zr alloy increased its 
strength and decreased its ductility , therefore making it 
difficult to draw the Nb / Zr O alloy down to a small size . 
It is worth mentioning here that a Nb Sn wire is different 
from a film . First , a Nb Sn wire has a cross section which 
can facilitate cabling . Second , the Nb Sn wire has a periph 
eral Cu matrix in which all subelements are embedded . 
Thirdly , several deformations are usually performed on a 
green - state Nb Sn wire to obtain a small subelement diam 
eter ( typically < 60 um ) , while such deformations are not 
needed for the fabrication of a film . Due to these deforma 
tions , the precursors to compose a NbzSn wire must be 
sufficiently ductile : it is this point that hinders the transfer of 
the technique developed for films to the processes for 
forming wires . 
[ 0106 ] To circumvent the addition of oxygen to the Nb 
Zr alloy before processing , Zeitlin fabricated a mono - ele 
ment internal - tin strand using an oxygen - free NbZr alloy . 
For the oxygen supply Zeitlin blended a SnO2 powder with 
a Sn powder in the core , expecting the Nb Zr to take up the 
oxygen from Sno , during heat treatment , because Nb and Zr 
have stronger affinity to oxygen than Sn . However , no grain 
refinement was obtained in Zeitlin ' s samples reacted at or 
below 850° C . A closer examination of Zeitlin ' s wire 
showed that certain features of its structure prevented the 
transfer of oxygen from the Sno , to the Nb - Zr . Disclosed 
herein are several structures in which the internal oxidation 
of Nb Sn wires is realized , which leads to a refined grain 
size and a higher Jethan has been achieved in conventional 
Nb Sn strands . 

Introduction 
[ 0100 ] Nb Sn superconductors can be used in applications 
such as nuclear magnetic resonance ( NMR ) , fusion reactors , 
and particle accelerator magnets . Such applications can 
require high critical current density ( I . ) at magnetic fields 
from 12 T to 20 T or more . 
[ 0101 ] At present there are three types of NbzSn strands 
that have been reported to have a J . of - 5000 A / mm² at 4 . 2 
K and 12 T , namely “ rod - restack - process ” ( See , for 
example , U . S . Patent Application Publication No . 2006 / 
0081307 ) , “ powder - in - tube ” , and “ tube type ” . Each of the 
Nb Sn strands in composed of a plurality of superconductor 
units ( named “ subelements ” ) embedded in a Cu matrix . For 
example , a subelement of a rod - restack - process strand can 
contain a Cu - encased Sn core , which can be surrounded by 
a plurality of Cu - encased Nb alloy rods , a Nb barrier , and 
another Cu layer . A subelement of a powder - in - tube strand 
can be a Cu - jacketed Nb alloy tube filled by Sn - source 
powders ( such as Cu Sn , or a mixture of NbSn , and Cu 
powders ) . A tube type strand is similar to a powder - in - tube 
strand , but uses a Cu - encased Sn rod as the Sn source instead 
of Sn - containing powders . 
[ 0102 ] Refining the Nbz Sn grain size can improve the 
high - field J . of the NbzSn superconductors . Present NbzSn 
conductors , with grain sizes of typically 100 - 200 nm , have 
bulk pinning force vs . field curves ( F . - B ) that peak at 0 . 2 of 
the irreversibility field ( Birr ) . A previous experiment on 
Nb Sn films fabricated by electron - bean co - evaporation 
deposition showed that if the NbzSn grain size was refined 
to 15 - 30 nm , the peak of the F , - B curve would shift from 0 . 2 
Birr to 0 . 5 Birr . The shift of the F , - B curve peak to 0 . 5 Birr 
can improve the high - field ( > 10 T ) Je , which can push the 
application range of Nbz Sn conductors to higher fields ( > 20 

Results and Discussion 
[ 0107 ] Discussed herein are three types of subelement 
structures of high - J Nbz Sn strands ( e . g . , tube type , powder 
in - tube , and rod - restack - process ) , that are modified so that 
internal oxidation can occur in these strands during heat 
treatment to form fine metal oxide particles in the Nb3Sn 
matrix . All of these strands used a metal oxide powder as the 
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oxygen source , and the oxide powder was located in a 
position inside each subelement so that it can release suffi - 
cient oxygen to oxidize the Zr or Al atoms in the Nb - Zr or 
Nb - A1 alloy during the heat treatment . The fine Zro , or 
Al2O3 particles precipitated in the Nbz Sn matrix refined the 
NbzSn grain size and boosted the high - field Je of these 
strands . 
[ 0108 ] Generally speaking , two modifications were made 
to the Nb2Sn subelements to enable internal oxidation . First , 
each subelement was fabricated with a Nb alloy ( herein 
denoted as Nb M ) that can be internally oxidized . The Nb 
alloy can have additional elements that are not oxidized , 
such as Ti or Ta , and that can increase the superconductor 
potential . Second , each subelement contained an oxygen 
source that can supply oxygen to the Nb - M alloy during 
heat treatment . Metal M in the Nb - M alloy can have 
sufficient solubility in Nb so that it can form a NbM solid 
solution with a sufficient amount of M . Further , Metal M can 
be less noble than Nb so that during heat treatment the metal 
Mis oxidized while Nb itself is left behind for the formation 
of Nb Sn . Furthermore , the less noble a metal is , the finer its 
oxide precipitates ( e . g . , the internal oxidation products ) are , 
Ti , Zr and Al can all be used as the metal M , meaning the 
Nb - M alloy can be Nb / TI , Nb Zr , or Nb - Al , which 
would result in TiO2 , ZrO2 , and Al2O3 precipitates , respec 
tively . 
10109 ] The oxygen source was introduced into the strands 
discussed herein by adding a metal oxide powder into the 
subelements , taking advantage of the good flowability of 
powders during the drawing process . For NbzSn strands , Cu 
was used as a matrix , but also inside the subelements , 
because Cu destabilizes high - Sn Nb - Sn compounds and 
promotes Nb Sn formation . However , calculations show 
that the diffusion rate of oxygen in Cu can be very slow 
because of the low oxygen solubility in Cu . Thus , for the 
design of the subelement structure for internal oxidation , 
having oxygen diffuse through a thick Cu layer was avoided . 
[ 0110 ] One example for the realization of internal oxida 
tion in a tube type subelement is illustrated in FIG . 2 . The 
subelement ( 12 ) is comprised of five concentric layers , 
namely , the Cu matrix ( 21 ) , the Nb - Zr or Nb — Al alloy 
tube ( 22 ) , the oxide layer ( 23 ) , the Cu layer ( 24 ) , and the 
central Sn rod ( 25 ) . The oxide layer ( 23 ) is located between 
the Cu layer ( 24 ) and the Nb alloy tube ( 22 ) so that the Nb 
alloy can reduce the oxide powder and take up the oxygen 
during heat treatment . If the oxide powder was located 
between the Cu layer ( 24 ) and the central Sn rod ( 25 ) , excess 
heat treatment time can be needed to supply sufficient 
amount of oxygen to Nb / Zr alloy through the Cu layer 
( 24 ) . If the oxide powder was located between the Nb alloy 
tube ( 22 ) and the Cu matrix ( 21 ) , the vacant space left in the 
oxide powder layer after reaction can block the current 
transfer from the Cu matrix ( 21 ) to the Nb Sn layer . An 
example wire containing a plurality of subelements ( 12 ) is 
shown in FIG . 1 . Referring now to FIG . 1 , the wire ( 10 ) 
comprises a plurality of subelements ( 12 ) , as well as Cu 
matrix ( 11 ) , and can further comprise a certain number of Cu 
hexagons ( 13 ) , which can be located in the center of the wire 
( 10 ) to ease wire drawing . Note that FIG . 1 shows a 
schematic view of an exemplary configuration , and is not 
meant to be limiting . For example , the wire can include any 
number of subelements ( e . g . , over a hundred ) . 
0111 ] Heat treatment of the tube type subelement ( 12 ) in 
FIG . 2 can convert the subelements to those as shown in 

FIG . 3 . The heat treatment can transform the oxide layer 
( 23 ) , the Cu layer ( 24 ) , and the central Sn rod ( 25 ) in FIG . 
2 to the non - superconducting core ( 34 ) in FIG . 3 . The 
subelement ( 30 ) of FIG . 3 further comprises a supercon 
ducting NbzSn layer ( 33 ) with ZrO2 or Al2O3 particles 
formed therein , and a layer of Nb / Zr or Nb — Al alloy ( 32 ) 
is left unreacted to protect the Cu matrix ( 31 ) . 
[ 0112 ] In order for the metal oxide powder to be reduced 
by the Nb alloy , the metal oxide should be less stable than 
Nb oxide . Examples of metal oxides that can supply oxygen 
to the Nb alloy include , but are not limited to , SnO2 , ZnO , 
Nb2O5 , and CuO . SnO2 powder can , for example , supply its 
oxygen to the Nb alloy until the SnO2 completely exhausts 
its oxygen content and turns into liquid Sn . On the other 
hand , Nb205 can only supply a portion of its oxygen to the 
Nb alloy while the Nb , 0 powder transforms to NbO2 , 
which cannot supply oxygen to the Nb alloy . On the other 
hand , if the oxide is too unstable ( e . g . , CuO ) , the rate at 
which the oxygen is supplied by this oxide can be faster than 
the rate at which the oxygen diffuses deeper into the Nb 
alloy , making the oxygen content at the Nb alloy surface rise 
with time . A sufficient oxygen content at the Nb alloy surface 
can oxidize both Nb and Zr non - selectivity , which is adverse 
to the formation of Nb Sn . Such issues are more frequently 
observed at higher heat treatment temperatures . To avoid 
these problems , a pre - heat treatment stage at a lower tem 
perature ( e . g . , 500° C . ) can be added , or a more stable oxide 
( e . g . , Nb203 ) can be used . 
[ 0113 ] FIG . 4 displays an example powder - in - tube sub 
element for the realization of internal oxidation . The sub 
element ( 40 ) is comprised of a Cu ( 41 ) - jacketed Nb - Zr or 
Nb Al alloy tube ( 42 ) , which is filled with a mixture ( 43 ) 
of a metal oxide powder and a Cu - Sn or Nb - Sn inter 
metallic powder , which can serve as the Sn source . During 
heat treatment , the metal oxide powder in the core can 
release oxygen for the Nb alloy ( 42 ) to be internally oxi 
dized . Regarding the transfer of oxygen from oxide powder 
to Nb alloy , experiments demonstrated that the oxide powder 
does not need to contact the Nb alloy to supply oxygen . As 
long as the metal oxide powder is exposed to the atmo 
sphere , a metal oxide powder like SnO or Nb , 0 can supply 
oxygen to Nb alloy through the atmosphere . As shown in 
FIG . 4 , the metal oxide powder in the core can be blended 
with the Sn - source powder and thus does not contact the Nb 
alloy tube , but it can still supply oxygen to Nb alloy . If a 
Nb Sn , or Nb Sn phase begins to form at the inner surface 
of the Nb alloy tube ( 42 ) , the newly formed Nb Sn , or 
Nb Sn layer can cut off the connection between the oxide 
powder and the unreacted Nb alloy , and thus terminate the 
oxygen transfer process . This can be avoided by adding a 
pre - heat treatment stage at a lower temperature ( e . g . , 500° 
C . ) , which can allow oxygen transfer but postpones the 
formation of the Nb Sn , or Nb3Sn phase . 
[ 0114 ] FIG . 5 displays a schematic representation of a 
modified rod - restack - process subelement ( 50 ) that enables 
internal oxidation . The subelement ( 50 ) comprises a Sn core 
( 51 ) , a Cu can ( 56 ) , a Nb alloy barrier ( 53 ) , a Cu matrix ( 52 ) , 
and a stacking of Cu ( 55 ) - encased Nb / Zr or Nb — Al alloy 
rods ( 54 ) , a certain number of which are replaced by a metal 
oxide powder ( 57 ) . As mentioned earlier , the diffusion rate 
of oxygen through the Cu layer is slow , so supplying oxygen 
through a thick Cu layer tends to cause an insufficient 
amount of oxygen for oxidizing the Zr or Al atoms in the 
Nb Zr or Nb - Al alloy . However , in a final - size rod 
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restack - process strand , the thickness of the Cu layer among 
the Nb alloy rods ( 54 ) is small ( e . g . , less than 1 um ) , which 
can allow rapid transfer of oxygen from the oxide powder to 
the surrounding Nb alloy rods . For this example , Cuo 
powder can be used as the metal oxide powder . 
[ 0115 ] An experimental tube type subelement that has a 
structure as shown in FIG . 2 was fabricated . The Nb alloy 
used for the tube ( 22 ) was commercial Nb1Zr , and the 
oxide powder used was Sno , . The outer diameter of the 
Nb / 1Zr tube in the final - size subelement was 0 . 22 mm . 
The wire was heat treated at 625° C . for 800 hours . It was 
found that over 3 atomic percent ( at . % ) oxygen was taken 
up by the Nb Zr alloy after the heat treatment . An SEM 
image displaying the Nb Sn grains of this wire is shown in 
FIG . 6 . It was calculated that the average Nb Sn grain size 
was about 30 nm , which is about a third of the present Nb Sn 
strands reacted at 625° C . ( 100 - 110 nm ) . The 4 . 2 K , 12 T 
Nb Sn - layer J . of this wire was 9600 A / mm² , which is 
almost double the value of the present state - of - the - art Nb Sn 
strands ( ~ 5000 A / mm² ) . The peak of the F , - B curve of this 
wire shifted to 0 . 34 Birr . Further improvement ( e . g . , by a 
factor of six for 15 TJ . ) can be achieved by further 
optimizing this value of this subelement ( ~ 20 T ) can be 
improved by additions of Ta or Ti . Second , the grain size can 
be further reduced with the use of even lower reaction 
temperatures ( e . g . , 605° C . ) , or higher Zr content ( e . g . , 
1 . 5 % ) to produce a greater density of Zro , particles . A 
Nb Al solid solution , which is ductile alloy , can give a 
different distribution of oxide particles and can affect the 
grain size refinement differently . 
[ 0116 ] The compositions and methods of the appended 
claims are not limited in scope by the specific compositions 
and methods described herein , which are intended as illus 
trations of a few aspects of the claims . Any compositions 
and methods that are functionally equivalent are intended to 
fall within the scope of the claims . Various modifications of 
the compositions and methods in addition to those shown 
and described herein are intended to fall within the scope of 
the appended claims . Further , while only certain represen 
tative compositions and methods disclosed herein are spe 
cifically described , other compositions and methods also are 
intended to fall within the scope of the appended claims , 
even if not specifically recited . Thus , a combination of steps , 
elements , components , or constituents may be explicitly 
mentioned herein or less , however , other combinations of 
steps , elements , components , and constituents are included , 
even though not explicitly stated . 
[ 0117 ] The term " comprising ” and variations thereof as 
used herein is used synonymously with the term " including ” 
and variations thereof and are open , non - limiting terms . 
Although the terms “ comprising ” and “ including ” have been 
used herein to describe various embodiments , the terms 
" consisting essentially of ” and “ consisting of " can be used 
in place of “ comprising ” and “ including ” to provide for 
more specific embodiments of the invention and are also 
disclosed . Other than where noted , all numbers expressing 
geometrics , dimensions , and so forth used in the specifica 
tion and claims are to be understood at the very least , and not 
as an attempt to limit the application of the doctrine of 
equivalents to the scope of the claims , to be construed in 
light of the number of significant digits and ordinary round 
ing approaches . 
[ 0118 ] Unless defined otherwise , all technical and scien 
tific terms used herein have the same meanings as com 

monly understood by one or skill in the art to which the 
disclosed invention belongs . Publications cited herein and 
the materials for which they are cited are specifically incor 
porated by reference . 
What is claimed is : 
1 . A superconducting wire comprising : 
a matrix comprising a Cu - based metal ; and 
at least one continuous subelement embedded in the 

matrix ; 
wherein each subelement comprises : 

a non - superconducting core ; 
a superconducting layer coaxially disposed around the 

non - superconducting core ; and 
a barrier layer coaxially disposed around the supercon 

ducting layer ; 
wherein the superconducting layer comprises a plurality 

of NbzSn grains stabilized by metal oxide particulates 
disposed therein , and 

wherein the NbzSn grains have an average grain size of 
from 5 nm to 90 nm . 

2 . The superconducting wire of claim 1 , wherein the 
Nb Sn grains have an average grain size of from 15 nm to 
30 nm . 

3 . The superconducting wire of any of claims 1 - 2 , wherein 
the superconducting layer further comprises a dopant . 

4 . The superconducting wire of claim 3 , wherein the 
dopant comprises Ti , Ta , or a combination thereof . 

5 . The superconducting wire of any of claims 1 - 4 , wherein 
the superconducting layer has a high - field critical current 
density ( J . ) of from 5 , 000 to 21 , 000 A / mm² at a temperature 
of 4 . 2 K in a magnetic field of 12 T . 

6 . The superconducting wire of any of claims 1 - 5 , wherein 
the superconducting layer has a high - field critical current 
density ( J . ) of 9 , 500 A / mm² or more at a temperature of 4 . 2 
K in a magnetic field of 12 T . 

7 . The superconducting wire of any of claims 1 - 6 , wherein 
the superconducting layer has a flux pinning force vs . field 
( F . - B ) curve that peaks at from 0 . 2 to 0 . 5 times the irre 
versibility field ( Birr ) . 

17 . The superconducting wire of any of claims 1 - 7 , 
wherein the barrier layer comprises a Nb alloy , a Ta alloy , a 
Ti alloy , or a combination thereof . 

9 . The superconducting wire of claim 8 , wherein the 
barrier layer comprises a Nb alloy , and the Nb alloy com 
prises an alloy of Nb and a metal that has an oxidation 
potential greater than the oxidation potential of Nb . 

10 . The superconducting wire of claim 8 or 9 , wherein the 
barrier layer comprises a Nb alloy , and the Nb alloy is 
selected from the group consisting of a Nb - Zr alloy , a 
Nb — Al alloy , a Nb — Ti alloy , and combination thereof . 

11 . The superconducting wire of any of claims 1 - 10 , 
wherein the metal oxide particulates comprise a metal that 
has an oxidation potential greater than the oxidation poten 
tial of Nb . 

12 . The superconducting wire of any of claims 1 - 11 , 
wherein the metal oxide particulates comprise a metal oxide 
selected from the group consisting of ZrO2 , Al2O3 , TiO2 , 
and combinations thereof . 

13 . The superconducting wire of any of claim 1 - 12 , 
wherein the diameter of each subelement is from 5 um to 
150 um . 
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14 . A superconducting wire precursor comprising : 
a matrix comprising a Cu - based metal ; and 
at least one continuous subelement precursor embedded in 

the matrix ; 
wherein each subelement precursor comprises : 

a Sn - based metal core ; 
a Cu - based layer coaxially disposed around the Sn 

based metal core ; 
a metal oxide layer coaxially disposed around the 
Cu - based layer ; and 

a Nb alloy layer coaxially disposed around the metal 
oxide layer . 

15 . The superconducting wire precursor of claim 14 , 
wherein the Nb alloy layer comprises an alloy of Nb and a 
metal that has an oxidation potential greater than the oxi 
dation potential of Nb . 

16 . The superconducting wire precursor of claim 14 or 15 , 
wherein the Nb alloy layer comprises a Nb alloy selected 
from the group consisting of a Nb - Zr alloy , a NbA1 
alloy , a Nb - Ti alloy , and combinations thereof . 

17 . The superconducting wire precursor of any of claims 
14 - 16 , wherein the metal oxide layer comprises a metal 
oxide that has a lower oxidation potential than Nb02 . 

18 . The superconducting wire precursor of any of claims 
14 - 17 , wherein the metal oxide layer comprises a metal 
oxide comprising a metal selected from the group consisting 
of Sn , Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations 
thereof . 

19 . The superconducting wire precursor of any of claims 
14 - 18 , wherein the metal oxide layer comprises a metal 
oxide selected from the group consisting of SnO2 , Cuo , 
ZnO , Nb20s , and combinations thereof . 

20 . The superconducting wire precursor comprising : 
a matrix comprising a Cu - based metal ; and 
at least one continuous subelement precursor embedded in 

the matrix ; 
wherein each subelement precursor comprises : 

a Sn - based metal core ; 
a Cu - based layer coaxially disposed around the Sn 
based metal core ; 

a first Nb alloy layer coaxially disposed around the 
Cu - based layer ; 

a metal oxide layer coaxially disposed around the first 
Nb alloy layer ; and 

a second Nb alloy layer coaxially disposed around the 
metal oxide layer . 

21 . The superconducting wire precursor of claim 20 , 
wherein the first Nb alloy layer and the second Nb alloy 
layer each comprise an alloy of Nb and a metal that has an 
oxidation potential greater than the oxidation potential of 
Nb . 

22 . The superconducting wire precursor of claim 20 or 21 , 
wherein the first Nb alloy layer and the second Nb alloy 
layer each comprise a Nb alloy selected from the group 
consisting of a Nb Zr alloy , a Nb - Al alloy , a Nb / Ti 
alloy , and combinations thereof . 

23 . The superconducting wire precursor of any of claims 
20 - 22 , wherein the metal oxide layer comprises a metal 
oxide that has a lower oxidation potential than NbO , 

24 . The superconducting wire precursor of any of claims 
20 - 23 , wherein the metal oxide layer comprises a metal 
oxide comprising a metal selected from the group consisting 
of Sn , Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations 
thereof . 

25 . The superconducting wire precursor of any of claims 
20 - 24 , wherein the metal oxide layer comprises a metal 
oxide selected from the group consisting of SnO2 , Cuo , 
ZnO , Nb20s , and combinations thereof . 

26 . A superconducting wire precursor comprising : 
a matrix comprising a Cu - based metal ; and 
at least one continuous subelement precursor embedded in 

the matrix ; 
wherein each subelement precursor comprises : 

a Sn - based metal core ; 
a Cu - based layer coaxially disposed around the Sn 

based metal core ; 
a Nb alloy layer coaxially disposed around the Cu 
based layer ; 

a metal oxide layer coaxially disposed around the Nb 
alloy layer ; and 

a barrier layer coaxially disposed around the metal 
oxide layer . 

27 . The superconducting wire precursor of claim 26 , 
wherein the Nb alloy layer comprises an alloy of Nb and a 
metal that has an oxidation potential greater than the oxi 
dation potential of Nb . 

28 . The superconducting wire precursor of claim 26 or 27 , 
wherein the Nb alloy layer comprises a Nb alloy selected 
from the group consisting of a Nb / Zr alloy , a NbA1 
alloy , a Nb — Ti alloy , and combinations thereof . 

29 . The superconducting wire precursor of any of claims 
26 - 28 , wherein the barrier layer comprises a Nb alloy , a Ta 
alloy , a Ti alloy , or a combination thereof . 

30 . The superconducting wire precursor of claim 29 , 
wherein the barrier layer comprises a Nb alloy , and the Nb 
alloy comprises an alloy of Nb and a metal that has an 
oxidation potential greater than the oxidation potential of 
Nb . 

31 . The superconducting wire precursor of claim 29 or 30 , 
wherein the barrier layer comprises a Nb alloy , and the Nb 
alloy is selected from the group consisting of a Nb - Zr 
alloy , a Nb — Al alloy , a Nb — Ti alloy , and combinations 
thereof . 

32 . The superconducting wire precursor of any of claims 
26 - 31 , wherein the metal oxide layer comprises a metal 
oxide that has a lower oxidation potential than NbO . 

33 . The superconducting wire precursor of any of claims 
26 - 32 , wherein the metal oxide layer comprises a metal 
oxide comprising a metal selected from the group consisting 
of Sn , Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations 
thereof . 

34 . The superconducting wire precursor of any of claims 
26 - 33 , wherein the metal oxide layer comprises a metal 
oxide selected from the group consisting of SnO2 , Cuo , 
ZnO , Nb2O5 , and combinations thereof . 

35 . A superconducting wire precursor comprising : 
a matrix comprising a Cu - based metal ; and 
at least one continuous subelement precursor embedded in 

the matrix ; 
wherein each subelement precursor comprises : 

a core comprising a blend of a Sn - containing powder 
and a metal oxide powder , and 

a Nb alloy layer coaxially disposed around the core . 
36 . The superconducting wire precursor of claim 35 , 

wherein the Sn - containing powder comprises a Sn powder , 
a NbSn2 powder , Nb Sng powder , or a combination thereof . 
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37 . The superconducting wire precursor of claim 36 , 
wherein the Sn - containing powder further comprises Cu 
powder . 

38 . The superconducting wire precursor of any of claims 
35 - 37 , wherein the Nb alloy layer comprises an alloy of Nb 
and a metal that has an oxidation potential greater than the 
oxidation potential of Nb . 

39 . The superconducting wire precursor of any of claims 
35 - 38 , wherein the Nb alloy layer comprises a Nb Zr alloy , 
a Nb — A1 alloy , a Nb — Ti alloy , or combinations thereof . 
40 . The superconducting wire precursor of any of claims 

35 - 39 , wherein the metal oxide powder comprises a metal 
oxide that has a lower oxidation potential than NbO , . 
41 . The superconducting wire precursor of any of claims 

35 - 40 , wherein the metal oxide powder comprises a metal 
oxide comprising a metal selected from the group consisting 
of Sn , Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and combinations 
thereof . 
42 . The superconducting wire precursor of any of claims 

35 - 41 , wherein the metal oxide powder comprises a metal 
oxide selected from the group consisting of SnO2 , Cuo , 
ZnO , Nb20s , and combinations thereof . 
43 . A superconducting wire precursor comprising : 
a matrix comprising a Cu - based metal ; and 
at least one continuous subelement precursor embedded in 

the matrix ; 
wherein each subelement precursor comprises : 
a Sn - based metal core ; 

a Cu - based layer coaxially disposed around the Sn 
based metal core ; 

a Nb alloy layer coaxially disposed around the Cu 
based layer , the Nb alloy layer further comprising a 
plurality of metal oxide regions disposed within the 
Nb alloy layer ; and 

a barrier layer coaxially disposed around the Nb alloy 
layer . 

44 . The superconducting wire precursor of claim 43 , 
wherein the Nb alloy layer comprises an alloy of Nb and a 
metal that has an oxidation potential greater than the oxi 
dation potential of Nb . 

45 . The superconducting wire precursor of any of claims 
43 - 44 , wherein the Nb alloy layer comprises a Nb - Zr alloy , 
a Nb - Al alloy , a Nb - Ti alloy , or combinations thereof . 

46 . The superconducting wire precursor of any of claims 
43 - 45 , wherein the barrier layer comprises a Nb alloy , a Ta 
alloy , a Ti alloy , or a combination thereof . 
47 . The superconducting wire precursor of claim 46 , 

wherein the barrier layer comprises a Nb alloy , and the Nb 
alloy comprises an alloy of Nb and a metal that has an 
oxidation potential greater than the oxidation potential of 

comprise a metal oxide selected from the group consisting of 
SnO , , Cuo , ZnO , Nb , Os , and combinations thereof . 
51 . The superconducting wire precursor of claims 43 - 49 , 

wherein the a Nb alloy layer comprises a plurality of discrete 
Nb alloy rods , each Nb alloy rod comprising a Nb alloy core 
ensheathed in copper or a copper alloy . 
52 . The superconducting wire precursor of claim 51 , 

wherein the plurality of metal oxide regions comprise a 
plurality of metal oxide rods , each metal oxide rods com 
prising a metal oxide core ensheathed in copper or a copper 
alloy . 

53 . The superconducting wire precursor of claim 52 , 
wherein the metal oxide core comprises a metal oxide 
powder . 
54 . The superconducting wire precursor of claims 51 - 53 , 

wherein the Nb alloy rods are formed into hexed cross 
sectional rods , and wherein the Nb alloy layer comprises a 
plurality of hexagonally packed Nb alloy rods . 

55 . The superconducting wire precursor of claim 54 , 
wherein the metal oxide rods are formed into hexed cross 
sectional rods to enable their packing among the hexago 
nally packed Nb alloy rods . 

56 . A method of making a superconducting wire com 
prising heat treating the superconducting wire precursor of 
any of claims 14 - 55 to form a superconducting wire com 
prising a superconducting phase comprising Nb Sn . 

57 . The method of claim 56 , wherein heat treating the 
superconducting wire precursor comprises heating the 
superconducting wire precursor at a temperature of at least 
600° C . 

58 . The method of claim 56 or 57 , wherein heat treating 
the superconducting wire precursor comprises heating the 
superconducting wire precursor at a temperature of from 
600° C . to 850° C . 

59 . The method of any of claims 56 - 58 , wherein heat 
treating the superconducting wire precursor comprises heat 
ing the superconducting wire precursor for at least 10 
minutes . 

60 . The method of any of claims 56 - 59 , wherein heat 
treating the superconducting wire precursor comprises heat 
ing the superconducting wire precursor for from 10 minutes 
to 800 hours . 
61 . A superconducting wire prepared by the method of 

any of claims 56 - 60 . 
62 . The superconducting wire of claim 61 , wherein the 

superconducting wire comprises a superconducting phase 
that has a high - field critical current density ( J . ) of from 
5 , 000 to 21 , 000 A / mm at a temperature of 4 . 2 K in a 
magnetic field of 12 T . 

63 . The superconducting wire of any of claims 61 - 62 , 
wherein the superconducting wire comprises a supercon 
ducting phase that has a high - field critical current density 
( J . ) of 9 , 500 A / mm or more at a temperature of 4 . 2 K in a 
magnetic field of 12 T . 
64 . The superconducting wire of any of claims 41 - 43 , 

wherein the superconducting wire comprises a supercon 
ducting phase that has a flux pinning force vs . field ( F , - B ) 
curve that peaks at from 0 . 2 to 0 . 5 times the irreversibility 
field ( Birr ) . 
65 . An electromagnetic device comprising at least one 

superconducting wire of any of claims 1 - 13 or 61 - 64 . 
* * * * * 

Nb . 
48 . The superconducting wire precursor of any of claims 

43 - 47 , wherein the plurality of metal oxide regions each 
comprise a metal oxide that has a lower oxidation potential 
than NbO2 . 

49 . The superconducting wire precursor of any of claims 
43 - 48 , wherein the plurality of metal oxide regions each 
comprise a metal oxide comprising a metal selected from the 
group consisting of Sn , Cu , Zn , Nb , Fe , Ni , Cr , Co , W , and 
combinations thereof . 

50 . The superconducting wire precursor of any of claims 
43 - 49 , wherein the plurality of metal oxide regions each 


