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, CONIRACTUAL ORIGIN OF THE INVENTION

The United States Government has fights in this inven-
tioﬁ pursuant to Contract W-7405-Eng-82 between the U. S. '
Depaftmenp of Energy and Ames Laboratory |

This application is a continuation-in-part of U. S.
Patent Application S. N. 85,653 filed October 17, 1979.

BACKGROUND AND PRIOR ART

This invention relates to an improved method of pre-
paring composihe superconducting wire. More specifically,
this invention relates to an improved method for preparing
a composite superconducting wire‘cénsisting of multifilaments
of‘Nb3Sn in a copper matrix. .

One method presently used for preparing multifilément
superconducting wire such as Nb3Sn in a predominantly copper
matrix consists of drilling a plurality of évenly spaced
holes in a copper'or bronée billet, inserting niobium rods
in each hole, and extruding and drawing the billet in several
steps untilvthe niobium rods are reduced to the desired fila-
ment size. The wire is then coated with tin and heated to
react - the tin and niobium in order to form NbySn. The pro-
cess 1s expensive and exacting and the size generally limited

to filaments larger than 2um in diameter.

-1 -
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In anoﬁher meﬁhod, cylindrical rods of niobium are
inserted into tubes of copper to form compqsite rods. A
large numbér.of the cémposite rods, which are hexagonal in
cross section to improve packing density, are tightly packed
into an extrusion can of normal metal, sealed and reduced in
cross section by varioﬁs methods of hot and cold working to
produce a multifilament composite wire. The wire then must
be coated with'tin or heated in a tin-containing atmosphere
to form Nb;3Sn. Preparation of the composite fods is difficult
and time-consuming because of the close tolerances necessary
to ensure a good bonding between the metals and to prevent
contamination. AThe hexagonal outer surface of the tubes mﬁst
be'dimensionally accurate so that large numbers of the tubes
can be tightly packed into the extrusion can to prevent traé—
ping of gas or other contaminants between the rods which
would affect superconductivity. Thus preparation‘of super-
conducting wire by this method is time-consuming and expen-
sive.

.Té overcome the diffiéulties of the priof art methods

for preparing composite multifilament superconductors, a

“ductile alloy suitable for preparing composite superconduc-

tors was developed. The alloy consists of copper containing
at least 15 weight percent niobium which is present in the
copper as discrete, randomly distributed and oriented,
elongated discontinuous dendritic—shaped particles having

an aspect ratio of about 50,to 100, the dendrites generally
being from about 1 to 25 ym in diameter and from about 100 to

250 pm in length. The alloy, a method of making the alloy

and a method of preparing composite-supercondhcting wire from

N
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the alloy .are described in copending U. S. Patent Applica-
tion Serial No. 19,808, filed March 12, 1979,4aSSigned to-
the common assignee, and incorporated herein by reference.
As described therein, whengg billet of the alloy is %echan—
ically reduced to wire, the niobium dendrites elongate and
align parallel to the axis of the'wire to give long discon-
tinuous filaments of niobium in a copper matrix. The wire
is ;hen'cgated with tin and heated to diffuse the tin into
the wire to react with the niobium to form Nb3én which is
a brittle compound. It was found thét the tin will diffuse
at temperatures sufficiently low to permit coils for magnets
or similar devices to be wound from the ductile tin-coated _
wire before heating to diffusion temperature without destroy-
ing insﬁlation used in preparing the coils.

While these methods will produce composite wire having

good superconducting and mechanical properties, the fabrica-

tion procedures are not completely satisfactory for the pre-

paration of large quantities of supercopducting wire. For
example, the application of a layer of tin to long lengths
of small diameter wire is expensive. Thick layers of tin
applied to the outer surface of large diameter wires are
unstable and tend to "ball-up" when they are first melted
in the reaction process. This produces brittleness in the
tin-rich regions and poor superconducting performance in the
tin-deficient regions. Braiding the cable wire after tin
plating, but before the diffﬁsion, tends to smear the
relatively soft tin lafer, while diffusion times for large
cross-sectional wire are rather long, making the process

time-consuming and increasing the cost.
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SUMMARY OF THE INVENTION

“An improved method for preparing composite multifilément
superconducting wire has been developed which eliminates most
of the before mentioned problems and which permits the eco-
nomical preparation of large quantities of composite super-
conductiﬁg matérial. The invention, for preparing composite;
multifilament superconducting}electrical wire, consists of
preparing a generalized cylindriéal—shaéed billet of an alloy
of copper containing at least 15'weight percent niobium, the
niobium being present in the copper as disérete, randomly
distributed and oriented, elongated discontinuous dendritic-
shaped particles having anAaspect ratio of about 50 to 100,
the dendrites generally being from abdut 1 to 25 pm in dia-

meter and from about 100 to 250 pm in length, providing at

least one longitudinal hole through the billet, dispensing

tin evenly throughout the length of the hole to form a com-
posite drawing rod, the tin being present in an amount suffi-
cient to react with the niobium in the rod to form Nb;Sn and
drawing the composite rod down to form a ductile composite
multifilament wire containing a fine filament of tin, the
billet being reduced to wire according to a pre-determined
reduction ratio to optimize the critical current density for
a particuiar magnefic field strength. The wire may then be
heated for a period of time sufficient to diffuse the tin
throughout the wire to react with the niobium to form Nb3Sn.
Alternatively, the wire may be wound into coils for magnets
or similar devices before it is heated to form the Nb3Sn.

This permits coils or similar products to be prepared from
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the wire while it is still ductile rather than after the
brittle A-15 compound Nb3Sn has been formed.

The billet of the alloy of‘copper ana niobium may be
prepared by a chill-casting method as described in the’abovef
referenced patent application or, preferably, it can be pre-
pared bf a consumable electrode arc~-casting method which will
be described in detail hereinafter. For some applications,
the exterior surface of the éoppér-niobium alloy billet is
provided with a tin diffusion barrie; and an outer jacket

of a ductile normal metal such as copper before working to

- form the wire. This provides a ductile metal layer on the

‘'wire to improve drawing qualities of the billet and to

improve the cryogenic stability of the superconducting wire.
'Preparation of composite superconducting wi;e by the
method of the invention has several advantages over prior
art methods of preparing.such‘wire. For example, insertion
of the tin core into the billet eliminates the costly tin
plating of lqng lengths of wire required by prior art
methods of producing wire. Since the diffusion paths in the
drawn wire are very'short, the temperature to react the tin

with the niobium is low enough to enable the wire to be

- wound into coils for magnets before the wire is heat-treated

to form Nb3Sn. By inserting the tin into the billet in a
plurality of longitudinal holes rather than a single axial

opening, it is possible to prepare larger diameter wire

. because the tin diffusion path is shortened. By reducing

the billet to wire at a specific reduction ratio, it is

possible to maximize the critical current density.
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It is therefore an object of the invention to provide
an improved method for making composite multifilament super-
conductingbwiref

It is another object of the invention to provide an
improved method fdr making composite multifilament super-
conducting wire of Nb3Sn in a copper matrix.

It is still another object of the invention to provide

an improved method of making composite multifilament super-

conducting Nb3Sn wire which eliminates the necessity of
coating the wire with tin. |

It is a further object of the-invention to p;ovide an
improved method of preparing billets of copper-niobium in
which the niobium is present in the copper as discrete,
randomly distributed and oriented, elongated, discontinuous
dendritic-shaped particles having an aspect ratio of about
50 to 100, the dendrites generélly being from about 1 to 25
pm in diameter and from about 100 to 250 jm in length.

Finally, it is the object of the invention to provide
an improved methéd for making multifilament composite super-
conducting wire of Nb3Sn in a copper ﬁatrix which is suiﬁable
for the production of large quantities of the wire. |

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph showing -a comparison of critical cur-
rents of tin core wires made by £hé méthod of the invention
with tinfplated wires prepared by prior art methods.

Fig. 2 is a graph showing a comparison of high field
critical current data between wire made by the process of the

invention and tin-plated wires prepared by prior art methods.
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Fig. 3 is a graph showing a comparison of the performance
characteristics of wire made by the arc-casting process with
wire made by the chill-casting process.

Fig. 4 is a graph of the critical current density, Jeor -

"as a function of area reduction, R, for magnetic field

strengths ranging from 4 ﬁo 12T.
DESCRIPTION OF THE PREFERRED EMBODIMENT
These and other objects of the invention may be met by
preparing a billet of an alloy of copper containing from

about 20-40 weight percent niobium, the niobium being present

in the copper as discrete, randomly distributed and oriented,

elongated, discontinuous dendritic-shaped particles having an
aspect ratio of about 50 to 100, the dendrites éenerally
being fromAabout 1l to 25 um in diameter and from abbut 100 to
250 um in lerigth, applying a thin layer of tantalum as a tin
diffusion barrier to the outer surface of the billet, apply—‘
ing an outer jacket of copper over the diffusion barrier to
form an extrusion billet, hot-extruding the jacketed billet
to form a coméosite drawing tube having an axial hole, the
volume of the hole being sufficient to contain at least a
stoichiometric amount of tin to react with the niobium in

the billet to form Nb3Sn, filling thé hdle with an alloy of
tin containing about 5 weight percent copper to form a com-
posite drawing rod, cold-working the composite rod to form

an elongated composite wire of a desired shape and size con-
taining a fine filament of tin whereby the dendritic-shaped
particles are oriented paréllel to the longitudinal axis of

the wire and elongated to form fine discontinuous filaments
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of niobium in a coppe:'matrix, the reduction ratio of the
billet to the wire being pre-determined»to optimize Joo -
heating the wire to diffusion temperature for a period of
time sufficient to react the tin present in the wire with
the niébium to form Nb3Sn.

The copper alloy must contain at least 15 weight
percent niobium and may contain up to 60 weight-percent
niobium, although at concentrations of 60 percent and higher

the alloy begins to lose some ductility. Preferably the

alloy will contain about 20 to 40, most preferably about 30

'weight percent niobium. Impurities such as tantalum, vana-

dium, gallium, aluminum or indium in amounts from about 1 t6
about 10 weight percent may be added to the ailoy in order

td improve properties of the superconducting wire such as
upper éritical field. While it is impossible to define the
amounts and impurities to provide an improvement in a speci— 
fic property, improvements are well known and readiiy deter-
minable by those skilled in the art.

The copper-niobiﬁm alloy in which the niobium is present
as dendritic-shaped particles may be prepared by a chill-
casting technique as described in the prior art patent appli-
cation as cited hereinbefofe. Preferably, however, the alloy
is prepared by consumable electrode arc-casting which permits
the preparation of larger quantities of alloy at one timé.

In consumable electrode arc-casting, a first electrode is
prepared which may consist of a niobium rod surrounded by a
concentric layer of copper, or a bundle of rods of copper

and niobium. In either case, the quantity of niobium and



copper must bé of the weight ratio desired in the final
“alloy. The elongated electrode is inserted longitudinally
into a cylindrical—shaped mold. Under an inert atmosphefe,
préfenably afgon or helium, an arc is struck between the end
of the electrode and the bottom of the mold, melting the
copper which runs over the niobium, alloys with it and drips
into the bottom of the mold to form a molten pqol. The arc
is maintained between the'end of the electrodé andlthe
molten pool by continuously positioning the electrode to
maintain a constant power consumption in the arc. At the
same time, the molten metal pool is being cooled from the
bottom of the mold to form a solid billet of alloy, while
caréfully maintaining a pool of molten metal_on.the top of
the billet completely liquid. This is necessary to ensure
that the niobium in the molten pool coalesces as the metals
cool to form the discrete randomly distributed and oriented
elongated, discontinuous dendritic-shaped particles having
an aspecﬁ fatid ofvabout 50 to 100, the dendrites generally
being from about 1 to 25 pm in diameter and from about 100 to
250 pm in length. Satisfactory results have been attained by
using a water-cooled copper mold which contains a lining of
graphiﬁe arbund the inner wall. The graphité liner acts as
a thermal insulator to retard cooling of the pool of molten
metal through the wall of the mold and to direct cooling
from the bottom of the mold and billet as it is formed in an
upward direction in order to.promote growth of the niobium
dendrites. Preferably the bottom of the mold contains some

niobium and copper alloy turnings which act as a strike pad

‘-.9 -
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when the arc is struck to assist in initiating the arc.
After the casting~haé been completed, the resulting billet
may be treated as herein described.A'Prefefably the billet
is reduced in size and formed into a second electrode and a
second consumable ‘arc-casting is made. This second melting.
is‘prefefred ih order to ensure proper dendrite formation
and a uniform diépersion of the niobium dendrites.

The composite drawing rod may be prepared froh the
cylindrical-shaped éast alloy by one of two.methods. In the
preferred method, the cast alloy billet is machined to remove

any graphite from the outer'surface, and a small hole is

- bored in the axis of thevcylinder{ A tin diffusion barrier

is applied to the outer surface of the cylinder and the
cylinder is weided under a vacuﬁm into a copper egtrusion
can. The composite assembly is fhen'hot-ekt:uded over a
mandrel to form a thick—walléd tube. The center of the‘tube
is then filled with“an alloy of tin - 5 weight percent copper
to prepare the composite rod for drawing.

Alternatively, the cast billet is provided with at least
one longitudinal hole by drilling, which is then filled with
a tin. - 5 weight percent copper alloy. The outer surface
of‘the'tin alloy-filled casting is theﬁ provided with a
diffusion barrier aﬁd a copper jacket as béfore. Since the
tin is already present, the billet must be éold—extruded-to
form the éomposite drawing rod in order not to melt the tin.
The rod can then be cold worked to form‘the wire,

It is preferred that the extrusion billets be jacketed

in high-purity copper before extruding in order that the

- 10 -
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composite drawing rod be easier to cold work by preventing
galling of the dies and to also improve thekcryostability of
the completed composite wire. The copper outer layer of the
completed wire also-prbvides a normal metal insulation
barrier which may eliminate the need for added electrical
insulation in some magdet installations.

Preferably the jacketed billet is provided with a tin
diffusion barrier to prevent contamination of the outer layer
of copper by tin during the diffusion step, although for some
applications the barrier may not bé needed. This barrier may
be of any of the known barrier materials such as tantalum,
niobium or molybdenum. The barrier may be a thin layer such
as d.l to 0.5 um in thickness and may be applied mechanically
as a foil or by plating such as by vapor deposition.

The billet must be provided with at least one longi-
tudinal hole, but may be provided with a plurality of evenly
spaced holes. For example, a single axial hole may be‘pro-
vided or an evenly spaced array of holes around an axial hole
may be used, since a plurality of holes would reduce the dif-
fusion distance particularly in larger diameter wire. The
total volume of the holes mﬁst be sufficient to contain a
stoichiometric amount of tin necessary to react with the
niobium in the billet. Preferably the volume will be suf-
ficient to contain a slight excess of tin, generally 1 to

2% excess to provide for some tin which will react with the

. copper. For example, a billet of copper - 20 weight percent

niobium alloy would require about a 10 volume percent hole

while a billet of copper'- 30 weight percent niobium alloy

- 11 -
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requires about a 14 volume percent hole. The tin, which can

" be applied by pouring‘molfen into the holes, may be pure,

but preferably contains about 1-10 weight'perCent, most pre-

ferably about 5 weight percent, copper. The addition of the

copper helps to improve the flow stress of the tin.

Multifilament wire can be prepared by suitably cold-
working the composite drawing rod down to achieve sufficient
size feduction to form a composite wire discontinuous niobium
filaments and at least one tin filament in a copper matrix.
Since thé alloy which comprises the rod is very ductile, itt
is usually possible to accompliéh this reduction without
fesorting to any intermediate anneals.

The method of the subjeét invention also allows for a
maximum critical current density, Jc, to be achieved by
selection of an appropriate reduction ratio, R. The reduc-
tion ratio is defined as the ratio of‘the cross-sectional
area of the copper—nibbium billet to the cross-sectional
area of the cold-worked composite wire. Fig. 4 is a graph of
Jo as a function of R for magnetic field strengths ranging
from 4'to 12T for Cu-~-20 wt% Nb wire,'0.15 mm in diameter,
coated at with 9.3 volume % .Sn and reacted at 550°C for 4.7
days. The graph shows two striking results. First, a maxi-
mum occurs in J, as a function of R, and'second, the maximum
shifts to smaller R at high fields.

These results can be explained by considering the pos-
sible mechanisms of superconductivity in the composite wire.
The reduction ratio is to'a large extent determinative of

the thickness of the cold-worked Nb filaments, such that a -

-12-
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larger reduction ratio results in tﬁinner.filaments. As the
filaﬁents become thinner,Athey-tend to coarsen, and this
lessens their superconductivity._ Thinner filaments also
result in a greaﬁerlsuperconducting—normal-superconducting,
or SNS junction area. These junctions afe regions in which
normal copper ié "sandwiched" between:twd elongated super-
conducting Nb3Sn filaments. When the SNS junction area is
very large, high currents can pass from one superconducting
Nb3Sn filament to another without indgcing superconducting
behavior in the normal copper. Thus, the effective resis-
tivity of the cqmposite.may become extremely small even if
there are totally nbrmal Cu bridges separating the filaments.
An alternative mechanism for superconductivity in a
compoéite with discontinous filaments is the proximity
effect. 1In this mechanism, tﬁe copper can itself acquire
superconducting properties by the migration of supercon-
ducting Cooper pairs from the Nb3Sn to the Cu. This
mechanism predominates more at low magnetic fields.
Referring again to Fig. 4, the curve for magnetic field
strength 12T shows that as R.rgnges from about 200 to about
2500, both of the aforementioned superconductivity mechanisms

lead to an increase in J,. Beyond R = 2500, the coarsening

of the filaments becomes significant and the superconduc-

tivity begins to fall, and when R is greater than about 6500
the J, is cohsiderably lower than éhe maximum. Thus the

curve exhibits a maximum Jo when R is about 2500. At magne-
tic field strengths of 10T or greater, R is preferably, but

not necessarily, in the range of about 2000 to about 3000.
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At lower magnetic fields, the proximity effect causes Jg

to increase with R eQen beyond the point where éoarsening

becomes important. Thus, at lower magnetic fields, the

maximum J. is at a higher R and the maximum is ﬁot as sharp.
| It therefore can be seen that the method of the subject

invention allows for the attainment of the maximﬁm critical

current for a given magnetic field strength.by proper selec-

tion of the reduction ratio of the billet to wire.

Because the diameter of the filaments is small and the
diffusion paths are short, it has been found that a tempera-
ture of only 550°C or less, for several days is sufficiént
to react the tin witﬁ the niobium and form Nb3Sn. This
makes it possible to wind the wire into magnets before heat
treatment because many electrical insulators such as.quartz

are not affected at this temperature although they may be

“destroyed at higher temperatures.

The resulting composite superconducting wire product has

a critical current (Jo) greater than 106 A/cm2 at H = 0, a

‘Jc greater than 10° A/cm? at H = 7 Tesla, and a J, greater

than 104 A/cm? at ﬁ = 14 Tesla. The copper jacket and
diffusion barrier'provide cryostability and good turn to turn
insulatioh for the wires. The outer surface of the wire is
well suited for braiding. The wire can be rolled into ribbons
before ieaction if that geometry is desired. A wide range

of parameters such as niobium content, tin content, dendrite
size, filament, area reduction, reaction temperature and
reaction times are available with the method of the inven-

tion so that composite wires can be designed for a number of

- 14 ~
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specific applications such as superconducting magnets, trans-
mission lines and generators. |

The following examples are given as illustrative of the
invention and are‘not to be taken as liﬁiting the scope of
the invention as defined by the appended claims.

| EXAMPLE I '

A CuggNbyg alioy was melted at 1850 C in a graphite
mold and-cast‘into a water—-cooled copper chill mold 5 cm in
diameter and 18 cm long. The casting was then machined to
4.76 cm outer diameter and a 0.6 cﬁ hole was drilled along
the axis of the cylinder. The cylinder was jacketed with a
0.154 cm copper layer and hot-extruded around a mandrel to
produce a tube having a 0.508 cm ID by 1.35 cm OD. The hole
was filled with a tin - 5 weight percent Cu alloy to form a
composite drawing tube. The combosite tube was drawn to
0.0152 cm wire without any aﬁnealing.

The magnetic field dependence of the critical currént
(Jg) in fields up to 16 Tesla was determined for the wire
and is shown in Fig..l. The figure also compares the results
with 20 and 30% niobium wire pfepared by chill casting and

tin plating the surface of the wire to diffuse the tin

. exXternally. It can be seen that the tin core sample has

essentially the same J, vs H curve as a tin-plated sample
with the same niobium content. A standard commercial multi-
filament wire is shown for comparison.

The functional dependence of the J. vs H curve follows
the Kramer relation at high field just as one finds for con-

tinuous filament high field superconductors as shown in

- 15 -



Fig. 2. Here Jcl/zl-ll/4 is linear in H as expécted from the

Kramer relation. There is no evidence of unusual J, vs H

behavior which might arise from the discontinuous nature of

the'filahents in the long dendrite process materials. The

pinning in these discontinuous filament materials seems to

obey the same relations as for continuous filament materials.
EXAMPLE I1I »

A Cusoszd alloy was prepared from a 122 cm long elec-
trode consisting/of a 1.91 cm rod of niobium running coaxially
down the center of a copper cylinder having an 0.D. of 3.49
cm. This electrode was consumably arc-melted into a water-
cooled copper cylinder fitted on the inside with a graphite
liner of 5.24 cm I.D. x.6.25 cm O.D. A strike pad assembly
was positioned at the bottom of the copper cylinder for
initiation of the arc. It consistedﬂof a 0.69 cm thick plate '
of CuggNb3y alloy on top of a 0.64 cm thiék plate of graphite.
A 1.2 cm height of CuggNby, turnings was placed on top of
these two plates. The electrode was melted with a current
of around 1000 ampé at an arc voltage of around 26 volts.
Chamber pressure was maintained at 0.5 athwith argon gas.

The billet waé removed from the graphite sleeve with a
jolter and after polishing its surface, it was rod-rolled to
3.49 cm. This rod was then used as the electrode and the
above-described consumable-achmelting process repeated.
After cleaning, the final billet Qas cut to short lengths,

7 to 15 cﬁ, and processed to wire as described in Example I.

The magnetic field dependence of the cirtical current

(Jc)'in fields up to 8 Tesla was determined for the wire and

- 16 -
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is shown in Fig. 3 as the arc-cast cored - 13% data. It is
seen thaﬁ the data are slightly lower than data oﬂ chill-cast
wire prepared by the tin-plating process.
EXAMPLE III
Example II‘Was'repeated except that the tinvﬁas applied

to the wire using the externai,tin-plating process rather

‘than the internal tin-core process. The data for Je versus

H are also shown in Fig. 3, and it is seen that when 20% tin

is used, the data are equivalent to the chill-cast material.

Thus, it can be seen from the proceeding discussion and
examples that the invention provides an economical and effec-
tive method for preparing large quantities of composite
multifilament superconducting wire consisting of Nb3Sn in a

copper matrix.

- 17 -
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ABSTRACT

An improvéd method éf preparing composite multifilament
superconducting wire of Nb3Sn in a copper matrix which elimi-
nates the necessity of coating the drawn wire Qith tin. A
ggneralized cylindrical billet of an alloy of copper containing-
at least 15 weight percent niobium, present in the copper as
discrete, randomly distributed and oriented'dendritic—shaped
particles, is provided with at least one longitudinal opening
which is fillea with tin to form a composite drawing rod. The
drawing rod is then drawn to form a ductile composite multi-
filament wire containing é filament of tin. The ductile wire
containing the tin can then be wound into magnet coils or othér
devices before heating to diffuse the tin through the wire to
react with the niobium forming Nb3Sn. Also déscribed is an
improved method for making large billets of the copper-niobium

alloy by consumable-arc casting.
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