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Abstract—The critical current density ���� of Nb�Sn strand
has been significantly improved over the last several years. For
most magnet applications, high �� internal tin has displaced
bronze process strand. The highest �� values are obtained from
distributed barrier strands. We have continued development of
strands made with Nb-47wt%Ti rods to supply the dopant, and
have achieved �� values of 3000 A/mm� (12 T, 4.2 K). Such wires
have very good higher field performance as well, reaching 1700
A/mm� at 15 T. To reduce the effective filament diameter in these
high �� strands, the number of subelement rods incorporated
into the final restack billet has been increased to 127 in routine
production, and results are presented on experimental 217 stacks.
A new re-extrusion technique for improving the monofilament
shape is also described. For fusion applications such as ITER, we
have developed single-barrier internal tin strands having non-Cu
�� values over 1100 A/mm� (12 T, 4.2 K) with hysteresis losses less
than 700 mJ/cm� over non-Cu volume. The ��-strain behavior of
such composites is also presented.

Index Terms—Internal tin, Nb�Sn, superconducting materials.

I. INTRODUCTION

T HE notable performance gains realized for internal tin
Nb Sn strands over the past decade are the result of a

consistent, sustained development program that has set goals
for strand performance that were well beyond the state of the
art. Funding from the US Department of Energy for conduc-
tors for high field accelerator magnets, coupled with commer-
cial investment for conductors for ever-higher field NMR (nu-
clear magnetic resonance) magnets, lead to a period of substan-
tial improvement in Nb Sn technology. We are now in a period
where magnet designers and builders are learning how to take
advantage of the very highest performance wire, in a variety of
magnet applications where high alone may not be sufficient
[1], [2]. As part of this transition from innovation to applica-
tion, our recent activities have focused on engineering high
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strands to meet the customized needs of a variety of magnet ap-
plications.

At the present time, Oxford Superconducting Technology
(OST) manufactures two types of Nb Sn strand using internal
tin processes. OST used to manufacture a considerable quantity
of strand via the bronze process as well, but for many appli-
cations internal tin strand is now favored since its can be
nearly four times that of bronze wire.

The internal tin strands we produce today are most easily de-
scribed as having either a distributed or single diffusion barrier
(the barrier prevents tin from diffusing into the matrix copper).
In the case of distributed barrier strand, each subelement of the
restack billet contains a tin core and is surrounded by its own
diffusion barrier, also made of Nb. Our Restacked Rod Process
(RRP) wire is an example of a distributed barrier wire, and the
high Nb and Sn fractions that are possible in such a design ac-
count for the high non-Cu values [3]–[5]. This type of strand
has been developed for High Energy Physics (HEP) and NMR
applications. In the case of single barrier strand, a lone Ta diffu-
sion barrier surrounds all of the tin-bearing subelement rods that
comprise the restack billet. Since the attainable Nb and Sn frac-
tions are lower for this wire type than for the distributed barrier
wire, the non-Cu values are correspondingly lower. However,
strand made by the single barrier method can have lower hys-
teresis losses, since the dimensions of its superconducting re-
gions can be made smaller than for the distributed barrier case
(i.e. micron-scale Nb Sn filaments vs. Nb Sn tubes or rings that
are tens of microns in diameter). We have been developing the
single barrier type of strand for use in low hysteresis loss appli-
cations such as ITER.

II. DEVELOPMENT OF DISTRIBUTED BARRIER STRAND (RRP)

A. Critical Current Density Variation

Since its development in 2002, production volumes of high
RRP strand have grown to tons per year. One of our stan-

dard strands is made with Nb-7.5wt%Ta, in a billet configura-
tion (restack hex pattern) of 61 subelement rods. Some copper
is usually left at the center of the billet, so typically either 54 or
60 of the 61 hex rods in the stack contain superconductor (the
rest being copper). In short hand notation, these restack config-
urations are referred to as 54/61 or 60/61 stacks.

Fig. 1 shows the distribution of 12 T and 15 T values for 61
stack high RRP billets produced from 2002–2008. Note the
values are not self field corrected, but as all of the data comes
from 0.8 mm strand, relative comparisons can be made. The
samples were heat treated with a final stage at C, in
a temperature range that optimizes the 12 T . (note that it is
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Fig. 1. Non-Cu � (4.2 K) distributions for high � Nb-Ta RRP billets at 12 T
(left) and 15 T (right). The samples were heat treated between 650–675 C, so
as to optimize � values in the low field regime (�12 T).

possible to improve the higher field values by heat treating
the strand at higher temperatures, e.g. 675–700 C [5], [6]).
As the distribution in values has not changed over time [7],
suggesting that the observed 11% variation (for three stan-
dard deviations) for the 12 T values is a limit of manufac-
turing reproducibility. This variation likely reflects several fac-
tors, including extrinsic variations of sample preparation and
testing, and perhaps practical limits of control of the metal frac-
tion (Nb/Sn/Cu) within the superconducting subelement, as well
as intrinsic variations in the Nb alloy itself (and probably the
Sn and Cu as well). The 15 T variation is somewhat larger
( 17%), and perhaps this reflects a greater contribution from
variation in the strain state of the wire on the Ti test mandrels.

B. Reduced Effective Filament Diameter

For some applications, such as accelerator magnets, the
strand must carry high currents in regions of low magnetic
field. Although the stability of a wire in low fields is not solely
dependent on the filament size, the effective filament diameter

is a factor of primary importance [8], [9]. In recent years,
the standard RRP billet for HEP use has been a 54/61 stack
configuration, meaning the strand has 54 subelements that each
effectively act as a single filament after reaction to Nb Sn. We
have been working to increase the number of subelement rods
in the final restack billet, for applications that require a smaller

.
While the restack billet fabrication process is in principle

the same regardless of the subelement rod count, there are
some manufacturing challenges associated with increasing
the rod count much above 100. Internal tin billets cannot be
extruded (since tin would melt), so they are processed by
cold drawing. This results in a restriction on the billet aspect
ratio, since drawing of large diameter, short rods leads to
poor yield, and therefore internal tin restack billets typically
have an initial length/diameter ratio 50. For a given restack
billet size (diameter and length), it becomes more and more
difficult to increase the subelement rod count, since although
the rods need to be smaller in area (hex size), their length needs
to stay the same in order to make a commercial scale billet
( 30 kg). Rods of small cross section, when combined with a

Fig. 2. � data as a function of subelement diameter for (open symbols) wire
results from 2005 [5] and today (solid square). A picture of the 114/127 stack
strand is also shown (0.7 mm diameter).

length/diameter ratio greater than 1500, are difficult to handle
and keep organized in a billet packing pattern. We are in the
process of developing techniques to handle higher subelement
count billets.

To meet the needs of the US LHC Accelerator Research Pro-
gram (LARP), we have worked on and have had good success
at increasing the number of rods in the restack billet from 61 to
127 [7]. As our restack billet designs have been refined (man-
agement of rod/tube interface areas), billet assembly techniques
improved (rod cleaning and handling), and wire cross section
made more uniform (drawing schedule modification [10]), we
have seen an improvement in the attainable compared with
results we have reported previously. Fig. 2 shows our prior re-
sults for a series of 61, 91, 127, and 217 stack billets [5], along
with data typical for the 127 stacks produced today. The im-
proved processing has resulted in approximately 10% higher .

Despite the improvements in recent 127 stack billets, even a
greater number of subelement rods are needed to reach the US
HEP goal of m in 0.7 mm wire [11]. For this reason
we continue to develop 217 stack billets for the US Conductor
Development Program. Although piecelength continues to be
challenge to commercial scale up, we can produce R&D quan-
tities of material.

Fig. 3 shows as a function of magnetic field, as well as
a wire cross section prior to reaction, for a recent development
217 stack, along with data for 61 and 127 stacks made from
the same subelement material. At a diameter of 0.7 mm, the
217 stack billet had m. The subelement
used Nb-47wt%Ti rods to supply the dopant to pure Nb fila-
ments and barrier [12], instead of the Nb-Ta alloy typically used.
In a 61 stack configuration, the subelement gave non-Cu
(12 T, 4,2 K) values of A/mm . Nearly the same was
achieved in a 127 stack of the same subelement, in agreement
with the results reported above for Nb-Ta alloy billets. However
in a 217 stack configuration, is reduced by 10% at 12 T, and
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Fig. 3. Cross section of a 217 stack RRP strand, and � data as a function of
magnetic field for 61, 127, and 217 stack billets all made from the same Nb +
Nb-Ti subelement. While the � -B performance of the 127 stack is close but not
quite as good as the 61 stack, the performance decrease for the 217 stack is even
more pronounced.

by 15% at 16 T. Over the same 61-127-217 stack series, RRR
also decreased, from 124 to 76 to 15.

These results further demonstrate that subelement designs op-
timized for high and RRR in 61 stack wire 0.7 mm in di-
ameter, are not optimized for 217 stack billets. may be lim-
ited by poor tin diffusion resulting from pinch-off of the very
thin copper layers between monofilament rods upon Nb Sn for-
mation, resulting in tin composition gradients (note the 16 T
values are reduced by a greater percentage than the 12 T values),
while RRR may be limited by the thickness of the diffusion bar-
rier. Although modification of the subelement design will be
needed to try to achieve high and RRR in e.g. 0.7 mm strand,
the present 217 stack wire performance may be good enough
for use at larger wire size e.g. 1 mm, where the subelement size
would be closer to the relative size of 61 stack material at 0.7
mm diameter.

C. Improving Nb Filament Shape by Re-Extrusion Process

The US LARP team has set near term minimum strand per-
formance targets of 12 T A/mm , and 15 T

A/mm , combined with good RRR and low field stability
[13]. As can be ascertained from Fig. 1, while a good fraction
of the billets produced today would meet these requirements,
the majority would not. Since the variation at 15 T is about 15%
(for three standard deviations from the average), the average
would need to be increased by a like amount in order to be able
to consistently deliver (i.e. guarantee) those levels for future
applications. Thus, average values of 12 T A/mm
and 15 T A/mm are needed, to give headroom for
manufacturing variation.

As the depends strongly on the Nb fraction [5], further
increases in the Nb fraction are one avenue for exploration,
provided that enough Sn can be provided for full conversion
to (nearly) stoichiometric Nb Sn [14]. If stoichiometric Nb Sn
cannot be formed due to lack of Sn or Sn concentration gra-
dients, then the overall non-Cu may not improve, even as
more Nb and Sn are added to the composite. It is an unanswered
question as to whether further improvements can be made in
RRP strands via copper fraction reduction within the subele-
ments, or if the result would be a condition similar to the case
for powder-in-tube and internal tin rod-in-tube process strands,

where significant Sn gradients across thick Nb layers limits the
maximum possible [15], [16].

If we are to remove more copper from within the RRP subele-
ment, reduction of the copper between each Nb monofilament
is required. As there is little strain space for grain refinement
between the melt diameter and the starting monofilament billet
diameter, the grain size in Nb bars is typically large, with a large
size distribution. Due to the body centered cubic crystal struc-
ture of Nb, and the resulting manner in which the grains irreg-
ularly deform [17], a large grain size leads to filaments of ir-
regular shape. During drawing to final size, localized areas of
thin copper separation become thinner still, to the point where
adjacent Nb filaments can come into contact. Such a localized
change along a length of wire results in wire breakage. We
have observed better piecelength from billets having a rounder
monofilament shape compared with billets having more irreg-
ular filament shapes. To be able to make the copper thinner still
around each Nb rod, while still having a process that is suitable
for large scale manufacturing, the filament shape needs to be
better controlled.

To try to improve the roundness of the filaments, we have
experimented with the processing of the Nb bar, including melt
method modification (e.g. electron beam melted vs. electrode
arc melted), and changing the route from casting to finished bar
(e.g. forging vs. extrusion). However, these efforts have not been
very successful, due to the limited strain space between melt
ingot size and our starting Nb bar size in monofilament billets.
Although reducing the bar diameter would allow for increased
strain space for grain-refining thermomechanical processing, it
is desirable from an economic point of view to keep the starting
monofilament billet size as large as possible.

We are presently experimenting with an alternate route to de-
velop round filament shapes from commercial-scale monofila-
ment billets, following from an observation made earlier by Gre-
gory and Pyon [18]. The “re-extrusion” concept is summarized
as follows: 1) extrude a Cu-clad Nb billet from large diameter
to an intermediate size, letting the Nb filament shape take on its
“natural” shape, depending on the grain structure; 2) machine
the copper off the resulting rod, and then machine the Nb bar sur-
face again to a round shape; 3) use this extruded and machined
Nb bar as feedstock into our normal monofilament billet pro-
cessing (re-extrusion). Although extrusion of Nb bar has been
tried before as a method of improving the filament shape, key
to this new process is the use of the Cu jacket for the initial Nb
ingot breakdown. If the Nb is extruded directly, the extrusion
die forces the Nb bar into a round shape, but this round shape
is not maintained when the Nb is subsequently processed in a
Cu jacket. In contrast, the soft Cu allows the Nb grains to freely
change shape, and then the irregular filament “fingers” are ma-
chined away. After the Nb bar has been allowed to deform as
dictated by the grain structure, and the bar has been made round
again by machining, the round filament shape can now be main-
tained in subsequent processing.

As a first experiment, we used 25 mm diameter Cu-clad Nb
rod as the starting material, as shown in Fig. 4, for the “as ex-
truded” case. This material had a very irregular filament shape,
much worse than typically observed, but therefore a good can-
didate for this trial. The copper was then machined from a piece
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Fig. 4. Nb filaments shapes after initial extrusion (left), after machining to
round Nb bar and re-extruding (center), and after drawing (right). Machining
Nb after its first extrusion in a copper jacket is an effective means to improve
the filament shape.

Fig. 5. Cross sections of re-extruded round monofilament (top left), the same
material formed to hex shape (bottom left), and RRP subelement made from the
hex rod (right). Nb-47Ti rod locations are indicated by “Ti”. The Nb rod shape
and copper separation thickness are both uniform in the subelement.

of the rod, and further machined until a smooth, round Nb sur-
face was formed. This machined Nb bar was then put into a new
Cu extrusion jacket, and again extruded (the “re-extruded” case
in Fig. 5.). The round, smooth filament shape was retained after
re-extrusion. The rod was then drawn to small diameter to see if
the round filament shape would be maintained after significant
strain. As shown in Fig. 4. (the “after drawing” instance), the
round shape was maintained.

In a follow on scale up experiment, we started with Cu-clad
Nb rod that had been processed to 58 mm diameter. Sections
of this material were machined to create round Nb rods suitable
for re-extrusion in Cu jackets. Several pieces were re-extruded,
drawn to hexagonal shape, and restacked to create a short, but
full diameter size, RRP subelement billet. Nb-47Ti rods were
used in the billet to provide a Ti dopant source. Cross sections
of the re-extruded round monofilament, the final hex rod, and
the resulting extruded subelement, are shown in Fig. 5. Note
the uniform thickness of the Cu that separates each Nb filament
within the subelement.

While much work remains to scale this Nb monofilament
re-extrusion process to meet the needs of commercial produc-
tion, the method may enable experiments to determine the limits
of copper removal (from the non-Cu area of the subelement) as
a means of improvement in RRP strand.

III. PROGRESS WITH SINGLE BARRIER STRAND (ITER)

As the strand development phase of the ITER project has
approached completion, we have focused on making small
optimizations to a few proven billet designs. All billet types
are made with filaments of pure Nb. While we continue to see

good results from billets where the Ti dopant is supplied by
Nb-wt%47Ti rods [19], we have also continued to work with
more conventional Sn-Ti designs. Our objective is meeting the
specifications for both toroidal field (TF) and central solenoid
(CS) strand.

Over the past few years, we have supplied several domestic
agencies with small ( 100 kg) quantities of strand made to
their own specification. Typical requirements have included
non-Cu levels A/mm (12 T, 4.2 K), and non-Cu
hysteresis losses mJ/cm ( 3 T) [20], and in one case
even higher A/mm was required [21]. Recently,
uniform strand requirements were issued by the ITER Inter-
national Organization, with the requirement substantially
reduced, to A/mm . These values were reflected in the
new TF strand technical specification from Fusion For Energy,
the European Union ITER domestic agency [22]. The ITER
specification also requires a successful full size CICC (cable
in conduit conductor) sample test as a condition of strand ac-
ceptance. Unfortunately, as there are additional manufacturing
steps between finished strand and a cable test (e.g. cabling
and jacketing), and since the cable sample preparation and
testing are complicated processes [23], [24], the relationship
between single strand performance and the CICC results is
not straightforward to discern. As a result, it is not certain that
meeting or exceeding the individual TF strand performance
parameters will actually result in a strand that is accepted for
use in the ITER TF CICC.

It seems a natural consequence of the brittle nature of Nb Sn
that higher wires, having a higher fraction of Nb Sn with less
copper separation, should be more susceptible to strain damage
than lower performance strands [25]–[27]. This needs to be con-
sidered whenever Nb Sn strands are used [1], [2], and indeed
very good performance in a CICC can be achieved when strand
is well supported [28], [29]. However, since the ITER TF CICC
dimensional envelope and operating conditions are fixed, and
therefore cable configuration options may be limited, we have
been working to create strand more resistant to bending damage.
We have been working on two approaches to achieve this: the
first is to make the strand more tolerant of a bending strain, and
second is to make the strand more resistant to bending stress (i.e.
reinforce the strand so that it strains less for a given stress).

A. Strain Tolerance of Lower Strand

Since Nb Sn itself is a brittle compound, ceramic engineering
techniques may provide a route to improving the bending strain
tolerance. As there is some evidence that copper retained be-
tween filaments after conversion to Nb Sn performs a crack
blunting function [30], we are experimenting with placing more
copper between the Nb filaments. We fabricated two subelement
billets having the same number of filaments, located at the same
positions, but varied the Nb rod diameter to give different copper
spacing between filaments. The average spacing between the fil-
aments rings was thereby increased by 17%, and the spacing be-
tween filaments within a ring increased by 6%. This resulted in
the two subelement billets having different Nb fractions, with
the Nb area fraction of the “Low Nb” subelement billet being
6% lower than the “High Nb” billet. The tin fraction of the Low
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TABLE I
HIGH Nb AND LOW Nb BILLET DATA

Full schedule: ��� C��� h � ��� C��� h �

��� C��� h���� C���� h � 	�� C�




Nb billet was also reduced, roughly in proportion to the Nb con-
tent.

Subelement rods of both High and Low Nb content were
restacked and finished to 0.82 mm strand using our standard
19-stack billet configuration, without tin or copper spacers [5].
The High Nb strand was heat treated using the standard 100 h
ITER schedule [22], since its peak was obtained in a shorter
time, while the Low Nb strand was heat treated using the op-
tional 200 h ITER schedule in order to minimize the residual
Nb cores within the Nb Sn filaments. For all samples, the ITER
specified ramp rate of 5 C/hour was used. Several samples of
each billet type were tested for and hysteresis losses. Two

-strain samples of each type were tested on a “spring probe”
at NIST [31]. The results are summarized in Table I.

Although the average and losses were reduced between the
High and Low Nb billets, the intrinsic irreversible strain limit
was not improved, or may have slightly decreased. The observed
variation in and losses was also greater for the Low Nb billet,
for reasons not completely understood at this time. SEM anal-
ysis of the microstructures of these wires revealed that the fila-
ments in the Low Nb strand were fully reacted, but the results
may indicate the Nb Sn is less homogeneous due to the reduced
Sn content of the billet [13]. In any case, the fact that the tensile
strain irreversibility limit was not improved may indicate that
still thicker copper is needed between filaments for improved
strain tolerance, and therefore that the of the strand needs to
be further reduced to see much effect. We are now producing
strands that have even lower to test this hypothesis.

B. Development of Reinforced Strand

As an alternative to trying to improve the strain tolerance, we
have also produced strand intended to have greater resistance to
bending stresses. A thin annulus of oxide dispersion strength-
ened (ODS) copper was incorporated with the copper pipe used
as the restack jacket for our ITER billets. This tube of rein-
forcing material, positioned near the perimeter of the strand, is
intended to strengthen the strand against bending stress. A thin
layer of copper was provided at the outer edge of the strand, so
that wire drawing and Cr plating would still occur against a pure
Cu surface, rather than the ODS-Cu. The ODS-Cu fraction was
20% of the copper matrix area, or 10% of the overall strand cross
section since the billets have a Cu:non-Cu ratio 1.0. Fig. 6

Fig. 6. ODS-Cu reinforced ITER strand, before and after heat treatment. The
strengthened copper is in the form of a tube positioned near the strand edge.

Fig. 7. Non-Cu � data as a function of applied strain, for plain copper-
sheathed and ODS-Cu reinforced ITER strands. The ODS-Cu strand has a
higher irreversible strain point.

shows cross sections of this strand, before and after heat treat-
ment.

A billet was produced using this ODS-Cu reinforced copper
restack tube, and the High Nb subelement described earlier.
The billet was drawn as usual, with very good piecelength,
and showed no sign of drawing problems or mechanical dif-
ficulties. Samples of the strand were heat treated with the
short C h schedule, and tested as described above.

-strain measurements for both the ODS-Cu strand, and the
High Nb strand described earlier, are shown Fig. 7. As the two
strands were made from a common subelement, nominally the
only difference between the two strands was the ODS-Cu layer
present in the copper matrix. Note that the NIST apparatus
does not provide for stress-free cooling of the sample since
the latter is soldered to a Cu-Be spring. Despite the additional
compressive pre-strain applied on the sample by the spring
during cooling (from the soldering temperature to 4 K), the
comparison in Fig. 7 does serve to illustrate the fact that the
ODS-Cu causes three changes relative to the strand having
a pure Cu matrix: first, that the at zero applied strain is
reduced; second, the position of the peak on the strain curve
shifted to a higher value of applied strain (as a result of the
additional precompression supplied by the ODS-Cu [32]), and
third, the irreversible strain limit is increased, even though the
intrinsic irreversible strain limit remained unchanged.

Although the effect of the ODS-Cu was clear in the -strain
characteristic (a measure of the longitudinal strain behavior), it
remains to be seen if the strand would be more bend resistant
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or tolerant in the CICC. Tensile measurements at 77 K showed
little difference between the plain copper and the ODS-Cu jack-
eted strands, up to a tensile strain of 0.8%. This is consistent
with the fact that the elastic modulus of the ODS-Cu is similar to
that of pure Cu, and that the strengthened copper comprised only
about 10% of the strand cross section. Although additional tests
of the strand would be needed to see if the strengthened sheath
helps under actual CICC operating conditions, this method of
reinforcing strand appear to be straightforward to implement,
and could be accomplished at a modest cost.

IV. SUMMARY

We have continued development of distributed barrier con-
ductors for HEP applications. The performance of RRP
strands has been consistent over time, indicating a stable design
and robust manufacturing process. A reduction of the effective
filament diameter is still needed for HEP use, and we now
can maintain the highest values in restack billets containing
127 subelements. Restacks containing still finer subelements
are in development, with values in 217 subelement count
restack billets typically 10% lower than the best values. An
improvement in the Nb monofilament shape may lead to further
progress with , piecelength, and effective filament diameter
reduction in RRP strands. We are investigating the commercial
feasibility of a new monofilament re-extrusion process to
achieve Nb filament shapes that are more rounded, with initial
positive results.

We are also developing single barrier conductors intended for
use in ITER. The relationship between the and hysteresis
losses, and the strain sensitivity of these strands is not straight-
forward. Refinements in the subelement design may lead to im-
provements in strain tolerance. The use of strengthened copper
alloy may also be a cost effective method of improving the strain
tolerance of strands for use in CICCs.
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