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Abstract

Powder-in=Tube (PIT) processed Miobiom=Tin wires are commercially manufacred for nearly three decades and have demonsirated a
combination of very high current density (presently up to 2500 Amm 2 non-Cu at 12T and 4.2 K) with fine (35 pgm), well separated filaments
We review the developments that bave led w0 the present state of the an PIT Miobiun-Tin wires, diseuss the wirs monafactuning and ALS
[ormation processes, ond describe ypical superconducting performance in relation te magnetic feld and serain. We furber highlight seccessful
applications of FIT wires and conclude with &n outlook on possihilities for further improvements in the performance of PIT MNiobism—Tin wires
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1. Introduction

The construction of superconducting magnets that are able
to generate magnetic fields in the 10 (0 22 T range requires the
uge of wires that are based on the A5 phase of intermetallic
Niobium-Tin, generally referred to as MbiSn wires, NbySn su-
perconducting magnets are usaed in High Energy Physics (HEP),
Fusion Energy applications such as the International Thermonu-
clear Experimental Reactor (ITER), in chemical analysis in
MNuclear Magnetic Resonance (NMR) systems, and in standard
high field laboratory magnets,

A commaen requirement s obviously a high ertical current
density () but in HEP this is combined with o large adiabatic
and dynamic stability, Such stability can be achieved by fine,
well separated. twisted Glaments with a ¢lose proximity of sta-
hilizing high purity Cu. The high ramp-rates in experimental
fusion reactors generate significant, undesired, AC losses that
can be counteracied by extensive twisting of fing filaments in
wires, and by using transposed wires in a cable. Both HEP e
fusion typically require an optimized Jo at about 30% of the
wpper eritical magnetie field (Hezl, bot this optimiration is of-
fen hindered by the required fine filaments, In NMR, AC |osses
are less of an issoe but & very high Hes s needed to retain suf-
ficient current carrying capacity at very hiph magnetic fields.

MbySn wires can be manufactured through various processes.
The main commercial processes to date are the Bronze pro-
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cess [ 1], the Intemal=Tin {IT) process [2], and the PIT process,
The Bronze process utilizes Nb or Nb-alloy rods that are em.
bedded in a high Sn bronze matrix, which is surrounded by
a diffusion barrier and a pure Cu stabilizer. Wire drawing re-
quires intermediate annealing steps after about 50% area re-
duction, due to the work hardening of the bronze. The Bronze
process resulls in very fine (< 5 pm) flamentary wires which
can carry relatively low eritical current densitics as a result of
a limited solubility of Sn in the bronze,

In the IT process, a Sn or Sn-alloy core is surrounded by
Nb or Nb-alloy rods in a Cu matrix (Rod Restack process or
RREP}, or by expanded Nb or Nb-alloy mesh which is layered
with Cu (Modified Jelly Roll or MJRE process), The resulting
filament regions {sub-elements) are surrounded by a diffusion
barrier and a pore Co stabilizer. The flaments within o sulb-
element often grow tegether during the A13 formation reaction,
resulting in an effective filament of the size of a sub-clement, IT
processed MbaSn wires can carry up to & present record non-Ca
current density of about 3000 Amm~* at 12 T and 4.2 K. (All
the J. values in the remuinder of this article are quoted at 12 T
ard 4.2 K, unless mentioned otherwise.) The high cumrent 1T
wires have been hindered by a relutively large effective ilament
size (ypically = 60 pm), but recent restacking attempis have
reduced the attmneble sub-clement sizes in [T wires down o
below 50 pm, ie. approaching PIT level [3.4].

Bronze and IT processed wires thus for long had enther a
high J. or fine filaments. The PIT process has been, until very
recently, the only process available to combine fine filaments
amd 4 elose o record J,
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1. History of Powder-in-Tube wires
2.1, The ECN process

Manufacture of superconducting wires utilizing a powder
in a tube was first proposed by the Netherlands Energy Re-
search Foundation (ECN), Petten, The Netherlands in 1973,
and initially referred to as the ECN process. The first PIT pro-
cesses [5,6] involved filling V wbes with V3 Gas or VSi, pow-
ders plus 5 1o 10% Cuo. These tubes were stacked inside a pure
Cu matrix, drawn down to final dimension, and reacted (o cre-
ate mulifilamentary ViGa and V351 wires.

The first prototype Nb-Sn PIT wires were manufactured in
1977 [7] from NbSna plus 5 10 15% Co powder in a Nb wbe,
Multiple tubes were stacked in a pure Co matrix to yield a 36
filament NbiSn wire, ECN further developed a 180 filament
prototype, demonstrated an ALS layer J. of 2400 Amm~2, and
predicted 600 Amm ™ overall [8], which was indeed achieved
about 5 years later,

In 1981, Elen ef al. [9] reported on a first production wire, of
which about 20 kg wis manufactured, This was a 19 filument
wire with a diameter of 0.56 mm, which carried 3270 Amm ?
in the A5 layer and 248 Amm ? overzll, The latter translates,
using the reported fractions, to about 475 Amm 2 non-Cu. Ex-
trusion was attempied but hindered by Nb tube perforation and
the powder specification proved critical for extrusion possibil-
ities,

Production runs of 18 filament wire | 10] pointed out the rele-
vance of the powder specificalions in relation to the achievable
core diameter, Also a 36 filament wire was manufactured by
deawing only and a 54 filament, > 90% Cu version was suc-
cessfully extruded and drawn. Veringa eral. [11] then reported
an extensive A 15 growth Kinetics study, and determined a min-
imum required Cu content in the powder for A15 formation
below 700 °C, which was later reported 1o be 3 wi% [12].

In 1984 the reported J. had increased 1o 500 Amm~2 overall
and 1140 Amm~? non-Cu [12]. Here, also a first attempt 1o
create ternary A 15 was reported through the addition of Ti, Ta,
Mg and Ga to the powder core. Ty, Ta, Mg have no apparent
effect on the critical properties, presumahly since they do not
diffuse sufficiently into the A15. With the addition of Ga, the
large graim intermediate phase at the core is prevented, buot
Ga also slows the reaction. A stnking agreement is presented
between measurements and calculations [13,14] of adiabatic
stability as @ function of magnetic field and A1S diameter,
indicating intrinsic stability in PIT wires for all magnetic fields
at AlS diameters below 35 pm,

In 1988, 200 kg of & 36 [lamen wire was manufactured
and a 192 filament wire was at the production stage [15]. De-
velopments wowards smaller filament size using restacks re-
sulted inup to 1332 filament prototype wires. Smaller filaments
clearly required a shorter reaction time, presumably as-a result
of smaller diffusion distances. Reporied ron-Cu current densi-
ties for the 36 and 1332 filament wires are 1730 Amm~? and
1650 Amm~" respectively at 11 T, leading (assuming 20% J,
loss per fesla) to a Jo( 12 T) of 1384 Amm = and 1320 Amm

respectively,

By 1990 [16], the 192 filament wire with 55% Cu appears as
a standard product with an average non-Cu J.(11 T, 4.2 K) of
2120 Amm—? yielding (at —20%,/T) J{12 T) = 1700 Amm 2,
This wire was wnsed to manufacture Rutherford-type cables
which were measured at the University of Twente, Enschede,
The Metherlands, tocarry 193 kA at 1] T and 4.2 K, indicating
abowt 10% cabling degradation.

2.2, Powder—in-Tube wires ficon ShapeMetal fnnovation

During the first hall of the 1990's, ECN discontinued the
manufacture of PIT wires. However, the development and man-
ufacture of PIT wires was continued by ShapeMetal lnnova-
tion (S0 1), Enschede, The MNetherlands, SMI focussed on the
manufacture of 36 filament wire for very high magnetic field
applications and a 192 filament version for HEP magnets, Also
development of wires with an incrensed number of filaments
and smaller filament diameter continued at SMI, These devel-
apments resulted in the production of a 0.9 mm diameter, 492
lilament wire with a filament dizmeter of about 20 gm and a Cu
fraction of 54% [17]. The reported non-Cu current density is
PRO0 Amima— at 10T and 4.2 K, which translates (m —20%/T)
fo just over | 200 Amm™2al 12T,

Further optimization of the layout, powder specifications and
manufacturing procedures led to a 0.9 mm diameter, 504 fil-
ament wire with about 25 pgm filsments and a Cu fraction of
52% [18]. This wire carried a non-Cu J of 2680 Amm ™~ a1
10T and 4,2 K, translating to over 1700 Amm~ at 12 T, Also,
eold hydrostatic extrusion was successfully emploved. For the
first time a successful ternary wire was manufactured through
the use of a Nb-7.5 wi.% T tube in a 37 filament wire with a Cu
fraction of 43%. This lernary wire carried about 1750 Amm ™2,
and 217 Amm~? at 20 T and 4.2 K, This was combined with
an increased effective critical field of 25.5 T, compared 10 an
extrapolated 21 T for the binary wires: In the end of the 199)'s
also new optimized binary and lernary 192 filament wires were
manufactered by SMI with reported non-Co current densilics
of 1955 Amm* and 2250 Amm~2, respectively [19], The lat-
ter value translares, using 2380 gm® and 935 gm® for the non-
Cu area and the fine grain ALS area respectively [20], 1o over
5700 Amm~2 in the fine grain A5,

Modern SME-PIT wires include low AC loss binery and
temary versions of & 304 filament, 0.81 mm wire (Fig. 1,
lefz), with approximately 25 pm filaments, 55% Cu and J. =
1350 Amm~* and 1950 Amm~? for the hinary and temary
versions respectively, Modern high current density conductors
include a ternary 288 filament, 1.25% mm wire (Fig. [, right),
with approximately 35 um filoments, 55% Cu and a J. =
2500 A2 {section 4).

2.3, Powder—in-Tube wires from Supercon

The success of the PIT process to combine a very high non-
i current density with s small filament diameter, the pos-
sihility o draw wires without intermediate heal treatmenis,
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Fig. 1. Modem 304 filament (left) and 288 filomend (right) PIT wires, man-
ufactured by SML

the short reaction heat treatment, and the clear potential for
further optimizations, stimalated Supercon, Shrewsbury MA,
USA, to also start PIT manuGscture with some novel madifica-
tions [21]. Their early process does not use commercial Nb or
Nb-7.5 wi.% Ta tubes, bul wbes that are fabricated in-house
from fine grain Nb, Nb—=Ta and Nb<Ti alloy sheet. This cre-
ates the possibility to use commercially available alloys {e.g.
Nb 7.5 wi5b Ta and Mh 48 wi % Ti) and adjust the lemary
percentages to what is optimal for the superconducting prop-
erbies, Le, 1.5 at.% Ti or 3.5 at.% Ta [22], This 1s both cosi
effective wnd benefits from the homegeneity and fine granalar.
ity that come with the commercial large scale manufacture of
alloys. In addition, Supercon investigated varions methods for
cost effective NhSnz powder manufacture, which are detailed
in their publication. A key modification in their process is that
the filaments are sumounded by a thin Ta diffesion barricr. This
enables a complete transformation of the Nb or Nbh-alloy tube
i A5, without the risk of poisomng the Cu matrix.

Supercon’s initial atlempts to fabricate wires were hindered
Iy a too large pardicle size in the powder, Development of pow-
der manuafactunng processes [23] resulted in a suceessful 18
filament wire with filament diameters below 60 gm and 7 non-
Cu . of 1258 Amm~7, and an AlLS layer J: of 4158 Amm %
Continued development [24] resulted in fitaments below 50 tim,
an optimized |9 filament binary wire with a pon-Cu £ of
1397 Amm 2, and a protatype 78 filament ternary wire with
o non-Cu J; of 2151 Amm—, Also hydrostatic extrusion was
successfully emploved,

Supercon then deviated from the sole use of NhSnz 1o alter-
native cores to provide the Sn and referred to it as the Internal-
Tin—Tube process, Similar methods are used at SupraMagnet-
ics, Plantsville CT, USA [25], and the National Institute for
Moaterials Science, Tsukuba, Japan [26]. These new processes
will be discussed in section 6. A sumimary for the achieved
current densities in NbSi based PIT wires is given in Fig, 2.

3. Wire manufacture and A 15 formation
A1 Wire manufactiire

The manufacture of PIT wires starts with the production of
NhEns powder. The details of the powder processes are propr-
ctary but, in peneral,; some fice Snand a minimum of 3 wt.% Cu
are added. Cu 15 known to destahilize the NbSna and MbgSns
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Fig. 1 Mon-Cu ertial currend densily s 2 fencison of tine for bisary and
temary NbSny powder based PIT processed wires

line compounds [27] which, combined with the farge Sn gra-
dient, enables a rapid A15 phase formation below 700 °C. The
powder 13 placed inside Nb or Nb-alloy tubes, which can be
commercially purchased or made from sheet to enable custom
compositions, The resulting rods are optionally surmounded by
a diffusion barricr and stacked inside a nigh purity Cu matrix.
After an optional extrusion step, which is required for large
production lengths, the billet can be cold drawn to final size
withoul the nead for imtermediate heat treatments, The latter 15
a key advantage in comparison o the Bronze process,

3.2, AlS formation reaction

The ALS phase s formed during a solid state diffusion reac-
tion at a suitable time and temperature combination, which is
typically a few days at 675 *C. The Sn diffusion process and
AlS formation reaction are visualized in Fig, 3 and exiensively
described elsewhere [11,20,28]. The Nb-Sn phase diagram [29)
dictates that Sn depletion of NbSna first resulls in NbgSng, and
finally in the AlS phase. The imiial NbgSn: phase grows in-
wand as well as outward, since the volume per Nb atom in
MbgSns is approximately doubled with respect o pure Nb [11],
This intermediate NhgSns phase is indeed detected in the carly
stage of the reaction [7] and identifiable as the lightest grey
aren which surrounds the core in the 4 hours 4l 675 °C cross-
section in Fig, 3. After 16 hours, the initial NbgSns; phase is
o longer visible and transformed into large grain A1S Nb-Sn,
The formation of these large A15 grains around the core re-
gion 15 suggested o be a result from the fact that they grow in
the presence of a liguid bronze phase [12], The void fraction in
these regions 15 attributed o the reduced volume of Nbin AlS
Mb-Sn, relative o NbsSns [11]. These voids contain a Cu-rich
branze phase since Cu is expelled from the A1S, due to the
very limited solubility of Cu in the A5 phase.

The AlS is formed outward from the large grain region by
a diffusion reaction into the Nb. The A1S5 formation halts alter
about 64 h at 675 °C in the example in Fig 3, due o Sn
depletion of the core-A 15 interface region [28]. Longer reaction
does not result in & further increase of the A 1S volume, The



Fig. 3, Reaction progress in the filaments as o function of ime at o temperaturs
ol 673 "C for a ternary 192 filanieod PIT wire, manufactered by SMI [19]
Courtesy of € M. Fischer and P I Lee
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Fig. 4, Temary 192 flament PIT wiee manefactored by SMI, afier & hea
treatment of 64 h at 875 “C [19.28] Counesy of ©. M, Fischer and P I Lee,

final resulting A 15 fraction is of importance lo filaments that are
nol provided with a diffusion barrier. The area fractions have
lor be properly balanced o prevent peisoning of the high purity
Cu matrix, and the resulting decrease in the residual resistive
ratio (RILR), which is undesirable for the dynamic stability:
Commercial wires without o diffusion barrier are balanced with
respect (o the repcted Nboand exhibit typical ERE values thal
are significantly above 100,

13 Exemplary cross-section, morphology and compogsition

A typical cross-section after reaction of a 192 filament,
ternary PIT wire, which was manufactured by SMI, is pre-
sented in Fig. 4. A total cross-section of the wire 15 presented
on the lelt side in Fig. 4, and the inset shows an enlarge-
ment of the filament arca, The right side of Fig, 4 shows an
enlargement of a typical filamemt after reaction. The varions
areds that can be distinguished are fine grain A LS {4048, large
grain AlS (10%), unreacted Nb or Nb-alloy (25%), and the
core remainder enclosed by the large grain A5 (25%). The
percemtages reflect fractions of the flament and thus of the
non-Cu area. Considering that tvpically 30% of the wice is
non-Cu, and that the large grain A1S does not contribute to
superconducting current transport {due 1o lack of pinning pos-
sibilities), typically only 20% of the wtal wire cross-section
carrics superconducting current,

That the large grain AlS dees not contribute o supercon-
ducting current arises from the fact thal the maximum pinning
force increases significantly with a reduction of the average
grain size [221, which leads to the conclusion that the grain
boundaries are the main pinning sites in NbySn. Retaining a
smiall grain size 15 thus of key importance for the maximum
pinning force. n addition, to retain sufficient current carrying
capacity towards higher magnetic fields, the grain size should
preferably be comparable to the voriex spacing at operationi]
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Fig. 5 Averige gruin sioe in NbySn wires asa function of reaction temperatine
wral time inset) (28] The PIT results — which enly reflect the fine grains —
are o Fischer [20], and the Bronse esulis are from- Scanlan et of. | 53],
Shaw [H], nmd W et nl [33],

magnetic felds (22,3031, which is 10 to 20 nm at magnetic
fields around 15T

The average grain size depends marginally on reaciion 1ime
and strongly on reaction lemperature, as can be seen from
Fig, 5, in which also a comparison is made to available Bronze
processed wire results, Mote that the Bronze results stem from
around 1780, and that most modemn commercial Bronze pro-
cessed, 1T and PIT wires exhibit grain sizes between 100 and
200 nm at optimal reaction time and lemperature. Retaining
o small grain size requires balancing of the reaction lemper-
atare between the desired small grain size and acceptable re-
action times, since & higher reaction temperature will evoke
a much faster diffusion reaction [20]. The average grain sizes
berween 100 1o 200 nm for optimized reactions are one order
of magnitude above the vortex spacing at application magnetic
ficlds, which results in up 1o 50% loss in the maximom pin-
ning force [22] and a collective pinning of voriex bundles, The
lalter causes the maximum pinning loree to eoour at only 20%
of Ay [32] ps opposed o 50% of M as is achicved in NBT
through the inclusion of o—Ti precipitates [30,31]. Further op-
timization through grain refinement is therefore desirable.

The solid state diffusion of Sn from the core outward into the
Nb or Nb-alloy, combined with the fact that the A 15 phase is
stable fromabout 18 1o 25% 8o, results in a radial compositional
gradient, These pradients, and their effect on the superconduct-
ing properties have been extensively analyzed [12,19.22,28 36-
41] and effectively, these compositional gradients result in gra-
dients in M and 7., leading o cffective values (ie. M, and
Ty that determine the critical current density. A typical exam-
ple of compositional gradients in the A15 phase in PIT wires
is presented in Fig, 6. Note that the depicted Sn contents. ane
adjusted by +1.5% 1w correet for an analysis with uncalibrated
EDX [28]. The compositional gradient in PIT wircs is about
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—{1.3 at.% Sn/gm, which is much smailer than in Bronze pro-
cessed wires (which typically exhibit —4 au% Snfgm |42]}, but
farger than in IT wires. In the Jatter, inter-filamentary Cu in the
stb-glements is believed to enable rapid Sn diffugion, resulting
in an all-sided A15 growth into the thin (rypically < Spm) Nb
filaments. The average Sn conlent across 8 sub-clement in a
modern IT wire is-about 24 at,% with local variations ranging
from about 20 to 26 at.% [43]. Recent analysis by Lee and Lar-
balesticr on record setting 1T wires reports 24 £ 1 al % Sn and
an average Sn gradient of only —0.1 at% Sn/em [3.44], This
high average Sn contént 15 — amongst others — a major deter-
minant for the achieved 3000 Amm~? [45]. For now, modern
PIT wires achieve 2500 Amm~? (see section 4) but composi-
tional and A 1S fraction optimization could lead 1w a signilicant
further increase | 19.28440] (see sectinn 6,

4. Performance in relation (o magnetic field and strain
4.1, Magnetization in relation o transport vesults

A key henefit of PIT wires is the possibility to combine large
transport current densities with small, well separated filaments,
to obtain o wine that % intrinsically stable and, m addition,
exhibits bow AC losses. Usually, however, an effeciive filament
diameter 15 considered in discussions on stability, since AlS
diameters are often notwell defined andfor filaments can be not
well separated, We will demonstrate below, that for PIT wires
the effective and actual diameters ame the same, as a result of
the nearly perfect eyvlindrical shaped A 15 area inside the Nb
tubes, and the perfect filament separation,

A magnetization measuremnent of a binary and a lemary ver-
sien of 4 009 mun dumeter, 304 Glament PUT wire (Fig. 1) with
about 25 pm filaments 15 shown in Fig. 7. Boeth wires exhibit
virtwally indistingoishable magnetization. Also, both wires do
not show any flux-jump related instabilities, as would be visual
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Fig 7. Magnetieation of banory amd temary 504 filaiment PIT wires, mano-
fectircd by SMI, as functions of ar applicd magnetic feld ramp of 5 mT/s

from spikes in the magnetization curve. For completeness, it
should be mentioned that Aux jumps are observed in PIT wires
with filament diameters of 30 pm and larger, as also follows
from calcolation | 13,140, Nevertheless, these flux jumps gen-
erally do not resultin fow magnetic field instabilities, as a re-
sult of the high purity and proximity of the Cu matrix, which
apparently provides sufficient dynimic stabilization.

A non-Cu eritical current density can be derived from mag-
netization results as depicted in Fig. 7, i an average critical cor-
rent density 15 assumed in the A15 wbular volumes. At higher
magnetic fields this is physically incorrect, since low Sn AlS
wionld not carry any superconducting current [22) Al magnetic
fields below 5 T, however, all A15 can be expected fo be super-
conducting, For a PIT conductor, with its tubular A15 volume
inside the filaments, the magnetic moment s of a sample with
a length [ can be deseribed by:

, 3 dais; \*
m=zleaisdysont ! | 1- dnisel ) "

where J. 415 represents the average critical current density in
the A5, = 504 is the number of filaments, and das; = 10 um
antd dapse = 22 prmoare the inner and outer A 1S diameters,
respectively (large grains included). Resulting S, 455 values,
derived from magnetization messurements and averaged over
increasing and decreasing magnetic field for two samples, ae
graphed in o wsual Kreamer plot with p= 005 and g = 2 [32]
in Fig. 8 for temary and binary versions of a 504 flament
wire, Included in Fig, 8 are self-field correcied transport critical
current results at higher magnetic fields on the same wires, and
a Kramer extrapolation of the higher magnetic field transport
results 1o lower magnetic field.

The Kramer exirapalation is able to predict the magnetization
results strikingly well, aside fromthe small deviations between
2 and 4 T, This leads 1o two conclusions: 1) Kramer plols, us-
ing p= 0.5 and ¢ = 2, are linear down to below | T, in agree-
ment with earlier conclusions [32], 2 The tubular A 1S volume
i5-a reasonable estimate for the superconducting volume and,
henee, its outer diameter is the actual, as well as the effective
filament dizmeter. Note that the Kramer plots for the binary and
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ternary wires extrapolate to identicnl values when H — 0, This
implicates, since /23 (uoH )25, = el /xn = o, [32], where
Ky represents the Ginzburg-Landaw parameter, £ is the ther
modytamic critical magnetic feld, and o &5 3 constant related
to the maximum pinning force, that the product ¢ is compa-
rable for both wires.

4.2, Crivical current density and w-valve as a function of
meagnenic feld

The present record current density PIT wire, developed for
the MNext European Dipole Joint Research Activity [46], is a
ternary 288 filament wire as shown in Fig. 1. The cntical car-
rent density and r-velue as functions of magnetic field are
depicted in Fig. 9. lo this graph, the applied magnetic field
is comected for the seli-field on the filamentary area in the
wire {23 = 1046 mm), resolting in a self-field correction of
0.284 TrkA [28]. Inclisded in the plotis a fit on the J, resalts us:
ing common scaling relations [32], indicating fgH S (423 K=
25.6 T, which is 1ypical for ternary PIT,

The a-value for this wire is above 50 at 17 T, The n-value
in low temperature superconductors is determined intrinsically
through thermally activated flux-flow when approaching J. b,
due o the low temperature, dominated by inhomogeneities [28),
The n-value is generally high (> 60 at 12 T} for most PIT
wires, presumably mainly az a result of the compositional wnd
geonwincal homogeneity of the A1S. This renders PIT wires
highly suitable for applications that require o high n-value, such
a5 NME.

4.3, Sivain sensitivity

PIT wires exhibit, like wher processed wires, a sensitivity o
shtain, 85 o result of the intiinsic stenin sensitivity of NbaSn 221
A key difference between PIT wirnes and other processes is
that the axial thermal pre-compression can be lower than in
ather wires, presumably doe 1o yield in the pure Cu malrix
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during cooldown. As a result of this lower pre-compression,
PIT wires could enter the tensile strain region sooner. The irre-
versible strain limil, which can be comrelated to the formation
of cracks in the AlS, could therefore be reached earlier, when
PIT wires are loaded with tensile forces. Magnet designs have
to be optimized o account for this pogsibility of o lower axial
Pre-cOmpression.

Weringa et al, [11] reported the first steain dependence chare-
terizations on PIT wires, which stegeest crack formation above
0.3% bending strain, In 1990, the irreversible strain limit which
results from crack formation in the A15 was related to fila-
ment diameter | 16). Measurements showed an imreversibie axial
strain limit of 0.2% for &0 pm filaments and 6% for 30 pm
filaments, Crack formation at 0.6% tensile strain agrees with
recent bending tests that have been performed on more mudern
FIT wires with 50 gm flaments, In that reseéarch, cracks stan
to-appear in PIT at 0.6% tensife strains, and this outperforme:d
Bronze and IT wires in the same research [47].

The sxial strain sensitivity of PIT processed wires is generic
and not significantly different from wires that are manufactured
through other processes, even though the normalized strain sen-
sitivity of J. can appear somewhit inercased in comparison to
relatively lower current density Bronze and IT processed con-
ductors [48,49), Ongins of this observable difference i straim
sensitivity g 12 Toarg a different Sn content in the ALS and
the prescnce or absence of lermary additions, which both lead
to differences in the long range ordering and the effective f.a.

Steain in AlS Nb-Sa affects the electron-phonon interac-
tion and the densiy of states, and therefore causes a shill i
(T [220, Incan further be angued that steain will not sig-
nificantly change pinning efficiency, and strain dependence is
therefore usually described as the ratio between the strain modi-
fied field-temperature phase boundary (H.2{T, £|), and the max-
imum field-temperature phase boundary for which the steain
is minimized (Hopet T 1320 The mett effect of o higher
Fleanus (T} (e, a hagher effective upper eritical field HY; in a
wirg) on the strain dependence of £ ot a given magnetic field
follows through common scaling relations for the eningal cur-
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depicted in Table |

rent density [32]: Increasing % results inoa smaller relative
reduction of J. with strain at a given magnetic field. H_, should
therefore be rellected in strain sensitivily compansons, but this
is often not included.

Both the Bronze and IT wires in the comparisons in [48,49]
are temary, whereas the investigated PIT wire is bimary. In
Fig. 10, a comparison is shown between wires from three dif-
ferent billets, Two of the wires are ternary and twa arc binary,
Il is evident from this comparison that the termary wires ex-
hibit & significantly reduced sirain sensitivity a1 12.5 T. The
imroduction of Ta in the A15 laltice reduces the long range or-
dering in the A15 lattice. It was saggested elsewhere [22] that
this alone can result in a reduced strain sensitivity. Also, a key
effect of adding ternary additions is that the A5 laltice is sta-
bilized for compositions above 24.5 at.% Sn, thereby prevent-
ing the occurrence of the tetragonal lattice distortion and the
accompanying lower Ha. In addition, it is generally stated that
the intreduction of To increases scattering, and thus the normal
state resistivity and ;.

Typical values for gof5{4.2 K) for temary and binary SMI-
PIT wires are 255 T and 21 T respectively [18]. The nor-
malized J.(12.5 T, 42 K. &) vesults in Fig. 10 were least
squarcs fitted nsing scaling relations [32] for both the binary
{B32) wires and for one temary wire (B1035), using the param-
eters in Table 1, The lines in Fig. 10 reflect these parameter-
zations, The maximum #ero emperature, effective upper criti-
cal field values (HZ, L (0)) that were used in the fits result in
Mol (4.2 K, —0.2%) =255 T and 21 T for the ternary and
binary wires respectively, assuming an intrinsic axial thermal
pre-compression of —0.2%.

The increased strain sensitivity for the bingry wires can be
mainly attributed to a lower effective upper crifical magnetic
field, This can be demonstrated by caleulating @ least squarcs
fit o the termary and binary data with fdemrical deformation
parameters and varying enly HY, (0], Such a fit shows that

the calculated shiftin J.(£) by varying only HY, . (0] is of the

Zas
commeel magnitude. Accurate fits o the data, however, cannot

Tahje-1
Scaling porameters for the lines in Fig. [0 The apphied scaling refativas and
parmeters are detailed in [32]

D:fc;rmullm Rupercomnducling
c‘ll .Ci! Elll"’l ;'r'I"FI{"‘ImI.". ':nj Tl."ﬂll"- [“:I
Bilint [ % ] 1T [ K]
TBIOS 5801 363 0017 293 17
BiZ2 640 360 D63 .2 17
be achieved by only a different H2, (D), and require also a

slight difference in the deformation parameters (Table 1) I is
very reasonable, and physically more correct, to expect differ-
enees in the deformation parameters for wires from different
billets with dissimilar layout, Nonetheless, the main difference
herween the ternary and binary wires can be attributed 10 a dif-
ferent A2 (0, indicating that the normalized strain depen-
dence of H5 (0} is comparable for both wires, and emphasizing
thie meed o consider the magnitude of A5 in strain sensitivity
COmparisons.

For completeness, it should be mentioned that also differ-
ences in Snocontent could attribute to differences in $teain sen-
sitivity. There are strong indications that Sn ticher A15, which
is closer 1o steichiometry and thus has & higher degree of or-
dering in the ALS lamice, has an increased stmin sensitivity,
as was suggested elsewhere [22]. Increasing the Sn content in
the AlS, however, also increases the effective upper critical
maguetic feld |19] which would reduce the strain sensitivity
at constant magnetic ficld as was shown above. It s, for now,
unelear how these opposing efiects will average out. It should
fimatly De noted that the resuit in Fig. 10 is contrary to older
work, in which an feeveased strain sensitivily for alloyed wires
was nbserved [S50].

Mensurements on the sensitivity o ransverse pressure in
Rutherford-type cables have indicated that PIT behaves better
than 1T and Bronze processed wires [S1]. It should be empha-
sired, however, thal much of the sensitivity o transverse pres:
sure is related to the amount of deformation at the cable edges.
This is specifically the case for *keystongd” cables, where the
thin edge is often heavily deformed during cabling, The PIT
cable in [51], which behaved favorable, was the only rectangu-
lar cable in that comparison. A Keystoied PIT cable did indi-
cate scvere sensilivity (o transverse pressure, even though this
was attributed to experimental imperfections. A later keystoned
PIT cable exhibiled much more favorable trunsverse pressure
sensilivity and this cable was used in the world record setting
11T dipole magnet developed at the University of Twente, The
Netherfands (MSUT) [52-54]. Later experiments on [T cables
also indicated a much redoced sensitivity to transverse pres-
sure [55] and Lawrence Berkeley National Laboratory's D20
magnet, in which this cable was used, did achieve a new record
dipole magnetic field [5A].

From more recent experiments on the rRnsverse pressure
sensilivity cables, using a simplified experiment in which onc
strand is regarded representative for the behavior of a cable, it
is concluded that PIT strands exhibit significantly higher pres-
sure sensitivity than MIR and I'T wires [57]. Mevertheless, mag-



nets that were made from PIT cables are ¢laimed to reach an
‘adjusted’ short sample and surpass the performance of IT and
MIR based magnets [S8—60]. In observing the ransverse pres-
sure results, it should be noted that the PIT resulls are incon-
sistent, with some strands behaving comparable to MIR and IT
samples, whereas others exhibit 2 more severe reduction of the
critical current with pressere. Similar severe reductions have
been observed in the past on keystoned cables, made from [T
and PIT strands, for which too severe compaction of the cable
width was sugpested as an origin of increased pressure sensi-
tivity. The PIT cables in [57] were manufactured al & width of
14.24 -+ 0,025 mm, which appears small for a 28 strand ca-
ble with | mm wires, suggesting severe edge deformation. [t
is reasonable o assume that PIT wires, with solid Nb bular
filwments, are more sensitive to such edge deformation durng
cabling than the IT wires, which have a significant amount of
Cu in the subelements,

Considering the above discussion, it should be stated that, in
general, piblished transverse pressure experiments arc ambigu-
ous, and the results depend on experimental and cabling details,
Mevertheless, it can be concluded that Rutherford cables, fabr-
cated from PIT wires, appear to experience a siilar sensitivity
to transverse pressure in comparison to cables made from wines
that are manufactured by other methods from the simple Facl
that magnets, constructed from PIT wires, have performed up
to world record magnetic fields with their accompanying loads,
provided that the cable is manufactured properly.

5. Suecessful applications using PIT wires

Powder-in—~Tube processed Wby Sn wires have been applied
successtully in a number of applications. The first application
was @n |1 T solenoid insert magnet from Oxford Instruments
in 1983, which used about 500 m of an 18 filament wire | 101
In 1988, 200 kg 36 filament wire was manufactured fora 12T
insert for the Sultan facility in Villigen, Switzerland [15,61],
Ruiherford-type cables were manufactured from 192 filamem
wire in 1990 and used in the world record setting 11 T MSUT
dipole magnet [52-54], which was the first NbiSn dipole o
surpass NMbTY diposle limitations,

Dipole magnets at Fermi Mational Laboratory used SMI-PIT
wire o overcome the low magnetic field instabilities that are re-
lated to the use of large filamentary [T wire [58-60,62|, Thesc
mmiagnets achicved a | 0T dipole magnetic feld, were claimed o
achieve their short sample limitation, and surpassed the perfor-
mance of earlier mignets at Fermi National Laboratory which
employed I'T wires.

Further applications include varous sfandard high field mag-
nets, and eryocooler and conduction coofed magnets that oper-
ate at temperatures from 8 to 12 K.

These successful applications illustrate the feasibility of PIT
provessed Nb Snosuperconductors for selenoidal and HEP mag-
nets. In addition, PIT wires have been successfully developed
by SMI for the International Thermonuelear Experimental Re-
actor,

6. Progress in R&D and outlook to the future

Further possible optimizations of the PIT process can be
separated into three groups: 1) Increasing the A LS fraction in
the non-Co area, 2) Increasing the Sn content im the A 15, and 3)
Increasing the maximum pinning force and high field pinning
efficiency,

Optimization of the A 15 fraction can be achieved by increas-
ing the Nh or Nh-alloy fraction at the manufacturing stage, hy
surrounding the filaments with a diffusion barrier [24], and by
preventing the Tormation ol large grain ALS [12]. The laner
two optimizations have the - theorelical — potential to increase
the non-Cu current density by about 65% [28 63). It should be
emphasized that this number represents an idealized situation.
In reality, since PIT wire manufacture 1s o difficult process that
depends on many parameters, it is unreasonable o expect that
this improvement can be achicved fully in wires.

The Sn content in the A 1S volume can — possibly - be in-
creased by allowing more Sn to be available for the reaction.
If all fine grain A15 would be approaching stoichiometry then
theoretically an increase of aboul 35% in the non-Cu current
density could be expected [28,63], A combinstion of A15 fae-
tion and Sn content optimization would thus yield a theoretical
L0105 increase in the non-Cu current density, or the possibility
to approach 5000 Amm~* non-Cu [28], Although this clearly
demonstrates a huge potential, it should again be emphasized
that it is unrealistic to expect this to be achieved in wires. For
example, simply adding maore Snto the core conld significantly
himder wire drawing and, for now, i 5 unclear whether addi-
ticnal Sn can indecd be evoked 1o diffuse into the Nb or Nb-
alloy without a resulting gradient.

A promizsing new development is to investigate alternative
Sn-rich intermetallics with 8 higher atomic Sn density that
could, in powder form, act as the Sn source in the core [64],
Also, ceramic reinforced pure Snoand Cu-Sn alloys are under
investigation a5 core material, In (631 amd 7667 2 pure Sp, and
a pure Sn plus 10 v% ALO; powder is successfully tried as
a-5n source. Also various Cu-Sn alloys (Sn=3 wi% Co and
Sn=T.6 wt.% Cu) have been tested. Wires made with a pure
Sn core reached a J. of 1251 Amm 2 and wires with a Sn—
3 wi% Cu core achieved 1372 Amm~—. It should be noted
that such developments will lead (o a three step heat treatl-
mend, wopeevent formation of an undesived Nb-Cu-S%n com-
pound [66,67]. A new process at SupraMagnetics uses CosSny
cores in Nb 7.5 wi% Ta tubes that were processed down
to about 20 pm. These wires achieve 4 non-Cu J, of aboul
2000 Amm 2 [25] and are targeted to significantly reduce the
cost for PIT processed wires,

The maximum pinning force and high field pinning capacity
can be improved by groin vefinement and by the inroduction
of engineered pinning centers in the A1S volume. The poten-
tial benefits of matching the spacing of the pinning sites o the
vorlex spacing can be estimated 1o be a 50% increase in the
maximam pinning force [22], combined with an approximate
4% increnase in pinning efficiency at 50% of K5 (e around
[5 Ty [19.31,32], An additional benefit of grain refincment is



that it will increase scattering and thus the normal state resis-
tivity, which in turn has the potential o further enhance H if
the mean free path is not oo severely reduced [68,69).

7. Conclusions

The Powder-in-Tube NbiSn wire process has proven to
yield a combination of high current density with fine filaments.
The present record wircs achicve a non-Cu current density
of 2500 Amm™>, and combine this with a filament diameter
of about 35 jm. Wires that are optimized for low AC loss
achieve a non-Cu current density of 1950 Amm~* and com-
binc this with a filament size of about 25 pm, The typical high
n-value and high RRE make PIT wires suitable for a mulatude
of applications, which has been demonstrated specifically in
successful dipole magnets for High Energy Physics. Further
increase in the critical current density as well as a reduction
of the manufacturing costs appear very realistic through opti-
mizations of the process parameters and the use of alternative
powders. A theoretical fimit on achievable current densities
can be calcobaped, bul it remains speculative e what extend
improvements can be achieved in o large scale manufacring
process. Nevertheless, during the past 15 years, the Powder—
in—"Tube process has been developed such, that excellent wires
can be manufactured on a commercial basis. These wires fea-
ture high current density pasred 1o small laments, properties
which are beneficial for most applications, and sometimes
even essential for success,
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