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We have examined the upper critical field of a large and representative set of present
multifilamentary NQSn wires and one bulk sample over a temperature range from 1.4 K up to the
zero-field critical temperature. Since all present wires use a solid-state diffusion reaction to form the
A15 layers, inhomogeneities with respect to Sn content are inevitable, in contrast to some previously
studied homogeneous samples. Our study emphasizes the effects that these inevitable
inhomogeneities have on the field-temperature phase boundary. The property inhomogeneities are
extracted from field-dependent resistive transitions which we find broaden with increasing
inhomogeneity. The upper 90%-99% of the transitions clearly separates alloyed and binary wires
but a pure, Cu-free binary bulk sample also exhibits a zero-temperature critical field that is
comparable to the ternary wires. The highggH., detected in the ternary wires are remarkably
constant: The highest zero-temperature upper critical fields and zero-field critical temperatures fall
within 29.5+0.3 and 17.8+0.3 K, respectively, independent of the wire layout. The complete
field-temperature phase boundary can be described very well with the relatively simple
Maki—-DeGennes model using a two-parameter fit, independent of compaosition, strain state, sample
layout, or applied critical state criterion. 8005 American Institute of Physics

[DOI: 10.1063/1.1890447

I. INTRODUCTION 50% or 90% of the superconducting to normal transition, and
N _ . the behavior at practically important lower temperatures and
The upper critical field(uoHco) of NbsSn is strongly  higher fields is mostly extrapolated from the slopeTg0).
dependent on A15 compositidrAlthough data covering the " In our analysis we concentrate on the entire transition widths
complete field-temperatur@i-T) phase boundary are avail- in an attempt to extract the range of property distributions
able for one set of pure Nb-Sn thin filfrfsand a few single-  that are present in wires and measure these over the full
and polycrystal§;* data on practical, inhomogeneous con-relevantH-T range.
ductors are sparse. Wires may differ substantiallyHiT For wires, uoHc,(T) data are available in limited
behavior compared to homogeneous films and crystals due #g|ds">2° while few publications report single high-field
inherent inhomogeneities arising from their manufacturepoints at liquid-helium temperatuté:#2:22Extrapolation
Thgy exhibit Sn gradients resulting from the solid-state dif-of data measured up to 22 T indicates a zero-temperature
fusion process used for the formation of the A15 layers, a”(ﬂjpper critical field[ uoH(0)] in thin films ranging from 26
strain gradients caused by lattice imperfections and thermap 29 T, depending on resistivih'?. Single- and polycrystal
contraction differences between the composite materials. Thgata, measured over the complete field range, indicate either
Sn gradients originate from the broad composition range opoch(o)z24_5 T for the tetragonal phase or 29 T for the
the A15 phas¢~18 to~25 at. % Sr(Ref. 5]. The existence  cypic phasé:* The limited amount of wireuyHe(0) data,
of these inhomogeneities as well as their potential mfluenc%osﬂy extrapolated from 4.2 K, ranges from about 20 T up
on the sugelgconducting properties has been recognized forig ~ 30 T17.18.21-231pig large spread causes confusion as to
long time,”™ as is the presence of a scaling field for the\ynat value is to be regarded as realistic in multifilamentary
critical current which lies substantially belogoHe,- This  conductors and was a prime motivation for us to make a
scaling field is often referred to &, but in fact it is an  more systematic study of the influence of the inhomogene-
irreversibility field (xoH') defined by a pinning force or a jties that are present in wires. We believe that the broad
Kramer function extrapqlaﬂ&ﬁ (1oHk). However, to our  yange of performance boundaries for wires in the literature is
knowledge no systematic analysis over the complét®  ostly a side effect of property distributions caused by these

range of the influence of inhomogeneities agH:(T) and  inhomogeneities, combined with the use of either arbitrary or
uoH (T) is available in the literature. Moreover, the critical \5riaple criteria foruoHeo

parameters are often defined at an arbitrary criterion of, €.9.,  The general consensus is that bronze-route wires are

strongly inhomogeneous with respect to Sn content and that
¥Electronic mail: a.godeke@tnw.utwente.nl the gradients are on the order of 1-5 at. %ﬁlml&nAnaly-
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sis of inhomogeneities in bronze-route wires are, howevemhetter understanding of the reasonable performance bound-
complicated by their very small A15 layer thickness on thearies for the critical current densit{d.). Practical scaling
order of 1-2um, imperfect circular symmetry, and the fact relations forJ, (Refs. 36, 37, and 41-43lepend on the
that the higheiT; A15 layers surround the lowér, regions.  exact behavior ofugH,(T), but are empirically based and
The thin layers make accurate measurements of the Sn grgenerally rely on Kramer extrapolations of lower-field data.
dients by electron probe microanalysis impossible, imposingVloreover, the zero-temperature Kratfezxtrapolated criti-
the more complex, more local, and less accurate study bgal field[uoH(0)] often results in values far beyond 30°r.
transmission electron microscopy. Analysis of the propertyThis seems unrealistically high in comparison to actual mea-
distributions by magnetic characterizations are also not possured results, which are limited to about 29.5 T for higher
sible, since the outer highdi. regions magnetically shield resistivity, slightly Sn-poor pure Nb—Sn filfn.
the lowerT, sections. Expressions for thed-T phase transition, derived di-
Over the past decade, a powder-in-tulpdT) process rectly from the BCS theory, are readily available in the
has become available as an alternative approach #Smb literature}*>>and have been applied with success to well-
wire manufacture. The filaments in modern PIT wifesre, ~ defined laboratory specimefs!>>*but most of theH-T
in contrast to bronze conductors, nearly perfectly cylindricaldata on wires are empirically describ®f"* This leads to
contain thick A15 layers on the order of 5—fn and have continuing discussions in the literature, partly resulting from
the higherT, A15 located on the inside, making them mag- the use of extrapolated values pfH,(0) without taking
netically transparent. Initial compositional analysis indicatednto account the inhomogeneous nature of the conductors.
that they are much more homogeneous with respect to SAlthough such empirical relations in principle yield suffi-
content than bronze wires, exhibiting gradients on the ordegient accuracy for the scaling of,* large discrepancies
of 0.35 at. % Snim.?>?® Magnetic[vibrating-sample mag- occur between the fitted values fpgHk(0) and T,(0) and
netometer(\VSM)] characterizations of these wires up to 14 actual measuremerit8.However well justified empirically,
T have indicated a large separation betweghi(T) and this discrepancy clearly needs understanding.
uoHe(T) which was correlated to Sn gradients. The latter ~ The goal of this paper is threefold. First we would like to
were visualized by a reduction of the difference betweertnderstand the behavior qigH,(T) for inhomogeneous
uoHyk and uoH, with increasing reaction times, which are conductors independent of extrapolation method. Second, we
associated with a much stronger rise pfHy(T) than  would like to investigate the influences of compositional in-
,(,LOch(T).27’28 These initial conclusions have recently beenhomogeneities, strain, and the presence of additional ele-
supported viaH-T characterizations on homogeneous bulkMents onueHe(T). To achieve this, we have selected a
materialé® as well as modelin@‘? sample set that contains variations in manufacturing tech-
A second important difference between wires and thinhique, composition, and strain state. Third, we would like to
films and crystals is the presence of Cu and ternary addition@eneralize the results by exploring whether an overall de-
as, e.g., Ta and Ti. Cu is believed to lower the A15 formationscription for the ugHc(T) behavior of NBSn is possible,
temperatur® and only to exist at the grain boundarigut independent of measuring technique, criterion for the critical
its influence on the critical properties is uncertithe gen- ~ field, strain, or compositional variation. We do this by inves-
eral consensus on ternary additions as Ta and Ti is that the{gating the validity of the Maki-DeGenne$/DG) equa-
introduce scattering sites, thereby raising the resistivity andon, which is the simplest form of the available theoretical
thus uoHc»(0).** These ternary additions may also preventdescriptions.
the formation of tetragonal phases which reduce The paper is organized as follows. In Sec. Il the sample
uoHe(0).2034 matenal; are presented and in Sec. Il the experimental pro-
A third characteristic of wires is the presence of residua/cedure is explained. In Sec. IV the experimental data are

strain. Macroscopically, the strain dependenceugi(T) is ~ Presented. First we show that inhomogeneities can be visu-
well understood in terms of axial strali >’ or deviatoric  alized by electromagnetic characterizations and we concen-

strain®®*° but its influence on the complete-T phase tran-  trate on the effects of inhomogeneity reduction by extended
sition is still uncertairf® The large Cu matrix enforces a heat treatment times on the fi-T phase transitions. Sec-
compressive axial strain on the A15 layers due to the largePnd We make comparisons between various conductor types
contraction of the Cu with respect to the A15. This causes &nd then we investigate general aspects of the overdll

thermal precompression in the A15 layer which is spatiallydata. In Sec. V we discuss the inhomogeneity effects on
inhomogeneou¥’ moHe(T), make comparisons between high-field resistive

The combined effects of Sn gradients, the presence @nd transpord, data, and analyze the validity of the theoret-
Cu in the A15 layer, the influence of ternary additions, andcal fits. Our overall conclusions are presented in Sec. VI.
the presence of strains make it questionable whether the
H-T knowledge, derived from uniform, well-defined labora-
tory samples, can directly be applied to wires. These consid-
erations stimulated our systematic investigation of the effect. SELECTED SAMPLE MATERIALS
of these factors on thél-T phase transition in inhomoge-
neous NBSn wire systems. In Table | an overview is presented of the selected
A secondary advantage of a systematic characterizatiosamples with concise identification, the reaction conditions,
of the H-T phase transition in wires is that it also yields a fabrication procedure, sample cross section, mounting tech-
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TABLE I. Overview of the investigated materials. Depicted are the sample names, a short identification number, the heat treatment for eachwample, the
type, and the way each sample was mounted. The next column gives the additional elements that were present during the formation of the A15 layers. In all
the wires, Cu was present close to the A15 formation area. The next column gives the non-Cu critical current density for each wire, either measured in
transport or estimated from the magnetization data. The last column gives the non-Cu current density in the samples during the measurement of resisti
transitions.

Je non-ci Resistive
Heat 4.2 K, data
treatment (%) Mounting Additions 12T Jhon-cu
Sample name ID (°C) Type (mm) procedure present (A/mm?) (A/mm?)
SMI ternary PIT B34-4 h 4 h/675 PIT 1.0 GE varnish Cu, Ta 0.2
on Cu
SMI ternary PIT B34-16 h 16 h/675 PIT 1.0 GE varnish Cu, Ta 876 0.2
on Cu
SMI ternary PIT B34-64 h 64 h/675 PIT 1.0 GE varnish Cu, Ta 2250 0.2
on Cu and
Stycast on
Ti—6Al-4V
SMI ternary PIT B34-768 h 768 h/675 PIT 1.0 GE varnish Cu, Ta 2176 0.2
on Cu
SMI reinforced B134 80 h/675 PIT 0.6 Stycast on Cu, Ta 1961 0.6
ternary PIT Ti—6Al-4V
SMI binary PIT B27 128 h/675 PIT 1.0 Stycast on Cu 1955 0.2
Ti-6Al-4V
Vacuumschmelze VAC 220 h/570+175 h/650 Bronze 0.8 Stycast on Cu, Ta 556 0.5
ternary bronze Ti—-6Al-4V
Furukawa
ternary bronze FUR 240 h/650 Bronze 0.8 Stycast on Cu, Ti 582 0.5
Ti-6Al-4V
UW-ASC bull® Bulk 320 h/1020 Bulk, 0.8x1.4 GE varnish 0.004
sintered on Ti-6Al-4V

At a voltage criterion of 1QuV/m.
bSamples having a data inconsistency-6%.
°Estimated from the magnetization data.

nique, alloying additions, the noncopp®r and the noncop- was additionally selected for the study of inhomogeneity ef-
per resistive transition measuring current density. Cross sedects using increased reaction times, which result in in-
tions of the wires are shown in Fig. 1. creased A15 layer thickness and less-steep Sn gra&?ehts.
The international thermonuclear experimental reactobulk sample, produced at the University of Wisconsin’'s Ap-
(ITER)-type FurukawaFUR) and Vacuumschmelz&/AC) plied Superconductivity CentdtJW-ASC), was used to in-
wires were selected because they have been characterizegstigate the behavior of pure binary, Cu-free;Sih.
extremely well in transport critical current density in various The first set of samples is a ternary PIT wi{i34) that
laboratories during the ITER benchmark te¥2>>° They  was heat treated for various times at 675 °C. A reaction time
are representative of ternary conventional bronze-routef 64 h was recommended by the manufactui@Ml) to
manufacturing methods, have a relative Idy small fila-  yield optimalJ.. A specific mounting procedure was applied
ment size, and probably large Sn gradients across the Al an attempt to force the samples into a reproducible, al-
areas. The powder-in-tube conductors from Shape Metal Inthough unknown, strain state after cool down to test tempera-
novation(SMI) were chosen since, due to their “inside out” tures. Four wires were mounted with General Electric var-
design, they are magnetically transpar?er’rff have a rela- nish onto a copper substrate. One sample, reacted for 64 h,
tively large A15 cross section enabling microscopic compo-was mounted with Stycast 2850FT on a Ti—-6Al-4V substrate
sition analysis, and are therefore favorable research wiresf lower thermal contraction than C@~0.18% versus
that were already extensively characteriié?ﬁThey exhibit  ~0.35%). Standard], barrels were made from Ti—6Al-4V
close to present record current densities and have, comparedd Stycast was applied to mount the wire rigidly on the
to bronze-route wires, less-steep Sn gradients. A binarparrel as in the ITER benchmark measureméntatercom-
(B27) and two ternary versiond334 and B134 of this wire  parisons of short sample resistive transiti¢as used in this
type were selected. The main difference between the ternaapej and standard, data require the same mounting tech-
versions is the presence of a Cu-Nb reinforcement tubeique in an attempt to create identical strain states after cool
around the outside of B134, as opposed to the pure Cu malown.
trix used for the regular ternaryand binary wire. The An overview of the ternary PIT wir¢B34) and a mag-
Cu—Nb reinforcement of B134 results in a slightly more de-nified view of the filaments for reactions varying from 4 to
formation of the outer filaments and a larger compressiveg68 h at 675 °C is shown in the second row of Fig. 1. The
A15 strain state. The pure Cu matrix ternary condu@®®4)  wire consists of hexagonal Nb—7.5 wt % Ta tubes, embedded
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FIG. 1. Field-emission scanning electron microscpESEM) cross-section images of the investigated wires. Top section, upper row from left to right: A
ternary ITER-type bronze process wire with a Ta diffusion barrier manufactured by Furdk&ii® with a close-up of the filamentary region, a ternary
ITER-type bronze process wire with a Ta diffusion barrier manufactured by Vacuumsch@WalZe with a close-up of the filamentary region, a ternary
Powder-in-tub&PIT) wire enclosed by a CuNb reinforcement tube manufactured by Shape Metal Innd&bnplus a close-up of the filamentary region,

and a binary PIT wire produced by SMI plus a close-up of the filamentary area. Top section, bottom row from left to right: An overall cross sectianof a tern
PIT wire produced by SMI plus close-ups of the filamentary area for reactions of 4, 16, 64, and 768 h at 675 °C, respectively, indicating the prbgression o
the A15 layer growth vs time. In the additional single filament close-up for the 4-h reaction an inig@h\ihase is visible in between the core region and

the formed NBSn. Bottom section: Close-ups on the A15 regions in the two bronze wires and in the binary and (@4r&675 °Q PIT conductors. The

Sn sources in these close-ups are located at the right side of the A15 layers. More detailed conductor specifications and heat treatment datican be foun
Table I.

in a pure Cu matrix. The tubes are filled with powder, con-lar thick, fine-grain A15 layers have been observed in Bigh
sisting of a Sn-rich Nb—Sn intermetallic combined with SnOxford Instruments Superconducting Technology internal Sn
and Cu which acts as the Sn source for the solid-state diffustrand material! which also has an abundant Sn source in
sion reaction. To the right of the overall cross sections ar¢he core. Columnar grains are found in the last um be-
enlarged filament sections for 4-, 16-, 64-, and 768-h reacfore the NifTa) tube. A possible cause of the columnar grains
tions at 675 °C. The A15 formatioflight gray) progresses is their low Sn content. Thermodynamics dictates that a por-
with increased reaction time. The inset for the 4-h cross sedion of the A15 layer must be Sn poor. We also noted that the
tion shows two phases that are present at the core-A15 inter68-h reaction extent was not much greater than after the
face in the initial stage of the reaction. The light gray region64-h heat treatment, suggesting that the reaction quickly
around the core is Nj$rs and the darker gray shell around tends to exhaustion.

this is A15. At 16 h the NESn; has disappeared. The bottom The second sample type in Table | is also a ternary PIT
row of Fig. 1 shows a magnified view across the whole A15wire manufactured by SMIB134) which is similar in build
layer in the ternary PIT wire reacted for 64 h at 675 °C. Theto B34 but in this case with a Cu—Nb reinforcement tube
core is located to the right and the (Nl) tube to the left.  surrounding the Cu matrix. It can be expected that the rein-
Large, 1-2um diameter A15 grains arising from conversion forcement results in a larger thermal precompression in the
of the initial NySry are found next to the core and are not A15 from reaction temperature down to room temperature
believed to contribute td.. The large central region is fine- caused by the higher strength of the Cu—Nb as compared to a
grain A15 with an average grain size of about 140 nm. Simipure Cu matrix. The third cross section in the top row of Fig.
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1 shows that the Cu—Nb reinforcement results in additionals a cutout from a larger bulk section, produced by hot isos-

deformation of the outer filaments as compared to the nottatic pressing(HIP). Field-emission scanning electron mi-

reinforced PIT wires. croscopy(FESEM) analysis, more details on the production,
The next sample in Table | is a binary PIT wifB27), as well as more extensive characterization on a larger bulk

again manufactured by SMI. The only difference from thesample set, were published earfier.

ternary PIT(B34) wire according to the manufacturer is the

use of pure Nb tubes. This wire_ was h_eat treated beyond th§ expPERIMENTAL PROCEDURE

manufacturer’s recommended time which was 47 h at 675 °C

since earlier magnetic characterizations on this wire indiA- Resistive characterizations

cated that a longer reaction of 128 h yields slightly improved  The majority of theH-T investigations in this paper were
properties® The top right picture in Fig. 1 shows the overall performed by resistive characterizations at constant tempera-
cross section, while the A15 layer is shown in the lower pariyre and ramping field. Data for fields ranging from 12 to 30
for B27, again with the Sn source located at the right sideT were taken at the National High Magnetic Field Labora-
Large-grain A15 is visible at the core interface as in thetory (NHMFL), Tallahassee, FL using a resistive high-field
ternary version of this wire. The remainder of the A15 layermagnet while data up to 15 T were obtained using a super-
is comparable to the central region of the ternary wire, i.e.conducting solenoid at the UW-ASC. The resistive technique
fine-grain(~140 nm A15 but the columnar grains at the Nb was chosen since this method is easy to set up at the
tube/A15 interface are less pronounced. NHMFL and is consistent with our earlier transpdgtchar-

The Vacuumschmelze wire was heat treated with theycterizations. A disadvantage is that only part of the full
manufacturer’s recommended reaction. This bronze-routgroperty distributions is detected in this way, due to rela-
wire uses Nb—7.5 wt % Ta rods that are embedded in a Snively low excitation current densities. A second disadvan-
rich bronze matrix that is in its turn surrounded by a Tatage is that the normal-state signal of the wires typically was
diffusion barrier and embedded in a Cu matrix. It is visible inonly on the order of 200 nV at zero field, whereas the back-
the second cross section from Fig. 1 that the Nb rods arground noise in the high-field resistive magnet area was typi-
bundled into subelements. In the inseb-um filaments are cally on the order of 50-150 nV. The strong magnetoresis-
shown with the light gray areas representing the A15. Theance of the Cu matrix of the wires fortunately delivered an
voids might be caused through Sn depletions in the bronze afnhancement factor of 4-10 in signal at high field. A nice
possible polishing side effects. The Al5 layer cross sectiomdvantage of the resistive technique is that it is possible to
in the bottom part of Fig. 1, which has the bronze located tacharacterize multiple samples at once, saving valuable high-
the right, shows that columnar grains are formed over a largéield magnet time. The wire sections in the small current
area on the A15/Nia) interface side. A much smaller fine- resistive measurements were about 8 mm long with a voltage
grain equiaxedhigh Sn region which is only about two to tap separation of 1-3 mm and current taps at both ends. The
three grains thick is visible at the bronze interface. A muchdimensions of the bulk needle sample were K7542
lower Sn diffusion rate is characteristic of bronze wires asx 0.80 mn?¥. Samples were mounted on a strain-fixing sub-
compared to the PIT wires. strate, according to Table I. The resistive measurements were

The Furukawa bronze-route wire was also heat treategerformed at a small currefgenerally 0.2—0.6 A/m#A) see
with the manufacturer’s recommended reaction. This wire isTable ), constant temperature, and a swept fidjgy,H/dt
constructed with Nb rods embedded in a Ti-containing Sn=10 mT/s. Typical variations in temperature during a con-
rich bronze. The bronze is surrounded with a Ta diffusionstant temperature sweep ranged from £5 mK in the best case
barrier outside of which is pure Cu. From the upper left cros¢o £50 mK in the worst case. The low current, constant field,
section in Fig. 1 it can be seen that the single stack of filaand swept temperatufdT/dt=3 mK/s) measurements were
ments are more evenly distributed than in the Vacuum-<onfirmed to deliver the samggH(T) data as the swept
schmelze sub-bundles. Voids are present in the bronze aftéeld characterizations. A detailed description of the tech-
reaction. The upper left picture in the bottom part of Fig. 1nique has been published elsewhtre.
shows a~1.5-um-thick A15 layer consisting mainly of co- A systematic inconsistency of4% exists between the
lumnar grains and an equiaxed layer that appears to be onNHMFL and UW-ASC data sets for the variable reaction
about one grain thick at the A15/bronze interface located aternary wires (B34), the Furukawa wire, and the bulk
the right side. sample, as indicated in Table |. Temperature measurements

The nominally 24.4 at. % Sn bulk sample was cut into ain both institutes were confirmed to be correct and the same
needle for resistive characterization and mounted with GEprobe is used in both systems. The magnets in both institutes
varnish on Cu. It was not fully equilibrated and exhibits were recalibrated but no errors were detected. The Furukawa
therefore three-dimensional inhomogeneities in contrast tsample has been remeasured in a different resistive magnet
the wire samples, which show mainly radial Sn gradientsover the full temperature range. These results average out the
Cross sections of this not-equilibrated sample show locajump that was initially visible between the separate low- and
A15 areas that are stoichiometric, as well as others low irhigh-field data sets. An error source could also be that the
sn? This inhomogeneous A15 distribution results in thestrain changes with thermal cycling, despite the attempts to
measuring current sampling a greater range of A15 Sn conforce the samples into a reproducible strain state. An axial
positions than in the wires which are longitudinally ratherstrain difference of~0.06% could result in the observed
homogeneous, although radially inhomogeneous. The sample4% inconsistencft‘.3 No corrections are made on the data
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16 K SMIPIT Tommy lower uoHg, A15 is probed. This means that a resistive tran-
14 i g: . 1;3 64h/675°C sition only samples a smalllfra.ctloin of the A15. The majority
e 0 & 70 ‘ of the detected property distributions lie between 10% and
12| 20 v 0% 90% normal state, as indicated in Fig. 2. The upper shelves
v 140 4 33 of the transitiondi.e., 90%—-999% are interesting since they
Z1of oD 2 2 represent the highegiyH., A15 sections that are detected in
'S, - the samples. Magnetic characterizations on similar samples
=08 have indicated that magnetically determinegH.,(T), using
;‘g i 0% the onset of superconducting behavior as a criterion, approxi-
4 0.6 mately correspond to the onset of superconductitiiy., a
&l 99% normal-state criterionin the resistive transition$:>
| The low noise threshold of our superconducting-magnet
0.2 measurementéup to 15 T) allows the use of any transition
L 10% criterion but the higher noise levels of the Bitter magnets
0.0 used at high fields call into question the validity of transition

criteria above 90%. A criterion of 99% at high field can,
however, be found by extrapolation of the resistivity fit of the
unambiguous data from-10% to ~90% pt.. Assuming
FIG. 2. Representative resistive transitions for the ternary PIT (&84) as similar transition widths in IO\{v_er- and higher field enabled
measured at the UW-AS@pen symbolsand the NMHFL(closed sym-  data for the fullugH(T) transition to be extracted.

bolg). The upper envelope line represents an overall polynomial fit of the An overall fit of the resultingH-T data sets was used to

magnetoresistance and the thin lines represent exponential fits to individu@xtract He,(0) andT.(0) from the data points at finite tem-
transitions using Eq(1) to overcome the noise that is present in the high- HoFc2 N

field data. Intersections can be made at various percentages of the normferature and field. The_ measurﬁ@“'cz(-r) pha;e bounda_‘zies
state resistivity, as indicated by the 10%, 50%, and 90% lines to arrive awere least-squares fitted with the Maki-DeGeffie’d

Applied magnetic field [ T ]

different criteria forugHc,. description®®
since no unambiguous error source could be found and the In[ } = ¢<}> - ¢[} + ﬁDMO—HCZ(T)} (2
data should therefore be regarded to be reliable within T(0) 2 2 2oksT
~+2%. The function uses only two fitting parameters, namely)

and the diffusion constant of the normal conducting electrons
B. Data reduction techniques D. The other parameters are the reduced Planck condtant

Atypical set of resistively measured transitions is shownthe magnetic-flux quanturiibo), .ano.l the Boltzmann co_nst.an.t
(kg). Although fuller characterization of paramagnetic limi-

in Fig. 2 for a ternary PIT wirgB34) reacted for 64 h at 4 . . .
675 °C. The measured transitions are fitted by a shifted an tion and spin-orbit scattering effects, as well as strong cou-
pling corrections and nonspherical Fermi surfaces, is pro-

normalized tangent hyperbolic function multiplied by a poly- *. 50 ) i
. . ; : _ vided by Werthamer and co-worke¥s>? we did not find
nomial term which describes the magnetore&stéfﬂce. that this added any additional insight into our data on inho-

ex 44%’;‘#1’2)] mogeneous N{Sn conductors.
p(MOH) = oH— HW
exd 4e oM~ MoMa2 +1
p[ ( Hokw )] IV. RESULTS
2
« [ p(0) + CypuoH + ColpsoH) } , (1) A Magnetic tests of inhomogeneity in variably
1+CzuH reacted wire
whereC,_; are constants andgH,/, and ugHyy represent the The ternary PIT wire$B34) with 4-, 16-, 64-, and 768-h

applied magnetic-field value at half the transition height andeactions at 675 °C were investigated by superconducting
the transition width, respectively. This equation yields excel-quantum interference device(SQUID) magnetization
lent fits to the data, as can be seen in Fig. 2. The fit works ameasurement®. The resulting normalized magnetic mo-
a low-pass filter, especially for the high-field noise. Criticalments as a function of temperature at an applied field of 5
fields at various criteride.g., 10%, 50%, and 90% normal mT are shown in Fig. 3. A5 K full flux exclusion can be
statg can easily be obtained from the fits. observed. Around 8.5 K the initial transition occurs for the
The excitation current dependence of the width of tran-4-, 16-, and 64-h reactions. The first transition in the 768-h
sitions was investigated with respect g6T)|y-o transitions  heat treatment lies substantially lower, starting7ak and
in an earlier publicatioﬁ‘.) It was found that the width of the ending at 8.1 K. The main A15 transitions occur between 14
p(T)|u=o transition broadens with increased excitation cur-and 18 K. The steady progress of the reaction is clearly vis-
rent, but that the upper shéife., above~90% normal stae  ible. The increased signal amplitude for longer times indi-
is independent of excitation current density. It iS assumedates an increase in A15 quantity, in agreement with the
that this observation holds for the presefitioH)|r charac- SEM observations. The Sn enrichmént A15 quality im-
terizations, since a higher excitation current density results iprovement is visualized by the shift of the transitions to
the detection of a larger property distribution as more of thehigher temperatures, combined with a reduction of the tran-
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0.0 SMI ternary PIT heat treated at 675°C o 90% normal-state intersections on the A15 transitions above

I 10 K were used to defin€.-10% (5 mT) andT;.-90% (5 mT)

§ 02} for plotting in Fig. 5.

_§ 04F

a8 - B. Resistive visualization of inhomogeneity reduction

g 06 via elongated reactions

L] L

N ol To expand the inhomogeneity investigations on the ter-
- nary PIT(B34) wire to the wholeH-T range, we switched to

Z -1.0- the resistive characterization of thegH., transition, as
5 1'0 1'5 20 shown in Fig. 4 and summarized in Table I, where the points

Temperature [K ] represent the 1%, 10%, 50%, 90%, and 99% normal-state
resistance fits to Eq1). The lines are MDG fits to E(2),
FIG. 3. SQUID magnetometer data on ternary FBB4) wires after 4, 16, using TC(O) and D as free parameters. The majority
64, and 768 h at 675 °C taken by Fischesee Ref. 28 The magnetic __EAO . .
moment vs temperature was obtained through zero-field cooling of thé 50%) of the detected property distributions ar? present
samples to 5 K, application of a 5-mT field parallel to the wire axis to between the 10% and 90% normal-state points. The
introduce shielding currents, and raising the temperature while registeringy\WW—NHMFL data inconsistency mentioned earlier is visible

the magnetic moment. The lines depict interse_ctiong at 10%, 50%, and QO?round T=11-12 K, causing deviations from the overall
normal state for the 768-h sample where 0% is defined at the lower end o

the A15 transition, depicted by the bold line. These lines represent criterid—‘Och(T) fits atT=12-17 K. - )
that can be used to derivie(5 mT). It can be seen that theyH,(0) transition width reduces
from 1.2 to 0.5 T as the reaction increases from 4 to 768 h at

N . ) ) ) 675 °C. The better A15 sectiofigH(90%)] increase by
sition widths. It is notable that extension of the reaction fromq 4 T from 28.1 to 29.5 T. The lesser A15 sections

64 to 768 h slightly increases the upp&;, while barely [uoHe(10%)] in contrast increase by 2.0 T, from 27.0 to
enhancing the signal magnitude &t 10 K. However, ade- 290 T, and their stronger rise in comparison with
pression of the “Nb” transition to-7.5 K indicates some  ,, 'H_,(90%) is the origin of the transition width reduction
penetration of the A15 layer through the Nb which makesyith increasing reaction time. The majority of the reduction
low-T; A15 phases visible. occurs between 16 and 64 h. The width reduction effect on
The lines at 0%, 10%, 50%, and 90% in Fig. 3 representr(0) is less pronounced but still visible, changing from 0.4
intersections that can be made on the 768-h A15 transitiorto 0.2 K minimum(10%-90%. The best A15 sections de-
The bold line is an extrapolation of a least-squares fit on theected (99%) rise by ~3% in ugH(0) from 4 to 768 h,
data points between 10 and 14 K defining a 0% normal state/hereas the lower transitiqd%) rises~10%. The extremes
for the A15 transitions. The intersections were derived in an T,(0) change by~3% for the best detected sections and
similar way for the 4-, 6-, and 64-h reactions. The 10% and~4% for the lower transition. Optimum critical current den-

30 T T ‘I, T T l° a v T T T T
= 4h-675°C 160-675°C \g§§§a 64h-675°C
N\
Sl Ny
525 1t A
& | \
Fao| [ 1L \ L ]
g b 1090%: 10-90%: 10-90%: 5 | 10-90%:
B | AwHo0)=12T ApgH 5(0) = 1.0T AugH ,(0) = 05T ‘\ L AugH 5(0) = 0.5T
P [ wH0) =27.0281T HoH(0) =274-28.4 Y [ noHo(0) =28.9-294T [ mot(0) =29.0-29.5T
15 " 1 2 1 2 1 n 1 N n 1 n 1 n 1 " 2 n 1 n 1 n 1 " 1 2 n 1 " 1 " 1 2 1 2
150 2 4 6 8§ 100 2 4 6 8 100 2 4 6 8 100 2 4 6 8§ 10
T T T \! T T N5\ !
—_ 4h-675°C 160-675°C
=
S
=10 | 4 ] 4
E [
3 I ]
5 5[ ] ] ]
5 F10-90%: ]
g [AT0)=04K AT(0)= 02K L AT(0) = 0.3K
2 [T -168-172K T(0) =17.1-173K T(0) =17.6-178K [ 7(0) =17417.7K
0 2 1 2 1 n 1 2 1 n 1 " n 1 n 1 " n 1 " 1 " 1

¢ LN\ ]
10 12 14 16 1810 12 14 16 1810 12 14 16 1810 12 14 6 18
Temperature [ K ] Temperature [ K ] Temperature [K ] Temperature [ K ]

FIG. 4. Reduction of the property gradients via extended heat treatment visualized via rétiStd@ta on SMI ternaryB34) wire. The points in these plots

were derived from the resistivity fits on the data and the lines were calculated with the MDG description. The 1% and 99% lines are used to quantify the
extremes of the measured transitions. The main part of the detected property distribution occurs between 10% and 90%. Clearly visible isrttue tieeluctio
moHe(0) transition width(10%—-90% with increasing heat treatment time from 1.2 to 0.5 T. The best A15 sections that are dgtgetgd0)-99%) only

increase by~3%, but the lower end of the detected property distributfarH(0)-1%)]) increases by-10%. The reduction of the detectg&d0) width, as

derived from the MDG fits, is less obvious but still present, resulting in a wit®§6—90% reduction from 0.4 to 0.3 K.
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TABLE Il. Summarized zero-temperature upper critical field and zero-field critical temperature data.

Criterion (%) Parameter B34-4 h B34-16 h B34-64 h B34-768 h B134 FUR VAC B27 Bulk
10 moHe (T) 27.0 27.4 28.9 29.0 28.2 28.0 27.3 26.6 26.5
T, (K) 16.8 17.1 17.6 17.4 17.8 17.2 17.4 17.8 16.5
% moHe (T) 28.1 28.4 29.4 29.5 29.1 28.9 28.5 27.4 28.3
T, (K) 17.2 17.3 17.8 17.7 17.9 17.4 17.7 17.9 16.6
9 moHe (T) 28.8 29.0 29.7 29.7 29.6 29.3 29.2 27.8 29.3
T, (K) 17.3 17.5 17.9 17.8 18.0 175 17.8 17.9 16.7

sities, expressed as the critical current divided by the totafransition width(between 10% and 99% normal-state resis-
Nb(Ta)+Al5+core package area, are achieved at 64 htance reduces from 0.4 to 0.3 K. The SQUID-derivég0)
Maximum J; appears to correlate to the rise to maximumvalues, however, are substantially lower than in the resistive
moHeo seen on going from 16 to 64 h, before any Sn escapedata. The magnetic and resistive characterization techniques
from the NK{Ta) tube or additional grain growth that lowers are therefore, apart from the highest detegigHl., values,
the flux pinning occurs. only qualitatively comparable. This stems from the fact that
The MDG fits at 12 K derived from the resistive transi- small current-density resistive transitions sample only a
tion data are compared to the magnetic data in Fig. 5. Themall fraction of the A15 with the highest property.
points and dotted lines are derived from the resistive data in
Fig. 4 and the shaded areas are the magneti¢éf8M and ¢ inhomogeneity differences between the conductors
SQUID) derived property distributions from Fig. 3 and a ) ]
reproduction from earlier publish#dVSM data atT=12 K.~ An overview of the collectegioHc,(T) data for all resis-
The decreasing difference from5.4 to~2.4 T between the tively characterized samples, reacted “normallgee Table
magnetically derivediHy(12 K) and uoHe(12 K) with in- 1. iS given in Fig. 6 and summarized in Table II. The plots
creasing reaction time is a direct result of the Sn gradien®'® again separated in temperature for enhanced visibility
reduction in the Al15 layer, in agreement with recent@nd developed as for the ternary PIT data in Fig. 4.
simulations®® The reduction of the transition width in the ~The order from top to bottom in Fig. 6 is approximately
resistive characterizations is less obvidfrsm ~1.1 to 0.6 of increasing inhomogeneity. The transition widths W|th_ re-
T for the 10% and 90% normal-state resistance ppipte ~ SPECt toueHc(0) range from 0.5 T for the ternary PIT wire
still clear. The highestioHe(12 K), as detected in the resis- (B34) reacted at 64 h, to 1.8 T for the bulk sample. The fitted
tive characterizationgat 99% normal-state resistancés  1c(0) variation ranges from 0.1 K for the binary and rein-
identical to and increases in the same way as the vsmforced ternary PIT wires and the bulk sample to 0.3 K for the
determinedugHe(12 K). The SQUID-derivedT(0) transi- Vacuumschmelze bronze wire. It is interesting to observe the
tion width reduces from 1.3 to 0.9 K, whereas the resistivesubstantial differences that occur between the two bronze
conductors. The Ti-alloyed Furukawa wire exhibits a smaller
distribution (0.9 T and 0.2 K and better overall properties

14 -k ' 2 than the Ta-alloyed Vacuumschmelze wite2 T and 0.3 K.

12[ 99%-% 70 ///?;/é‘f?::zoﬁ _ The bulk needle sample shovx{s a very large distribution
2 uonf;’j{/ 7,06T 9 in 1oHc>(0) of 1.8 T, or even 3.9 T if the outer extremeio
3 10} °;1.1‘r ] 195 and 99% are taken into account. This large spread is indica-
g 7/ VSM: poHe3(12K) - poHg (12K)3 8 tive of its large Sn inhomogeneity. This sample exhibits a
£ T :g"::=i§'3:‘::::\:\=\:\:\§_: 18§- three-dimrfetgnsional distribution of local areas of high and low
S . SoRgzzo=TrTos 03k 17m Sn conterft’ and no continuous high A15 quality current path
:g; Sp % fo;fro;;(" \\\\\\\\\\\\\\\ 17:%3 therefore exists. The wire samples, in contrast, exhibit a ra-

af \\\\\ 116° dially distributed Sn gradient and thus have longitudinal par-

\\ SQUID: 10-90% T(0) allel paths of different, but approximately constant Sn con-
2100 2 1(‘)1 1(')2 10:}5 tent. The ternary PIT wire(B34) is known to exhibit

. L
Heat treatment fime [ hours | relatively low Sn gradient®’

FIG. 5. Summarized result from Fig. 4 depicting the effect of reaction timep The best properties detected in various
on the resistively measureguoH,-99%12 K), uoH-90%12 K), conductors
moH-10%(12 K), T-99%(0), T,-909%0), and T.-10%(0) calculated from

the MDG fits(dotted lines plus data points comparison with the SQUID The highest accessible-H-(T) data(at 99% normal-
and VSM data from Fig. 3 and Fischer al. (see Ref. 2Y (depicted by the 9 lﬁo CZ( ) ( 0

shaded regionsThe general trends for the critical fields vs reaction time as state reS|stanC.tefor- all sample§ are CO”_e_Cted in Fig. 7 an.d
measured resistively are similar to the magnetic data but the detected trad-able Il. Considering the varying transition breadths in Fig.
sition widths are much smaller in the resistive characterizations. The higheg, the highesjuoH.,(T) A15 sections in the ternary wires are

moH(12 K) values(i.e., at 99% normal state resistander the resistive s : ;
data coincide with the VSM-determinegiH.,(12 K) values. A difference is Smkmgly constant. These hlghOHCZ(T) Al5 regions are

visible between the detectdd(0) values in addition to the reduced transi- Présent in all ternary wires and are very Compa!’abb:
tion width in the resistive characterizations. MoH2(0)=29.5+£0.3 T andl(0)=17.8+0.3 K. A small dif-
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FIG. 7. Comparison of the best A15 sections that were detected in the
ternary wires. The inset shows the binary PIT wire plus the binary bulk
needle sample. The points were derived from the resistivity fits on the data
and the lines were calculated with the MDG description. It can be seen that
the best A15 regions are present in all ternary wires and very comparable,
T T T 15 i.e., moH(0)=29.5+0.3 T andl(0)=17.8+0.3 K. The binary PIT in com-

] parison shows a reduced maximymH(0) (27.8 T) but a comparable
T.(0) (18.0 K). The bulk needle has a reduced fitfEd0) (16.7 K) but, in

N
o

[ AugH_(0)=0.9T 8
:poH‘iz(O) =28.0-289T

—
=

T T
Vacuumschmelze]

Upper critical field [ T] Upper critical field [ T ]
N
h

[ 1r 110 comparison to the binary PIT wire, a very highH,(0) which is in the
[ range of the ternary wire@9.3 7).
20110900 1 Fioso%: 15
b AugH 5(0) = 12T L AT (0)=03K ]
1s [ ugH(0) =27.3:28.5T [ 7,0) =174177K \ag] 0 V. DISCUSSION
:30. T 15 A. Overall behavior of the H-T phase boundary
§25 : 1p% 110 The upper90%—-99% transitions of all ternary wires are
g [ [ ] remarkably similaFig. 7), in contrast to the large range of
K31 [ [ 1 . . . . £
£ 20 10.90%: 1 Eroson 1s transitions ywdthiﬂgs. 4_ and $and grain morphology dif
B [ AngHo(0)=18T [ A7,(0)=0.1K ] ferences(Fig. 1. The binary PIT wire has a suppressed
§1 15 L1 7265283 [ 740 =165166K0 s 1 roHe(0) while retaining a comparably high,(0) in com-
0 2 4 6 8 1010 12 14 16 18 parison to the ternary wires. The bulk needle exhibits a
Temperature [ K ] Temperature [ K ]

#oHe(0) which is comparable to the ternary wires but shows
2 L

FIG. 6. CollecteduoH(T) data for resistively characterized samples from & Suppressed(0). Orlandoet al” have shown similar be-

1% to 99% normal state. The plots are separated in temperature for efavior in thin films with varying resistivity: Increasing the

hanced visibility. Included are the range of values and detected propertyagistivity causeduH.»(0) to rise. at the cost of a reduction
distribution widths for the 10%—90% normal-state criteria. The points were, y dLO CZ( ) ’

derived from the resistivity fits on the data and the lines were calculated Tc(0). Their optimal dirty film (prc=35 u2 cm) had
with MDG. The main part of the detected property distribution occurs be-ugH(0)=29.5 T andT.(0)=16.0 K at a 50% resistive cri-

tween 10% and 90%. The 1%_ and 99% lines are used to quant_ify the Sterion, compared to 26.3 T and 17.4 K forpga,=9 u cm
tremes of the measured transitions. The order from top to bottom is approxi;. i e
mately of increasing inhomogeneity. film. Our bulk needle exhibited a resistivity just abolig0)
of 22 uQ) cm andugHc,(0) andT,(0) at a 50% normal-state
resistance criterion are 27.4 T and 16.5 K, respectively. How-
ference can be observed between the bronze and PIT condugyer, our bulk needle was far from fully homogenized, mean-
tors, the highest detected phase boundaries in the bronzgy that for a more honest comparison a higher resistive cri-
wires being slightly lower than in the PIT wires. This small terion might be more suitable. A 90% normal-state resistance
difference in ugH(T) is in strong contrast to their large results in uoH(0)=28.3 T andT,(0)=16.6 K. Both the
critical current-density differences which are approximately50% and 90% values appear consistent with the thin-film
four times higher in the PIT wiresee Table )l data from Orlandcet al, i.e., atpr.=22 u{l cm our bulk
The inset in Fig. 7 compares the binary PIT wire to theneedle phase boundary is positioned between the 9 and
binary bulk needle. The binary PIT shows a reduced maxi35 40 cm thin-film data. In addition, épartial) transforma-
mum uoH»(0)-99% of 27.8 T but a comparablg(0)-99% tion to the tetragonal phase could also redugel,(0).
of 18.0 K. The bulk needle has a reduced0)-99% of 16.7 The uppen90%—99% resistively determined transitions
K but, in comparison to the binary PIT wire, a very high for the ternary PIT wire are identical to the magnetically
moHe(0)-99% of 29.3 T which is in the range of the ternary (VSM) derived uH., data for the limited overlap that is
wires. available afT=12 K. This comparison validates our conclu-
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Rt L ey s T Tomvim G 1.0 value forugH (4.2 K). The 10uV/m point on the resistive

s \\ ------- Data extrapolation to ugH, »(4.2K)-99% transition represents a critical current density of 0.2 AAmm

- AN Kramer extrapolation J, data los at 4.2 K and~25T (the excitation currentand yields

g [T KemerexmpobionidalAS | 0.21225%4=1 A2 T4 on the Kramer axis. The transpalf

3, . @)t - data at 4.2 K and 25 T yield 3" T4, which is a very

— 60| < 10uVim 99% 196 & reasonable agreement.

'§ — ] % The linear Kramer extrapolation of the measudediata

° _ g yields ugHk(4.2 K)=24.9 T as the scaling critical field for

§ ore, 1%4% J.(4.2 K). The highesjugH(4.2 K) detected in the resistive

= % # transitions yields 26.9 T for 99% normal-state resistivity. We

;}.é 20_"} * 102 can now estimate the hypotheticdl(4.2 K) gain, which

5 . would be achieved if the entire A15 layer would be of the

E ° k] 2 RN highest ugH(4.2 K) quality and grain-size and grain-
0 1 [ IR R R | -

boundary densities could be retained, in a way similar as
recently done by Coolegt al*° who used an identical ap-
proach based on modeling the A15 Sn gradients. We use the
FIG. 8. Kramer plot derived from high-field transpakt measurements at  d€finition of the Lorentz force that balances the bulk pinning

4.2 K with a 10%-V/m criterion on a small diameter Ti—-6Al-4V barrel for force:
a ternary PIT wire, reacted for 64-h at 675 °C. In comparison, the small
current resistive transition at 4.2 K on a Ti—6Al-4V mounted resistive Je(poH) poH = = Fp(/-LOH)v Q)

sample(reacted together with the barrel samgkealso included in the plot . . . .
and the 10° V/m and 99% normal-state resistance points of this transition@Nd combine this with the temperature- and field dependence

are indicated. The I8-V/m point of the resistive transition approximately of the bulk pinning forc® in its most recent foriif to yield:

coincides with the measureld point and the onset of the transition is close

to the value forugHk(4.2 K) from the transpord, data. Thel, data extrapo- _ COHSE 2012 5

lation (short dot$ assumes a gradual reduction figH.»-99%4.2 K). The JolmoH, T) = H MOHCZ(T)] h™41-h)%, (4)

ideal Kramer line(long dotg assumes a hypothetical ideal A15 layer with Ko

perfectly homogeneous properties equal to the measpgetl,(T)-99%  \whereh=puyH/ uoHe(T). Increasing the critical field fod,

phase transition. A similar hypothetical Kramer line can be simulated from ling f 24910 26.9 T &=4.2 K th Id Iti

measured Sn gradient profiles, as was recently publitfesl Ref. 30 The SCQ '”9 rom -9 10 £0. - us would result In

inset depicts the field-temperature boundary that is required for critical lS€ In non-Cu.(12 T,4.2 K from 2250 to 2883 A/mrh

current-density scaling. This indicates that the non-Cu area in this PIT wire carries
~78% of what would hypothetically be achievable. The dif-

sion that the highest detectahlgH., can be probed using ference with the value found by Coolet al. (60%) (Ref.

completely different characterization methods. 30) is due to the different area normalization fiy
It should be noted that a Kramer-extrapolated

) o moHk(4.2 K)=249 T arises from a MDG fit using

B. Comparisons of resistive  H-T data and transport 1oHo(0)=27.7 T andT,(0)=17.6 K. These values are a
Jo data little smaller than for the lower resistive transition at 1%

To investigate howp(uoH)|t-4- k data correlate to normal-state resistance which yieldggH(0)=28.3 T and
Jo(moH) =42 k Characterizations, a Kramer plot of high-field T.(0)=17.8 K as fitted values. This indicates that the values
J. data on a ternary PIT wirB34-64 b is combined with a  required for critical current-density scaling lie slightly below
resistiveugH,(4.2 K) transition on the same wire in Fig. 8. the range of transitions that are detected in the resistive char-
The J, sample was mounted with Stycast on a helicalacterizations. This is indicated in the inset in Fig. 8, where
Ti—6Al-4V barref® with reduced diameter and the resistive the highest- and lowest-detectgghH.,(T) transitions are
uoH, transition sample was mounted in an identical way toplotted together with the transition that is appropriate Jor
reproduce the same strain state. The Kramer plot ofjthe scaling.
data is indeed highly linear, almost up tgHk(4.2 K). The
extrapolated value fougHk(4.2 K) (24.9 T) is in agreement -
with magnetic (VSM) Kramer data at 4.2 K found by C. The use of the MDG description
Fische”® These were measured in the ranggH=6-14 T, The overall accuracy of the MDG descriptifiag. (2)] is
showed perfect Kramer linearity and also extrapolated talemonstrated in the normalized plot in Fig. 9. All of our
moHk(4.2 K)y=25 T. This indicates a straight Kramer plot resistively measured data are well described by the MDG fit,
from ugH=6 to~23 T, the magnetic-field value for which independent of whether 1%, 10%, 50%, 90%, or 99% is
the critical current data start to deviate from linear Kramerapplied as the criterion for definingyHg,. Included are re-
behavior. The observed linearity and small tail for the PITsistive measurements on the samples from Table | as well as
wire is in agreement with recent modeling using actual meaadditional sample materiaf, magnetic data using the onset
sured Sn gradients as input ddta. of superconducting behavibf,?*~8literature data that have

Two particular points of the resistive transition are im- been measured resistively and with RF technidﬂéand
portant: One occurs at 10V/m, the voltage criterion used Kramer-extrapolated critical-field data resulting from trans-
in the transport). characterization, and one at 99% of the port J; characterization®*° The route that was followed in
normal-state resistance, identifying the highest observedrder to arrive at Fig. 9 is that allgH(T) data points for a

. AV LSWVETY)
12 14 16 18 20 22 24 26 28
Applied field [ T ]
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ET&E T T Ty T T Ternary Binary

SMI PIT 4h/675°C 26.3-28.8T, 16.6-17.3K <  Foner single crystal cubic 28.8T, 17.8K
SMI PIT 16h/675°C 26.9-29.0T, 16.8-17.5K > Foner single crystal tetr. 24.3T, 17.6K
SMI PIT 64h/675°C 28.6-29.7T, 17.5-179K =  Foner poly-crystal mart. 25.2T, 17.8K
SMI PIT 768h/675°C 28.8-29.7T, 17.3-17.8K o Foner poly-crystal cubic 28.6T, 17.7K
SMI PIT single fil #1 28.3-30.3T, 16.7-17.3K o Orlando thin film 9 uQcm 26.3T, 17.4K
SMI PIT single fil #2 28.4-30.4T, 16.6-172K & Orlando thin film 35 uQcm 29.5T, 16.0K
SMI reinforced PIT 27.7-29.6T, 17.7-18.0K v Orlando thin film 60 pQcm 25.4T, 13.2K
Fur. br. on Ti-6Al-4V 27.5-29.3T, 17.0-17.5K¢  Orlando thin film 70 yQem 15.1T, 10.4K
Fur. br. on Brass 27.0-28 9T, 169-17.4K o SMI PIT 26.1-27.8T, 17.8-17.9K

Fur. br. on Stainless 27.1-29.0T, 169-174K 4 UW-ASC bulk 19.3at.% Sn 10.9T, 8.4K
Fur. br. Free 27.5-29.4T, 169-17.5K * UW-ASC bulk 24.4at.% Sn 25.5-29.3T
Vac. bronze 26.6-29.2T, 17.2-17.8K 164-16.7K

FUR pgHg(T) 100 pV/m

FUR pgHg(T) 10 pV/m

VAC noHy(T) 100 pV/m = Maki-DeGennes

VAC ugHy(T) 10 uV/m
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FIG. 9. Normalized plot for availablgH(T) data, including data taken from the literature, demonstrating that the shape of the norrlizptiase
boundary is identical for all included Nb—Sn phases. The samples in bold are presented in this publicatibhT Tdeta were first fitted with the
Maki—DeGennes equation and the resultingd.,(0) and T.(0) were used as normalization parameters. The normalization is valid for 1%, 10%, 50%, 90%,
and 99% normal-state criteria. The data from the literature use @dandg and 50%—90%Fone) criteria. The normalization also holds for Kramer-
extrapolated critical fields using a 10- or 1@®/m criterion. The numbers behind the sample names indicate the valuggHgs(0) and T,(0).

specific sample were least-squares fitted with the MDG equahe MDG equation, a change D with Sn content. Expan-

tion and the resulting values fqryH,(0) [calculated from  sion of the MDG equation and taking the derivative when

T.(0) and D] and T.(0) were used as normalization param- T— Ty yields'®

eters. The only deviations occur very closeTtg0) in a few {dMoch(T)] Acboks

of the samples, but the overall shape of the normalized phase =T 2n (5)

boundary is strikingly similar. dT T=T hD
The MDG description clearly is efficient in describing Expanding forT— 0 and combining with2) yields

the H-T phase transition for N§sn independent of the ap-

plied criterion, strain state, or sample layout, as is visible ,u,Och(O):lLGQSOkBTC

from Fig. 9. It has the advantage of using only two fitting D h

parameters although the physical meaning of these two pa- 1.767_ [ dugHe(T)

rameters can be argued. This description was originally in- =- 3 TC{ Od'T'z } (6)
T=T,

tended to describe dirty, weak coupling superconductors, =Te
uses a spherical Fermi surface approximation, and does NQYe can summarize th@,(at. % Sn data of Flikiger and

take into account paramagnetic limiting or spin-orbit scatter-q.workers on homogeneous bulk sampPig&using a linear
ing. The inhomogeneities that are present in practical wires; usually applied®?**°or more accurately with

combined with the lack of accurate A1l5 resistivity data,

however, rule out rigorous connections to microscopic theo- 1 (at. 95 Sp= — 12;35 - +18.3. (7)
ries. For theoretical connections to the fundamental param- 1+ exp(a“"T""

gters, as wgll as for corrections of the. applled approxXimay, o .an additionally introduce a function that summarizes the
tions, physically more exact descriptions have been

: A 19,29
develope®®™? and applied:*">*** These more exact de- availablepoHe(at. % Sn data.

scriptions all result, however, in an increased number of fit- Ho(at % Sh=— 102 at. % Sn
ting parameters, the details of which are impossible to obtain HoHc(at. % S = ex 0.348
for real, inhomogeneous wire samples. We therefore propose
+5.77 at. % Sn-107, (8)

the use of the more simple MDG fit as an acceptable alter-

native for empirical descriptions of wire data. The accuracywhich includes augH(T) suppression near the stoichio-

of the description is sufficiently high for reliable estimates of metric Sn concentrations due to a cubic-to-tetragonal phase

high-field behavior from measured low-field data up to aboutransition, and combine these wif2) and (6) to fix the

15 T, a field that can be easily obtained with standard supeH-T phase boundary as a function of Sn content if we neglect

conducting laboratory magnets. This conclusion is importangtrain influences.

for application to practical scaling relations, where many dis-

;:ussmns of what is the optimal function for scaling the. fleld-\él_ CONCLUSIONS

emperature phase boundary have taken place. Figure

makes a convincing statement that a simple generalized An experimental study has been made of the field-

function is valid for all investigated NS$n. temperature phase boundary in the present generation of op-
The stronger reduction in transition width jiagH(0) timized but still inhomogeneous wires. The highest detected

compared tol.(0) implies a change in slope, or in terms of upper critical fields at zero temperature and the critical tem-
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