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Interaction of NbTi with InSn produces
an intermetallic phase, (Nb,Ti)Sn,, with
randomly crystallographic oriented
grains.
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Ti)Sn, phase with negligible Ti-
solubility.

Large (Nb,Ti)Sn; scallops grow with sig-
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force of NbTi changes owing to coarsen-
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NbTi-(In,Bi)Sn due to decrease in ther-
modynamic activity of Sn with addition
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The property of bulk solder is regarded
the limiting factor and not any interfa-
cial reactions.

Elemental maps of the interaction zones developed in mono- and multi-filamentary NbTi-InSn solder reacted at
350 °C depicting the differences in chemical composition and morphology of the interfacial phase layers, and
schematic illustration of development of these zones.
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Interactions of superconducting Nb(47 wt% Ti) with liquid binary In-35 wt% Sn and Bi-containing ternary (In,
15 wt% Bi)-35 wt% Sn solders have been examined for the first time up to 450 °C. Reaction of NbTi with InSn re-
sults in an intermetallic phase, (Nb,Ti)Sn,, the morphology and chemical composition of which depends on the
size of NbTi filaments. Larger filaments react to form a thin uniform (Nb,Ti)Sn, phase with a Nb:Ti ratio of 6:1,
while for finer filaments large (Nb,Ti)Sn, grains grow with a Nb:Ti ratio of 0.5:1. Differences for interfacial
phase layers have been explained by a diffusion-controlled growth model based on metallurgical state of NbTi
filaments. Neither filamentary types exhibit any change in critical temperature (~9.2 K) after soldering treatment
at 350 °C, but the irreversibility field and flux line pinning force of NbTi changes by a higher factor for the larger
filaments. Interaction of NbTi with ternary (In,Bi)Sn results in a lack of any detectable interaction zone, and char-
acteristic nucleation behaviour of phases in the bulk solder at NbTi-(In,Bi)Sn interface is rationalized on the basis
of thermodynamic arguments. Transport measurements suggest that properties of solder are the limiting factor
for joint behaviour and not any interfacial reactions.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The metallic low-temperature superconductor (LTS) alloy NbTi is an
integral constituent of high-field superconducting magnets which find
extensive applications in the medical sector (MRI), particle accelerators
(Large Hadron Collider (LHC)) and large engineering research projects
(poloidal field coils in ITER) owing to their reliable properties when
manufactured as long wires. Large magnets consist of many individual
LTS wires wound together forming a long solenoid, and for applications
such as MRI must operate in a persistent mode with a closed
superconducting circuit for uninterrupted current flow [1]. The assem-
bly usually involves several soldered joints to connect shorter lengths
of LTS wires, and these superconducting joints must have a resistance
below ~10~'3 Q in magnetic fields typically ~1 T as well as having ade-
quate mechanical strength [2]. Violation of either requirement may re-
sult in high thermal and magnetic flux dissipation, and a significant
loss of magnet performance.

The current joining component for ductile NbTi superconducting
wires is lead-based PbggBiso (Wt%) solder because of its low-melting
point (120 °C), good wetting performance, prolonged fatigue life and
demonstrated potential to manufacture reliable joints that carry persis-
tent currents up to 1000 A at 4.2 K in a magnetic field of 1 T [2,3]. How-
ever, due to the adverse effects of lead on health and the environment,
new European legislation forces the replacement of the current PbBi sol-
der with a lead-free alternative in the magnet and electronic packaging
systems [4]. Although several types of environmental-friendly Sn-based
solders are widely used in the circuit packaging technology [5-8], no
lead-free superconducting solder is in use for the practical applications
so far. Among the many potent solder systems, recently binary
IngsSnss solder consisting of a matrix of In-rich 3 (In3Sn) containing
the Sn-rich y-phase (InSny4) and ternary InseSnssBi;5 (in wt%) solder,
which is a three-phase mixture of 3, y and Biln,, have been explored
as potential replacement materials [9]. Lead-free solders for high tem-
perature superconducting soldered joints have also been explored by
comparing joints fabricated between rare-earth-Ba,Cus0; (REBCO)
tapes using Ins;Sngg with those made with PbsgSng, solders [10]. How-
ever, no study has been reported on lead-free superconducting solder
joints for NbTi wires. The properties of a superconducting solder joint
can be adversely affected by local variations in microstructure and by
the composition of any interaction zone created between the solder
and NbTi filaments by local diffusional processes during soldering oper-
ations. To be able to design optimum lead-free solder joints, it is impor-
tant to understand the evolution of microstructure at the interface
between NbTi filaments and InSn based solders and to understand the
kinetics and thermodynamics of phase formation.

Magnet manufacturers use NbTi wires containing differently sized
filaments depending on the specific local application; for example liquid
helium level sensors use mono-filamentary NbTi, while multi-
filamentary wires are designed for use in magnets for NMR, MRI and ac-
celerators that require higher stability [11,12]. Hence, we have also
studied the role of the initial metallurgical state of the NbTi filament
on microstructural and microtexture evolution at the interface between
solid NbTi and liquid InSn based solders. NbTi wires of two technologi-
cally relevant architectures, i.e. mono- and multi-filamentary, were pro-
cured from the same manufacturer. The diameter of the mono-
filamentary NbTi is 250 pm, while the multi-filamentary wire consists
of 54 single filaments each having a cross-sectional diameter of 45 pm,
both within a copper matrix. The aim of this study is two-fold; firstly
to examine the interaction behaviour of NbTi in contact with the liquid
InSn based binary IngsSnss and Bi-containing ternary (InsoBi;s)Snss sol-
ders in the soldering temperature range of 250 to 450 °C, and second to
study any changes induced in the superconducting properties of two
different filamentary types of NbTi as a result of soldering. Unusually
long interaction times up to 361 h have been chosen to show more
clearly the underlying growth mechanism in the interaction zone, and
to correlate these with the relevant superconducting properties.

2. Experimental methods
2.1. Soldering

Two solders, binary IngsSnss (Ings gSns4 2 at.%) called InSn and ternary
(InspBiys5)Snss (Inss3Snse gBigg at.%) called (In,Bi)Sn, were prepared by
melting pure Sn (99.995 wt%), In (99.999 wt%) and Bi (99.95 wt%) in a sil-
ica crucible at 350 °C on a hot-plate, followed by gentle stirring for better
homogeneity and poured into a copper mould. The mono- and multi-
filamentary NbTi wires with copper stabilizer were procured from
Supercon Inc., and in order to expose the NbTi filaments and avoid surface
oxidation, the wires were dipped in a molten tin bath at 350 °C for 10 min.
The procedure follows the steps of Thornton's matrix replacement solder-
ing technique for NbTi [13]. The thickness of the copper coating was 75
um for the monofilament (areac,: areanyt; = 1.5), while the areac,:
areanpr; Was 1.3 for the multi-filamentary wire. The isothermal interac-
tions of NbTi filaments with the solders were conducted in a calibrated
box furnace in air at temperatures ranging from 250 to 450 °C (%5 °C)
for times as long as 361 h. The solder-reacted NbTi filaments were
cross-sectioned, mounted in a steel clip and embedded in cold mounting
resin because of the low-melting temperatures of the InSn (~140 °C) and
(In,Bi)Sn (~50 °C) solders, and polished using conventional metallo-
graphic techniques followed by fine polishing with colloidal silica and
coated with carbon for microstructural analysis.

2.2. Microstructural and texture characterization

Phase and microstructural evolution at the NbTi-solder interface was
studied in a field-emission scanning electron microscope (FE-SEM)
equipped with an energy dispersive X-ray (EDX) detector operated at
10 kV and 500 pA to perform high resolution composition analysis. The
micro-texture evolution in the interaction zone was examined using elec-
tron back-scattered diffraction (EBSD). Thin lift-out lamellae of approxi-
mately 45 nm thickness were prepared from the transverse cross-
section of the two differently sized NbTi filaments by focussed ion beam
(FIB) milling to study nanometre scale microstructural features by trans-
mission electron microscopy (TEM) at 300 keV and transmission Kikuchi
diffraction (TKD). Accelerating voltages of 20 kV and 30 kV, beam current
of 15 nA and 2 nA, and step size of 50 nm and 4 nm were used during data
acquisition for conventional EBSD and TKD respectively. A Bruker EBSD
camera coupled with Esprit software was used for data acquisition, and
the post-processing was conducted using HKL software. Clean up proce-
dure was carried out up to a limit of 0.1. Grain tolerance angle of 5° was
chosen to define the locations of grain boundaries in both these cases.
The black pixels in all the orientation maps denote the unsolved patterns,
and the black lines are the grain boundaries.

2.3. Superconducting-property and critical current measurements

Superconducting properties were measured in a 16 T Quantum De-
sign Physical Properties Measurement System (PPMS) with vibrating
sample magnetometer (VSM) option. Cylindrical samples were cut to
a fixed length of 3.1 mm to minimise any geometric effects, then fixed
onto a quartz paddle using GE-varnish with the wire axis carefully
aligned with the applied field. Critical temperature values (T.) were de-
termined from moment-temperature (M-T) sweeps acquired in the
zero-field cooled regime at fields between 1 and 100 mT. Moment-
applied field (M-H) curves were taken at 4.2 K with a sweep rate of 5
mT/s. Critical current densities (J.) were calculated from these M-H
curves using Bean's formula for a cylindrical sample [14].

Transport measurements to determine the critical current values of
soldered NbTi joints were performed in liquid helium at 4.2 Kin a Cryo-
genic Ltd. cryostat with 14 T magnet. The soldered joint was made using
Thornton's matrix replacement method as explained above [13]. 15 mm
of the ends of the multi-filamentary NbTi wires were immersed in liquid
tin at 350 °C for 30 min, then in the (InsoBi;5)Snss solder at 300 °C for
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30 min. 15 mm of solder was then melted in a 2.13 mm diameter cylin-
drical brass mould at 100 °C, and the wire ends were added to this to
form a termination type joint. The complete cast joint was allowed to
cool slowly in air. The soldered joint was mounted on a short-straight
geometry sample holder, with the joint aligned perpendicular to the ap-
plied field. Current was provided using an Agilent 6680A power supply
and voltage detected with a Keithley 2182A nanovoltmeter. Critical cur-
rent values were extracted from [—V plots using a 1 microvolt criterion.

3. Results and discussion

The mono- and multi-filamentary NbTi wires were put in contact
with liquid tin to etch away the outer Cu coating and expose the fila-
ments. This interaction was conducted at 350 °C for various times up
to a maximum of 1 h to examine the solid-liquid interface at different
stages of etching since this process defines the surface of the NbTi

Before tinning

(a)

(b)

(c)

filaments that will subsequently be in contact with the liquid solders.
Fig. 1a shows the cross-section of the mono-filamentary NbTi wire be-
fore and after the tinning process, and Fig. 1b and c shows the state of
the NbTi-Sn interface after 2 min and 1 h, and so compares the initial
and later stages of interaction. The formation of CugSns at the Cu—Sn in-
terface was noticed after 2 min of interaction, as shown in Fig. 1b.
CueSns is the first phase to form in the Cu—Sn system and details on
the initial stages of formation of this phase have been previously studied
in [15]. Most of the Cu was etched away after about 5 min. Importantly,
no discernible reaction layer was detected at the NbTi-Sn interface even
after an interaction time of 1 h, as shown in Fig. 1c. This is crucial for an
understanding of the interaction behaviour between solid NbTi and lig-
uid lead-free solders. We will first discuss results on the development of
reaction zones with binary InSn solder after the tinning process for both
mono- and multi-filamentary NbTi, followed by similar experiments
with ternary (In,Bi)Sn.

After tinning
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Fig. 1. Back-scattered electron (BSE) micrographs showing (a) the cross-section of the mono-filamentary NbTi wire before and after the tinning process, (b) the formation of CugSns at the
Cu—Sn interface after reaction of Cu-clad mono-filamentary NbTi with liquid Sn at 350 °C for 2 min (along with a composition profile across the Cu—Sn interface as shown by a white
straight line on the micrograph), and (c) the lack of a similar interaction zone at the NbTi-Sn interface after 60 min of reaction.
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3.1. Solid NbTi-liquid InSn interactions 0.5 at.% (2-5 at.% Ti and 4 4+ 0.2 at.% In) develops at 350 °C and above,
but was not observed at lower temperatures. Noting the solubility of
3.1.1. Phase evolution for different NbTi filaments In in the product phase layer, NbSn, is the lowest-melting Sn-rich

The variation in the thickness of the reaction layers developed at the phase in the binary Nb—Sn [16] and Ti—Sn [17] systems, and it is not
mono-filamentary NbTi-liquid InSn interface at 350 °C after different unusual to find the phase rich in the lowest-melting point element
times is shown in Fig. 2a, and Fig. 2c shows for different temperatures forming first in similar solid-liquid interactions [18-20]. The NbSn,
after 268 h. A NbSn; layer containing Nb: 32 + 0.3 at.%, Sn: 63 + phase grows to a thickness of about 0.5 um and 4 pm after longer
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Fig. 2. Back-scattered electron (BSE) micrographs illustrating the interaction zones developed in (a-c) mono-filamentary NbTi-liquid InSn solder interfaces along with the growth plot,
(d1,d2) multi-filamentary NbTi-liquid InSn solder interfaces after reaction at 350 °C for different times and (e1-e3) Energy dispersive X-ray (EDX) composition profiles across the

interaction zones developed in mono-filamentary NbTi-InSn solder interfaces reacted at 350 °C for 268 h, and multi-filamentary NbTi-InSn solder interfaces reacted at 350 °C for 72 h
and 361 h.
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reaction times of 100 h and 361 h respectively, and the growth kinetics
at 350 °Cis plotted in Fig. 2b. Sluggish growth of the NbSn, phase at the
interface between solid Nb and liquid Ins,Snyg eutectic solder was also
reported in two previous studies over the lower temperature range
130-260 °C for prolonged interaction times up to a year [21,22].
Interaction of multi-filamentary NbTi with liquid InSn solder pro-
duces the same product phase NbSn,, but with differences in both mor-
phology and composition. Fig. 2d1-d2 presents the evolution of the
product phase as a function of annealing time, and at longer times
shows a morphology quite different to that developed on mono-
filamentary NbTi. A shorter interaction time of 72 h produces only a
thin uniform (Nb,Ti)Sn, phase layer, similar to that of the mono-
filament, although this product phase shows a much higher solubility
of ~10 at.% Ti. This can be seen by comparing the composition profiles
across the interaction zones presented in Fig. 2e1-e3 for mono- and
multi-filamentary samples. After 361 h at 350 °C, large scallop-like
grains of (Nb,Ti)Sn, grew on top of the thin continuous layer, again
with significantly higher solubility of Ti. A Nb:Ti ratio of 6:1 in the
new phase on the mono-filament and 0.4:1 on the multi-filamentary
sample can be estimated from the composition profiles in Fig. 2e1 and
e3. The Sn content is more or less the same on both mono- and multi-

filamentary samples. To the authors' knowledge, no Nb-Ti-Sn isotherm
has been established at low temperatures where NbSn; is a stable
phase. From our experimental results, we conclude that the NbSn,
phase with a maximum solubility of ~25 at.% Ti is stable at 350 °C, and
that Ti substitutes for Nb on the Nb-sublattice of the NbSn, because no
binary Ti—Sn compound is stable at a composition corresponding to
~66 at.% Sn [17].

The elemental distribution maps (see graphical abstract) also show
that significantly more Ti is dissolved in (Nb,Ti)Sn; at the expense of
Nb during the interaction of InSn solder with the multi-filamentary
NbTi than in the mono-filamentary sample. Moreover, an increase in
the Ti content in the NbSn, from 10 at.% after 72 h to 20 at.% after
361 h suggests that the multi-filamentary NbTi-(Nb,Ti)Sn, interface re-
mains in metastable equilibrium at least at shorter times (compare
Fig. 2e2 and e3). It is possible that the mono-filamentary sample
which shows a solubility of only ~5 at.% Ti in the (Nb,Ti)Sn, would
reach an equilibrium state along the NbTi-(Nb,Ti)Sn, tieline at much
longer interaction times than we explored in this work. Therefore, we
attribute the compositional differences in NbSn, formed on mono-
and multi-filamentary NbTi to the time required for the NbTi-(Nb,Ti)
Sn, interface to equilibrate in the two cases, and this may be influenced

(a)

(b)

Composition (at.%)

100
Tiat.%
—e—Mono - O- Multi
80
60 -
40 -
20 -
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Fig. 3. (a) Dark-field scanning transmission electron microscopy (STEM) image from the as-received mono-filamentary NbTi with typical EDX maps for Nb and Ti, and (b) bright-field
image from the as-received multi-filamentary sample with an inset diffraction pattern acquired from a strongly diffracting a-Ti grain (arrowed). (¢) EDX maps and composition

gradients measured across the precipitates in mono- and multi-filamentary NbTi samples.
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by differences in the metallurgical state of the two filament types inves-
tigated. Qualitatively, we expect the free energy of the multi-
filamentary NbTi material to be increased by the increased cold work
(greater drawing strain) and surface energy (smaller radius of curvature
than the mono-filament by a factor of five) both of which will encourage
nucleation of NbSn; grains. The experimental results show a distinct
NbSn; interfacial phase layer after only 72 h of interaction with the
InSn liquid for the multi-filamentary NbTi but no discernible NbSn;
layer on the mono-filamentary material (figure is not shown).

Since these interactions have been conducted with solder in the lig-
uid state, it is possible that some of the product phase may detach and
be dispersed in the solder, making it difficult to estimate the exact thick-
ness of the product phase. Even so, measuring the thickness of the (Nb,
Ti)Sn, layer which remains intact on the NbTi filaments, we can state
that as well as the observed difference in composition, the growth kinet-
ics of (Nb,Ti)Sn; is faster on the finer NbTi filaments than on the large
mono-filaments. This encourages us to explore the effect of the different
metallurgical states of NbTi on growth in the interaction zone, which in
turn may affect the superconducting properties across the interface.

3.1.2. Growth mechanism of (Nb,Ti)Sn; in the NbTi-InSn system

Fig. 3a shows annular dark field scanning transmission electron mi-
croscopy (STEM) image from the as-received mono-filamentary NbTi
sample and the corresponding quantitative EDX mapping. The white
ribbon-like features running throughout the sample are the well-
known a-Ti precipitates. Fig. 3b shows a bright field image from a typ-
ical region of the as-received multi-filamentary sample, and the inset
diffraction pattern acquired from one «-Ti precipitate which can be

Phase map

BCC HCP
111 {0001

A

001 101

B (-(Nb,Ti)
M oTi

{110}g_npri TD {0110},-7; TD

RD

(c)

indexed with zone axis [1213] consistent with the hexagonal close-
packed (HCP) structure of o-Ti. Fig. 3c compares the composition pro-
files determined using scanning transmission electron microscopy
(STEM) analysis across Ti precipitates from the samples with two differ-
ent NbTi filaments sizes, and demonstrates that in both the mono- and
multi-filamentary samples the 3-NbTi matrix has a very similar compo-
sition, approximately Nb(60 + 0.6 at.% Ti).

We also examined the grain size in the 3-(Nb,Ti) phase which may
strongly influence the diffusion flux of Ti through grain boundaries,
and as a consequence through the (Nb,Ti)Sn, layer. Fig. 4a presents
the EBSD phase map of a region from the as-received mono-
filamentary NbTi that exhibits a fine substructure of o-Ti and numerous
equiaxed grains of p-(Nb,Ti) forming the continuous superconducting
matrix. The normal orientation maps presented in Fig. 4b show a strong
crystallographic texture in the 3-(Nb,Ti), and exhibits the characteristic
(110) deformation fibre texture in a drawn BCC material [23,24]. The
(110) pole figure of B-(Nb,Ti) and the (0111) pole figure of HCP «-Ti
(Fig. 4c) indicate that one of the preferred orientation relationships be-
tween these two phases is (011)gcc||(0111),cp, a Potter orientation re-
lationship in the BCC-HCP system [25]. The grain sizes were estimated
using the equivalent circle diameter (ECD) method [26] in the 3-(Nb,
Ti). The grain size distribution plot in Fig. 4d shows that a significantly
higher fraction of the (3 grains in the as-received multi-filament lie in
the range from 5 to 25 nm than in the mono-filament. The average
grain size was determined to be 40 + 0.8 nm in the case of the mono-
filamentary sample and 22 + 0.3 nm for the multi-filamentary sample
that has experienced almost 95% higher deformation strain. These
much finer 3-(Nb,Ti) grains in the multi-filamentary NbTi sample

As-received
i1 71 Mono-filament
i1l Multi-filament

1 rl"
! [ I: "
i 111
L l: !
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(@)

Fig. 4. (a) Transmission Kikuchi diffraction (TKD) phase map of the as-received mono-filamentary NbTi, (b) orientation maps (|| ND) of the as-received mono- and multi-filamentary NbTi
samples. (c) (110) pole figure of 3-(Nb,Ti) and (0111) pole figure of a-Ti and (d) 3-(Nb,Ti) grain size distribution in the NbTi materials.
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could encourage the formation of (Nb,Ti)Sn, when interacting with the
liquid InSn solder by offering a kinetic advantage from the high density
of fast reaction paths and also a large number of high energy sites for the
nucleation of intermetallic grains. To have a better understanding of the
growth behaviour in these two cases, the microstructural evolution of
the product phases was compared and the growth mechanism
analysed.

A close inspection of the interaction zone developed at 450 °C for
268 h on the mono-filamentary NbTi has revealed the presence of a
line of pores inside the product phase, demarcated by white arrows in
Fig. 5a. These voids indicate the location of the Kirkendall plane (K-
plane) that gives an indication of the relative mobility of the elemental
species. From the composition profiles in Fig. 2e1 In has almost negligi-
ble solubility in the NbSn,, and there is also no detectible Ti diffusion
through the growing intermetallic phase towards the NbSn,-InSn inter-
face (Fig. 2e1) so that we can infer that the growth of NbSn, occurs pri-
marily by the diffusion of Nb and Sn. The diffusion-controlled nature of
planar growth of any reaction phase layer can be demonstrated by plot-
ting the parabolic growth curve [27]. The NbSn, layer thickness as a

(a)

Region [II] Region [I]

function of (annealing time)'/? plot for the mono-filamentary NbTi-
InSn interaction is shown in Fig. 2b, and it closely follows parabolic
growth behaviour. For short annealing times or slow growth rate of
the reaction zone, the growth constant does not deviate much from
0.5 for axial geometry wires [27]. Diffusion-controlled growth of
NbSnj, has also been reported in previous work on Nb-Ins,Sn,g interac-
tions [21,22]. Often the microstructural evolution of the product phase
can help elucidate its growth mechanism in systems governed by
solid-state diffusion-controlled growth [28]. An EBSD scan across the in-
teraction zone on the mono-filamentary NbTi, Fig. 5b, shows a duplex
morphology in the NbSn, phase. Smaller NbSn, grains are present closer
to NbSn,-NbTi interface (interface [i]), while towards the InSn—-NbSn,
interface (interface [ii]) coarser grains have grown. Fig. 5c shows that
region [I] contains a higher fraction of finer grains (50-250 nm), and
most of the grains ranging from 250 nm to 850 nm are present in region
[1T]. The Kirkendall plane demarcates the interface between the two
sublayers comprising finer and coarser grains. Following the approach
that relates the diffusion rate of different components with the micro-
structural characteristics of the interaction zone [29], we can suggest
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Fig. 5. (a) BSE micrograph illustrating the Kirkendall voids inside the NbSn, phase layer formed by reaction of mono-filamentary NbTi with liquid InSn, (b) orientation map of a similar
region, (c) grain size distribution histogram of two different regions in the NbSn, phase layer, and (d) pole figures of NbSn,. (e1, e2) EBSD map of a scalloped region formed by
reaction of multi-filamentary NbTi with liquid InSn along with a band contrast map illustrating the smaller grains in the thin (Nb,Ti)Sn, layer (highlighted by white dashed arrows).
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that the sublayer between interface [i] and the K-plane grows by diffu-
sion of Sn through NbSn, to react with Nb, while the other sublayer be-
tween the K-plane and interface [ii] grows by diffusion of Nb towards
the solder. The position of the K-plane more or less at the middle of
the product phase suggests comparable diffusion rates for Nb and Sn.
It is interesting to compare these observations with the growth of the
A15 superconducting intermetallic NbsSn by the reaction of tin with
Nb at higher temperatures, which has been described by a similar sce-
nario [30]. Nb has a higher diffusion rate through NbsSn because of
greater number of Nb—Nb bonds, while the transport of Sn was attrib-
uted primarily to grain boundary diffusion. In a similar way, crystallo-
graphic analysis of NbSn, can help to understand the atomic
mechanisms of diffusion in our samples.

NbSn; crystallizes in a complex face-centred orthorhombic structure
with 48 atoms in a unit cell (Pearson symbol: 0F48, space group: Fddd)
[22], as displayed in Fig. 6 where the unit cell showing the nearest
neighbours of Nb and Sn atoms has been constructed using the
CrystalMaker software [31]. The unit cell consists of one Nb and two
Sn sublattices (designated as Sn; and Sny;) with similar atomic occupan-
cies. Each Nb atom has 2 Nb and 8 Sn atoms (4 Sn; and 4 Sny;) as nearest
neighbours, while Sny is surrounded by 11 Sn (3 Sn; and 8 Sny;) and 4 Nb
atoms, and Sny; is a neighbour to 11 Sn (8 Sn;and 3 Sny) and 4 Nb atoms.
This means that if vacancies are present on both sub-lattices, both Nb
and Sn atoms can diffuse by making jumps via their own sub-lattices
since each species has like atoms as nearest neighbours. At first glance,
Sn appears likely to show a higher diffusion rate because it has a signif-
icantly larger number of Sn—Sn bonds, compared to just two Nb—Nb
bonds. The dominant diffusing species is the majority one in metal-
disilicides such as VSi,, HfSi, and MoSi; [32] and other AB,-type com-
pounds, for example CuAl, [33] and WPt; [34]. For the formation of
NbsSn, the faster diffusing component is also the majority species, Nb
[30,35]. On the contrary, Hong and d'Heurle [36] demonstrated the mi-
nority atom (Cu) to diffuse faster than Mg in CuMg,, a structural proto-
type of NbSn,, and attributed the higher diffusion rate of the minority
atom to the two continuous chains of Cu atoms oriented at an angle of
60° in the unit cell of the CuMg,-type structure. The similar long chains
of the minority Nb atoms in the unit cell of NbSn; are identified in Fig. 6.
However, this kind of argument based on the likelihood of atomic site
jumps is only relevant if lattice diffusion is the dominant mechanism
during the growth of NbSn,. Given the melting point of NbSn, is 850
°C [16], the homologous temperature of the solder interactions studied

® Nb
@ Sn, - o~
® Sn,

bond

Y/
|

here lies in the range 0.5-0.6 and we would expect both lattice and
grain boundary diffusion to contribute to an overall growth process, es-
pecially given the fine grain size of 250 4 10 nm. These NbSn, grains do
not exhibit any preferred crystallographic growth direction as shown by
the (001), (101) and (111) pole figures in Fig. 5d. Hence, many NbSn,
grains nucleate with random orientation on the NbSn,-NbTi interface,
thereby weakening the inheritance of any strong crystallographic tex-
ture from the NbTi, and resulting in a high concentration of high angle
grain boundaries which should be efficient diffusion paths.

In the case of solder reaction with the multi-filamentary NbTi, two
distinct sublayers were noticed, as shown in Fig. 2d2, with a thinner
sublayer [I] towards the NbTi and a thicker one [II] towards the InSn.
Fig. 5e1 shows only the microstructural features of sublayer [II] since
the grains in sublayer [I] were too fine for bulk EBSD analysis. However,
the band contrast map shows details of this very fine grain structure in
sublayer [I] in the area enclosed by white dashed lines in Fig. 5e2. There
are very small equiaxed (Nb,Ti)Sn, grains close to the NbTi filament
which transform to larger columnar grains as they grow towards the
solder, both indicated by white dashed arrows. It is apparent from the
composition profile (Fig. 2e3) that a significant amount of Ti is present
in sublayer [II], suggesting Ti participates along with Nb and Sn in the
growth of (Nb,Ti)Sn,, in contrast to the low Ti concentration in the
product phase on the mono-filamentary sample (Fig. 2e1). As men-
tioned above, the number of potential nucleation sites for (Nb,Ti)Sn,
is expected to be higher on the surface of the multi-filamentary NbTi
with a finer microstructure, resulting in the much smaller average
grain size (approximately 30 nm) in sublayer [I] adjacent to the NbTi,
Fig. 5e2. These finer grains would then provide a large grain boundary
area to facilitate a greater diffusion flux of Ti. As a result of the higher ac-
tivity of Ti in the multi-filamentary NbTi, we also find a higher concen-
tration of Ti in the interfacial product layer, (Nb,Ti)Sn,. Although the
observation of very small (Nb,Ti)Sn, grains in sublayer [I] suggests a
low barrier for grain nucleation immediately at the (Nb,Ti)Sn,-NbTi in-
terface, the more columnar microstructure that develops subsequently
suggests that nucleation is suppressed further from the NbTi surface
and growth of the (Nb,Ti)Sn; is by diffusing metal atoms joining prefer-
entially to the surface of existing grains, and that it is the combined flux
of Nb and Ti that controls the rate of growth of sublayer [II].

The interfacial layers formed by reaction with the InSn solder have
two different morphologies on the mono- and multi-filamentary sam-
ples (Fig. 5), and growth mechanisms for the growth of these layers

Nearest neighbours of

Fig. 6. Crystal structure of NbSn, and nearest neighbours of Nb and Sn atoms.
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can be proposed with the help of the schematic diagram shown in Fig. 7.
Fig. 7a illustrates the growth of NbSn, on the mono-filamentary NbTi.
The lack of either In or Ti (Fig. 2e1) combined with the presence of a
clear Kirkendall plane in the NbSn; layer (Fig. 5a) suggest that diffusion
of both Nb and Sn contribute to the growth of a polycrystalline NbSn,
layer on the mono-filamentary NbTi by repeated nucleation of new, ran-
domly oriented grains on both sides of the intermetallic layer. The mor-
phological evolution of the interfacial (Nb,Ti)Sn, phase layer on the
multi-filamentary sample is sketched in Fig. 7b to take place in three
steps. Step 1 (t = t;) in Fig. 7b shows the nucleation of a thin continuous
layer of small, randomly oriented (Nb,Ti)Sn, grains on the NbTi surface
(Fig. 2d1) - a similar microstructure to that developed in the early
stages on the mono-filamentary NbTi. However in step 2 (t = t;), the
growth of this (Nb,Ti)Sn, layer is now into the smaller pockets of InSn
solder trapped between the individual filaments, and this solder is rap-
idly depleted in Sn. The resulting reduced Sn concentration gradient
near the (Nb,Ti)Sn,-InSn interface will limit the supply of Sn atoms to
diffuse through the growing intermetallic layer, (Nb,Ti)Sn,, and sup-
press further nucleation of new (Nb,Ti)Sn, grains at the (Nb,Ti)Sn,-
NbTi interface. The primary growth mechanism will then be at the
(Nb,Ti)Sn,-InSn interface, where diffusing Nb and Ti atoms react with
what Sn is available at the surface of existing (Nb,Ti)Sn, grains. The
local supersaturation is not high enough to overcome the activation bar-
rier to form new grains, leading to the formation of a columnar grain
structure. Duplex morphology comprising of columnar and equiaxed
grains was also observed for the NbsSn phase in the Nb-Cu(Sn) system
with the columnar grains at the Nb-NbsSn interface and equiaxed
grains at the interface, NbsSn-Cu(Sn) [37]. In the Nb-Cu(Sn) system,
the NbsSn grains nucleate only at the Nb surface when Sn from Cu
(Sn) dissociates and reacts with Nb, and further, growth of the NbsSn
phase layer continues by the diffusion of Sn along the grain boundaries
of Nbs3Sn [38]. Okuda et al. [37] attributed the presence of equiaxed
NbsSn grains for smaller annealing time to a high Sn concentration in
Cu(Sn), which would encourage the nucleation of NbsSn grains at the
Nb-NbsSn interface. At the later stage of annealing, low tin concentra-
tion in Cu(Sn) would favour the growth of the existing grains with
lower nucleation rate, and result in the formation of the columnar grains
[37]. At later stages, step 3 (t = t3), diffusion-limited growth of Nb and
Ti through the thicker (Nb,Ti)Sn; layer reduces the driving force further,
re-nucleation will be very unlikely and only a few of the (Nb,Ti)Sn,
grains will have surfaces sufficiently mobile to continue to grow, leading
to coarsening of the intermetallic grain structure and formation of the
scalloped structures.

Mono-filamentary

. ! . .
NbTi ‘J:l_!_)ir_\_z’i InSn Nle_ e,(/Nb’TI@L

NbTi

3.1.3. Effect of soldering with InSn on the superconducting properties of
NbTi

The elevated temperature during the joining of two NbTi
superconducting wires by soldering may influence the microstructure
of the NbTi matrix and in turn the superconducting properties [39]. In
our experiments, the measured higher concentrations of Ti in the (Nb,
Ti)Sn, formed on the multi-filamentary sample suggests that the rate
of loss of Nb and Ti from the mono-filamentary and multi-filamentary
NbTi is different, and the different ratios of Nb:Ti in the product phases
on the two NbTi conductors sizes is an additional factor we can study.

The superconducting properties of NbTi filaments in as-received
(AR), heat treated (HT) and soldered (S) conditions have been com-
pared for both mono- and multi-filamentary samples after an annealing
treatment at 350 °C for 169 h. The AR sample refers to the as-received
filaments from which the outer Cu stabilizer coating has been removed
by the tinning process as discussed above. As a reference, an un-
soldered filament has been heat treated (HT) by removing the Cu coat-
ing followed by annealing in vacuum to prevent oxidation. This sample
is to allow us to separate (a) changes in the microstructure from long
term annealing that may contribute to modification of pinning in the
NbTi filaments from (b) the introduction of a new pinning landscape
on the surface of the filaments from reactions with the solder. The crit-
ical temperatures (T,) at different magnetic fields ranging from 1 to 100
mT and the critical current densities (J;) at 4.2 K were estimated from
the measured M-T (moment-temperature) plots and M-H (moment-
magnetic field) loops, respectively. The M-T plot at 1 mT for the AR,
HT and S mono-filamentary samples is shown in Fig. 8a. The T, values
were found to be unchanged at 9.2 K in magnetic fields up to 100 mT
for all the AR, HT and S samples.

Fig. 8b and c illustrate the variations in measured critical current
density values with applied magnetic field for mono- and multi-
filamentary samples respectively. J. values for all the samples were cal-
culated using the Bean formula (Egs. (1) and (2)),

3AM
= (1)
where ryis the filament radius and AM is the hysteresis loop width in the
M-H loops. For multi-filamentary conductors we approximated the sig-
nal as the sum of n individual filaments,

3AM

Je=3rm

(2)

Multi-filamentary

(Nb,Ti)Sn,

(Nb,Ti)Sn,
] Nb :

Columnar Scallops

grains

Step2 —— Step 3
t=t, t=t;

(b)

Fig. 7. Schematic illustration of development of the interfacial phase layers in the mono- and multi-filamentary NbTi samples on interaction with the binary InSn solder.
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Fig. 8. Superconducting properties of as received (AR), heat treated (HT) and soldered (S) mono- and multi-filamentary samples. (a) M-T plot for the mono-filamentary NbTi samples, (b
and c) Variation of . and (d and e) F;, with magnetic field in mono- and multi-filamentary NbTi samples respectively. The inserts in (d) and (e) show details of the peak in the pinning
curve. (f) Fitting of the normalized pinning force density-reduced field curve for the soldered multi-filamentary NbTi sample using a two-component model.

where n is the number of filaments in the conductor and ryis the radius
of an individual filament. The J, values for the HT and S samples in both
mono- and multi-filamentary materials show a significant decrease,
presumably because the prolonged annealing treatment encourages
coarsening of the a-Ti precipitates which are believed to be the major
flux-pinning sites [39,40]. In addition, the irreversibility fields (B;) of
both HT and S samples have decreased compared to AR for both
mono- and multi-filamentary samples. The irreversibility field (B;.) is
determined from the J. — B plots, and the value is chosen at J. =
107 A/m?. This reduction in By, can be attributed to stress-relief and an-
nihilation of defects such as dislocations introduced during the drawing
stage of manufacture of the filamentary wires. Therefore, the simulated
long soldering process affects both critical current density as well as the
irreversibility field of the NbTi filaments.

The pinning properties of NbTi may also be affected by soldering,
and this has been examined by measuring the dependence of the global
pinning force density (Fp) on the applied magnetic field, described using
Egs. (3).

Fp=Bx ], 3)

This can be quantified experimentally as a function of the applied
magnetic field from the J. — B plots shown in Fig. 8d and e. On compar-
ing the Fp values for the AR, HT and S samples for mono-filamentary
NbTi we note that the maximum Fp value has reduced by 10% and 22%
for the S and HT samples respectively, and by 24% for the S and HT
multi-filamentary samples. Reduction in Fp is again presumably as a re-
sult of the annealing out of defects that act as pinning sites. However,
the less severe reduction in Fp in the S sample may suggest that

diffusional interactions with the InSn solder generate additional pinning
centres to offset the annealing effect, but that these new centres are less
effective in the multi-filamentary NbTi sample. The effect of annealing
temperature on the pinning force density of multi-filamentary NbTi
wires was previously studied [41]. The authors found Fp to decrease by
~35% after annealing from 390 °C to 550 °C for 2 h, and a shift in the
peak position of Fp towards lower magnetic fields. Although the time
for the heat treatment processes in our study is 169 h, the annealing
temperature is 350 °C, which is lower than either of the temperatures
used in [41]. Since the influence of temperature is expected to be stron-
ger than the heat treatment time, the behaviour of Fp as a function of
heat treatment variables obtained in the present study looks in good
conformity with the previously reported ones [41]. In our study also,
we find a small shift in the position of the peak of the pinning force den-
sity to lower fields after the heat treatment processes in the mono-
filament and multi-filament samples, as shown by the arrows in
Fig. 8d and e. The shift in the position of the maximum for the Fp curves
indicates a change in the pinning mechanism. The normalized pinning
force density f, — b curves for the AR, HT and S treatments of mono-
and multi-filamentary NbTi samples are presented as insets in Fig. 8d
and e to make it easier to see the shift of the f, curve with respect to
the reduced field.

The behaviour of the normalized pinning force density (f, = FII,;—'ZX

)

with reduced field, b = B provides additional insight into these
irr

pinning mechanisms. An understanding of the pinning mechanism

in a superconductor helps engineering the microstructure of a

superconducting material to increase the critical current density (J¢).
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The pinning in a superconductor occurs when the flux-lines interact
with the pinning centres, and the efficiency of these pinning centres de-
pends on the strength of the interaction. The strength of the interaction
depends on the difference in the characteristics of the matrix
superconducting phase and the pinning centre. The two most important
factors responsible for the flux-pinning in a superconductor has been
identified as: (i) Ak-pinning associated with the change in the
Ginzburg-Landau parameter due to composition fluctuations and (ii)
normal pinning (N-pinning) because of the presence of non-
superconducting phases [42]. The strength of each individual pinning
mechanism depends on the dimensionality of the pinning centre com-
pared to the inter flux-line length, d. The pinning centres are further
classified as: (i) point-pins (no dimension > d), (ii) line-pins (one di-
mension > d), (iii) surface-pins (two dimension > d) and (iv) volume-
pins (all dimensions > d). More than one pinning mechanism can con-
tribute to flux-pinning in a superconducting material, and to quantify
the mechanism, Dew-Hughes developed a mathematical model for a
type Il superconductor [42].

We have used the Dew-Hughes model for flux-pinning mechanisms
[42] and followed the mathematical relation (Eq. (4)),

fy=1A-b"-(1-D)T] (4)

where p and q are scaling parameters for a particular pinning mecha-
nism and A represents a weighting factor for each mechanism. A two-
component model was used for non-linear curve fitting of the measured
fp — b curves, following Eq. (5)

fp=[A1-b" - (1=b)"] + [A; - b - (1—b)*%]. 5)

Fitting of the normalized f, — b curve for the soldered multi-
filamentary NbTi sample is shown in Fig. 8f. The fitted values of p; =
1.5 and q; = 1 represent surface Ax-pinning while the values of p,=1
and g,=2 correspond to point N-type pinning. The fitted weighting fac-
tors A; and A, for the results on the mono- and multi-filamentary AR, HT
and S samples are listed in Table 1, and indicate both surface Ak and
point N-type pinning to be operative in the mono- and multi-
filamentary NbTi samples, with a higher weighting factor for the N-
type pinning coefficient A,. Commercial NbTi wires are manufactured
to contain fine non-superconducting o-Ti precipitates in a fine-
grained matrix of superconducting 3-(Nb,Ti) (Fig. 4b), and so strong
contributions from both normal point pinning sites (precipitates) and
Ak surface pinning from the grain boundaries is expected [43].

On comparing the f, — b and Fp — B curves from the HT and S sam-
ples for both mono- and multi-filamentary NbTij, it is clear that the intro-
duction of NbTi-NbSn; interphase boundaries does not compensate for
factors reducing the flux-pinning strength in the soldered NbTi fila-
ments, so changes in the metallurgical state of the NbTi filaments dom-
inate the pinning force, Fp. Most of the studies cite a-Ti precipitates as
the major flux pinning sites in the un-treated NbTi wires, including
composition gradients across these precipitates, and with the peak of
the normalized pinning force density f, — b curve lying between 0.33
and 0.6 [42,44,45]. Reduction in the concentration gradient across the
o-Ti pinning centres has been cited as one of the reasons for a decrease

Table 1

Weighting factors A; and A, for as-received (AR), heat-treated (HT) and soldered
(S) mono- and multi-filamentary NbTi samples deduced from the Dew-Hughes flux-pin-
ning model.

Samples Mono-filament NbTi Multi-filament NbTi

Aq A, Ay Az
AR 1.9 4.7 1.8 4.7
HT 14 5.4 1.7 5.0
S 1.1 5.7 1.2 5.4

in the irreversibility field and a shift in the maximum of the reduced
pinning force density curve towards lower magnetic fields with an in-
crease in annealing time [46,47]. Our results show that the total pinning
force density decreases on annealing (Fig. 8d and e) with the coefficient
A, increasing relative to the A;. This could suggest that the normal pin-
ning remains largely unchanged but the surface pinning stemming from
the 3-(Nb,Ti) reduces. It is expected since annealing will cause growth
of the 3-(Nb,Ti) grains which reduces grain boundary area.

3.2. Interaction of solid NbTi filaments with liquid ternary (In,Bi)Sn

In contrast to the NbTi-InSn interaction where the (Nb,Ti)Sn, phase
grows at the interface, the interactions of solid NbTi and liquid ternary
(In,Bi)Sn solder result in no detectable interaction zone at the solid-
liquid interface, as illustrated in Fig. 9a. There could be several reasons
for not finding any reaction layer in the case of the ternary solder:
(i) the change in the solder chemistry may decrease the nucleation
rate of any intermetallic phase, (ii) there may not be any stable reaction
product in this range of Bi content in the temperature range 250-450 °C,
(iii) the thermodynamic driving force for diffusion (i.e. the thermody-
namic factor) of key elements forming the product phase may be se-
verely reduced, or (iv) a decrease in the thermodynamic activity of
the reacting elements in the bulk solder. To decide between these pos-
sibilities would require detailed thermodynamic data on the quinary
In-Sn-Bi-Nb-Ti system, but to the authors' knowledge this is not avail-
able in the literature. However, the thermodynamic activities of various
elements in (In,Bi)Sn can be estimated from the ternary In-Bi-Sn
system.

Using ThermoCalc [48] software, and the Gibbs free energy parame-
ters of the relevant phases based on the work of Witusiewicz et al. [49],
and assuming that NbSn; is the preferred phase at this interface, we
concentrate on the thermodynamic parameters of Sn in liquid (In,Bi)
Sn solder. The effect of Bi concentration on the thermodynamic activity
of Sn in the solder was estimated, as plotted in Fig. 9b, showing a signif-
icant decrease over the relevant range of Bi contents. This may have a
considerable effect on the driving force for the formation of the NbSn,
product phase at the solid-liquid interface. A similar addition of Bi to
lower the activity of Sn in BiSn solder was cited as one of the reasons
contributing to a small decrease in the growth rate of Cu—Sn product
phases in the Cu-BiSn system [50]. Hence, interfacial reactions in the
solid NbTi-liquid (In,Bi)Sn system to form (Nb,Ti)Sn, may be sup-
pressed by a reduction in the overall driving force. The NbTi-InSn solder
system is very unusual in the sense that most reported metallic
substrate-liquid solder systems exhibit interfacial reactions several or-
ders of magnitude faster than we report here [51]. This extremely slug-
gish reaction behaviour with the addition of Bi to the solder may have
important consequences for the superconducting properties of these
interfaces.

The lack of any discernible interaction zone in the case of the Bi-
containing ternary solder has an added advantage in comparison to bi-
nary InSn. The Kirkendall plane observed inside the (Nb,Ti)Sn, product
phase layer in Fig. 5a would be a preferential failure site under mechan-
ical load, and we have observed that the (Nb,Ti)Sn, phase layer remains
intact on the NbTi filaments up to a critical thickness of approximately 2
um, and above this thickness the reaction layer starts detaching from the
NbTi filaments and the crystal fragments disperse in the liquid solder
(Fig. 2a). This brittle failure may have a serious impact on the long-
term reliability of the solder joint. It is interesting that the lead-based
PbeoBiso solder commonly used to create persistent mode joints in the
manufacturing of MRI magnets also produces no detectable interaction
zone after reaction with NbTi at 350 °C for 100 h, Fig. 9c. These observa-
tions on the effect of Bi on solder reactions with NbTi filaments rein-
forces the idea that the ternary (In,Bi)Sn system may be an attractive
choice for lead-free superconducting solder joint materials for LTS ma-
terials such as NbTi [9].
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Fig. 9. (a) BSE micrograph showing the NbTi-liquid (In,Bi)Sn solder interface where only the three equilibrium phases present in the ternary solder (3, y and Biln,) are detected, and no
reaction layer. (b) Estimated variation of the thermodynamic activity of Snin (In,Bi)Sn as a function of Bi content. (¢) BSE micrograph showing the NbTi-liquid PbBi solder interface with no

detectable reaction layer.

3.3. Nucleation of the bulk solder phases on NbTi

One of the key requirements of the NbTi-solder joint is that suffi-
cient supercurrent can flow across the joint under typical operating con-
ditions (4.2 K in a field of 1 T for a typical MRI magnet) [1]. The
supercurrent that can flow from one NbTi wire to another depends
not only on any interfacial reaction layer but also on the specific phases
in the bulk solder in contact with the NbTi filaments. The nucleation be-
haviour of the equilibrium phases in bulk binary and ternary solders at
the S-L interface can be explained by correlating the experimental
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observations with the solidification path predicted by the liquidus line
in the appropriate phase diagram.

In Fig. 10a the initial composition of the binary solder is marked as a
red dashed arrow on an enlarged section of the In—Sn phase diagram.
At the onset of solidification, the In-rich 3-In3Sn phase nucleates first
at the S-L interface when the temperature reaches the liquidus line at
‘A’. As a result, the remaining liquid becomes supersaturated with Sn
until the eutectic reaction to form (3 and the Sn-rich y phase occurs.
Thus we would expect immediately around the NbSn; layer formed at
this interface as described above, that most of the interfacial region is

4] Bidn-Sn
100 Liquidus projection

LANR! n ™
60 %" 80 100
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(©)

Fig. 10. (a) A detail of In—Sn phase diagram (calculated using ThermoCalc software) showing the starting composition of the binary solder, (b) EDX phase map showing the presence of the
{> phase in contact with the NbSn, formed at the NbTi-InSn solder interface in the mono-filamentary sample at 350 °C for 268 h. (c) Liquidus projection of the In-Bi-Sn system [49]

depicting the solidification path for the ternary solder.



S. Santra et al. / Materials and Design 176 (2019) 107836 13

3.5 250 7

3.0 - + > 64
_ < 200 . %
S _ c ~
S 25 z L 5]
e 2 150+ * 23
< 2.0 < c < 44
= 8 + 2 s
Q ~

1.5 = i
g S 100 o, g %3
= — - o
O 1.0 b T 2 24
> o Q=

0.5 50 + £

. 5 1
0.0 T T T 0 . r r r 0 T T T
0 100 c 2°°t A 300 400 000 004 008 012 016 0.00 0.05 0.10 0.15 0.20
urrent (A) Field (T) Applied field (T)

(@

(b)

(c)

Fig. 11. (a) -V characteristics of (In,Bi)Sn solder joint, from which (b) the I.(B) performance was extracted via a 1 microvolt criteria and (c) critical current from magnetisation of slow-

cooled (InsBi;s)Snss solder.

surrounded by the first nucleating In-rich (3 phase, as is shown in the ex-
perimental data in Fig. 10b. The superconducting properties of the 3
phase are slightly better than those of y (higher T. and B, values at
4.2 K [9]). We note that using more realistic soldering times, the
NbSn; phase will be very much thinner than formed in our extended ex-
periments, but we have demonstrated that the thermodynamics of the
system predict it should always be present.

The solidification path for the ternary solder is superimposed on the
liquidus projection of In-Sn-Bi system [49] in Fig. 10c. Point ‘T’ denotes
the initial ternary solder composition which lies in the (3 phase field
but close to the 3/y boundary. At the start of solidification, once again
crystals of 3 nucleate at the S-L interface until the liquid composition
reaches the (> + ) eutectic reaction. With further cooling, the compo-
sition of liquid solder moves towards point ‘Eu’ where finally the ternary
eutectic reaction creates a three-phase mixture of 3, y and Biln,. The S-L
interface in Fig. 9a is thus mostly surrounded by the In-rich  and Sn-
rich -y phases, although Biln, is found at a few locations. All three of
these solder phases are superconducting [9] but the NbSn; is not, and
this emphasises the importance of the Bi addition to the ternary solder
which results in the direct contact of superconducting solder phases
with the NbTi filaments. This characteristic solder nucleation behaviour
at the solid-liquid interface may have an influence on supercurrent flow
across these interfaces.

To test the current carrying ability of the ternary soldered joints,
NbTi-(In,Bi)Sn joints were fabricated using the matrix replacement
method. The transport measurements in Fig. 11a show that joints can
pass significant currents, in excess of 200 A, but that these quickly de-
crease with applied field, demonstrating resistive behaviour above ap-
proximately 0.16 T, Fig. 11b. This transport behaviour agrees well with
magnetisation measurements on the bulk ternary solder, shown in
Fig. 11c, where the critical field is measured as 0.18 T. This suggests
that it is the bulk performance of the solder that is the limiting factor
for the joint behaviour, not any interfacial reactions.

4. Conclusions

The interactions of the low-temperature superconductor NbTi with
InSn based binary and Bi-containing ternary solders at typical soldering
temperatures have been examined for the first time. Based on the mi-
crostructural characterization and measured superconducting proper-
ties, the following observations can be made.

(i) The metallurgical state of the NbTi filament has a strong influ-
ence on the microstructure and chemical composition of the
(Nb,Ti)Sn, phase at the NbTi-InSn interface. The finer grain
structure of B-(Nb,Ti) in the more heavily worked multi-
filamentary samples may facilitate a higher diffusion flux of Ti,
which in turn may encourage the formation of a thicker (Nb,Ti)

Sn, layer consisting of large scalloped structures with a signifi-
cantly higher concentration of Ti (Nb:Ti ratio of 0.5:1). By con-
trast, a thinner (Nb,Ti)Sn, phase layer with negligible solubility
of Ti (Nb:Ti ratio of 6:1) develops on the larger NbTi mono-
filaments. For both mono- and multi-filamentary NbTi, the (Nb,
Ti)Sn, grains grow with random crystallographic orientation.
The critical temperature (T,) of the NbTi filaments remains un-
changed at ~9.2 K at all the investigated magnetic fields after
long soldering operations. The critical current densities, irrevers-
ibility fields and pinning force densities decrease for both the
mono- and multi-filamentary NbTi samples after soldering due
to coarsening of a-Ti precipitates, but by a higher factor for
mono-filamentary NbTi than the multi-filamentary sample.

(iii) The soldering operations do not degrade the bulk pinning force
more than a simple heat treatment at the same temperature,
and in the case of the mono-filamentary sample may even add
additional pinning sites to reduce the degradation of
superconducting properties.

We suggest that a reduction in the thermodynamic activity of Sn
in Bi-containing alloys leads to the observed lack of any detect-
able interaction zone, even after long simulated soldering
times. When combined with the analysis of the characteristic nu-
cleation behaviour of superconducting phases at the NbTi-(In,Bi)
Sn interface, we identify (In,Bi)Sn alloys as a promising choice for
lead-free solders to replace PbBi alloys.

(ii)

(iv)
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