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ABSTRACT

For 10-15 years, the Powder-In-Tube (PIT) process has been one of the leading manufacturing

methods for producing the highest critical current density (Jc) Nb3Sn wires for at small effective

filament diameter (deff ), both required for future applications in high energy physics. Since Nb3Sn

first became commercially available in the 1960’s, non-Cu Jc values have steadily climbed until a

plateau was reached at about 3,000 A/mm2 (12 T, 4.2 K) in the year 2000. Comprehensive analysis

of recent wires suggests that both PIT and the other high Jc wire design, Rod Restack Process

(RRP), have yet to achieve their maximum potential as high Jc conductors. Currently, PIT wires

obtain a maximum Jc(12 T, 4.2 K) of about 2700 A/mm2 and do so by converting up to 60% of the

non-Cu cross section into superconducting Nb3Sn. However, about a quarter of this Nb3Sn is made

of large grains which are too large or otherwise disconnected to carry current in transport, wasting

both real estate, as well as Sn and Nb that would be better used to make the desired small grain

A15. The most recent RRP wires typically achieve Jc(12 T, 4.2 K) values of around 3000 A/mm2

by also converting about 60% of the non-Cu cross section into A15, however nearly all of that has

the desired small grain morphology with high vortex pinning, ideal for current transport.

Studies at the Applied Superconductivity Center have shown that one route to improvement for

both wires may be in controlling the formation of intermediate phases which form before Nb3Sn.

An intermetallic Nb-Cu-Sn, commonly referred to as Nausite, is considered responsible for the

formation of the undesirable large grains. We studied the phase evolution in PIT Nb3Sn from

the starting powder mixture at room temperature up to 690 ◦C to better understand what role

Nausite ((Nb0.75Cu0.25)Sn2) actually plays in forming large grain A15 with the goal of prevent-

ing its formation and making better use of the Sn available to form the desired small grain A15

morphology. After heat treatment, all wires were imaged in an SEM and then processed through

digital image analysis software, extracting area fractions of each phase and their morphology. For

heat treatments which showed interesting metallographic results, additional measurements were

made by transport, resistivity, magnetization, and/or heat capacity to develop a complete picture

of how the microstructure affects critical wire properties. Based on these results, novel heat treat-

ments were developed and demonstrated our ability to reduce the undesired large grain A15 while
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simultaneously producing more current-carrying small grain A15, increasing the ratio of small:large

grain A15 from 3.0 to 3.8.

Another possible path to improvement is to reduce the non-uniform deformation incurred during

wire fabrication. A PIT Nb3Sn wire begins as a mono-filament consisting of a thick Nb7.5wt%Ta

tube clad in high-purity Cu, inscribed with a Cu sleeve, and filled with a Sn-rich NbSn2 pow-

der. The external Cu cladding will later provide a low resistance normal conducting path around

superconducting filaments, a necessity for magnet stability. The final wire diameter is between

0.7-1.0 mm with 156 or 192 filaments, whose diameters are 33-50 µm, organized into 6-7 concentric

rings. Through advanced digital image analysis software, we can extract geometric information

which describes how the wire and filaments deform from their nominally circular shape, becoming

elliptical or otherwise having non-uniform deformation which can be detrimental to wire properties.

We found that the non-uniform deformation incurred during wire fabrication can degrade the wire

performance. The most severe effect is caused by the different deformation rates of the Nb-Ta tube

compared to its powder core, which leads to the Sn-rich core drifting from the center of its tube,

leading to an uneven A15 reaction front. This is referred to here as ’centroid drift’.

In PIT wires, the diffusion barrier must be consumed to form A15 while still leaving a thin,

protective annulus behind to protect the Cu. Centroid drift then causes a large inefficiency as it

creates a thick and thin side of diffusion barrier, the thin side limiting the reaction if Sn leaks

are to be prevented, while the thick side becomes wasted Nb-Ta. Up to 30% of the final non-Cu

cross-section remains as unused diffusion barrier. When Sn leaks out of the filaments it increases

the resistivity of the Cu stabilizer, lowering the Residual Resistance Ratio (RRR). A high RRR

is required for magnet stability, and such Sn leaks can be detrimental to magnet performance. In

addition, we found that filaments farther from the center of the wire tend to be those with highest

centroid drift, and they are also the most susceptible to leaking Sn. Moreover, we observed that in

leaks severe enough to produce a Kirkendall void, the A15 volume is also reduced. By comparison,

RRP wires manage a similar reaction with <10% residual barrier in the non-Cu cross section.

Recently, Bruker EAS, the manufacturer of PIT Nb3Sn wires, developed a new wire design

which added a bundle barrier around the filament pack to contain Sn leaks and maintain a high

RRR, as well as increasing the Sn content in the powder core to produce more A15. We believe that
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by improving deformation properties and optimizing new heat treatments to account for the higher

Sn content, Jc can be substantially enhanced while maintaining RRR at small filament diameters.
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CHAPTER 1

INTRODUCTION

1.1 A brief history of superconductivity

In 2011 the field of superconductivity celebrated its 100th anniversary, the centennial discovery

marked by Kamerling Onnes finding that pure mercury was superconducting, showing zero resis-

tance at a critical temperature (Tc) of 4.2 K [1]. He discovered this by measuring the sample’s

resistance in liquid helium which Onnes had successfully liquified three years prior, at 1 bar, 4.2 K

[2]. This first discovery in mercury was quickly followed by finding superconductivity in other

metals, including lead at 7.2 K in 1913 [3, 4], and niobium at 9.2 K in 1930 [5].

In 1931, the first A15 structure was observed in a layer of tungsten oxide (W3O) [6], however this

A3B crystal structure was not found to be superconducting until the discovery of the intermetallic

A15 phase vanadium silicide (V3Si) in 1953 which showed superconductivity at 17 K [7]. Nb3Sn was

immediately investigated and found to be superconducting at 18 K [8]. There are some interesting

historical footnotes related to the discovery of niobium based superconductors. John Hulm and

Bernd Matthias were studying solid solution alloys of transition metals that fit into the framework

of electron to atom ratio rules established by Matthias in 1955 [9], which included NbTi and NbZr.

However, at that time the work was being done at University of Chicago where their vacuum system

was quite poor for this type of work, resulting in many nitrides and oxidized samples, obscuring the

properties of the pure alloys they sought to study [10]. Hulm then moved to Westinghouse where

he had excellent facilities for melting alloys and, with the help of Richard Blaugher, he measured

the Tc for all of the nearest-neighbor BCC binary solid-solution alloys [11].

Many times in history science is moved forward by external factors, including politics, or in

the case of John Hulm, by love of country. Blaugher recalled an interesting anecdote regarding

the discovery of NbTi at a memorial session celebrating the life of John Hulm at the 2004 Applied

Superconductivity Conference [11]:

“One day I was sitting at my desk at Westinghouse R&D and John Hulm literally burst into

the lab. “Blaugher” he says, “I have been thinking.” John started to sketch out on the blackboard
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the periodic chart for groups four, five and six. “We have studied V-Nb, Nb-Ta, V-Cr, V-Mo,

Nb-Cr, Nb-Mo, Nb-W, Nb-Hf, and Nb-Zr” (which he emphasized by drawing straight lines linking

the various binaries). “We MUST do Nb-Ti!” Why I asked? John replied, because, “God save

the Queen, we’ll have the Union Jack.” Needless to say with this overwhelming logic I proceeded to

make up some samples to study this binary. Were it not for John’s English background we would

have omitted the most important binary for our study.”

Hulm and Blaugher published this comprehensive study of the binary alloys of transition metals

in September 1961 [12]. Though the last to be studied in their work, NbTi would become the

workhouse for the entire superconductivity community, and still today it is the most widely used

superconductor [13].

Through the 1950s and 60s, A15 compounds were still considered “high Tc” superconductors

[7, 8] as their Tc was in the tens of Kelvin compared to single digit values measured for many

pure elemental metals. This classification lasted for quite some time until 1986 when Bednorz and

Müller discovered the first truly high Tc superconductor Ba-La-Cu-O with Tc near 30 K [14]. This

was the first in a new class of conductors called “rare earth barium copper oxides” (ReBCO), and

was quickly followed by the discoveries of yttrium barium copper oxide (YBCO, Tc=93 K) [15],

and bismuth-based, high Tc conductors without any rare earth element [16, 17] having Tc onset

as high as 105 K [18]. At this point, superconductors clearly fell into two categories, LTS (Tc

< ∼20 K), and HTS which has Tc > 80 K. In 2008 iron-based superconductors were discovered,

some having Tc as high as 100 K [19]. While not detailed in this work, HTS materials have yet to

substantially penetrate the superconducting magnet market, but nevertheless march optimistically

towards development into fully mature conductors [20, 21, 22, 23].

1.2 What is a superconductor?

A superconductor is a material which exhibits two characteristic properties when cooled below

Tc: zero electrical resistance and perfect diamagnetism [24]. It is interesting to note that despite

superconductivity being discovered in 1911, its perfect diamagnetism wasn’t understood until 1933,

when Meissner and Ochsenfeld discovered that ideal materials in the superconducting state expel

any externally applied magnetic fields when cooled below Tc, now referred to as the Meissner effect.

This means theoretically B=0 everywhere in the sample. In reality, a surface screening current is
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established and both the current and B field decay exponentially from the surface over what’s called

the London penetration depth (λL), with the bulk of the sample having B→0 [25].

Two types of superconductors exist, for type 1 superconductors there is a total flux expulsion

at low fields but, when the applied field exceeds a critical field (Bc), the field is able to fully

penetrate the superconductor and it enters the normal state. However, some superconductors

will only partially exclude flux in a higher magnetic field, preventing perfect diamagnetism and

creating a mixed state, these are called type 2 superconductors. Type 2 superconductors are

perfectly diamagnetic below a critical field (Bc1), and when the external magnetic field exceeds

Bc1, magnetic flux can penetrate in quantized units forming what are frequently referred to as

vortices. Vortices consists of cores in the normal state, where B has a maxima, surrounded by

superconducting regions with decaying field and circulating current. For higher applied fields, the

vortices start overlapping, increasing the average field inside the superconductor. As the applied

field increases, an upper critical field (Bc2) is reached and the material becomes normal everywhere.

As shown in Figure 1.1, all critical fields are temperature dependent.

Type 2 superconductors can be further described as alloys and compounds which exhibit a

mixed-state above Bc1. All superconductors which have a practical application are type 2. The

magnetic behavior of type 2 superconductors described above is reversible but can only be seen in

extremely clean and homogeneous materials, which are actually not useful for high field applications.

For example, consider applying a transport current to a type 2 superconducting slab in an

applied magnetic field as shown in Figure 1.2. A force is exerted on each vortex by the interaction

of its magnetic field with the transport current, causing them to move from one side of the slab

to the other (-x to +x in this image). The movement of these vortices across the slab generates

an electric field in the superconductor which has a component in the same direction as J, giving

rise to ohmic losses. This dissipation can ultimately drive the material into the normal state. The

onset of this ohmic behavior defines a new critical parameter, where at a given temperature and

field, there exists a critical current density (Jc) that can be carried by the superconductor without

dissipation. While this dissipation readily occurs in pure, homogeneous samples (Jc = 0), defects

within a superconductor are able to pin the vortices and prevent flux flow, resulting in no voltage or

resistance. This pinning force (Fp) is a short-range force that holds the core of a vortex in place at
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interfaces such as grain boundaries, vacancies, dislocations, interstitial defects, secondary phases,

etc. [24].

Figure 1.1: Magnetic phase diagram for type 2 LTS superconductors. Below Birr the
vortices are mostly pinned and Jc>0. Above Birr many vortices become unpinned and
can move reversibly but with dissipation, resulting in loss of current flow (Jc=0). Above
Bc2, the applied field has fully penetrated the material, and it transitions into the normal
state.

The result of increasing the pinning strength is that a higher Jc can flow in the superconductor.

Thus, it is of high interest to study the most favorable distribution of pinning centers for a material.

Since Jc is field dependent a new magnetic phase boundary called the irreversibility field (Birr) can

be identified. The phase below Birr can be considered a flux solid, with vortices pinned and Jc>0

. Above Birr, many vortices become unpinned and can move reversibly but with dissipation as a

flux liquid, resulting in loss of super current (Jc=0 ) as shown in Figure 1.1. Above Bc2, the applied

field has fully penetrated the slab, and it transitions into the normal state.

Since the high field magnets needed to measure Birr are not always available, it is commonly

estimated by making measurements of Jc vs applied magnetic field in the 10-15 T range and extrap-
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Figure 1.2: A slab of type two superconductor in an applied magnetic field carrying current
(J ) in transport. The gray cylinders represent vortices, and B is the applied magnetic
field. The vector ν points in the direction of flux line movement. Reproduced from [26]

olating the field to when Jc=0. Perhaps the most common extrapolation comes from the Kramer

universal scaling law [27], which has the form shown in Equation 1.1. Birr is then approximated at

the field where BK = 0.

BK = J0.5
c ∗B0.25 (1.1)

All three superconducting parameters, Tc, Birr, and Jc vary with the superconducting material,

and the fabrication processes. Since Birr is temperature dependent and Jc is both temperature and

field dependent, a “critical surface” that describes a superconductors performance limits can be

drawn for each superconducting material (Figure 1.3). The left plot shows the two main low tem-

perature superconductors (LTS), with Nb3Sn substantially increasing the critical surface compared

to NbTi. For example, Bc2 increases from about 12 T in NbTi to 23-26 T in binary Nb3Sn. On

the right, the introduction of high temperature superconductors (HTS) further expands the sur-
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face, most notably the field range has increased to an estimated 250 T in the case of YBa2Cu3O7,

potentially allowing the production of very high field magnets.

Figure 1.3: (a) The critical surface of both LTS conductors NbTi and Nb3Sn reproduced
from [28]. (b) With the addition of HTS conductors, the critical volume expands substan-
tially [29].

The most useful way to compare materials and fabrication methods is to collapse the critical

surface by setting the temperature at a constant 4.2 K, and then plot the critical current vs applied

magnetic field as shown in Figure 1.4 ([30]). Here it becomes much more apparent which super-

conductors are suited for different applications. For example, in the low field regime below about

10 T NbTi is the most practical choice, whereas above this field Nb3Sn becomes the next preferred

choice in most cases. While the high Jc and weak field dependence of the HTS conductors look

promising, they are still not mature enough to support the needs of the commercial magnet indus-

try, and the LTS conductors NbTi and Nb3Sn remain the primary choice for nearly all commercial

superconducting magnets which have been made to date.
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1.3 What is Nb3Sn?

Nb3Sn is an intermetallic compound that has an A3B (A15) phase structure, and its Tc is

strongly dependent on Sn content which ranges from 18-27at%Sn (though wires typically have a

maximum of 25at%Sn). This range of possible Sn content allows Tc to vary from 18.3 K [31] at

stoichiometry (Nb25at%Sn) to a low value of about 6 K (Figure 1.5) [32]. This Tc distribution gives

rise to a range of superconducting properties and causes both Bc2 and Jc to vary. Additionally, the

presence of dopants in the A15 phase can effect Bc2, with generally 1-2at%Ti and/or Ta increasing

Bc2 from about 26 T to 29 T [33].

Figure 1.5: The Tc of Nb3Sn has a strong dependence on Sn. The max Tc at stoichiometry
is 18.3 K, while the lowest Tc is at 6 K. Image reproduced from [32]

1.3.1 How are Nb3Sn wires fabricated?

All modern Nb3Sn superconducting wires are multifilamentary and can be essentially separated

into two components: the filaments containing materials to form the superconducting Nb3Sn A15

phase, and the non-superconductor area, which is typically a pure Cu stabilizer in which the

filaments are embedded, required for magnet stability. With this composite wire, it is common

to define Jc as a non-Cu Jc, considering only the area of the filaments. In this dissertation Jc
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will always calculated with respect to the unreacted filament area. The pure stabilizer Cu acts

as an auxiliary pathway for current when a superconducting filament is locally compromised and

cannot transport the full current. This Cu stabilizer matrix then needs to be pure to have very low

resistivity. The quality of the Cu is determined by its residual resistance ratio (RRR), calculated

by dividing the resistivity at room temperature by the resistivity just above Tc (Equation 1.2).

Since the Cu resistivity rapidly increases with even very small amounts of Sn, filament integrity is

essential to maintain the high purity of the Cu.

RRR = ρ(300 K)/ρ(19 K) (1.2)

Unlike its constituent elements, Nb3Sn is brittle, and the A15 phase must be formed in-situ,

with typical reactions in the 620-690 ◦C range for time up to hundreds of hours. Historically, Nb3Sn

has used several techniques of converting ductile Nb and Sn into the superconducting Nb3Sn A15

phase. This included sintering [34], diffusion [35, 36], vapor deposition [31, 37, 38, 39], sputtering

[40, 41, 42], a Nb tape dipped in molten Sn by GE [43], and even by shockwave [44]. The three

current methods of conductor fabrication are bronze route [45], internal Sn as Rod Restack Process

(RRP) [46] or Modified Jelly Roll (MJR) [47, 48], and Powder-In-Tube [49, 50].

The most simple and practical Nb3Sn wire is made by the bronze route [51] where Nb rods

are embedded in a Cu-Sn matrix and then drawn to final size. However, the Cu-Sn bronze solid

solution which is ductile can only dissolve ∼9at%Sn, thus defining a limit to the amount of Sn,

and therefore superconducting volume of A15 that can be formed, limiting the Jc(12 T, 4.2 K) to

∼1200 A/mm2 [52].

In the internal Sn RRP method, the core of each superconducting filament is solid Sn which

can be lightly alloyed with Cu [53] in order to strengthen mechanical properties. This solid Sn

core is then surrounded by a Cu matrix embedded with many Nb rods as described in [54]. In this

configuration, distributed diffusion barriers prevent the Sn from diffusing into the Cu stabilizer,

and the Nb rods provide the Nb to form the A15 phase. RRP wires have Jc(12 T, 4.2 K) as high

as ∼2,900 A/mm2 with filament sizes in the 40-70 µm range [55]. Notably, the Jc of todays RRP

conductors degrades when the filament diameter goes below about 50 µm [54]. Maintaining Jc at

small deff is important for high field accelerator magnets.
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In the PIT process, conductors are made by essentially filling a Nb tube with a Sn-rich NbSn2

powder, cutting, and restacking to develop a multifilamentary wire. The historical development of

this conductor and more technical details are discussed in the following section.

1.3.2 Development of Powder In Tube (PIT) Nb3Sn wires

The PIT method of producing high Jc superconducting wires was first proposed at the Nether-

lands Energy Research Foundation (ECN) in 1975 by Van Beijnen and Elen who manufactured

wires from vanadium tubes filled with powders of V2Ga5 or VSi2 mixed with Cu, where Cu was

added to lower the A15 formation temperature in the subsequent reaction to form superconducting

V3Ga or V3Si [56]. The process was soon applied to Nb3Sn using Nb tubes with NbSn2 and Cu

powders [57], ECN then produced wires with up to 180 filaments and an A15 Jc−layer (12 T,4.2 K)

of 2200 A/mm2 [58], a value 2-3 times the best bronze route conductor at the time. Here the

Jc−layer is calculated by considering only the A15 area rather than the entire non-Cu.

By 1990 a 192 filament Nb3Sn PIT wire was a standard configuration being manufactured in pre-

production quantities with a non-Cu Jc(12 T, 4.2 K) of 1700 A/mm2 [59]. Shape Metal Innovations

(SMI) in the Netherlands then took over the process, focusing on two wire architectures: a 36

filament for very high field applications, and a 192 filament for high energy physics (HEP) magnets

[60]. Continued optimization of filament size, powder quality, and manufacturing techniques led

to a ternary A15 phase wire. In this case the wires were made with 192 Nb7.5wt%Ta tubes (Ta

improves the high field performance [61]) typically containing NbSn2 and Cu powders.

In 2002, PIT wires from SMI were thoroughly characterized [61] and, after heat treatment (HT),

produced volume fractions of: 50% A15, 25% residual tube acting as a diffusion barrier (DB), and

25% residual core originally filled with NbSn2 and Cu (Figure 1.6) [61]. This wire had a non-Cu

Jc (12 T, 4.2 K) of ∼2300 A/mm2, a 40% increase since 1990, with the Jc−layer nearly doubling to

4280 A/mm2 in just over 20 years. These improvements were thoroughly characterized by digital

micrograph analysis [62], magnetization [63], and strain dependence [64] among other techniques

summarized in [65].

In 2006 European Advanced Superconductor (now: Bruker EAS) acquired the PIT technology

from SMI. In addition to increasing production to the industrial scale, they also improved the

design in two significant ways: one by switching from hexagonal to round filaments (allowing the

radial A15 reaction to use the Nb-Ta tube more efficiently), and two by reducing the filament
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Figure 1.6: Image reproduced from [61]. FESEM-BSE images of polished, transverse
cross-sections of a 192 filament PIT binary composite wire from ShapeMetal Innovation,
Holland. The filament diameter is approximately 52 µm. In the right image, the dark
circular regions are the filament cores, the light annuli are the reacted Nb3Sn layers, the
outer regions of the filaments contain unreacted Nb and the matrix is Cu. Both images
depict a 675 ◦C 47 hour heat treatment.

Figure 1.7: FESEM-BSE images of polished, transverse cross-sections of an unreacted
(left) and reacted (right) Bruker PIT wire 1 mm in diameter with 192 superconducting
filaments organized into seven rings within a matrix of stabilizing Cu. Inset image is of a
typical filament from inner ring 1. Black is void, the next darkest phase is Cu, then the
Nb-Ta barrier, with the thick annulus of Nb3Sn appearing brightest.
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diameter. PIT wires also see a degradation in Jc as filament size is reduced, however in PIT Jc

begins degrading below ∼40 µm [66] rather than at 50 µm for RRP. These redesigned PIT wires

resulted in an increase of Jc (12 T, 4.2 K) to 2500 A/mm2 by 2010 (described in this dissertation).

The PIT wires analyzed in this thesis were manufactured by Bruker European Advanced Su-

perconductor and, once brought to final size, consist of 192 filaments (or 156 in one wire). Each

monofilament is made of a Cu-clad Nb7.5wt%Ta tube inscribed by a thin Cu sleeve, containing

mostly NbSn2 and Cu powders as shown in the left side of Figure 1.7. The outermost Cu is for

electrical stabilization.

1.4 Two main competing conductors: PIT and RRP

For future Nb3Sn accelerator applications which demand much higher Jc, the only viable con-

ductors currently available are internal-Sn (as RRP) and PIT, both processes currently dominated

by Bruker as either Oxford Superconducting Technology (B-OST) or European Advanced Super-

conductors (B-EAS) respectively, both with Jc at or above 2500 A/mm2 [49, 67].

Geometric distortion of the filaments during fabrication of the PIT strand leads to variation in

the residual thickness of the diffusion barrier (DB), opening up the possibility of Sn leaking into the

Cu if the A15 front locally reacts through the DB, reducing RRR. The quality of the Cu is directly

correlated to high RRR, and maintaining its purity is essential for electromagnetic protection of

the magnet. After a full reaction, the non-Cu area is composed of a residual Nb-7.5wt%Ta DB (20-

24%), an annulus of superconducting A15 (50-60%), and a remnant core (19-24%) which contains:

alpha (α) and epsilon (ε) Cu-Sn phases, disconnected A15 grains, and voids (Figure 1.7). The

connected, superconducting A15 layer is further broken down into two morphologies: the desired

small grain (SG) A15 which is 70-75% of the A15, and 25-30% of large grain (LG) A15 which does

not carry any current [68]. This is because the large grains of A15 are largely disconnected from

each other, or otherwise have Cu in the grain boundaries which creates a superconducting-normal-

superconducting pathway, preventing current flow (Figure 1.8). Additionally, the grain boundary

density is too low to provide effective vortex pinning. As only the SG A15 layer carries current,

we can further consider the quality of the A15 by defining a Jc−layer that is normalized over only

the A15 area which carries current in transport. For both PIT and RRP we normalize this Jc

over the SG A15 layer, for PIT this is 40-45% of the non-Cu cross-section, while for RRP the SG
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A15 is about 60% of the non-Cu area (Figure 1.9). Typical Jc−layer values for PIT range from

5500-6500 A/mm2, while RRP is slightly lower, varying from 4500-5300 A/mm2 [69].

Figure 1.8: FESEM-BSE image of a polished, longitudinal cross-section of a filament in
a reacted Bruker PIT wire. The cross-section is partially colored to distinguish between
phases and morphologies. Nb is colored in gray, SG A15 in green, LG A15 in red, and Cu
in orange. In this longitudinal cross-section the large, poorly connected grains of A15 are
clearly seen, as well as the penetrating Cu-rich phases.

In a recent detailed evaluation of a 54 filament Nb7.5wt%Ta RRP conductor by Tarantini et

al., a Jc(12 T, 4.2 K) of 3,000 A/mm2 was obtained in a wire whose sub-elements are made of

∼60% A15, and a protective residual DB of only ∼7%, [69], substantially less than PIT wires.

RRP designs, however, have recently evolved to a greater number of sub-elements (108 to 169) and

with the finer filament size, the DB fraction increases to ∼10% and the Jc drops to ∼ 2750 A/mm2,

diminishing the difference between PIT and RRP. Nonetheless, for RRP wires most of the A15

phase is well connected SG A15, and the amount of disconnected or LG A15 is small enough that

it is difficult to even measure [70].

Tc variation with Sn content. In Nb3Sn PIT conductors there tends to be a substantial

Tc gradient within the superconducting layer, dictated by the Sn content in the A15 phase (Fig-

ure 1.5) [32]. The effect of such a gradient has been thoroughly investigated in [68] and is most
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Figure 1.9: Reproduced from [54]. (a) A sketch of a standard sub-element cross-section
before reaction. (b) a fully reacted RRP sub-element showing the monolithic Nb3Sn ring
that is formed after reaction.

easily characterized by correlating the results from various measurement techniques, including heat

capacity, magnetization, and microstructure from SEM image analysis (Figure 1.10). The results

show a clear distribution of Sn related directly to the different A15 morphologies present in the

wire. Considering the position of the Sn source at the filament center, and the outward radial

diffusion, the morphology with the highest Sn content, and therefore Tc, is the disconnected A15

grains in the filament cores with Tc above 18 K. Continuing to move radially outward from the Sn

source, the LG A15 has Tc from 17.5-18 K, immediately followed by the equiaxed SG A15 which

spans 17-17.5 K. The morphology of A15 furthest from the Sn source is a layer of columnar grains

at the Nb-Ta diffusion barrier which generates a low Tc tail extending down to 6 K. As Tc decreases

with reduced Sn content, optimized reactions should diffuse as much Sn as possible into the A15

layer to homogenize the Sn content near stoichiometry.

Grain boundary pinning. Since grain boundaries in the SG A15 act to pin vortices, keeping

the A15 grains as small as possible is integral for a successful A15 reaction. Typically the grain

size should not exceed 200 nm for a practical conductor (Figure 1.11), and more recent results have

shown the SG A15 in PIT conductors to be in 90-110 nm range (chapter 3).

The two requirements for an optimized HT that we focus on here are that RRR should not

degrade below 150 and that Jc (12 T, 4.2 K) should exceed 2450 A/mm2. Throughout this disser-
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Figure 1.10: Tc distribution of the A15 phase for a Nb3Sn PIT wire reproduced from [68].
(a) The shielded radius versus temperature estimated from the magnetization measure-
ment. (b) Tc distribution of the A15 phase for the PIT wire. The inset magnification
shows the high temperature region. The vertical lines correspond to the Tc of the different
interfaces in the filament as determined by (a)

tation samples may be identified by their final HT temperature and time (e.g. 625 ◦C for 280 h

is 625/280) and their wire diameter. The tight constraints on high Jc and high RRR meant that

optimized heat treatments varied only from 620 ◦C to 670 ◦C for 50-240 h.

1.5 Bundle barrier PIT wires

A new architecture of Nb3Sn PIT wire was designed in order to address the limitation of A15

volume formed, while also maintaining a high RRR. The ’bundle barrier’ PIT design has increased

Sn in the core compared to previous designs, allowing for longer reaction times to form more

superconducting A15. However, since longer reactions tend to degrade RRR, the addition of a

bundle barrier was made which surrounds the filament bundle, the purpose being to maintain a

high purity annulus of Cu on the outside of the bundle barrier for electrical stability (Figure 1.12).

BEAS sent nine wires to the ASC for analysis of microstructure and electrical properties, both to

be discussed in section 5.2. The bundle barrier samples received had variations in Sn content, and

while BEAS did not want to disclose the exact at%Sn in the core, they advised the wires were either

medium, high, or very high Sn. The implication is that the previous, non-bundle barrier wires have
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Figure 1.11: A semi-logarithmic plot showing the maximum pinning force as a function
of reciprocal grain size, average grain size is included at the top for reference. The lower
data points are normalized over the non-Cu area, while the upper, closed circle data
points (Fisher A15 layer 2002) were normalized only over the A15 layer, providing a
higher pinning force.

a comparatively ’low’ Sn core. Other factors that were changed were the Cu:non-cu ratio, filament

size, bundle barrier thickness, and ratio of Cu inside and outside of the bundle barrier. The best

bundle barrier wire showed a marked increase in Jc(12 T, 4.2 K) up to 2658 A/mm2, with another

wire showing Jc−layer>7000 A/mm2.

1.6 Motivation for this work

The most widely used process for manufacturing Nb3Sn to date has been the bronze route [51],

however this process can only achieve Jc (12 T, 4.2 K) on the order of 1200 A/mm2 [52], much too

low for accelerator magnets [66, 73]. This leaves PIT and RRP wires as the primary candidates for
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Figure 1.12: On the left is a schematic overview of the bundle barrier wire [71], on the
right is a 0.85 mm diameter, unreacted bundle barrier wire fabricated by Bruker EAS [72].

such magnets, to date reaching a maximum Jc(12 T, 4.2 K) of ∼2700 A/mm2 and 3000 A/mm2

respectively [74, 75]. While RRP surpasses PIT in maximum Jc(12 T, 4.2 K), PIT develops a

higher Jc−layer of now ∼7000 A/mm2, RRP achieving ∼5200 A/mm2 [69], in both cases RRR >

150. However, these Jc values have remained rather stagnant for nearly 15 years.

The development of Nb3Sn as an accelerator conductor is currently being driven by the prospect

of upgrading magnet systems, such as the Large Hadron Collider (LHC) at CERN where the High-

Luminosity Upgrade will rely on Nb3Sn for generating higher magnetic fields in both dipoles and

quadrupoles, in addition to the cable test magnet FRESCA2 [74]. Future R&D on Nb3Sn might be

at an end except for the Future Circular Collider (FCC) [66], which enumerates three main goals in

developing the conductor further: develop fine filament size (<20 µm), maximize Jc (>1500 A/mm2

at 16 T, 4.2 K), and maintain electromagnetic stability by keeping the RRR of the stabilizing Cu

>150 before cabling [66, 76]. While RRR, Jc, and deff requirements may be satisfied independently,

a wire which satisfies all three is still challenging.

To determine if the powder-in-tube process could be improved and satisfy the FCC requirements

we thoroughly characterized the present wire by observing phase evolution, microstructure, and

filament deformation, correlating all three to draw comprehensive conclusions. This suggested

multiple routes for improvement, resulting in the fabrication of a bundle barrier PIT wire. We

additionally explored heat treatment variation as a possible method to improve the conductor.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

There are many tools and techniques available to study applied superconductivity, and in this

chapter I will discuss some more common techniques employed in this dissertation, and how novel

techniques were designed to improve both the accuracy and the speed of the analysis. The majority

of our work depended on heat treating wires in a reaction furnace and then imaging the reacted

wires in a Field Emission Scanning Electron Microscope (FESEM) to observe the microstructure

and the morphologies of A15 which form. Just as important as the SEM images is our suite of digital

imaging analysis tools to measure areas and shapes of specific components of wire cross-sections,

correlating them with RRR and Jc. We also made many of the Jc and RRR measurements at the

ASC using a 15 T solenoid magnet and Physical Property Measurement System. We additionally

used a Differential Thermal Analysis (DTA) technique which provides more data on the phase

evolution than by microstructural analysis alone.

I additionally designed a few novel analysis techniques. This included a progressive etch-and-

measure technique to deconstruct RRR or Jc profiles by each filament ring within a wire, and what

I call “metallographic tomography”, whereby detailed features can be measured along a length of

wire by SEM imaging rather than X-rays. To further extend the power of our digital imaging, Peter

Lee at the ASC has created many macros and other imaging tools which allow the comprehensive

analysis to be done with high accuracy and statistics in a practical time scale. The results of these

experiments will be presented and discussed in the following chapters.

2.1 Digital imaging

2.1.1 Sample preparation

For any digital imaging, proper sample preparation is important for getting reliable data. The

two biggest considerations are that the sample must be as flat as possible, and there must be a

conductive path for electrons to leave the sample and avoid over charging during SEM use. If there

is no conductive path, electrons will continue to build up, and the area becomes more saturated
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and appears brighter. This build up continues until there is a high enough potential to discharge

across the sample as bright horizontal lines. These discharge lines make the images unusable for

analysis as the discharge line shifts the boundary between phases. This effect is clearly seen at the

wire edge in the inset image of Figure 2.1.

To provide a conductive path, the wires are mounted for imaging in a puck made from a pow-

dered conductive filler, which upon heating and increased pressure, sinters into a solid conductive

puck. Holes can then be drilled in the puck and small lengths of wire (∼1 cm) are inserted into

each hole and then covered with powdered filler, again pressed and heated into a solid puck, but

now with embedded wires. The temperatures and pressures reached in the mounting press are not

high enough to react the wires; however, in some cases where we try to observe small compositional

gradients early in the reaction, we chose to use a conductive epoxy. This is simply made by adding

a very fine conductive powder to an epoxy before curing.

After preparing a conductive puck, it must be polished to ensure a flat surface. A flat surface is

required because rough surfaces create a poorly defined measurement condition whereby geometric

effects cause changes in how the electrons scatter and are absorbed in the SEM [77]. Buehler Ecomet

250 auto-polishing machines were used for most of the polishing, allowing for great control over how

much force is applied and the rotation speed of the head and base. The polishing procedure begins

by removing about 1 mm from the top of the puck with a coarse silicon carbide (SiC) polishing

pad to remove any damage from cutting the wire prior to mounting. We then increase the grit

size from 320, 400, 600, to 800, consistently decreasing surface roughness by removing the previous

pads damage. These grit sizes are based on the average SiC particle size after passing through

various sieves, and are shown in Table 2.1 [78]. For example, after the 800 grit polishing step, we

should be able to separate any features that are larger than 13 µm. At this polishing resolution,

we switch from SiC pads to a nylon pad that is used in combination with a diamond suspension

containing particle sizes of either 6, 3, or 1 µm. After serial polishing with diamond suspensions of

decreasing particle size, the conductive pucks are put into a Buehler Vibromet vibratory polisher,

using a 50 nm colloidal silica solution to reach the surface smoothness required for the SEM.

After some hours in a vibratory polisher, the sample surface is cleaned with a nylon pad and

metallographic soap to remove any stains from the surface that would affect the quality of the

image. At this point, it is not uncommon to further increase the conductivity of the puck by
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Figure 2.1: FESEM-BSE image of a polished cross-section showing the effects from over-
charging. Areas on the right side of the image are white from a build up of electrons in the
conductive filler. This build up will discharge, causing horizontal lines across the entire
image as shown in the inset, shifting the boundary between phases. This effect is clearly
seen at the wire edge of the inset image.

coating the surface with carbon, or using silver paint to draw conductive paths around the wires.

However, we found this was unnecessary and rarely encountered overcharging issues as as shown in

Figure 2.1.

2.1.2 Microscopy and the Scanning Electron Microscope (SEM)

All digital imaging was performed on a Zeiss 1540 Crossbeam R©(XB) or Energy Selective Back-

scatter (EsB) Field Emission Scanning Electron Microscope (FESEM), nominally identical for our

use. Nb3Sn wires are predominately imaged by using a back-scattered electron (BSE) detector,

whose intensity in the FESEM is sensitive to atomic number (Z), with phases of a higher effective

Z appearing brighter in the BSE image as shown in Figure 1.7. In this figure, the brightest phase
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Table 2.1: Grit size of SiC pads and their corresponding average particle size in µm. After
the 800 grit step, features larger than 7.8 µm can be distinguished.

ANSI grit average particle size (µm)

320 29.5

400 18.3

600 10.6

800 7.8

Table 2.2: Elements and phases of interest for Nb3Sn PIT wires and their corresponding
atomic weight. In the case of compounds, an atomic average of constituent elements is
used as an effective atomic weight. The larger the atomic weight, the brighter the phase
will appear in the SEM

Element or Phase atomic weight (amu)

Cu 63.5

Epsilon (Cu3Sn) 77.3

Eta (Cu6Sn5) 88.6

Nb 92.9

Nb4at%Ta 96.4

Nb6Sn5 104.6

NbSn2 110.1

Nb3Sn 112.3

Sn 118.7

Ta 180.9

is the Nb3Sn A15 phase, while the darkest phase is Cu, and voids are in black. The elements and

phases of interest to this work are provided with their atomic mass in table Table 2.2.

After a full reaction, the phases of interest are the Cu stabilizer, the remaining Nb4at%Ta

diffusion barrier, the superconducting Nb3Sn A15 phase, and remnant Cu and Sn phases in the core.

Fortunately, these phases are sufficiently different in atomic weight to allow for quick identification.

On the other hand, there are multiple points during the phase evolution before the A15 formation is

complete where some phases can be quite difficult to distinguish. Under 200 ◦C, for example, it can

be challenging to distinguish between the η phase (Cu6Sn5) in contact with the Nb4at%Ta diffusion

barrier. Additionally, it is difficult to distinguish between all of the Nb-Sn phases above 630 ◦C:

NbSn2, Nb6Sn5, and Nb3Sn. Fortunately, only two of the three Nb-Sn phases exist simultaneously;
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first NbSn2 + Nb6Sn5 around 630 ◦C, and a short time later the Nb6Sn5 + Nb3Sn. To better

distinguish between these phases and the boundary between them, we apply image enhancements

via ImageJ [79] or Photoshop, as discussed in the following section, subsection 2.1.3.

When imaging any samples, the penetration depth of the primary electron beam should be

considered to ensure a representative volume is being sampled. Figure 2.2(a) shows the relative

penetration depth between different signals, and in (b) the clear dependence of penetration depth

on accelerating voltage is shown in a simulation, where blue tracks are primary electrons that

terminate in the sample, and the red tracks are primary electrons which ultimately escape as BSE.

In addition to separating phases by back-scatter contrast, we frequently use Energy Dispersive

X-ray Spectroscopy (EDS) to more accurately identify chemical compositions. This is useful if

specific compositional information is needed. For example, the A15 phase can easily be separated

in the filaments by contrast alone; however, this provides no information on the Sn composition

within the A15 phase, which can be measured by EDS. One limitation to the EDS is that the

sampling volume required to get a reliable signal is substantially higher than other microscope

techniques such as BSE or secondary electron imaging as shown in (Figure 2.2) [80]. For EDS, we

measure X-rays that are generated deep within the interaction volume which must be uniform for

accurate compositional data. Since the interaction volume may be as large as a 1 µm3, features that

are smaller can be difficult to measure without sampling the surrounding area and introducing signal

from undesired phases. Additionally, to excite peaks of a desired energy, the accelerating voltage

needs to be at least 1.5x the peak energy [81] (though 2x is best if possible), and the sampling

volume increases with the accelerating voltage. This means for higher energy peaks of interest,

such as Ta and Cu whose α-lines are around 8 keV, we need to ensure a large, uniform volume so

that the signal is only generated from the phases and elements of interest. These constraints limit

the spatial resolution of EDS to the micron range in many cases rather than nanometer range as

we see for BSE. This mostly limits our ability to detect small amounts of Ta and Cu in the different

Nb-Sn phases during the phase evolution under 400 ◦C.

2.1.3 Digital analysis of SEM images in FIJI

After imaging in the SEM, we can use image analysis software to quantitatively measure the area

fractions of each phase, the thicknesses of the remaining Nb(Ta) barrier, and geometric features such

as aspect ratio. This analysis is made possible by the widely used open-source software package,
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Figure 2.2: Different detectors make use of different sampling depths. While secondary
electrons (SE2) is very shallow, back scattered electrons (BSE) come from a larger and
deeper volume, closer to the depth of X-rays generated in EDS (a). In (b), a simulation
of interaction volume vs accelerating voltage is shown, where blue tracks are primary
electrons that terminate in the sample, and the red tracks are primary electrons which
ultimately escape as BSE. Image adapted from [80].
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FIJI [82] (based on ImageJ [79]), allowing us to make high precision comparisons between samples.

In addition, Photoshop is occasionally used to supplement missing features in FIJI. Beyond standard

tool-sets native to FIJI, Peter Lee at the ASC has enormously expanded its capabilities by creating

macros and other image analysis programs that allow rapid characterization of many images on a

practical time scale, including options for labeling and preparing images for publication.

Since the contrast in the BSE images is provided by the variation in atomic weight, each phase

can be associated with particular gray values that range from 0 (black) and 255 (white). However,

there is no standard calibration to the gray value of a phase in a histogram, and the mean gray

value for a phase will vary depending on many factors in the microscope, such as accelerating

voltage, back-scatter detector voltage, and working distance. There are additional influences from

within the sample, most notably grain orientation. While grains with different orientations are not

far apart in gray value, it is enough to cause each phase to form a Gaussian distribution around a

average gray value (Figure 2.3). The important consideration is to make sure no part of the image

is saturated as either white or black, and if possible to ensure a clear minimum between phases on

the histogram.

The main mechanism for accurate image analysis is to “threshold” the image so that the 255

gray channels collapse into a binary distribution of only black and white. This is done by selecting

a gray value in the histogram such that every pixel with a gray value beyond the threshold value

will become white, while those below the threshold value become black. After thresholding, groups

of black and white pixels can be measured for area or shape.

This works well for samples that are extremely clean and flat because nearly all of the image

contrast is provided by the atomic weight of the phase. However, if there are any stains, dust, or

scratches on the sample, erroneous features can arise during the threshold that do not match the

surrounding area (i.e. a dark speck of dust in the light A15 phase). This software allows us to

isolate the Cu area from the filaments regardless of such features, allowing an accurate analysis

even with polishing artifacts present. Consider the histogram in Figure 2.3, I chose a threshold

value of about 200, which converts all of the pixels below 200 (this includes the Cu and void area)

into black pixels, while those pixels beyond the threshold value (the Nb-Ta DB and A15 phases)

will become white (Figure 2.4b). Now we can select the continuous black area in Figure 2.4b,

which corresponds to the stabilizer Cu, and then use the software to select the opposite area (the
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Figure 2.3: A histogram showing the gray value distribution of the wire cross-section
shown to the right. The top histogram is a full overview of all 255 gray values, with the
bottom histogram a magnification of the range 155-255.

filaments) and then fill them as white Figure 2.4c. We can then invert the colors in (c), to produce

(d). To move to the next step in the image analysis, we select all black pixels in Figure 2.4d, and

then copy the area out of the original image (Figure 2.4a), to separate the Cu (Figure 2.4e), and

produce an image with only filaments (Figure 2.4f) .

The process shown in Figure 2.4 gets us through the first step in our image analysis, which

is to determine the Cu:non-Cu ratio. This is done at a relatively low magnification of 90-100x,

corresponding to a resolution of ∼373 nm per pixel. For the next stage of the image analysis,

we could carry forward only the filaments from (Figure 2.4f), however we need higher resolution

to accurately measure the different A15 morphologies. For the remaining image analysis I took

images at a higher magnification of 300-700x where the resolution improves to 123-52 nm per

pixel respectively. The process of thresholding is now repeated to separate the Nb-Ta barrier from

the A15 layer (Figure 2.5), This Nb-Ta layer can be used to determine the occurrence of barrier

breakthrough, where the residual Nb-Ta layer thickness goes to zero and the A15 phase is in direct
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Figure 2.4: The top row contains an FESEM-BSE image of a polished cross-section (a)
and its binary image from thresholding to separate the Cu and non-Cu areas (b). In the
center row, the Cu stabilizer is shown on the left (c), and the filament areas are shown on
the right (d). In the bottom row, we used the black areas from the middle row as selection
areas in the original image, allowing us to separate the Cu (e) and non-Cu (f) areas.
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contact with the Cu stabilizer. We can continue in this fashion, carrying forward everything within

the barrier, and then separate the A15 layer from the remnant core (Figure 2.6). The remnant

core can then be easily separated into A15, Cu, and void that arises from the porous initial powder

(Figure 2.7). We show each image with its histogram, the dashed lines labeling the approximate

phase boundaries to compare as different layers are removed from the image cross-sections.

All of these steps are readily reproducible, and in many cases macros can be made in FIJI

that can process a folder containing many images automatically. The one exception to this is the

separation of the small and large grain A15 morphologies as they have the same atomic weight,

and therefore the same contrast, which is indistinguishable in terms of gray value. The LG and

SG A15 layers must then be manually traced and separated. While this is not exactly reproducible

compared to choosing a single gray value to threshold, steps can be taken to ensure nominally

identical values when the same measurement is made independently over multiple trials.

For example, in Photoshop we can use the ’magnetic lasso’ tool, magnetic in the sense that it

is attracted towards pixels within a selection area of particular contrast set by the user. As an

example, we might set the selection tool diameter to 10 pixels, and the contrast to 10%. Then,

within the selection circle, Photoshop will try and find the pixel closest to a 10% contrast difference

with its surroundings (Figure 2.8). This is helpful in the case of separating A15 morphologies

because of the Cu precipitates that tend to form between the LG and SG A15 layers. While not

continuous enough to allow for automatic separation via thresholding, these small Cu islands still

provide anchors of contrast that allow the magnetic lasso to grab on to a reasonable perimeter,

and, because these are real features in the wire, it is closely reproducible.

Additionally, the magnetic lasso tool can be made more effective by applying the ”levels” option

in Photoshop. This allows a small range of gray values to be stretched over all 255 channels which

increases the overall contrast (Figure 2.9). This is particularly helpful to further improve the

magnetic lasso tool that depends on the contrast within the selection circle. However, this method

should only be used to increase contrast in a narrow range of values (just the A15 layer for example),

as this method pushes all of the pixels outside of the chosen range into either black or white values.

In Figure 2.9 the Cu gets shifted into the black and the filament cores all appear very dark except

for the bright spots of A15.
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Figure 2.5: FESEM-BSE image of a polished cross-section (left) which has been thresh-
olded to separate the Nb-Ta diffusion barrier from each filament. On the right is the
histogram showing the distribution of gray values in each image, and where the phases
were separated.
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Figure 2.6: FESEM-BSE image of a polished cross-section (left) which has been thresh-
olded to separate the A15 layer (top) and the remnant core (bottom). On the right is the
histogram showing the distribution of gray values from each image, and where the phases
were separated. While we see some dark spots in the A15 layer at the top, there are only
∼1600 dark pixels spread out over about 150 channels, and so it appears as 0 pixels on
this scale
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Figure 2.7: FESEM-BSE image of a polished cross-section (left) which has been thresh-
olded to separate the core into A15, Cu, and void areas. On the right is the histogram
showing the distribution of gray values from each image, and where the phases were sep-
arated.
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Figure 2.8: FESEM-BSE image of a polished cross-section with “levels” applied showing
how the magnetic lasso tool in Photoshop can be used.
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Figure 2.9: FESEM-BSE image of a polished cross-section (top left) and its histogram (top
right). After removing the Cu layer, we take the remaining filaments (whose gray values
span ∼ 165-230) and redistribute them over all 255 channels by using the levels function
(shown in lower left). This provides more contrast to aide in the manual separation of the
SG and LG A15 layers.
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2.1.4 Color mapping images by a chosen variable

A useful tool for visual analysis of images is a color map which can represent data in a 3D

color-space where the dimensions are lightness (L), green-red (a), and blue-yellow (b). These 3

variables allow for a mathematical model which can describe all perceivable colors. Here I will try

to pull out the key points needed to understand why we have chosen a particular colormap. There

are many additional resources available to expand on this abbreviated lesson, and they can be as

specific as colormaps for scientific visualization [83], or more broadly for digital image processing

[84].

Each unique colormap will have preselected values set in a look up table (LUT) which is used to

map the variable of interest. Two popular colormaps are “jet” and “rainbow”, jet is shown in the

top of Figure 2.10 which is a wire cross-section colored by filament aspect ratio (the major diameter

divided by the minor diameter). Jet is a type of colormap often described as hot-cold, or thermal

maps where the sequence of colors runs from hot (red) to cold (blue). Jet was the default option

for many years in common software suites such as Mathworks, Matlab, COMSOL, and ANSYS.

However, Jet has numerous drawbacks compared to other colormaps. The most notable is that the

lightness is about the same at either extreme of the colormap as shown in Figure 2.11 [85], so when

jet is printed in grayscale as shown in the top right image of Figure 2.10, the highest and lowest

values will both be dark. This can also create an artificially high contrast between values in the

middle region, as shown between two filaments in the left side of the wire, circled in black. Jet is

also not ideal for people who suffer from color blindness, and it may be difficult to distinguish the

color gradient. In one study of cardiologists [86], it was found that while a bright color scheme like

jet is preferred in their imaging software, doctors had less accurate diagnoses compared to other

colormaps.

In the bottom of Figure 2.10, we have applied what we believe is the best choice of color scheme,

called “viridis”. Viridis is a perceptually uniform sequential colormap which means that the color

and lightness is linear and has a monotonic gradient as shown in Figure 2.11. One benefit to this is

that in grayscale the color range simply goes from light to dark over the entire range, rather than

both ends appearing dark as in jet, making it easy to determine which are the highest or lowest

values. This also reduces the artificial contrast in the mid-range, and the same two circled filaments
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Figure 2.10: A comparison of the popular hot-cold colormap jet (top) and our preferred
color map, viridis (bottom). Each cross-section was colored by aspect ratio of the filament
on the left, and the gray-scale representation is shown on the right. While jet appears
more colorful, it does not have a perceptually uniform gradient which is why its gray-scale
image is dark on both ends of the distribution, rather than a continuous gradient as seen
in viridis. This can also can give the appearance of more contrast than is appropriate
in the mid-range, as demonstrated by the two circled filaments in the left side of both
colormaps. Such a powerful method of data representation immediately reveals that the
filaments in the outer rings are more aspected than those at the wire center.
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Figure 2.11: One of the three variables determined when making colormaps is the lightness,
shown here for a handful of common colormaps. Viridis and plasma are both perceptually
uniform and sequential, which allows gray-scale conversions to retain all of the information
provided by the color contrast. Gnuplot has a small kink in the middle, making it a non-
sequential profile which will lose information when converted to grayscale. The last two
colormaps, jet and rainbow are divergent and also have different L values at the ends,
reducing the effectiveness when printed in black and white, or comparing similar values
in the mid-range. This graphic was reproduced from [85].

appear closer in color, as one might expect given their close aspect ratios. Additionally, viridis maps

values from blue to yellow, with no red, making it more suitable for people with color-blindness.

In the original, un-altered image (Figure 2.3) it is noticeable that the inner ring filaments are

quite circular while the outer ring filaments are more elliptical, however, the gradient between

them is not that apparent until a color map is applied as in Figure 2.10. The FIJI software can

rapidly measure the aspect ratio of each filament, and after assigning colors to each value, a radial

dependence is clear. The raw data which generates the color map is discussed in chapter 4. The

benefit of color maps over raw data is the effectiveness and speed of the impact when conveying the

information to an audience. There is an excellent presentation on the practical difference between

color schemes and why viridis is superior, available for free on YouTube [87].

2.2 Electrical property measurement techniques

The main consideration for this work is to drive critical current density (Jc) as high as possible,

with the FCC goal at 1500 A/mm2 at 16 T, 4.2 K [66]. This must be done while maintaining a

residual resistance ratio (RRR) above 100 in the final cabled form, or above 150 in the pre-cabled
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wire. The experimental configurations for measuring RRR and Jc are fundamentally the same, but

the preparation is slightly different and is described in this section.

2.2.1 Residual resistivity ratio (RRR)

For RRR measurements, a Physical Property Measurement System (PPMS) by Quantum Design

was used allowing for control of the cryostat to maintain desired temperature. The magnet system

is a 9 T superconducting solenoid, however, the measurements were made in zero field. The native

instruments in the PPMS are typically used on small samples and is current-limited to about 5 mA,

but our short samples of superconducting wires may need up to 500 mA for a good signal to noise

ratio. A set of external instruments and custom software were then used with a current-limit in the

single amp range. The sample holder for the probe allows for approximately 1 cm sample length,

with current taps on the ends, and voltage taps evenly spaced along the sample ∼3 mm apart

(Figure 2.12). The current and voltage taps were attached to the sample by a silver conducting

epoxy.

Figure 2.12: An example of how samples are prepared for RRR measurements using a
standard 4-point technique.

Above Tc, the resistivity is mostly determined by the Cu resistivity, and the temperature

dependence is linear at high temperatures as shown in the left side of Figure 2.13, typical for

metals. At very low temperatures the resistivity follows the Bloch T5 law (Equation 2.2.1) before

dropping to zero in the case of superconductors, shown in the right side of Figure 2.13.
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Figure 2.13: A plot of resistivity as a function of temperature. The behavior is linear
until near Tc where the profile follows the Bloch T5 law before dropping multiple orders
of magnitude, signifying the superconducting transition. The Tc appears slightly lower
than expected due to the fast cooling rate allowing the heater and temperature recorder
to become slightly offset

ρ(T ) = ρ0 +AT 5 (2.1)

Data was taken every 0.5 s from 300 K to 16 K (just below the Tc of Nb3Sn). Since was not

performing the measurement to determine Tc, a fast ramp rate was used which creates a slight

delay between the temperature recorder and the heater, causing an apparent shift to the Tc.

RRR = ρ(300 K)/ρ(19 K)

2.2.2 Critical current (Jc)

For critical current measurements, we used a superconducting solenoid from Oxford instruments

with a maximum field of 15 T, capable of providing transport currents up to 2,100 A, though the

wires studied here typically have Ic < 700 A at 12 T. The preferred sample holder requires a sample

length of 4-4.5 cm with about 0.5 cm of each end covered in solder to ensure good current transfer,
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Figure 2.14: An example of how samples are prepared for Ic measurements using a stan-
dard 4-point technique.

and the voltage taps are spaced 1 cm apart in the center of the sample (Figure 2.14). Custom

Labview software was used to control the magnet, current source, and record voltage response

across the sample. This software has many useful features for both the measurements and for data

processing.

For these relatively short samples, not all current is transferred to the superconducting filaments,

and even very small currents running through the Cu will produce a small, but measurable offset

(Figure 2.15). This provokes a background resistance and heating as a consequence. Once Ic is

exceeded, even more heating occurs.

Our software can account for this offset in two ways, first by offering different measurement

techniques, and then by applying a linear correction to the final data. The two different measure-

ment options are a continuous measurement and a pulsed measurement. In both methods the user

must set a maximum electric field criterion beyond which the current will shut off, and also the

size of the current step as the current is increased. The smallest step possible of 0.5 A was used

for all measurements, the electric field criterion varied from sample to sample but could be as high

as 10 µV/cm in some cases where the sample has high resistivity. In the continuous measurement

mode, the software applies an initial current, measures the electric field, then increments the cur-

rent based on the step size chosen by the user (1 A for example). The current is increased in this

step-wise manner until the electric field criterion is exceeded either due to a high resistance, or a

superconducting transition occurs and Ic is exceeded.

The second measurement type is a pulsed mode, where the software applies a minimum current

set by the user near Ic (i.e. 500 A), measures the voltage, and then turns the current off, allowing
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Figure 2.15: A typical Ic measurement taken at 15 T. The green squares are raw data
which show some resistance in the wire, while the blue triangles are after a linear correction
is made. Ic is determined with a 1 µV/cm criterion. The Ic is estimated to be 190 A in
this data.

heat to dissipate. The measurement is then repeated with increased current based on the chosen

step size until the voltage criterion is exceeded. This is useful for samples generating too much heat

and producing a large background voltage. In either case, the software corrects the data for the

resistive part of the curve so that a standard 1 µV/cm criterion can be utilized at the transition

(Figure 2.15).

2.2.3 Local RRR and Jc measurements

In later sections we discuss the nature of Sn leaking out of filaments and reducing both local

RRR of the Cu, and in some cases the Jc of leaking filaments. To determine the local impact of

barrier breakthrough on RRR, a experiment to progressively etch the Cu was developed, measuring

the RRR at each interval. After each RRR measurement, the silver epoxy used to make the voltage

and current taps was removed and the sample immersed in a dilute nitric acid (HNO3) bath for

5-10 minutes, partially removing the Cu matrix. The RRR was then measured again, repeating

this etch and measurement process until only 4-5 inner rings of filaments remained; the results are

shown in chapter 3.

The etch experiments to measure Jc variation between the inner ring filaments and the entire

wire was a bit more complex, and only allowed for an initial measurement and one post-etch
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measurement. For this experiment, the initial Ic is measured, and then the Cu matrix is etched

away between the voltage taps from the original measurement until the filament pack is exposed as

shown in Figure 2.16. The outer ring of filaments (ring seven) is then carefully removed, exposing

filaments from ring six, and its surrounding Cu. I then etch away the interfilamentary Cu around

the ring six filaments, repeating this until I have removed three to four rings of filaments, and

finally measuring the critical current of the wire with the remaining inner ring filaments. Due to

the hexagonal shape of the filament pack and the small size of the filaments, it is difficult to remove

an exact, complete ring of filaments, and I instead aim to remove about half, leaving the inner rings

1-4 intact. To do this by only removing the Cu between the voltage taps requires either carefully

etching with a dropper to slowly dissolve the small volume, or protecting the sample by a wax

technique, allowing the wire to be fully immersed in the acid.

Figure 2.16: A schematic of how samples are prepared for Ic measurements before (a) and
after (b) etching. In (c) the remaining center filaments are shown between the voltage
taps.

The presence of the bundle barrier added more complexity to this type of experiment, and

hydrofluoric acid needs to be used to etch the Nb bundle barrier away. This means we have to

first dissolve the outermost Cu with HNO3, then use HF on the bundle barrier, then switch back

to HNO3.

After Ic is measured, we destructively analyzed the wire to determine which filaments were intact

for the transport measurement. To do this, the wire is cut just outside of the voltage taps and

mounted in a puck for imaging. We serially polish the puck, taking images every 0.5-1 mm to see
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which filaments were continuous along the whole length of wire during the transport measurement,

and are also supported by Cu since Ic is affected by strain state [88].

2.3 Differential thermal analysis

To measure differences in phase evolution between different wires and/or HT’s, we utilized

Differential Thermal Analysis (DTA) alongside our microstructural analysis. The major benefits to

the DTA are that data points are closer together in temperature, and the sample preparation time

is substantially less compared to microstructural analysis in an SEM. The DTA machine features

two arms, each holding a crucible as shown in the right most image of Figure 2.17. One of the

crucibles will hold alumina powder as a reference, while the other will contain our sample of interest.

Since the DTA has a weight limit, we maximize the signal by etching away the stabilizing Cu as

shown in the left side of Figure 2.17, as it has no role in the A15 reaction. With both our sample

and the reference in place, the heat treatment begins and the temperature of both the reference

and the sample will increase. When a phase transformation occurs in our sample, the heating rate

is perturbed as heat is absorbed or remitted in the transformation. The reference Al2O3 has no

reactions in the temperature range of interest, allowing the temperature differential (∆T) to signal

the reactions occurring within the PIT filaments.

Figure 2.17: To prepare samples for the DTA, 15 cm of wire is first wound into a small
coil. The stabilizing Cu is etched off in nitric acid with the wire ends kept out of the acid
to ensure that the Cu sleeves within the core are not affected. The coil is then placed into
a crucible inside the DTA furnace.
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CHAPTER 3

REACTION PATHWAYS AND THEIR INFLUENCE

ON THE MICROSTRUCTURE AND

SUPERCONDUCTING PROPERTIES OF

STANDARD NB3SN PIT WIRES

Nb3Sn PIT wires typically have an A15 reaction window from ∼620-670 ◦C for up to 250 h. The

effects of heat treatment temperature and time on the grain size, and therefore Jc, have been well

known for some time. However, extensive studies on this reaction window have not been performed

with the modern form of the PIT conductor since BEAS bought the PIT technology from SMI in

2006. We thoroughly explored the boundaries of this reaction box and beyond to determine if there

were any relevant changes to the previous SMI PIT variant, and if we can control or suppress a

Nb-Cu-Sn ternary phase called Nausite that appears to be detrimental to the SG A15 formation.

During these studies we found that heat treatments as high as 690 ◦C could benefit some aspects

of the microstructure, most notably a drastic improvement to the SG/LG A15 ratio. While I was

successful in designing new heat treatments that formed more SG A15 and reduced the LG A15

volume, an increase in Jc did not materialize as the high temperature portion of the HT caused

grain growth in the SG A15 layer, reducing grain boundary vortex pinning.

3.1 Phase evolution prior to A15 reaction

To study the phase evolution prior to the A15 reaction around 630 ◦C, a series of quench

experiments were performed in which short samples of wire were removed from a reaction furnace

at key times to better understand the temporal and thermal evolution of the microstructure. Wires

were prepared by cutting 7 cm lengths, crimping the ends shut, and sealing in an evacuated quartz

tube, in which a small amount of argon (∼ 0.3 atm) was introduced to promote heat transfer.

Multiple such samples were stacked in the furnace (Figure 3.1) and individually pulled out into an

ice bath to freeze the microstructure at different points in the heat treatment. The wires were then

mounted in a conductive puck and polished for imaging in an SEM.
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Figure 3.1: The bottom left image is of a wire with the ends crimped shut, and sealed in a
quartz tube. Above is the three-zone reaction furnace where the tubes are loaded into for
the phase evolution quench experiments. On the right is an example of multiple samples
stacked into the furnace, the thermocouple can be seen just above the stack.

Digital imaging and analysis of the area fractions of each phase were performed as discussed in

subsection 2.1.2. These data combined with knowledge of the phase diagrams shown in the following

section, and the previous studies of the Nb-Cu-Sn system in these wires [70] allow quick identifi-

cation of the Cu, Nb-7.5wt%Ta, the intermetallic phase known as Nausite ((Nb0.75Cu0.25)Sn2) and

the various Nb-Sn phases: Nb(Ta)3Sn, Nb6Sn5, and NbSn2. The ternary Nb-Cu-Sn phase diagram

in [89] was also considered, however it should be noted that the isothermal phase diagram is at

675 ◦C, well above the temperatures we are studying Nausite in these wires. In addition, we used a

Differential Thermal Analysis (DTA) technique to more accurately define the temperatures where

phase transitions occur as described in section 2.3).

My main focus was to fully characterize how the Sn-rich core supplied Sn to the Nb-Ta tube, and

to determine how intermediate phases formed and decomposed from room temperature through the

final isothermal A15 reaction above ∼600 ◦C. In subsection 3.1.3 I will show that the detrimental

LG A15 forms as a final decomposition of Nb6Sn5 which has the Nb-Cu-Sn intermetallic precursor

of Nausite ((Nb0.75Cu0.25)Sn2).
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3.1.1 Phase analysis by SEM

In the unreacted state each filament consists of a Cu-clad Nb7.5wt%Ta tube which acts both

as the Nb source for A15 formation and as a diffusion barrier at the end of the reaction to prevent

Sn from leaking out into the pure Cu (Figure 1.7). Though many different wires were investigated

in this work, the majority of heat treatment experiments used a 0.78 mm diameter wire whose

filaments are ∼39 µm in diameter after reaction. These filaments are made of a round Nb7.5wt%Ta

tube whose wall thickness is about 8.5 µm in the unreacted state. On the inner surface of the tube

is a thin Cu sleeve (<1 µm thick), with the remaining central volume filled by a Sn-rich powder

mixture, largely consisting of NbSn2. This composite is then clad in a hex-shaped Cu can with

a round central hole that forms most of the Cu stabilizer matrix, the rest of the Cu stabilizer

being added by placing the entire multi-filament bundle in a surrounding Cu tube. According to

the manufacturer, the preferred Sn content of the powder is 85-90 mass% [90]. As NbSn2 is only

∼72wt%Sn, roughly 71% of the powder mixture needs to be pure elemental Sn to reach 85 mass%.

Our EDS results also show up to 3at% Cu in the powder, as well as some solid Nb pieces which

are likely the remnant of incomplete NbSn2 formation when the powder was formed. A benefit

of the PIT process is that the core contents can be easily changed by altering the ratios of the

powders without significant redesign of the wire [71]. While NbSn2 powders have typically been

the preferred Sn source [90, 91], other Sn sources may be used such as Cu5Sn4 powder [92, 93],

MnSn2 [50], or Nb6Sn5 [94].

As the wires are reacted, we turn to the phase diagrams for Cu-Sn [95] and Nb-Sn [96] in

Figure 3.2 to determine which phases are thermodynamically stable upon heating. For these HT’s

we used a ramp rate of 100 ◦C/h. As the heat treatment begins, Sn is rapidly absorbed into the

Cu sleeve and for a short time, three Cu-Sn phases can be seen together (Figure 3.3), following the

phase diagram in order of Sn content: alpha (α) Cu sleeve next to the Nb-Ta tube wall, some small

pockets of epsilon (ε) just inside the α layer, and then the most Sn rich eta (η) phase closest to

the Sn-core. The Cu sleeve transforms into mostly η phase at about 260 ◦C. As heating continues,

the η converts to ε by 408 ◦C with any remaining η phase potentially melting. As no evidence

of melting has been observed, I assume the η→ε transformation is a solid state transformation in

PIT wires. In addition to the described Cu-Sn phase formation, there is a ternary Sn-Nb-Cu phase

which forms, commonly referred to as Nausite ((Nb0.75Cu0.25)Sn2) [97]. In a special heat treatment,
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Figure 3.2: On the top is the Cu-Sn phase diagram, η decomposes at 408 ◦C, transforming
to ε phase containing ∼25at%Sn. Below is the Nb-Sn phase diagram. Nb3Sn has a range
of composition from 18 to 27at%Sn, and the most Sn rich A15 produces the best wire
properties.
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Figure 3.3: FESEM-BSE images of a polished, transverse cross-section in a sample
quenched from the furnace at 225 ◦C. The decreasing Sn gradient from the core to the
Nb-Ta tube is noticeable by the increasing quantity of Sn-rich Cu phases near the core.

we found Nausite could begin forming as low as 200 ◦C after a 48 h isothermal hold (Figure 3.4).

While there have been previous studies which reported finding Nausite [98], this intermetallic has

only recently received its own thorough examination [99], where they report finding a hexagonal

NiMg2 crystal structure with composition (Nb0.75Cu0.25)Sn2. They assume a partial substitution

of Cu for the Nb in NbSn2 which provokes a structural transformation from the CuMg2 structure

of NbSn2, to the NiMg2 for (Nb0.75Cu0.25)Sn2.

Above 408 ◦C, both the Nausite and ε phase grow in thickness until about 560 ◦C when the

Nausite begins decomposing (Figure 3.5). Considering the chemical composition of Nausite, it is

helpful to think of Nausite as NbSn2 where 25% of the Nb has been replaced by Cu. Due to the

low solubility of Cu in NbSn2 (<0.4at%) [89], as Nausite decomposes back into NbSn2, it rapidly

ejects most of the Cu. The reappearance of the NbSn2, originally present in the powder core, is

rather short lived, and at ∼630 ◦C it transforms to Nb6Sn5 in less than an hour, containing up to

5at%Cu as estimated by my EDS results (Figure 3.6).
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Figure 3.4: FESEM-BSE image of polished, transverse cross-section in a sample quenched
from the furnace at 205 ◦C after an isothermal hold for 48 h. There is a light ring of
Nausite separating the η phase at the edge of the core from the Nb-Ta tube.
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Figure 3.5: FESEM-BSE images of polished, transverse cross-sections of samples quenched
from the furnace to show phase evolution up to 610 ◦C. A thin, light ring of Nausite
has formed on heating to 400 ◦C which continues to grow until about 610 ◦C when it
decomposes into NbSn2. The Cu-Sn phases have a transformation from η to ε at 408 ◦C,
after which we only see ε until the reaction is nearly complete.

Figure 3.6: FESEM-BSE images of polished, transverse cross-sections of samples quenched
from the furnace at 630 ◦C reacted for less than 1 h. The original images are inset while
the principal image areas have been slightly magnified and contrast enhanced to better
separate phases while the NbSn2 rapidly decomposed into Nb6Sn5. The dark phase in the
core is ε (Cu3Sn).
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3.1.2 Differential Thermal Analysis (DTA) of phase evolution on heating

The results of the DTA provide additional information to the microstructural analysis. For

example, we know from the phase diagram that η phase transforms to ε at 408 ◦C, however, the

DTA shows a two step transformation (Figure 3.7). To interpret the data, it should be noted

that a negative ∆T is indicative of an endothermic reaction in which heat is absorbed (as in a

melt), while a positive change indicates an exothermic reaction in which heat is released (as in a

solidification). The changes in temperature given by the DTA are small enough that the raw data

only reveals very fast transformations with a large volume. However, taking the derivative with

respect to temperature can make transformations more apparent, as is shown on the secondary

y-axis in Figure 3.7. The transformation of η to ε at 408 ◦C is clear, however, there is an additional

transformation shortly after around 430 ◦C while the DTA shows no event in the 450-560 ◦C range,

however, multiple events are seen between 560 ◦C and 610 ◦C as the Nausite decomposes into

NbSn2. The NbSn2 is short lived and the entire layer rapidly transforms to Nb6Sn5 upon further

heating (Figure 3.7).

Figure 3.7: DTA data reveals additional details than by microstructure alone, specifically
transformations with more than one decomposition step or those which occur quickly and
may be difficult to observe by quenching wires from a furnace. For example, the furnace
pull-outs showed Nausite at 560 ◦C and NbSn2 by 610 ◦C, but the DTA shows that this
transformation has multiple components. This data was obtained with a ramp rate of
100 ◦C/h to 690 ◦C. The top curve (blue) is the raw data (∆T), while the lower curve
(purple) is the derivative of the blue curve with respect to temperature (d(∆)T/dT)
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From a practical perspective, a major advantage of the DTA is that it takes much less time

(∼2 work-hours) than microstructural analysis, which takes tens of work-hours to prepare samples

for imaging and analysis. In addition, the microstructural analysis requires a sample to be heat

treated and removed from the furnace at each point of interest, and then individually analyzed. The

DTA, however, provides data on how phases are evolving every second, filling in the gaps between

the samples examined by microstructure to ensure transformations were not missed. A good ex-

ample is how the microstructural analysis shows Nausite at 560 ◦C and a complete transformation

into NbSn2 at 610 ◦C, but the type of transformation is not known. However, the DTA shows that

the Nausite undergoes two small exothermic transformations just after 560 ◦C, followed by a large

endothermic transformation into NbSn2 at 610 ◦C. This feedback can guide future furnace pull-out

experiments by revealing the appropriate temperatures to pull samples to show different stages of

the microstructure.

Based on the results of this DTA experiment, Bruker EAS (BEAS) tried to suppress the multi-

step decomposition of the Nausite into NbSn2 by using isothermal holds below 550 ◦C, though it

was not clear why this temperature was selected, or why the multi-step decompositions should be

suppressed. They also used a slightly different technique called Differential Scanning Calorimetry

(DSC) which measures the energy required to keep both the reference and the sample at the same

temperature, whereas the DTA measures the difference in temperature between the sample and the

reference when both are put under the same heating conditions.

Their first HT attempt performed by BEAS added an isothermal hold at 510 ◦C for 6 h (com-

monly written here as 510/6) as shown in Figure 3.8, with no effect on subsequent transformations.

At the increased temperature of 550 ◦C for 1 h, the transformation around 630 ◦C was suppressed,

showing no change to the Nb6Sn5 peak at 650 ◦C. Increasing this 550 ◦C isothermal hold to 6 h

finally suppressed the rapid transformations leading up to the Nb6Sn5 signal, suppressing the reap-

pearance of some NbSn2. This 550/6 hold decreased the Nb6Sn5 signal by about 20%. However,

Bruker reported that Jc(12 T, 4.2 K) remained unchanged when adding these additional isothermal

holds. These ’shots in the dark’ as they may be, suggests that suppressing the reappearance of the

NbSn2 may not be useful. Efforts may be better spent trying to reduce the volume of the precursor

phase, Nausite as it was shown to beneficially help in RRP type conductors [54].
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Figure 3.8: DSC results of Bruker EAS attempting to suppress the multi-step decomposi-
tion of Nausite into NbSn2 above 560 ◦C. A ramp rate of 300 ◦C/h was used for this DSC
measurement, this will shift the temperatures of the reaction slightly higher compared to
our DTA measurement at 100 ◦C/h shown in Figure 3.7. The Nausite decomposed around
580 ◦C, the NbSn2 formed by 610 ◦C, and the NbSn2 rapidly transformed into Nb6Sn5

around 655 ◦C. The hold at 510 ◦C for 6 h showed an additional signal at 635 ◦C, however
the specific transformation is difficult to know without additional microstructural image
analysis. The 6 h hold at 550 ◦C did suppress all transformations between the Nausite
decomposing and the Nb6Sn5 formation, skipping the NbSn2 phase. However this was not
found to have an effect on Jc.

3.1.3 Discussion of the phase transformations occurring before the desired
A15 reaction

From our observations, the undesired LG A15 forms largely as a decomposition product of the

Nb6Sn5 layer. However, this layer originates as a decomposition product of the NbSn2 and the

Nausite that precedes it.

To determine if a novel optimization in the low temperature range could help reduce the quantity

of Nausite, we tried isothermal holds at 250 ◦C for 192 h, 350 ◦C for 168 h and 550 ◦C for 100 h,

pulling samples out during each isothermal hold. We found that the 250 ◦C hold allowed for the

η annulus in the core to transform to the less Sn-rich ε over 192 h (Figure 3.9). In this 250 ◦C
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isothermal hold, the Nausite seems to stop growing once the η layer has transformed to ε. The

350/168 HT was an attempt to speed up this η→ε conversion process, and while this did allow

more η to convert to ε phase, the Nausite layer is about 300 nm thick everywhere, regardless of

which phase it borders (Figure 3.10). Based on the DSC experiment performed at BEAS, we did

a 550 ◦C hold too, however this served only to grow the Nausite layer.

Figure 3.9: Contrast enhanced FESEM-BSE images of a sample quenched from the furnace
showing phase formation after a 192 h hold at 250 ◦C in two neighboring filaments. On the
left, the entire original α sleeve has transformed to η phase, and a thin ring of Nausite has
formed between the η and the Nb-Ta tube along the entire perimeter. The right filament
has regions where the η has transformed into ε phase, and there is very little Nausite
bordering the ε phase.

Furthermore, we compared the Nb-Sn layer early in the A15 reaction between a two stage HT

(350/168 + 630/4.5) and an isothermal HT (630/5). The Nb-Sn layer consists of Nb6Sn5 and

Nb3Sn, for both HT’s. The layer areas are nearly identical after accounting for the 30 minute

difference in A15 reaction time.

After these failed attempts to suppress formation of the Nausite, we concluded that Nausite

will grow at any temperature above 200 ◦C, with isothermal holds appearing to have no effect

other than to grow the layer slightly more compared to heat treatments with no isothermal hold

ramp, ramping directly to the A15 isothermal reaction temperature. Provided the chemistry is

unchanged in the core of these BEAS wires, there appears to be a thermodynamic end state which
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Figure 3.10: FESEM-BSE image of a wire quenched from the furnace showing phase
formation after a 168 h hold at 350 ◦C. A significant amount of the η phase has turned
into ε and a Nausite ring separates the Sn-rich core and its η + ε sheath from the Nb-Ta
tube in all filaments.

is path independent for PIT Nb3Sn, and any energy that is added into the system below the Nausite

decomposition temperature of ∼560 ◦C will allow more Nausite to form. The best HT would then

be one which ramps to the desired isothermal temperature as quickly as practical to minimize

growth of the Nausite layer. It could be possible to suppress this thermodynamically unavoidable

Nausite phase by adding Cu or Sn to the core, and such a possibility is discussed in chapter 5.
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3.1.4 Summary of reactions occurring during temperature ramp up before
isothermal A15 reaction

1. The initial Sn-rich powder diffuses Sn into the Cu sleeve, forming the intermetallic Nausite

as early as 200 ◦C.

•
NbSn2 + Cu→ (Nb0.75Cu0.25)Sn2

2. The Nausite grows until about 610 ◦C before rapidly decomposing back into NbSn2, ejecting

its Cu

•
(Nb0.75Cu0.25)Sn2 → NbSn2 + Cux

3. Around 630 ◦C the NbSn2 and expelled Cu rapidly transform to Nb6Sn5 which can contain

up to 5at% Cu. This transformation also creates free Sn in the system. The transformation

is nearly complete after only ∼30 minutes into the isothermal hold at 630 ◦C.

•
NbSn2 + Cux → Nb6Sn5Cux + Sn

4. During the early hours of the heat treatment (1-15 h), the free Sn diffuses from the core into

the Nb-Ta tube to form SG A15. This A15 formation is discussed in the following section.

3.2 A15 reaction from 600-690 ◦C

A15 has been found to form at temperatures as low as 600 ◦C in Nb3Sn PIT conductors.

However, the growth rate is very low compared to HT above 630 ◦C, making it impractical to

study the A15 formation over the entire HT as it may take up to a month for a full reaction.

Instead, we first looked at the A15 formation at 630 ◦C to understand how both the A15 and

Nb6Sn5 phases evolve throughout the HT.

3.2.1 A15 formation in the early hours of heat treatment at 630 ◦C

After a 100 ◦C/h ramp to the isothermal reaction temperature at 630 ◦C, the dominant phase

present is a thick layer of Nb6Sn5 which inscribes the Nb-Ta tube. This Nb6Sn5 has a columnar

grain structure, whose long axis points radially outward from the core to the Nb-Ta tube. Various

microstructures during the isothermal HT at 630 ◦C are shown in Figure 3.11. A thin layer of SG

A15 is seena fter 5 h, and after 10 hours the SG A15 layer has grown to ∼0.5 µm. Only two hours
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later the SG A15 layer thickness has increased to 0.85 µm, and LG A15 has now begun to appear.

In these Nb3Sn PIT wires, the LG A15 always forms at the interface between the Nb6Sn5 and the

growing SG A15 layer. In addition, the LG A15 is always marked by Cu precipitates at the LG

A15 boundaries. As the heat treatment progresses, both the SG A15 and the LG A15 layers grow,

and after about 94 h the Nb6Sn5 has disappeared. At this stage, the remaining SG A15 that forms

out of the Nb-Ta will have a Sn source of the Cu-Sn phases ε and α left in the core. Once the

Nb6Sn5 is gone and there are only Cu-Sn phases left to drive the reaction, the LG A15 layer is

nearly complete, and the SG A15 formation begins to slow down. By ∼240 h at 630 ◦C there is no

longer enough Sn to drive any A15 formation, and the reaction is functionally complete. The final

A15 volume fractions for this heat treatment are 40.7% SG A15 and 14.4% LG A15, providing a

SG/LG A15 ratio of 2.8. Previously, we have analyzed the SG/LG ratio of 10 PIT wires differing

by both HT and billet design, and found that the total A15 volume fraction varies only slightly

from 55-58% in fully reacted samples [49], with the SG/LG ratio varying from 2.4-3.0. We conclude

that BEAS makes a well-defined and controlled wire.

3.2.2 Typical phase & morphology volume fractions of a reacted filament

This standard Nb3Sn PIT formula forms rather similar A15 microstructures for HT’s in the tem-

perature range from 620-670 ◦C. After an optimized HT in this temperature range (620/100+640/90

for this wire), we typically observe about 40% SG A15, 13% LG A15, 23% residual DB, and 24%

remnant core, which includes 3% core A15, and the remaining 21% is comprised of voids and resid-

ual Cu-Sn phases as shown in Figure 3.12 (all % refer to the non-Cu cross-section). An important

metric for the quality of the A15 layer is the SG A15/LG A15 ratio, since our goal is to maximize

the SG A15. This optimized heat treatment has a SG A15/LG A15 ratio of 3.0.

The 1 mm and 0.85 mm wires presented in this dissertation were given to us by CERN and the

samples were already reacted under various heat treatments. We analyzed a billet of 0.85 mm wire

with six different heat treatments, two 1 mm billets with two different heat treatments, as well as

our own two heat treatments on the 0.78 mm wire. This analysis was performed to quantify the

fractions of residual Nb-Ta barrier, SG A15, LG A15, core A15, and remnant core for each wire

and heat treatment, as is summarized in Table 3.1. Figure 3.13 contrasts filament images from the

least and most reacted samples. At the lower temperature HT of 630/100 we see a large amount of

remnant DB (35%) and isolated A15 in the core (5%), and a total A15 fraction of only 46.4%. The
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Figure 3.11: FESEM-BSE images of polished, transverse cross-sections of samples
quenched from the furnace showing A15 phase growth at 630 ◦C at various times. The SG
A15 layer steadily grows with increasing time and the LG A15 appears after the initial
SG A15 growth, in this case 12 h at 630 ◦C. By 58 hours, most of the Nb6Sn5 is gone,
and we have continuous layers of SG A15, LG A15, and Cu phases which separates the
Nb6Sn5 from direct contact with the SG A15 layer. At 94 h, the Nb6Sn5 is gone, leaving
behind the SG And LG A15 layers, core A15, Cu-Sn phases, and voids.
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Figure 3.12: FESEM-BSE image of a polished, transverse cross-section of a filament in a
0.78 mm diameter Bruker PIT wire reacted with heat treatment 620/100 + 640/90. The
cross-section is partially colored to distinguish between phases and morphologies. Nb-Ta
is colored in gray, SG A15 in green, LG A15 and core A15 in red, and Cu in orange.
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higher temperature HT at 670/100 shows the core nearly depleted of A15, less residual DB (22%),

and total A15 fraction of 59.4%.

Table 3.1: The two 1 mm wires have CERN sample ID’s of He10S11403A01.U.006 for
the HT of 620+640 ◦C and He10S11403A01.U.011 for the 625 ◦C. The 0.85 mm are from
BEAS billet B29992, and the 0.78 mm wire is from billet B31284. All reported dimensions
were measured on reacted wires.

HT

temperature

(◦C)

HT

time

(h)

Wire

diameter

(mm)

Filament

diameter

(µm)

Phase or morphology volume %

DB
A15

total
core

A15

core

A15

LG

A15

SG

SG/LG

A15 ratio

620+640 120+120 1.0 50 23.0% 57.9% 19.1% 3.0% 14.2% 40.7% 2.9

625 280 1.0 50 23.6% 57.7% 18.7% 3.5% 14.5% 39.7% 2.7

630 100 0.85 42 34.5% 46.4% 19.1% 5.1% 13.3% 28.0% 2.1

630 200 0.85 42 24.9% 55.4% 19.7% 3.0% 14.5% 37.9% 2.6

650 50 0.85 42 32.8% 48.3% 18.9% 2.8% 15.4% 30.1% 2.0

650 100 0.85 42 24.6% 57.2% 18.2% 1.3% 16.4% 39.5% 2.4

670 50 0.85 42 24.4% 57.0% 18.6% 1.0% 13.7% 42.3% 3.1

670 100 0.85 42 22.2% 59.4% 18.4% 0.6% 15.2% 43.6% 2.9

620+640 100+90 0.78 39 23.4% 56.0% 20.6% 2.5% 13.3% 40.2% 2.8

630 240 0.78 39 22.7% 58.1% 19.2% 3.0% 14.4% 40.7% 2.8

unreacted 0 0.78 68% - 32% - - -

The average LG A15 volume fraction is ∼15% and, while slightly higher for the 650/100 and

670/100 HT, the amount varies little between heat treatments probably because the LG A15 forms

by the same Nausite→Nb6Sn5→Nb3Sn decomposition reaction. This Sn-rich reaction pathway with

increasing temperature is then [100, 101]:

NbSn2 + Cu→ (Nb0.75Cu0.25)Sn2 → NbSn2 + Cux → Nb6Sn5Cux → Nb3Sn(LG) + Cux + Sn

(3.1)

The free Sn then diffuses into the Nb-Ta tube to form SG A15.

The residual core volume fraction is 18 to 20% after reaction and is composed of α and ε Cu-

Sn phases and voids, with up to an additional 5% disconnected A15. However, there is a clear
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Figure 3.13: FESEM-BSE images of polished, transverse cross-sections of minimally dis-
torted inner ring filaments of the 0.85 mm wire for the two extreme HTs studied: (a)
630 ◦C for 100 h and (b) 670 ◦C for 100 h. Images have had the contrast enhanced to
better distinguishes the small and large grain A15 layers. A dashed line has been added at
the left side of each image to better illustrate the interface between the two A15 regions.
The 630/100 sample is under reacted with a very thick Nb-Ta DB remaining, while in the
670/100 HT the DB is much thinner in the lower right, susceptible to leaking.

trend that higher reaction temperatures decrease the amount of A15 in the core with only 0.6%

after 670/100. The SG A15 varies from 28 to 44%, and as the diffusion barrier is consumed to

produce SG A15, its volume fraction decreases from 35 to as little as 22%. The LG A15 only varies

from 13.3-15.2%, this is because the LG A15 is essentially fully formed when the Nb6Sn5 is gone,

typically about halfway through any optimized HT, further explaining this narrow window of LG

A15 volume fractions across all heat treatments.

3.2.3 Variation of LG A15 formation with reaction temperature early in the
heat treatment

A vintage PIT sample made by SMI some 20 years ago shown in Figure 3.14 reveals that the

ratio of SG/LG A15 does depend on the heat treatment temperature early in the reaction when LG

A15 is just starting to form. Consequently we performed a study on the phase morphology ratios
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as a function of temperature early in the HT, performing single stage HT’s which all ramped up at

100 ◦C/h to an isothermal reaction temperature of either 630, 650, 670, or 690 ◦C for a time between

50-250 h, performing many furnace pull-outs in the first 20 hours of each heat treatment. For this

experiment we obtained about 50 m of conductor at 0.78 mm wire diameter through the LARP

collaboration. The focus of this series of heat treatments was to observe the early development

of A15 growth during each isothermal heat treatment and determine if there is a temperature

dependence on the volume of SG A15 which forms before the LG A15 appears.

Figure 3.14: Micrographs of LG A15 nucleation after 4 h at 670 ◦C in a Nb3Sn PIT wire
made ∼20 years ago by SMI. Images from the thesis of Hawes [102],

In all cases, the SG A15 formed first, with the LG A15 forming later in the reaction; higher

temperatures forming LG A15 more rapidly than lower reaction temperatures. From our quench

experiment at 630 ◦C, we found that the LG A15 started forming around 12 h, with a SG A15

layer thickness of 0.85 µm. At 650 ◦C the SG A15 layer was 1.5 µm thick and the LG A15 first

precipitates out after 8.3 h. At 670 ◦C the LG A15 begins forming after only 5 h, and the SG A15

layer formed is 2 µm thick. At 690 ◦C the SG A15 layer thickness is only 1.6 µm with LG A15

forming in less than two hours (Figure 3.15). If we take this data and try to create an isothermal

transformation diagram for A15 morphology, we see a clear boundary in temperature-time space

for LG formation (Figure 3.16).
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This isothermal transformation diagram incited us to develop a new type of multi-temperature

A15 reaction in which we start with a brief high temperature excursion to grow a thick SG A15

layer, then drop the temperature to minimize LG A15 formation. The results of these experiments

are discussed later in this chapter.

Figure 3.15: Micrographs of the LG A15 nucleation. From top to bottom the reaction
temperature increases from 630 to 650, 670, and 690 ◦C. The left column shows images of
SG A15 before LG A15 formation (less than 1% of the filament cross section). The right
column is after LG A15 has formed. Half of each panel is colored to distinguish between
phases and the two A15 morphologies. Considering a panel from the right column, from
left to right, we see: Nb-Ta DB (gray), SG A15 (green), LG A15 (red), and Cu (orange).
The Nb6Sn5 is uncolored and voids are black.

A high critical current density (Jc) demands a thick layer of small grains of A15 with strong

vortex pinning, as well as a remnant diffusion barrier to prevent Sn from leaking into the stabilizing

Cu and lowering RRR, worsening magnet stability. High Jc is typically obtained by reacting as

much of the Nb-Ta barrier as possible to form the most SG A15, requiring higher temperatures or
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Figure 3.16: Isothermal transformation diagram showing how temperature and time effect
the onset of large grain A15 formation in single dwell HT’s. The line is generated from
the right column of Figure 3.15 and is an approximate boundary for when LG A15 will
form.

longer reaction times. However, high RRR is maintained by stopping the reaction before barriers

breach, either by lower reaction temperatures or shorter reaction times. Since heat treatments

which maximize Jc and RRR are in opposition to each other, a careful optimization needs to be

made for each wire to achieve the best compromise.

3.3 Superconducting properties of PIT Nb3Sn

The data in Figure 3.17 show the relationship between the Jc(12 T, 4.2 K) and RRR for one

0.85 mm and two 1 mm diameter wires with the various heat treatments detailed in Table 3.2. The

two lowest Jc samples (∼1800 A/mm2) went through restricted HT’s of 630/100 and 650/50. They

show a very high RRR of near 300, but only 28% and 30% small grain A15 respectively (Table 3.2),

significantly less than the 40% in optimum wires. Wires with the higher Jc(12 T, 4.2 K) values of

∼2400 A/mm2 have RRR between 130 and 175, and ∼40% small-grained A15. We refer to this

cluster of wires as “optimally reacted” since their properties are close to those required for the High

Luminosity Upgrade of the LHC [74]. In addition, there is one over-reacted wire heat treated at

670/100 which had nearly the same Jc as the 670/50, but with RRR dropping from 130 to 67.

The 0.85 mm wires in the optimized cluster show a clear trend in A15 morphology. For optimized

reactions at the reaction temperatures at 630, 650, or 670 ◦C there is a maximum SG A15 fraction
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Figure 3.17: Correlation plot of Jc(12 T, 4.2 K) and RRR for 1 and 0.85 mm diameter
PIT wires. The data show a high Jc wire with lower RRR (red), a low Jc cluster with
high RRR>250 (blue), and a cluster of green points which are optimally reacted. The
1 mm wires are marked with open symbols and have slightly higher Jc than the 0.85 mm
wires. The green cluster shows the important tradeoff between Jc and RRR that must be
properly optimized.

of ∼38, 40, and 42% respectively, the core A15 then decreasing with increasing temperature to

volume fractions of 3.0, 1.3, and 1.0% respectively (Table 3.1). These data show there is more

overall A15 at higher temperatures, and much less core A15. It appears that higher temperatures

agglomerate the voids in the core better, ensuring that core Sn has a diffusive path to the Nb-Ta

tube where it forms SG A15. This is shown well in Figure 3.13 where the under-reacted filament

has many small voids and 5% core A15, while the over-reacted filament shows a few large voids

and only 0.6% core A15.

The important distinction between the two A15 morphologies is that small grains of A15 are

needed for a high density grain boundary vortex pinning as described in chapter 1, while the large

grain A15 has much lower grain boundary density. Moreover, as shown in Figure 1.8, Cu precipitates

are present between the LG’s, creating superconducting-normal-superconducting (SNS) junctions
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Table 3.2: The two 1 mm wires have CERN sample ID’s of He10S11403A01.U.006 for the
HT of 620+640 ◦C HT and He10S11403A01.U.011 for the 625 ◦C HT. The 0.85 mm are
from billet B29992, and the 0.78 mm wire is from billet B31284. Jc is in A/mm2 and is
measured at 12 T, 4.2 K. All reported dimensions were measured on reacted wires, while
all Jc values were calculated over the unreacted filament area.

HT

temperature

(◦C)

HT

time

(h)

Wire

diameter

(mm)

Filament

diameter

(µm)

Electrical Properties Phase volume %

RRR
Jc

non-Cu

Jc

layer

A15

total

A15

SG

620+640 120+120 1.0 50 175 2500 6158 57.9% 40.7%

625 280 1.0 50 166 2450 6171 57.7% 39.7%

630 100 0.85 42 299 1830 6536 46.4% 28.0%

630 200 0.85 42 161 2380 6280 55.4% 37.9%

650 50 0.85 42 291 1779 5910 48.3% 30.1%

650 100 0.85 42 177 2367 5992 57.2% 39.5%

670 50 0.85 42 130 2404 5683 57.0% 42.3%

670 100 0.85 42 67 2433 5580 59.4% 43.6%

620+640 100+90 0.78 39 121 2444 5564 56.0% 40.2%

630 240 0.78 39 - - - 58.1% 40.7%

that prevent a superconducting path. Despite the change in reaction temperature from 620-670 ◦C,

Jc values are very similar. This is because although high temperature reactions produce more SG

A15, their grain size is bigger, reducing the grain boundary density and vortex pinning contribution

to Jc [103]. A method to better correlate the Jc with the microstructure is to calculate a layer Jc,

based on only the small grain A15 layer as described in section 1.4. Heat treatments with higher

temperature and/or longer times have bigger small grains, and a suppressed Jc−layer as shown in

Table 3.2. Jc−layer values for our standard design PIT wires range from 5580-6536 A/mm2 at 12 T,

4.2 K. Most notably, the lowest Jc−layer belongs to the most aggressive HT (670/100), while the

highest Jc−layer was attained by the HT with lowest temperature and reaction time (630/100).

These results show that there are benefits and draw backs to both high and low temperature HT’s,

and in consideration of the results of our isothermal HT’s in the 630-690 ◦C range, we designed a

series of inverse multistage HT to avoid the LG A15 nucleation line in Figure 3.16 and attempt to

get the best wire properties.
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3.4 Inverse multistage heat treatments that benefit the small
grain/large grain A15 ratio

In an attempt to avoid or at least delay the LG A15 nucleation, we designed four ”inverse

multistage” heat treatments (IMHT). We distinguish four different stages in these HT’s:

• Ramp-up at 100 ◦C/h to the highest A15 reaction temperature (HRT).

• Short isothermal hold at the HRT

• Ramp-down to the isothermal, low-temperature A15 reaction temperature (LRT).

• A long LRT

All performed multistage HT’s have a ramp-up of 100 ◦C/h and a LRT dwell at 630 ◦C. The

HRT is either 670 or 690 ◦C, with HRT dwell times varying from 0-3.5 h, and the slow ramp-down

to the LRT varies from 5-20 ◦C/h. Specific IMHT schedules are listed in Table 3.3 and shown in

Figure 3.18. For the purpose of this work, we wanted to optimize the HRT, the HRT dwell time,

and the slow ramp-down to the LRT dwell such that no LG A15 has formed and the layer thickness

of SG A15 is maximized. Heat treatments and imaging were performed as described in chapter 2.

Some of the following results have been previously reported in [104]

Table 3.3: Full heat treatment schedules for inverse multistage HT’s.

HT name Heat treatment schedule

Inverse multistage A 690/1, -20 ◦C/h, 630/220

Inverse multistage B 690/0, -5 ◦C/h, 630/190

Inverse multistage C 690/0, -5 ◦C/h, 670/0, -10 ◦C/h, 630/210

Inverse multistage D 670/3.5, -5 ◦C/h, 630/210

3.4.1 Microstructures early in the reaction

The first inverse multistage HT (A) was designed to grow the thickest layer of SG A15 possible

before any LG A15 nucleated, then cool at a rate which stayed ahead of the LG A15 nucleation

boundary shown in Figure 3.16. The first heat treatment “A” was then 690/1, -20 ◦C/h, 630/220.

The LG A15 nucleated 13 hours into the LRT dwell at 630 ◦C when the SG A15 layer thickness

was 2.2 µm, a 10 % increase in the SG A15 layer thickness with respect to the best single stage HT
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Figure 3.18: Heat treatment schedules for the inverse multistage HT’s. All HT’s ramp
up at 100 ◦C/h to 690 ◦C, or 670 ◦C in the case of inverse multistage “D”, then cool to
630 ◦C for ∼200 hours for the isothermal A15 reaction.

at 670 ◦C discussed in Figure 3.15. This experiment provided a proof of principle in using inverse

multistage HT’s to control LG A15 formation.

For inverse multistage HT “B” we recognized that while higher temperatures more rapidly grows

SG A15 without nucleating LG A15, these higher temperatures do enable grain growth in the SG

A15 layer, thus reducing the grain boundary vortex pinning density in the current-carrying portion

of the filament. To balance these two effects, inverse multistage HT “B” ramped up to the 690 ◦C,

but then skipped the 1 h hold at 690 ◦C and used a slow ramp rate of 5 ◦C/h from 690 ◦C to the

LRT dwell at 630 ◦C. The LG A15 nucleated at 650 ◦C during the ramp down to the LRT dwell,

with the SG A15 having a layer thickness of 2.7 µm, a 35% increase over the single step HT at

670 ◦C.

My interpretation of this early onset of LG A15 formation is that the cool-down to the low,

isothermal reaction temperature was too slow, since the sample crossed the LG A15 nucleation line.

For inverse multistage “C” we then kept the early portion of the ramp-down at 5 ◦C/h until 670 ◦C,

then doubled the ramp rate to 10 ◦C/h. The LG A15 nucleated 10 hours into the 630 ◦C LRT
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dwell with a SG layer thickness of 3 µm , which marks a 50% improvement in SG A15 thickness

compared to the 670 ◦C single step HT.

Our last inverse multistage HT “D” lowered the HRT dwell to 670 ◦C in an effort to minimize

SG A15 grain size, the HT being (670/3.5, -5 ◦C/h, 630/210). LG A15 formed during the ramp-

down around 650 ◦C, with a SG A15 layer thickness of only around 2.2 µm; slightly better than

the isothermal heat treatment at 670 ◦C.

3.4.2 Discussion of final microstructures

Inverse multistage HT “C” was the best at delaying LG A15 while producing the most SG A15

early in the reaction as is seen in Figure 3.19. The results of the four IMHT’s after a full reaction

are compiled in Table 3.4. The SG/LG A15 ratio in an optimized 0.78 mm PIT wire is 2.8, and

all inverse multistage HT substantially enhanced this ratio, some reaching as high as 3.9. Inverse

multistage heat treatments “A” and “B” had ∼56% SG A15, however, IMHT “C” added another

0.5% volume fraction to each of the SG, LG, and core A15 morphologies to produce 57.3% total

A15. A filament cross-section from inverse multistage HT C is shown in Figure 3.20.

Table 3.4: Final microstructure of the four wires heat treated using inverse multistage
HT’s, and the standard HT BEAS wire included for reference. Jc in A/mm2 at 12 T,
4.2 K, calculated over the unreacted filament area.

Electrical Properties Phase or morphology volume %

HT (◦C)
HRT

(◦C)

Time in LRT

dwell (h)
Ic(A)

Jc

non-Cu

Jc

layer
DB

A15 total

(S+L+C)

Remnant

core

A15

SG

A15

LG

A15

core

A15

SG/LG

ratio

620+640 - 100+90 501 2444 5564 23.4% 56.0% 20.6% 40.2% 13.3% 2.5% 2.8

Inverse multistage A 690 220 - - - 25.4% 56.3% 18.4% 43.5% 12.0% 0.8% 3.6

Inverse multistage B 690 190 489 2385 4958 24.4% 56.0% 19.4% 44.0% 11.2% 0.8% 3.9

Inverse multistage C 690 210 491 2395 4926 24.0% 57.3% 18.7% 44.5% 11.6% 1.2% 3.8

Inverse multistage D 670 210 493 2405 5137 24.5% 56.6% 18.9% 42.8% 12.4% 1.3% 3.5

An interesting result from the inverse multistage HT’s is that the only HT with an HRT dwell

below 690 ◦C had the least SG A15, but the most LG and residual core A15. We originally believed

this is because higher temperatures agglomerate the voids in the core better, ensuring the Sn has

a diffusive path so it can reach the Nb-Ta tube and form SG A15. However, the inverse multistage

heat treatments reacted about the same or less of the DB and formed nearly the same total A15

than our comparison HT which lacked the HRT stage. Nonetheless, the SG A15 layer was increased
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Figure 3.19: FESEM-BSE images of polished, transverse cross-sections of samples
quenched from the furnace comparing inverse multistage HT “A” and “C” as the LG
A15 is forming. Filaments are half colored to distinguish between phases. SG A15 in
green, and LG A15 in red. The SG A15 layer thickness of both inverse multistage HT
“A” and “C” are substantially enhanced from those SG A15 layers shown in the isothermal
HT’s of Figure 3.15.

by 10%, and this was an unexpected result. It implies that above 670 ◦C the core Nb from the

Nb6Sn5 possibly interacts with the tube wall and form SG A15 before it decomposes into the LG

A15. This further explains the reduced LG and core A15, whose volume seems to be added directly

into the SG A15 layer. The evidence here shows that if the goal is to maximize the SG A15, the

HT must either contain a isothermal dwell which is at a relatively high temperature of 670 ◦C as

shown in Figure 3.13, or an HRT of ∼690 ◦C in the beginning of the HT as utilized in the inverse

multistage heat treatment series. This stage above 670 ◦C providing time for the Nb6Sn5 to interact

with to the Nb-Ta tube wall.

3.4.3 Critical current density measurements

To understand the effect of those various heat treatments and their significantly different mi-

crostructures, we compared Ic values of the IMHT’s to the standard wire with HT of 620/100 +
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Figure 3.20: FESEM-BSE image of a polished, transverse cross-section showing an inner
ring filament from inverse multistage HT C (690/0, -5 ◦C/h, 670/0, -10 ◦C/h, 630/210).
The LG A15 fraction has been reduced to 11.6% compared to the 13.3% in a more typical
HT (620/100 + 640/90). The LG A15 are only loosely connected to the SG A15 layer.

640/90. Ic values of IMHT’s “B”, “C”, and “D” varied by less than 1%, from 489-493 A; about 2%

less than the standard wire (Table 3.4). However, Ic is strongly dependent both on the amount of

SG A15, and its grain size. We can better understand the differences between IMHT’s by compar-

ing Jc−layer. A wire reacted with a standard HT (620/100 + 640/90) has a Jc−layer(12 T, 4.2 K)

of 5564 A/mm2, while the highest Jc−layer in the IMHT series was “D” which had a Jc−layer(12 T,

4.2 K) of only 5137 A/mm2, a substantial drop. The cause of this drop in Jc−layer is from the

A15 formed above 670 ◦C which has a larger grain size than the standard wire reacted at lower

temperatures of 620-640 ◦C. In Figure 3.21 the grain size is compared between IMHT “C” and a

625 ◦C heat treatment reproduced from [68]. Inverse multistage HT “C” was chosen for this grain

size analysis because it showed the highest volume of SG A15 in this series of HT’s, the anlysis

was provided by Peter Lee. The top image is a color map of the area equivalent diameter for each
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grain in IMHT “C” where lighter color depicts larger grains and darker depicts smaller grains of

A15, the white areas in the SG A15 layer could not accurately be measured and were omitted. The

plot on the bottom left shows the area equivalent grain diameter as a function of distance from

the Nb-Ta diffusion barrier as shown in the top image of Figure 3.21. The bottom right plot is

magnified from the left plot to show the SG A15 layer, the purple dashed lines and corresponding

temperatures show the HT temperature at the time of the SG A15 formation for this IMHT “C”.

The SG A15 layer is approximately 6000 nm thick, with another 2000 nm of LG A15. The SG

A15 which formed above 630 ◦C had an average grain size up to 170 nm in diameter, and a few

individual small grains grew as large as 400 nm. However, the SG A15 layer which formed during

the isothermal portion of the HT at 630 ◦C have grain diameters in the 100-110 nm range, slightly

larger than the 90 nm grain size found in the 625 ◦HT for comparison. Close to the diffusion barrier,

there are additionally columnar A15 grains that are larger in diameter (about 130 nm) than the

equiaxed grains, however, these are common across all Nb3Sn PIT wires regardless of HT.

This clearly shows how the high temperature stage of the HT above 670 ◦C degrades the Jc−layer

by reducing GB density. To try to minimize the reduction in grain boundary density, IMHT “D”

only went to a maximum of 670 ◦C. Inverse multistage HT’s “B” and “C” had a very similar

Jc−layer(12 T, 4.2 K), but it is 10% lower than the standard HT for this wire. By staying below

670 ◦C, some of the Jc−layer(12 T, 4.2 K) was recovered, increasing from about 4940 A/mm2 in

HT’s B & C to 5140 A/mm2 in IMHT “D”. However, less SG A15 and total A15 is produced. This

result agrees with our grain size analysis in Figure 3.21 which shows that the grain size at higher

temperatures early in the reaction is larger than at 630 ◦C, lowering grain boundary vortex pinning

density.

It is clear that these inverse multistage HT’s have benefits and drawbacks to consider, and

additional optimization may still improve wire properties. High temperatures agglomerate voids

in the core and provide a diffusive path for Sn to reach the Nb-Ta tube to maximize SG A15

formation, but also perhaps allows Nb6Sn5 to interact with the tube wall. However, a temperature

as high as 690 ◦C is detrimental to grain size, and therefore grain boundary vortex pinning. The

best solution might be to only go as high as 675-685 ◦C for 0-4 h. The data show that small changes

to temperature and time during this sensitive portion of the HT can have substantial effects on the

SG/LG A15 ratio and warrant further exploration.
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Figure 3.21: Grain size of the SG A15 after inverse multistage HT “C” in comparison to
625 ◦C HT from [68]. The top image is a color map of the area equivalent diameter of
each grain in HT “C”, lighter color depicts larger grains and darker depicts smaller grains.
Grain size measurements were provided by Peter Lee The plot on the bottom left shows
the diameter as a function of distance from the Nb-Ta diffusion barrier. The bottom right
plot is magnified from the left plot to show the SG A15 layer, the purple dashed lines
and corresponding temperatures show the HT temperature at the time of the SG A15
formation for this IMHT “C”. The SG A15 which formed above 630 ◦C had an average
grain size up to 170 nm in diameter, and a few individual small grains grew as large as
400 nm, while those grains that formed at 630 ◦C had grain diameters in the 100-110 nm
range; just above the 90 nm grain size found in the 625 ◦C HT [68]. Close to the DB,
both heat treatments show columnar A15 grains larger in diameter (up to ∼130 nm) than
the equiaxed grains.
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3.5 Summary and conclusions

As optimizations of both Jc and RRR are in general opposition to each other, we focused on

driving Jc as high as possible without regard to RRR. The main considerations for improving Jc is

to form smaller grains of A15, or form more SG A15 by either increasing Sn diffusion to the Nb-Ta

tube, or by altering the reaction conditions to suppress the formation of LG A15 in favor of SG

A15. The phase evolution studies, which ended at the A15 reaction, showed a complex reaction

pathway:

NbSn2 + Cu→ (Nb0.75Cu0.25)Sn2 → NbSn2 + Cux → Nb6Sn5Cux → Nb3Sn(LG) + Cux + Sn

(3.2.2)

Above 600 ◦C, Nb6Sn5 delivers Sn to the Nb-Ta tube to first form SG A15, but later in the

reaction the residual Nb6Sn5 decomposes into LG A15. The precursor to Nb6Sn5 is the Nb-Cu-Sn

intermetallic known as Nausite, and we believe that minimizing the Nausite would be beneficial

for reducing LG A15. We found that Nausite forms as low as 200 ◦C and appears to grow to its

thermodynamic equilibrium under normal wire heating conditions <100 ◦C/h. We conclude that

Nausite is thermodynamically unavoidable with this initial chemistry and architecture, and any

time spent below ∼600 ◦C will only serve to grow the Nausite and later form more undesirable LG

A15.

During the isothermal A15 reaction at 630 ◦C, SG A15 started to form first around 5 h, while

LG A15 formed a short time later from Nb6Sn5 decomposition, during which Cu is ejected into the

LG A15 grain boundaries. Both the SG and LG A15 layers grow as the HT progresses, the Nb6Sn5

disappearing around 94 h. At this point, ε Cu-Sn phase supplies Sn through the existing SG and

LG A15 grain boundaries to react with the remaining Nb-Ta tube. After about 200 h the SG A15

layer stops growing, producing final A15 morphologies of ∼41% SG A15, 14% LG A15, and about

3% A15 trapped in the core of the 0.78 mm wire.

To study the effects of the A15 reaction temperature on the final wire properties, a series of

six wires were sent to ASC from CERN which were identical except for the HT which varied from

630-670 ◦C for 50-200 h. This series demonstrated that the A15 conversion is substantially better

at higher temperatures, the SG A15 volume fraction climbing from 38% to 43% in optimized HT’s.
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Additionally, the core A15 dropped from 3.0 to 0.4%, and the filament cores showed agglomerated

voids compared to the lower temperature HT in which voids tend to surround the remaining A15

trapped in the core. The voids then separate the Sn from the tube wall and inhibit a well defined

diffusion path to the Nb-Ta tube to form SG A15. This series of wires also made clear that higher

temperatures produce slightly higher Jc values, largely by forming more SG A15. However, the

Jc−layer is substantially lower than that at 630 ◦C. The RRR values in this series show that higher

temperatures decrease RRR as low as 67, while the RRR in low temperature HT’s easily remains

above 150.

Earlier work done on Shape Metal Innovations PIT wires made ∼20 years ago optimized for

reactions in the 675 ◦C range showed a larger SG A15 layer formed before the appearance of LG

A15 [102], implying that the SG/LG A15 ratio is strongly temperature dependent early in the HT.

I then decided to heat treat wires at various temperatures between 630-690 ◦C to understand LG

A15 formation in the early hours of the HT. We found that the SG A15 always forms first, the

LG A15 following a short time later, and the time-gap shrinking as temperature increased. The

maximum SG A15 layer that could be formed was about 2 µm at 670 ◦C after 4.5 h before the

LG A15 formed. This was a substantial improvement over the 0.85 µm SG A15 layer thickness

achieved before LG A15 formation in the 630 ◦C HT.

The temperature dependence of the SG/LG A15 ratio early in the reaction incited new heat

treatments to be developed which first went to a high temperature of 670-690 ◦C, then slowly

cooled (≤ 20 ◦C/h) to a final isothermal reaction temperature of 630 ◦C. All four of these inverse

multistage HT’s increased the SG/LG A15 ratio. In the best case for improving the SG A15 volume

(inverse multistage HT “C”), the SG A15 reached 44.5% of the cross-section with a SG/LG ratio

of 3.8, substantially improved from the 2.8 in a standard heat treatment in the 620-640 ◦C range.

These results were promising as we drove the bad A15 (core and LG) down from 18% to about 12%.

However, the Jc decreased slightly for all wires. This was due to the larger grain size of the SG A15

which forms during the high temperature portion of the HT (above ∼640 ◦C), further evidenced by

comparing the Jc−layer between them. However, since small perturbations in temperature and time

during the high temperature portion of the HT can have substantial effects on the SG/LG A15

ratio, further exploration is still recommended in the 675-685 ◦C range to determine the practicality

of improving Jc through use of inverse multistage heat treatments.
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CHAPTER 4

DEGRADATION OF JC AND RRR PROPERTIES

BY NON-UNIFORM FILAMENT DEFORMATION

DURING WIRE FABRICATION

During wire fabrication, filaments incur non-uniform deformation that can be detrimental for both

RRR and Jc. Through comprehensive SEM imaging and digital analysis paired with electrical

property measurements, I found that a major but previously unreported source of degradation for

these PIT wires is a movement of the filament cores away from the centers of the filaments towards

the center of the strand cross-section. This “centroid drift” creates a thin inner side and a thick

outer side for the diffusion barrier in each filament. Because the A15 reaction proceeds radially

from the core, the thinned side reacts through while there is still a thick layer of unused Nb-Ta

on the opposite side. Once the thinned layer has reacted through, the Sn can diffuse through the

A15 layer directly into the Cu matrix, reducing the amount of Sn available for the further reaction

of filament. Thus the centroid drift potentially decreases the overall critical current density of the

wire and the magnet stability. We also report on an experiment that sequentially removes the rings

of filaments furthest from the wire center, and the Cu surrounding them, so as to measure the local

variation in RRR and Jc as a function of distance from the wire center.

4.1 Filament deformation and barrier failure effect

Mono-filaments, as assembled, have a symmetrical cross-section with an aspect ratio of one,

where aspect ratio is defined as the ratio between major and minor diameter. However, mechanical

processing to final size results in some distortion of the filaments, particularly those in the outer

filament rings. We can classify the resulting filaments into three types. The first is encountered in

the inner rings of filaments (1-4), where the majority retain their round shape with little distortion

as seen in figure Figure 4.1a. In the outer rings (5-7) the second type is seen, where filaments tend

to be heavily aspected with substantial thinning of the DB on the side facing the wire center and

a thickening of the outer side (Figure 4.1b). During the reaction HT the thin side reacts-through
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Figure 4.1: FESEM-BSE images of polished cross-sections of representative filaments from
the 1 mm diameter conductor after reaction of 620/120 + 640/120. Each image is oriented
with the wire center towards the upper right. (a) Typical inner ring filament with aspect
ratio close to 1 and rather uniform residual diffusion barrier thickness. (b) Typical outer
ring filament with aspect ratio ∼1.3 showing barrier thinning on the side facing the wire
center with potential for A15 to contact the Cu. (c) A broken outer ring filament where the
A15 layer touches the Cu at the top right, allowing Sn leakage into the Cu and degradation
of RRR. Despite the leakage, this sample still maintained RRR = 175.

prematurely, resulting in SG A15 that is in direct contact with the Cu stabilizer, allowing Sn to

diffuse into the Cu (thus reducing RRR) and limiting further reaction of the tube (and thus its

contribution to Ic). In some cases the Sn flux into the Cu is sufficient enough to form a void,

and the total volume of SG A15 is significantly reduced. This void forms by the Kirkendall effect,

whereby the diffusion coefficient of Cu in Sn is sufficiently higher than the diffusion coefficient of

Sn in Cu, and vacancies diffuse out of the Sn and precipitate in the Cu [105]. This third type of

filament showing a Kirkendall void is shown in Figure 4.1c.

In addition to poisoning the Cu, we also observed that the leaked Sn can form A15 phase on

the outside of the diffusion barrier as seen in Figure 4.2. In Figure 4.2b we see a leak in ring

seven that was large enough to form a Kirkendall void nearly 20 µm wide between the A15 and the

stabilizing Cu. The A15 has formed not only on the outside of the broken filament, but also on

the neighboring filament, thus demonstrating the significant mobility of Sn in Cu. Figure 4.2 d &

e show that this external A15 forms as far in as ring four, despite breaks generally occurring only

in the outer two rings (6 and 7). Because of the discontinuity and low Sn content of this A15 layer

it is unlikely to contribute to the transport Jc. The high mobility of Sn in Cu demonstrates the

necessity to prevent leaks because outer barrier breaches can spread Sn widely into the Cu around
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Figure 4.2: FESEM-BSE images of polished, transverse cross-sections of a 1 mm diameter
PIT wire reacted for 280 h at 625 ◦C with RRR = 166. (a) Whole wire overview, (b)
close up of A15 formation external to a breached diffusion barrier in outer ring 7 and a
Kirkendall void formed by dissolution of Sn in the stabilizing Cu, (c) overview of filaments
in rings 3–7 in the vicinity of the breach, (d) and (e) A15 formation on barrier outsides
appears as far away as ring four.

inner ring filaments. This is an issue because very low levels of Sn in the Cu produce catastrophic

drops in RRR.

In Figure 4.3 the filaments in a wire cross-section are color-coded so that the spatial distribution

on filament aspect ratio can be easily observed. In this case it increases from a minimum of 1.01

in ring 1 up to a maximum of 1.31 in ring 7. In this cross-section we also find two large Kirkendall

voids that have formed adjacent to the more aspected filaments of the outer two rings, marked with

a red arrow in Figure 4.3. The most aspected filaments clearly occur in the outer ring filaments,

while inner filaments remain mostly circular.

In Figure 4.4a, the filaments in a transverse cross-section of a 0.85 mm wire (650 ◦C/100 h)

are color coded according to their continuous A15 area (LG+SG). In this case the overall variation

in A15 area across the sample is small (Coeff. Var = 3.7%) except for two of the filaments, and
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Figure 4.3: A color map of filament aspect ratio showing a range from 1.01 (dark/purple)
to 1.31 (light/yellow). The two filaments with barrier breakthrough and a Kirkendall
void are marked with a red arrow. This 1 mm diameter wire with CERN sample ID
He10S11403A01.U.006 was reacted for 620/120 + 640/120 and had RRR = 175.
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Figure 4.4: This 0.85 mm diameter wire was reacted for 100 h at 650 ◦C and had RRR
= 145. The color map (a) is colored by connected A15 area in each filament (LG +
SG), the lighter color depicting more A15 and darker colors depicting less A15, summary
statistics are shown in the upper left. In (b) the filament A15 area as a function of its
aspect ratio: two filaments have A15 area well below the mean, corresponding to the two
darkest filaments in the color map of (a). The histogram in (c) shows a roughly Gaussian
distribution of the A15 area with all but two filaments within 3σ: these are the filaments
with lowest A15 area in (a) and (b).
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we do not see the radial dependence observed in the aspect ratios in Figure 4.3. For this 0.85 mm

wire, if we plot aspect ratio against A15 area we also find no dependence (Figure 4.4b). There

are, however, two filaments that have A15 areas below three standard deviations from the mean as

shown in the histogram in Figure 4.4c. The two filaments with a clearly reduced A15 area show

leakages with evident Kirkendall voids, despite being only moderately aspected.

Our conclusion is that any barrier breach will allow Sn to flow into the Cu and lower RRR,

however this does not generally affect the amount of SG A15 since barrier breakthrough frequently

occurs towards the end of the reaction. However, when local thinning of the tube wall is severe

enough to cause barrier breach earlier in the reaction, enough Sn can leak out to form a Kirkendall

void, and the SG A15 area is substantially reduced. While the aspect ratio and Sn leaks are both

radially dependent, the aspecting does not necessarily cause Sn leaks. An explanation for this is

that if the aspecting is symmetrical about the core, the tube wall remains constant and so the Sn

diffusion distance across the Nb4at%Ta tube is also constant, so that premature breaching is not

in itself sensitive to aspect ratio.

However, the different deformation rates between the porous, Sn-rich powder core and the Nb-

Ta reaction tube, may cause an asymmetrical filament deformation such that the center of the

core is no longer at the center of the filament, leading to the large variation in barrier thicknesses,

creating an uneven reaction front with a distinctly thin and thick side as shown in Figure 4.5.

The centroid drift of each filament core was normalized to its filaments area effective diameter to

allow comparison across samples of various filament size. This was done by measuring the distance

between the center of a filament, and the center of its A15 and core area (as shown in Figure 4.5),

then dividing by the filaments area effective diameter. Because of this centroid drift, during the heat

treatment the thin side can be prematurely reacted through. To prevent this (and the consequent

RRR reduction) the heat treatment has to be limited but at the expense of a reduced amount of SG

A15. Thus a large amount of unused Nb-Ta DB is left behind on the thick side. Overall, the unused

DB makes up 25% of the non-Cu cross-section. Figure 4.6 shows how the centroid drift steadily

increases with distance from the wire center, the yellow data points showing the local average for

each ring of filaments. As with aspect ratio, the color map in Figure 4.7 further illustrates that

centroid drifting occurs more in the outer filaments than inner filaments. The one leak in this cross

section occurred in ring seven in a filament with 2.58% centroid drift.
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Figure 4.5: On the left, an inner ring filament with very little core drift where the centroids
of the A15 layer and the Nb-Ta tube are nearly identical. On the right, a heavily deformed
filament whose Sn core drifted 1.5 µm from its filament center (4.2% of its diameter),
allowing enough Sn to leak out that a large Kirkendall void has formed at the tube:Cu
interface.

Figure 4.6: Normalized centroid drift becomes worse further away from the wire center
in the 0.78 mm wire with heat treatment 620/100 + 640/90. The yellow, diamond data
points are local ring averages and are labeled 1-7 above the data.
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Figure 4.7: Colormap of normalized centroid drift in the 0.78 mm wire with heat treatment
620/100 + 640/90. Centroid drift becomes substantially worse in outer filaments, this
cross-section showed one leak in a filament with 2.58% centroid drift.

To further quantify the impact of centroid drift on residual barrier thickness, we measured the

variation in barrier thickness within each filament in a 1 mm wire (625 ◦C/280 h), by measuring the

shortest distance between each pixel at the A15:Diffusion barrier interface, and the Cu stabilizer. In

the case of a barrier breach, this distance goes to zero. When grouping the results for each filament

by ring number (Figure 4.8), we found that the centroid drift is minor for the inner rings (1-4) with

no detrimental thinning of the DB. However, the variation in barrier thickness increases in rings 5 to

7 where there are regions with the DB thickness going to zero on one side, and showing a thickening
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of the DB on the opposite side of the distribution. Although the mean barrier thickness varies by

less than 5% for all rings, the standard deviation grows substantially in the outer rings. For rings

1 through 4 there is little variation in minimum thickness (0.8-1.1 µm), maximum thickness (4.6-

5.1 µm), or standard deviation (0.6-0.7 µm). However, in rings 5 to 7, the maximum thickness gets

as high as 7 µm, while the minimum goes to zero due to the A15 reaction front reaching the Cu as

shown in Figure 4.1c. Most noticeable is the widening of the distributions, the standard deviation

of outer filament rings almost doubling to 1.3 µm compared to the inner rings.

Figure 4.8: Distribution of residual barrier thicknesses within each of the seven rings of
filaments in a 1 mm wire after reaction of 280 h for 625 ◦C. Barrier thickness variation
is small in the four inner rings but significantly worsens in outer rings 5–7, in some cases
the DB thickness going to zero.

Although only one or two filaments leaked in a given cross-section, breakdown is imminent in

multiple filaments due to the stronger local distortions in the outer rings, even with the barriers

globally comprising 25% of the non-Cu area. These signs of incipient DB failure are of definite

concern when considering the additional filament distortion occurring during the Rutherford cable

manufacture, particularly at narrow cable edges [106], as only two or three breached barriers can

drop RRR below acceptable limits. Given that we are only looking at one cross-section from what

could be 1 km or more of magnet strand, it is reasonable to assume that most filaments in the outer

rings experience these local breaches somewhere along the length of the strand. We will describe a

“metallographic tomography” which can be used to gather better statistics along the wire length

in subsection 5.2.5.
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4.2 Serial etching experiment reveals a leak zone of low RRR

4.2.1 Effects of the leak zone on RRR

To determine the local impact of barrier breakthrough on RRR I measured the resistivity after

progressive etches in which Cu was sequentially removed from the surface of two 1 mm diameter

wires, previously reported in [49]. Standard four-point contacts were made on a short 1 cm long

sample whose resistance was then measured in a Physical Property Measurement System (PPMS).

After the measurement, the current and voltage contacts were removed and the sample immersed

in a dilute nitric acid bath for 5-10 min to partially remove the Cu matrix. Current and voltage

leads were attached, and RRR was measured again. This process was repeated until ∼4-5 inner

rings of filaments remained. Transverse cross-sections showing the approximate depths of each etch

are shown in Figure 4.9, and their corresponding RRR values are plotted in Figure 4.10. This

progressive etching revealed that RRR steadily degrades from 166-175 to 93-125 with removal of

the outer sheath of Cu until the filament pack is exposed. Removing the two outer filament rings

containing the 2 or 3 broken barriers and their surrounding degraded Cu shows RRR returning to

>170 because of the pure Cu remaining in the wire center.

Figure 4.9: Light microscope images of a progressively etched 1 mm diameter PIT wire
cross-sections. The images of the etched wire are overlaid on the initial cross section, the
left is the initial wire, with progressive etching moving to the right. Etch 3 removed the
outer two filament rings, as well as some interfilamentary Cu further into the wire. RRR
was measured after each etch as is shown in Figure 4.10.
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Figure 4.10: RRR values as measured after each step of the progressive Cu etch in the
two 1 mm wires, with inlay showing the approximate depth the Cu was removed before
RRR measurement. The heat treatments are listed above the curves. Dashed lines are
shown to guide the eye, and indicate a possible RRR profile in the filament pack based
on our analysis of where filaments leak.

4.2.2 Effects of the leak zone on Jc

This RRR etching experiment clearly showed that the filaments in the outer two rings are most

susceptible to barrier breach and leaking Sn. Our hypothesis was that if there are many breaches,

the overall Jc should increase by removing the outer filaments, since the most Sn-deficient, and thus

lower Jc filaments would be removed from the measurement. The sample used for this measurement

was 4.5 cm long, with voltage taps spaced 1 cm apart in the center. Its Ic was measured at applied

fields from 12-15 T. After the initial Ic measurement, nitric acid was carefully applied by pipette

to the region between the voltage taps. After dissolving some Cu, the most external filaments

were broken out of this center region between the voltage taps so that the external filaments

did not have a continuous current path along the full sample length, leaving only the inner 3-5

rings intact (Figure 4.11). In fact, the small size of the filaments and their hexagonal symmetry

(rather than circular) makes it quite difficult to remove individual rings of filaments, and after the

Ic measurement, the sample had to be destructively analyzed to determine how many filaments
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participated in the measurement. This was done by metallographic tomography. The sample was

mounted in a puck, the surface was polished and then imaged in a light microscope. A total of

eight polishing and imaging steps were made, and the sample was polished further down by 0.5-

1 mm between each step. Results of the metallographic tomography show the minimum number

of filaments along the wire length was 77, this cross-section is superimposed onto the original

cross-section for comparison in the right side of Figure 4.12.

Figure 4.11: A 4.5 cm long sample which has been etched in the center between the voltage
taps, in order to remove the outer ring filaments. This sample was 0.78 mm in diameter
from billet 32184, and the HT was inverse multistage HT “D” (670/3.5, -5 ◦C/h, 630/210).

Figure 4.12: On the left, results of the metallographic tomography show the minimum
number of filaments along the wire length was 77, this cross-section is superimposed onto
the original cross-section for comparison on the right.
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The results of this experiment actually showed that the inner filaments had the same Jc within

the error of the measurement (Table 4.1). In these wires there may be multiple barrier breaches in a

cross section, however, there still tends to be only a few which leak enough Sn to form a Kirkendall

void. This sample showed few Kirkendall voids, so the similar Jc agrees with our previous results

that A15 production is only affected when a Kirkendall leak forms. In the case where only one

or two Kirkendall voids are seen, the overall Jc remains unchanged. For future experiments, it is

recommended to perform slower etches that leave filaments fully supported by Cu, as Jc is affected

by strain state of the filaments [107], and it is unclear how Jc is affected in the filaments which are

not fully supported by Cu after the etch. Furthermore, the transport Jc measured here is only over

a length of ∼4.5 cm and may not reflect the impact of a random distribution of filament breaches

along the length of the wire

Table 4.1: Results of the Ic etching experiment, where we found that Jc is nominally the
same comparing the inner 77 filaments and the entire wire with all 192 filaments. Jc is
measured over the unreacted filament area.

Sample name Ic (12 T, 4.2 K) Jc (12 T, 4.2 K)

B31284 - full wire 493 A 2405 A/mm2

B31284 - inner filaments 198 A 2408 A/mm2

4.3 Conclusions of deformation effects on RRR and Jc

During wire fabrication, the wide range in mechanical properties of the components of the wire

can result in non-uniform deformation and local mechanical instabilities. In these PIT wires we

observe that a critical feature of this non-uniformity can be characterized as inward drift of the

powder core relative to the center of the Nb-Ta tube. This centroid drift becomes more severe in

the outer rings of filaments, providing opportunities for Sn to leak out into the Cu stabilizer on

the thinned inner side of the tube. This leaves a large, unused volume of Nb-Ta after the reaction

on the thick side. Of these breached filaments, there tend to be a few which breach very early

in the reaction and leak enough Sn to form a Kirkendall void. Measurements of the A15 area in

each filament show that in general, barrier breaches that are small or occur late in the reaction

do not produce a Kirkendall void and no reduction in A15 area was seen. In those few filaments

with Kirkendall voids, however, more Sn can be lost to degrade the A15 volume by up to 35%.
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Measurements of the variation in barrier thickness revealed that inner rings 1-4 have rather uniform

barrier thickness, while rings 5-7 have a large variation in barrier thickness, in some places going

to zero. These outer ring filaments then have a thin and a thick side, the thin side then capable of

being fully reacted through, which is detrimental for maximizing Jc while maintaining high RRR.

A serial etching experiment was then designed to directly measure the impact of these deformed,

leaking filaments on RRR and Jc. The results show that an initial RRR of 175 can fall to a low of

93 when the best Cu is removed. Further removing the Cu surrounding the outer rings 6-7 returns

RRR to 175. This demonstrates how even small Sn leaks can substantially degrade RRR. A similar

experiment was then made to determine if Jc was impacted by these leaks, the results showing that

Jc is largely unchanged if only a few filaments leak enough Sn to show a Kirkendall void.
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CHAPTER 5

ANALYSIS OF BUNDLE BARRIER PIT WIRES

DESIGNED FOR HIGHER JC WITHOUT LOSS OF

RRR.

An argument for substantially increasing the Sn content of PIT cores developed in 2014 when a

wire showed an anomalous result during microstructural analysis. While preparing samples for

heat treatment, I found that a high temperature weld while sealing the wire ends could alter the

local area chemistry near the weld, presumably by locally rearranging the core contents, especially

the local Sn content. This provided an opportunity to see how the A15 morphology might vary

under different starting conditions without fabricating any new wires. Through examination of

cross-sections near the weld we found that an improvement in the amount of SG A15 could be

obtained presumably by locally increasing the Sn content in the powder core. Bruker reacted to

these results by fabricating a new wire series which had increased Sn in the core. However, to

mitigate the anticipated RRR degradation, they protected the outer Cu with a second, so-called

“bundle barrier” placed between the filament bundle and the outer annulus of Cu. In this new

design, the wire can be reacted without regard to Sn leaks from the filaments since the bundle

barrier should protect the external annulus of pure Cu from any Sn contamination. We received

nine versions of this new wire, with variations in Sn content, filament number, filament size, and

Cu:non-Cu ratio. The best of these wires had filaments with deff = 36 µm, a Jc(12 T, 4.2 K) of

∼2650 A/mm2, while maintaining a RRR of 190. These Jc values are reported over the unreacted

filament area, and exclude both the stabilizer Cu and the Nb bundle barrier. The bundle barrier

design improved all three major parameters; Jc, RRR, and deff , bringing PIT wires closer to the

FCC conductor specifications enumerated in chapter 1. This new PIT wire design showed that

the previous PIT design, whether by chemistry or architecture, was limiting the potential of PIT

Nb3Sn.

One drawback to the bundle barrier wire design is that radially, non-uniform deformation occurs

during wire fabrication, allowing for more Sn leaks from filaments. Although this is no longer a
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RRR issue, leakage outside the filaments imply that we are not using the full potential of these

wires because of the reduction to the A15 reaction. However, this also gave an opportunity to better

correlate leaks to the deformation parameter of filament/core centroid drift, the main cause and

predictor of Sn leaks. Indeed, we found that centroid drift and its associated Sn leaks were quite

extensive along the length of the wire. For instance in one case I found that in only a 4 cm length

almost half of the filaments present Sn leaks with a Kirkendall void and reduced SG A15 volume.

The digital image analysis presented here enables a sophisticated overview of how to explore the

true potential of added Sn to raise the Jc of PIT wires.

5.1 Atypical filaments

In this section I will summarize the results obtained on a standard PIT wire that led to the

development of the bundle barrier conductor, previously reported in [49]. A possible method of

improving the SG A15 amount in Nb3Sn PIT wires came from a close examination of the 0.78 mm

wire heat treated at 630/240 which produced an anomalous result. Typically, wire ends are sealed

shut prior to HT by crimping the ends to prevent Sn from leaking out, and any end effects are

further avoided by cutting samples from the center of the wire for Jc and metallographic analysis.

However, one wire was prepared by welding the ends shut, and after examining a cross-section near

the weld, a small fraction (∼10-15%) of distinctly atypical filaments with substantially different

microstructure was found, as shown in Figure 5.1 and Figure 5.2. In these atypical filaments, up

to 46% SG A15 was found, despite the relatively low reaction temperature. By contrast, the more

typical 85% of filaments (typical also of the wires described in chapter 3) generated the more usual

41% SG A15.

The volume fractions of the LG A15 in the typical and atypical filaments were 14% and 10%

respectively and the core A15 was also entirely suppressed in atypical filaments, as shown in Ta-

ble 5.1. Considering the reduction of the LG A15 area, the absence of A15 in the core, the reduced

residual DB, and the increased SG A15 volume, it is clear that Sn can be utilized much more

efficiently in these atypical filaments.

5.1.1 Discussion

Subsequent analysis of other cross-sections from the same length of wire did not show the atyp-

ical filaments, leading us to conclude that their formation was an end-effect in only this particular
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Figure 5.1: FESEM-BSE images of polished, transverse cross-sections of filaments in a
0.78 mm diameter wire whose ends were sealed by welding and subsequently heat treated
at 630 ◦C for 240 h, with 20 atypical filaments outlined in red. The most notable difference
at this resolution is the absence of the light-appearing A15 phase in the core.
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Table 5.1: This standard design 0.78 mm diameter wire is from billet B31284 with deff =
∼39 µm. The ends were welded shut and near the weld two different filament types were
produced with different microstructures.

Phase or morphology volume %

Filament type DB A15 total core core A15 LG A15 SG A15 SG/LG A15 ratio

typical 22.7% 58.1% 19.2% 3.0% 14.4% 40.7% 2.8

atypical 18.2% 56.5% 25.3% 0.0% 10.2% 46.3% 4.5

Figure 5.2: FESEM-BSE images of polished, transverse cross-sections of filaments taken
from the welded-end of the 0.78 mm wire in Figure 5.1 with HT 630/240, showing typical
(a) and atypical (b) microstructure. The atypical filament in (b) has no core A15, a
diminished LG A15 area, and an enhanced SG A15 area. An artificial dashed line has
been added to better distinguish regions of small and large grain A15 morphologies, in
addition, a Cu-rich layer appears (c) which separates the LG A15 annulus from the core
remnants in the atypical filament.

welded-end sample. We believe that the high temperature excursion above the melting point of Cu

(1085 ◦C) during end welding acted to rearrange the local area ratios of Sn/Cu/Nb in the core,

increasing the Sn content of some filament regions to more favorably form SG A15 by consuming

the DB more efficiently.

Since the atypical filaments were generated by the welding of the ends prior to HT, it is not

meant to be a practical method to improve wires. However, I thought it might be interesting to

repeat the weld and again look to see what different microstructures could arise. After the ends

were welded shut, this wire had a HT of 630/94. In Figure 5.3 a menagerie of filaments is produced

after the weld, with A15 areas making from almost nothing to about 35% of the filament cross-

section. The main driver for repeating this experiment was to show that the local chemistry near
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the weld could be favorably altered to improve the SG/LG A15 ratio, as this method is fast and

cheaper than forming individual R&D billets with varying Sn-Cu-Nb ratios.

It is interesting to speculate what critical current density a completely atypical wire might

develop if the effects of this local temperature excursion could be replicated along the entire length

of the wire. A simple estimate suggests Jc could be enhanced by the ratio of the SG fractions

0.463/0.407 = 1.14, a 14% increase to Jc.

Figure 5.3: FESEM-BSE image of a polished, transverse cross-section of filaments in a
0.78 mm wire with welded ends and a subsequent heat treatment at 630 ◦C for 94 hours.
This cross-section is very close to the welded end to see if high temperature effects from
the weld would generate atypical filaments. Here we found that a menagerie of filament
types is generated by applying the pre-heat treatment weld. Four select filaments are
magnified and inset at the corners of the figure.
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5.2 Bundle barrier wires

Stimulated by the atypical filaments described in the previous section, BEAS designed new

wires which had increased Sn in the powder core and the addition of a global diffusion barrier

that encompasses the filament bundle, so as to maintain a high RRR in the outer annulus of Cu.

However, they did not wish to disclose the core compositions, noting only that this pair of wire

modifications allowed for more aggressive heat treatments which increased Jc across all samples,

while also maintaining a high RRR in most wires. An unexpected result was that the SG/LG A15

ratio fell to a low of 2.3 compared to nearly 3.0 in the previous non-bundle barrier wires. In spite

of this increase in the undesired LG A15 fraction, the improved superconducting properties means

that the additional Sn improved the quality of the SG A15 layer. However, we found that the

addition of the bundle barrier generated a non-uniform deformation in the form of filament size

variation and worsened the centroid drift wherein the Sn-rich core drifts from the center of its Nb-

Ta reaction tube, often allowing Sn to leak. Unlike previous wire designs, we found Sn leaks can be

centimeters long in the bundle barrier wires. With higher Sn in the core and the additional bundle

barrier the PIT wire has already shown a substantial Jc improvement, however, the extensive image

analysis and electrical property measurements in this chapter will show that PIT Nb3Sn could see

significantly greater gains in performance if this non-uniform deformation could be better managed

or controlled.

5.2.1 Electrical and microstructural properties of bundle barrier wires

A major constraint of standard PIT Nb3Sn wires is that the A15 reaction effectively stops

when a filament’s diffusion barrier breaches, allowing Sn to leach into the Cu stabilizer where it

can no longer be used to form A15. The outer filament rings 6 and 7 are those which breach first,

since their filaments have the most centroid drift produced during wire fabrication, as was shown in

chapter 4. The longer the reaction proceeds after filaments breach, the more Sn will leak from these

filaments, and the lower the RRR will fall. The reaction needs to be stopped when the diffusion

barriers of those outer filaments begin to breach if RRR is to be maintained. However, this leaves

the less deformed inner ring filaments with unused Sn in the core, and extra diffusion barrier that

could have been used to make more SG A15 if the heat treatment had continued.
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The method chosen by Bruker to combat these degrading diffusion barriers was to add a sec-

ondary diffusion barrier around the filament bundle in addition to the distributed diffusion barriers

already surrounding each filament. This global diffusion barrier is similar to many bronze route

conductors [108, 109]. The so-called “bundle barrier” contains any leaked Sn, and separates the

leaks from the outer annulus of pure Cu so that wires can be heat treated for longer to form the

most A15 without regard to barriers breaching and lowering RRR. With this additional diffusion

barrier in place, additional Sn can also be added to the filament cores to consume more of the

remnant DB to make more A15. Bruker produced ∼20 varieties of this “bundle barrier” wire and

sent nine wires to the ASC for analysis. All nine of these wires had bundle barriers made of pure

Nb, but they varied in their Sn content, filament size, and/or Cu:non-Cu ratio. Additionally, the

Cu:non-Cu ratio was altered by varying the Cu content both inside and outside the bundle barrier.

The wire cross-sections are shown in Figure 5.4 with their various Sn contents, wire diameters, and

sample names.

Figure 5.4: FESEM-BSE images of polished cross-sections of bundle barrier wires sent to
ASC for analysis. The 0.7 mm wires were reduced in size from the 0.85 mm wires of the
same name. The first three wires are medium Sn, Lucio is high Sn, and Bernd is very
high Sn.

All bundle barrier wires have higher Sn than those previously mentioned in this dissertation.

In this chapter, wires without a bundle barrier may be referred to as ’low-Sn’ in comparison to the

new bundle barrier designs with increased Sn.

The first group of bundle barrier wires in Figure 5.4 are medium Sn wires (Luca, Bernardo, and

Bernardo 2) which have respectively decreasing Cu:non-Cu ratios (1.2, 1.1, 1.0), as well as varying
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filament sizes as described in (Table 5.2). Lucio has nominally the same Cu:non-Cu ratio (1.0) and

filament size (∼35 µm) as Bernardo 2 , but has a high Sn core. The Bernd wire has the lowest

Cu:non-Cu ratio of 0.9 and a very high Sn core. In the Bernd design very little Cu was included

outside the bundle barrier. Additionally, Luca has only 156 filaments compared to the standard

192 for all other PIT wire architectures described in this work.

These bundle barrier wires all had the BEAS HT “A” (280/20 + 620/120 + 640/160) with the

exception of the 0.85 mm Bernardo which had BEAS HT “N”, which differs by a slightly altered

first stage of 250/40. They claim that this is nominally the same as the 280/20 stage and should not

be regarded as an additional variable in the analysis. The standard PIT comparison wire without

bundle barrier in Table 5.2 was from BEAS billet B31284 with a reacted diameter ∼0.78 mm, and

a deff = 39 µm, heat treated for 620/100 + 640/90, the BEAS recommended HT for this wire.

The Jc results in Table 5.2 were provided by BEAS and were calculated over the unreacted filament

area, excluding the area of the bundle barrier.

Most bundle barrier wires had higher Jc than the standard, lower Sn PIT wires previously

described in earlier chapters of this dissertation. In the best case Jc(12 T, 4.2 K ) went up

to 2658 A/mm2, nearly a 25% increase, with the Jc−layer increasing by more than 25% to over

7000 A/mm2 in one case (Table 5.2). RRR was maintained above 100 for all wires except Bernd

which fell to 61, with the 0.7 mm Luca having a high RRR of 190. As future work on FCC conduc-

tors will require higher fields, we include the 15 T data in Table 5.2 for future comparison, noting

that the Jc trends between wires are the same for both 12 or 15 T. Luca has the highest Jc, while

Bernd has the lowest.

In terms of the microstructure, all wires had increased total A15 volume, which rose from ∼56%

to 58-60%. However, the SG/LG A15 ratio declined from 3.0 to 2.3-2.6 range mostly due to the

increased LG A15 volume, previously 13-14%, now 15-16% in the bundle barrier wires. (Table 5.3).

Additionally, we introduced a new variable into our image analysis and measured the amount of

stabilizer Cu which became Kirkendall void (K-void) due to aggressive Sn leaks. While the overall

area of Kirkendall voids is low, the correlation of more voids to lower Jc is clear. In the worst wires

(Bernd and Lucio), the Kirkendall void fraction is ∼0.35% some seven times that of Luca which

had < 0.05% of its Cu cross-section converted to Kirkendall void.
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5.2.2 Discussion of bundle barrier microstructure and electrical properties

These results showed a substantial advance in the Jc(12 T, 4.2 K), setting a new record of

2658 A/mm2. This is a 6% increase over the previous record Jc(12 T. 4.2 K) of 2,500 A/mm2 in

a 1 mm wire with 50 µm filament diameters. However, the filaments in Luca are only 36 µm in

diameter, and it may be more appropriate to compare the Jc with a wire of similar filament size.

The best Jc(12 T. 4.2 K) from our 0.78 mm wire with deff = 39 µm was 2444 A/mm2. This means

in consideration of small deff , Luca improved the Jc(12 T. 4.2 K) by 9%.

An important distinction to make in bundle barrier wires is how to treat the area of the bundle

barrier for Jc calculations. Jc historically refers to a “non-Cu” Jc which has been synonymous with

filament area in PIT wires, but now it could also include the additional bundle barrier area in

the non-Cu, lowering the value. In this dissertation the Jc is always normalized to the unreacted

filament area, disregarding any bundle barrier or stabilizer Cu.

Considering a small deff after reaction, bundle barrier PIT wires are ahead of the competing

RRP wires, as PIT now has a 1508 A/mm2 (15 T, 4.2 K) with deff = 36 µm , while RRP has Jc

= ∼1,400 A/mm2 (15 T, 4.2 K) at deff = 35 µm [54].

Although we found a substantial increase in Jc, the mechanism was quite different than we

had hypothesized. Since the SG/LG A15 ratio decreased while Jc went up, this implies a big

improvement in Jc−layer, which indeed exceeded 7,000 A/mm2 at 12 T, 4.2 K in the the 0.85 mm

Luca wire, a new record. This is interesting because while we thought the additional Sn would

drive a larger SG A15 layer volume (46.3% in the atypical filaments vs 40.7% in the typical), its

main effect was to improve the quality of the typical 40-41% SG A15 volume. In fact, the extra Sn

does not appear to increase the SG A15 quantity, but it may be that the higher Sn activity drives

the SG A15 reaction rate and produces smaller grains. Since improvement was made by adding Sn,

we expect to find either smaller grains, A15 closer to stoichiometry, or a more homogeneous A15

layer.

To continue exploring the potential of these bundle barrier wires, we decided to try to further

improve the microstructure by increasing the SG/LG A15 ratio using the inverse multistage HT

“C” from chapter 3. The results are shown for Luca at 0.85 mm in Table 5.4, where the top row

is BEAS heat treatment “A” (280/20 + 620/120 + 640/160), the middle row is inverse multistage

HT “C” with an extra 28 hours at 630 ◦C (690/0, -5 ◦C/h, 670/0, -10 ◦C/h, 630/238), and the
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Table 5.4: Comparison of HT’s for Luca at 0.85 mm. The top row is BEAS heat treatment
A (280/20 + 620/120 + 640/160), the middle row is inverse multistage HT “C” with an
extra 28 hours at 630 ◦C (690/0, -5 ◦C/h, 670/0, -10 ◦C/h, 630/238). The bottom row
shows the substantial improvement to the SG/LG A15 ratio, nearly doubling, while the
superconducting properties all degraded. Ic and Jc are reported at 12 T, 4.2 K.

Heat Treatment
Ic

(A)
Jc

(A/mm2)
Jc−layer

(A/mm2)
Nb%

Total
A15%

Core
A15%

LG
A15%

SG
A15%

SG/LG
ratio

BEAS HT A 546 2640 7021 22.6 56.4 2.3 16.5 37.6 2.3
Inverted multistage HT C 512 2476 5370 21.1 60.7 3.7 10.9 46.1 4.2

% change from inverted HT -6% -6% -24% -7% -7% +61% -33% +23% +83%

bottom row shows the change from applying the IMHT “C”. The most notable change is that the

SG/LG A15 ratio nearly doubled from 2.3 in the BEAS HT to 4.2 in our IMHT “C”. This was from

an increased SG A15 volume which climbed from 38% to 46%, while the LG A15 volume dropped

from 16.5% to 11%, raising the overall A15 volume to ∼61% from ∼56%. This SG/LG A15 ratio of

4.2 is very close to the atypical filaments discussed in the previous section which had a SG/LG A15

ratio of 4.5. However, this new wire and HT combination did have 4% core A15, abnormally high

compared to the BEAS HT and to the atypical filaments which had no core A15. Unfortunately,

the Jc fell by 6% in the IMHT, with the Jc−layer falling by 24%. The bundle barrier wires seem to

behave the same as the standard PIT wires with respect to the IMHT.

5.2.3 Non-uniform filament deformation in bundle barrier wires and its effect
on small grain A15 volume

The increased Sn in bundle barrier wires allows for an A15 reaction which encourages filament

breakthroughs. No longer limited by the poisoning of the stabilizer Cu, I see 15-20 filaments with

Kirkendall voids in the bundle barrier wires, compared to only a few leaks in previous standard-

Sn wires lacking a bundle barrier. The bundle barrier wires gave us an opportunity to more

systematically analyze how the diffusion barrier failure occurs. We noted that most of the Sn leaks

occur in the outer filaments, the Sn-rich cores in those filaments having drifted far from the center

of the Nb-Ta tube containing them. We accordingly analyzed every filament in each cross-section

and asked: is the diffusion barrier breached? If yes, has enough Sn leaked to form a Kirkendall

void? The results are shown in Figure 5.5, where orange filaments have breached diffusion barriers

and A15 is in contact with the Cu stabilizer, and the red filaments denote a breach which leaked
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enough Sn to additionally produce a Kirkendall void. There is a clear pattern going from lower

to higher Sn wires (left to right), Luca only having a few breaches with Kirkendall voids, while

Lucio and Bernd had many (>15 in these cross-sections). Sn leaks large enough to form Kirkendall

voids will reduce the volume of A15, and primarily the SG A15 is reduced since the LG A15 layer

mostly formed about halfway through an optimized reaction, and barrier breach typically occurs

in the latter half of the reaction. With low Jc and many breached and leaking filaments in Bernd,

we sought to analyze the deformation, and specifically compare the centroid drift with the Luca

wire which had the best Jc and fewest breached or leaking filaments. This section details how the

non-uniform filament deformation, evident from core centroid drift measurements, can substantially

reduce the SG A15 volume.

Figure 5.5: FESEM-BSE images of polished cross-sections of bundle barrier wires sent to
ASC for analysis, this is a colored version of Figure 5.4. Filaments in orange have A15
in contact with the Cu stabilizer, and filaments in red additionally had a breach severe
enough to produce a Kirkendall void.

My first observation was that the filament area can vary by up to 15% within a cross-section in

all varieties of bundle barrier wire, the outer filaments being smaller than those closest to the wire

center, demonstrated on the 0.85 mm Bernardo wire (Figure 5.6). Summary statistics are shown in

the upper left corner. The area equivalent deff from the data in the color map varied from 38.8 µm

in the outer ring filaments, to 41.5 µm in the inner ring filaments. This variation in filament size

100



causes a number of problems, one of which is that the average area of the filaments in inner rings

1-4 of this cross-section is about 2.5% higher than the average for the entire wire.

When considering that 40.8% of the filament is current-carrying SG A15, preventing the non-

uniform area reduction of the outer filaments should increase Jc proportionally to the increase in

SG A15 volume, about 1% (2.5%X40.8%). However, this calculation underestimates the effect on

Jc because it does not account for how much Sn is lost from leaking outer filaments, even as the

inner filaments maintain integrity through the end of the reaction. In Figure 5.7 we apply the

same type of color map but now for the A15 area, and find that the A15 area for the inner ring

filaments is 3.6% higher than the overall filament average. As only about 1% of the SG A15 and Jc

increase comes from the variation in filament size, the remaining 2.6% must arise from preventing

Sn leaking out to form a Kirkendall void and reducing the total SG A15 volume. Because an

optimized reaction must stop while RRR is still reasonably high (100-150), the reaction length is

controlled by breach of the smallest filaments. Protecting them means leaving unreacted Sn and

Nb in the larger filaments closer to the wire center. In the example of the 0.85 mm bernardo wier, if

the outer filaments could be maintained at the size of the inner filaments, and core drift be reduced

enough to prevent Kirkendall voids from forming, the SG A15 volume could then increase from

40.8% to 44.4%.

In summary, this study shows:

1. Smaller filaments in the outer rings reduce the overall SG A15 area by 1%

2. Sn leaks in these smaller outer filaments further reduce the SG A15 by 2.6%

3. The reaction heat treatment must be limited to that which does not breach the smallest

filaments to ensure RRR is maintained, wasting Nb and Sn in the larger filaments
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Figure 5.6: Bundle barrier wire Bernardo, 0.85 mm in diameter, colored by reacted fila-
ment area. The inner most filaments are the largest (largest area 1350 µm2), while the
area fell to a low of 1183 µm2 in the outer filaments. Summary statistics are shown in the
upper left corner. The mean area of 1290 µm2 corresponds to a deff = 40.5 µm.
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Figure 5.7: Bundle barrier wire Bernardo, 0.85 mm in diameter, colored by SG+LG A15
area to show the radial dependence. The inner most filaments have larger A15 areas up to
765 µm2 while the area fell to a low of 558 µm2 in the outer filaments. Summary statistics
are shown in the upper left corner, which show a mean A15 area of 713 µm2.
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5.2.4 Filament centroid drift and its correlation to barrier breach

As with the previous generation of non-bundle barrier wires, the cause of diffusion barrier breach

is the centroid of the porous, Sn-rich core drifting from the center of its Nb-Ta reaction tube. Here

we look at two examples of how centroid drift can affect A15 production. In the bundle barrier wire

with highest Jc (Luca at 0.7 mm diameter), there were only two breaches severe enough to form a

Kirkendall void in the analyzed cross-section (Figure 5.8), and these leaks occur in filaments with

the high centroid drifts of 4.2% and 3.8%. These two filaments are annotated in red throughout the

figure. To the left of the cross-section are the five filaments with highest centroid drift, including the

two showing Kirkendall voids. The bottom left plot shows the radial dependence of centroid drift,

the yellow data points show a local average for each ring of filaments. The bottom right plot shows

how the SG+LG A15 area fraction is affected by centroid drift; the two filaments with Kirkendall

voids both have substantially reduced A15 volume (data points in red). The key conclusion is that

centroid drift causes barrier breach. When enough Sn leaks out to form a Kirkendall void, the A15

area is significantly depressed. To develop some statistics about how likely filaments are to leak,

we arbitrarily considered 3% centroid drift as a critical point, beyond which filament degradation

is much more likely. In the Luca wire, 8 filaments were beyond this point, and two of them formed

Kirkendall voids, a 25% leak rate for filaments beyond 3% normalized centroid drift. Additionally,

if we consider the stabilizer Cu, about 0.03% of its volume became Kirkendall void. The volume of

Kirkendall voids is a good marker for how severe a filament leaked, and also that the A15 area will

be reduced in that filament.

The same analysis was performed on the worst bundle barrier wire (Bernd), and the results

are shown in Figure 5.9. Two filaments had very high centroid drift, 5.3% and 4.2%, annotated in

red throughout the figure, and 3 out of the 5 worst filaments shown to the left of the cross-section

showed Kirkendall voids. In the bottom left plot, the radial dependence of centroid drift is seen,

the yellow points representing local averages for each ring of filaments. Again, the filaments with

the highest centroid drift are the two which leaked the most. In the bottom right plot we see that

the dependence of A15 volume on centroid drift shows that the greater the Sn-rich core drift, the

more likely it is to breach and leak Sn. Bernd had 17 leaks in this cross-section (red data points),

many more than the two of Luca. In the Bernd wire, 25 filaments had their cores drift beyond

3%, and 6 of them formed Kirkendall voids, a 24% leak rate. As Luca also had a leak rate of 25%
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beyond the 3% criterion, these data validate the 3% centroid drift criterion as a reasonable marker

for leakage.

The filament in the inset of the bottom right of Figure 5.9 shows an interesting anomalous

filament which has very little A15 and a core drift of just over 3%. Despite the lack of Kirkendall

void in this cross-section, the reduced A15 area suggests that this filament must have leaked further

up or down the wire to explain the absence of so much of the core Sn. This made us consider whether

there might be many more filaments which are compromised along the length, beyond what we see

in a single cross-section.

This positional variation of centroid drift suggests that if the filament cores can not be prevented

from drifting, it might be beneficial remove the bundle barrier and stack standard Sn-cores in the

external filaments, with enhanced Sn filaments only in the inner rings.
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Figure 5.8: Top: bundle barrier wire Luca (0.7 mm diameter) colored by normalized
centroid drift as indicated by the color bar to the right of the wire cross-section. Only
two filaments leaked, labeled in red throughout the figure. The five filament cross-sections
on the left are those with the highest centroid drift. The lower left plot shows the radial
dependence of the centroid drift, the yellow points representing local averages for each ring
of filaments. The two filaments with high centroid drift are the same two which are shown
leaking in the color map. The bottom right plot shows how the SG+LG A15 area fraction
is affected by centroid drift, the two filaments with Kirkendall voids have substantially
reduced A15 volume.
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Figure 5.9: Top: bundle barrier wire Bernd (0.7 mm diameter) colored by normalized
centroid drift as indicated by the color bar to the right of the wire cross-section. The
two filaments with highest centroid drift are circled in red throughout the figure, and all
filaments with Kirkendall void are red in the lower right plot. Three out of the five worst
filaments to the left of the cross-section present Kirkendall voids. The lower left plot shows
the radial dependence of the centroid drift, the yellow points representing local averages
for each ring of filaments. The two filaments with highest centroid drift are the same two
which are shown leaking in the color map. The bottom right plot shows how the SG +
LG A15 area fraction is affected by centroid drift, 17 filaments show Kirkendall voids,
many with substantially reduced A15 volume. The filament inset shows an interesting
filament which has very little A15 and a core drift of just over 3%. Despite the absence of
Kirkendall void in this cross-section, the reduced A15 area means this filament must have
leaked further up or down the wire.
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5.2.5 Evidence for lengthwise Sn leakage due to centroid drift

To determine the extent of filament degradation along the wire length, we used a technique

of metallographic tomography. In this method, we took a 4 cm length of wire and made eight

cross-sections by cutting every 5 mm, mounting them in a conductive puck for imaging in the

SEM. We chose 4 cm because it is approximately twice the length of the wire twist pitch. If more

detailed metallography is needed, the puck can be easily polished down in ∼0.5 mm increments to

get additional images. In Figure 5.10 we show a subset of filaments in the Bernd 0.7 mm wire that

show how one particular filament changes over 4 cm. This wire was heat treated with BEAS HT

A (280/20 + 620/120 + 640/160).

In image A, the filament is severely compromised with substantial Sn loss and a large Kirkendall

void: the A15 area clearly diminished. In panels B and C, the diffusion barrier has breached,

however, there is no Kirkendall void and the A15 area appears full. In panel D, there is a large

Sn leak with a Kirkendall void over 10 µm wide, and only a thin discontinuous A15 layer in the

core. In panel E, the diffusion barrier appears fully intact with a full A15 area. In panels F and

G, the filament diffusion barrier is entirely breached, with essentially no A15, and large Kirkendall

voids tens of microns wide. In panel H, this breach appears contained, with a thin, continuous ring

of A15 present. With the considerable damage along the length and the lack of current sharing

between PIT filaments, this wire may have many fewer filaments participating in transport than

intended, or at least filaments which are participating in a diminished capacity.

To better understand filament continuity along this 4 cm sample of the Bernd wire, we integrated

the data from all eight images to measure the frequency that each barrier breached over this length.

This is simply counting the filament as either broken, or broken with a Kirkendall void in each cross-

section. In total there were 81 filaments which breached and leaked enough Sn to form a Kirkendall

void over 4 cm, with the majority of leaks occurring in the outer ring filaments (Figure 5.11). One

filament was broken and leaking in 6 out of the 8 cross-sections examined, while many more still

leaked in 4 or 5 cross-sections, diminishing the SG A15 volume in these filaments over centimeters.

The key conclusion is that individual filaments are unlikely to carry the same current. Moreover,

the outer ring filaments with many regions of reduced SG A15 volume contain bottlenecks within

the filament which must lower the overall Jc of the wire.

108



If we now consider any filament whose diffusion barrier breaches (whether or not sufficiently

serious to produce Kirkendall voids), a clear pattern emerges in which the inner ring of filaments

rarely breach, while many filaments in the outer rings are compromised over the entire 4 cm length.

Considering all 192 filaments over 8 cross-sections in Figure 5.12, 170 out of the 192 filaments had

at least one cross-section where the A15 made contact with the stabilizing Cu. Moreover, 25% of

the filaments breached in at least 6 of the 8 cross-sections. The key conclusion here is that if only

20 filaments out of 192 retain a fully continuous diffusion barrier RRR will be degraded, as only

one or two breached filaments can degrade RRR below 100 for conductors without a global, bundle

barrier. These tomographic results suggest the value of considering a dual-quality filament stack,

where only the inner ring filaments have enhanced Sn, while the outer ring filaments have standard

Sn.
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Figure 5.10: This metallographic tomography was made over eight cross-sections, each
subsequent panel being separated by 5 mm along the wire length. The wire is Bernd with
BEAS HT A (280/20 + 620/120 + 640/160). Each panel (A-H) shows the same sub-set of
filaments and the red arrow points to a particularly interesting filament which is severely
damaged in cross-sections A, D, F and G, but appears intact in B, C, E, and H.
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Figure 5.11: Bundle barrier wire Bernd with diameter 0.7 mm, heat treated with BEAS
HT A (280/20 + 620/120 + 640/160). Each filament is colored and labeled by the number
of cross-sections in which the filament breached and leaked enough Sn to form a Kirkendall
void. Over the 4 cm long sample there were 15-20 leaks in each of the eight cross-sections,
and a total of 85 unique filaments leaked enough Sn to form a Kirkendall void. The worst
filament leaked in 6 of the 8 cross-sections.
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Figure 5.12: Bundle barrier wire Bernd with diameter 0.7 mm, heat treated with BEAS
HT A (280/20 + 620/120 + 640/160). By integrating the data from our metallographic
tomography across eight cross-sections along the 4 cm length, we can color each filament
by its frequency of barrier breach. 170 out of the 192 filaments had their A15 make contact
with the Cu stabilizer.
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5.3 Conclusions and future work for bundle barrier wires

Our observation in 2014 of the increased SG A15 volume after welding standard design wires

led to a proposal to develop wires with increased Sn in the filament cores. BEAS made ∼20 wires

(sending us 9) with increased Sn, but they also added a second, bundle barrier to protect an outer

annulus of Cu so as to maintain high RRR. The best bundle barrier wire set a new 12 T Jc record

for PIT wires of 2658 A/mm2, nearly a 10% improvement over the 0.78 mm diameter wire of

comparable filament size (39 µm) which had a Jc(12 T, 4.2 K) of only 2444 A/mm2. This same

bundle barrier wire had a Jc of 1508 A/mm2 (15 T, 4.2 K) and, putting PIT ahead of the best RRP

wire of comparable filament size which has Jc = 1,400 A/mm2 with deff = 35 µm. Since the volume

of SG A15 did not increase in the bundle barrier wires, our conclusion is that the higher Sn content

generated a higher quality of A15, either by smaller grain size, being closer to stoichiometry, or by

creating a more uniform distribution of Sn [110].

The SG/LG A15 ratio in the bundle barrier wires was lower than in previous wires because

the higher Sn produced more LG A15. Accordingly, we tried to increase the SG A15 volume by

using our inverted multistage HT “C”. Indeed, we were successful in raising the SG A15 from 40%

to 46% and reducing the LG A15 from 17% to 11%, but none of this successful microstructural

morphology engineering benefited either the Jc (12 T, 4.2 K) which fell from 2640 to 2480 A/mm2

(at 12 T) nor the Jc−layer which dropped from 7021 to 5370 A/mm2. We infer that the initial

670-690 ◦C HT stage degrades the A15 grain size and vortex pinning, however beneficial it is for

the SG/LG A15 ratio.

In addition to the superconducting properties, we measured how non-uniform deformation dur-

ing wire fabrication affected filament centroid drift. The most noticeable difference with the addition

of the bundle barrier is that the filament area decreased by ∼14% going radially outward from the

wire center. Additionally, the centers of the Sn-rich cores drifted from the center of their Nb-Ta

tubes which provided opportunities for Sn to leak. We focused on comparing the wire with the

best superconducting properties (Luca) to the worst wire (Bernd), both at 0.7 mm wire diameter,

and deff ∼ 36 µm. The filaments with highest centroid drift are substantially higher in bundle

barrier wires, especially those with lower Cu:non-Cu (such as Bernd). Our conclusion is that the Cu

provides a cushion between the filament bundle and the die wall during wire fabrication, allowing

the Nb-Ta tube and porous, Sn-rich cores to co-deform more favorably.
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In filaments which had centroid drift >3%, about 25% of the diffusion barriers visible in any one

cross-section breached and leaked enough Sn to form a Kirkendall void, diminishing the volume

of SG A15 which could be formed. To further explore this damage, I then measured multiple

centimeters of wire by metallographic tomography, in which a 4 cm sample was imaged at eight

cross-sections 5 mm apart. We found that the wire Bernd had ∼10% of its 192 filaments showing

Kirkendall voids, Sn leaks, and reduced A15 areas in a given cross-section along the wire length.

This means that many of the filaments are only partially participating during current transport,

since their A15 areas are significantly diminished. Additionally, we found only 10% of the filaments

have fully intact barriers over an entire 4 cm wire sample, with 25% of filaments being breached

for nearly the entire 4 cm long wire sample.

The ultimate recommendation coming from the work of this chapter would be to further increase

the Cu:non-Cu ratio in a wire of the Luca design and make the core ’very high’ Sn as opposed to

medium Sn. The additional Cu stabilizer would reduce core centroid drift, and the additional Sn,

which now does not escape the reaction tube, could be used to form more SG A15 or otherwise

improve the A15 layer. If core centroid drift can not be prevented, it may be beneficial to have a

wire made of dual-quality filaments, with high Sn filaments in the inner rings, and standard Sn in

the outer rings. This would allow the best filaments to fully react, and avoid the most deformed

filaments from leaking Sn and lowering RRR. Additionally, there have been past suggestions to add

Cu to the core as well so as to reduce the LG A15 volume, and improve the SG/LG A15 seen in

the welded-end atypical wires. However, this added Cu always comes at the cost of a reduction in

starting Sn volume, and therefore produces less overall A15, and lower Jc [94, 111, 112]. At this

time, the most clear direction to improve Jc and RRR would be to prevent this centroid drift. The

irony here is that if centroid drift is sufficiently minimized, the bundle barrier may no longer be

needed since the Sn can be better contained to the Nb-Ta reaction tube.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

Prior to the work presented in this dissertation, Powder-In-Tube process Nb3Sn wire technology

had evolved only slowly in the last 15 years, steadily being overtaken by the more flexible, cheaper,

and more reproducible RRP process. The best conductor manufactured at long lengths had been a

1 mm diameter wire with deff = 50 µm, a non-Cu Jc of 2,500 A/mm2 (12 T, 4.2 K), and a RRR of

175. This same wire converted 58% of the non-Cu cross-section into A15 phase, with 41% converted

to the desirable, current-carrying SG A15. All of these values were substantially lower than the

leading competitor, the Rod Restack Process which exceeded 3,000 A/mm2 (12 T, 4.2 K), RRR >

350, and a non-Cu A15 area of 60% (nearly all SG A15) [69]. To determine what was holding PIT

back from the high Jc seen in RRP wires, we performed detailed microstructural analysis of the

phase evolution in PIT wires from room temperature up to the A15 reaction above 600 ◦C. This

revealed a complex reaction pathway:

NbSn2 + Cu→ (Nb0.75Cu0.25)Sn2 → NbSn2 + Cux → Nb6Sn5Cux → Nb3Sn(LG) + Cux + Sn

(3.2.2)

A critical part of this pathway is the formation of Nausite ((Nb0.75Cu0.25)Sn2) which ultimately

transforms to the undesired LG A15 phase. I explored some possibilities of suppressing this Nausite

phase with no success; my results show that the more time spent under the A15 reaction tempera-

ture, the larger the Nausite layer would grow.

I found that once the A15 reaction begins, SG A15 always forms before the LG A15, with the

rate of formation increasing with reaction temperature. I also found that the layer thickness of the

SG A15 when the LG A15 started to form was strongly dependent on temperature. This led me

to perform a set of furnace pull-out experiments to better understand how SG and LG A15 evolve

in the early hours of different isothermal heat treatments.

These results stimulated a new type of inverse multistage heat treatment which first ramps the

wire to a high temperature in the 670 - 690 ◦C range before slow cooling at 5 - 20 ◦C/h to a final
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isothermal A15 reaction temperature of 630 ◦C. Four such inverse multistage heat treatments were

designed and the volume of SG A15 increased in all cases while also suppressing the LG A15, driving

the SG/LG A15 ratio from 2.8 in a typical HT to a high of 3.9 in the best inverse multistage heat

treatment. Unfortunately, the high temperature stage reduced the grain boundary vortex pinning

in the SG A15 layer, and non-Cu Jc was diminished by about 2%. Many experiments on both

standard and bundle barrier wires failed to produce an overall Jc benefit, even though I was able

to increase the SG A15 fraction from about 40% to 44%.

Bruker was stimulated by our experiments which showed the potential of increasing the Sn in

the filament cores to increase the SG A15 volume and drive up Jc. Bruker then manufactured a new

generation of PIT wire with increased Sn in the core and a second diffusion barrier, which surrounds

the filament bundle to mitigate the increased risk to RRR degradation. These “bundle barrier”

wires outperform all previous Nb3Sn PIT wires, with the best performing wire having a filament

Jc(12 T, 4.2 K) of 2658 A/mm2, RRR = 190, and deff=36 µm. The major constraint in this new

wire design, however, is the substantial degradation of the filament size and round filament shape

moving from the filaments closest to the wire center to the outer filaments. Our thorough digital

image analysis techniques showed that filaments vary in size depending on their radial position in

the wire, making it difficult to optimize a heat treatment. Additionally, in the worst wire, 170/192

filaments breached their barriers along a 4 cm length of wire, with many filaments leaking enough

Sn to form Kirkendall voids and diminish the SG A15 volume. We measured how likely a filament

was to breach by measuring how far the centroids of the Sn-rich core and Nb-Ta reaction tube have

drifted from each other, as this creates a thin side of the diffusion barrier. We found that there is

a 25% chance of a filament breaching and producing a Kirkendall void if the normalized centroid

drift is beyond 3%. This is a strong validation of the need to control the non-uniform deformation

during wire fabrication to keep the Sn in the reaction package, and out of the Cu. Additionally, if

the non-uniform deformation is reduced, the bundle barrier would no longer be needed to maintain

a high RRR.
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6.1 Suggestions for future work to improve Nb3Sn PIT wires

6.1.1 Improvements to bundle barrier architecture and chemistry

Our analysis showed that the non-uniform deformation imposed on the filaments during wire

fabrication is what allows Sn to leak from the filaments. The Sn leakage lowers RRR and also

reduces the volume of SG A15. The Luca wire had the most uniform filament bundle with the

fewest Kirkendall voids, and the highest Jc. We suggest that its larger Cu:non-Cu ratio, specifically

the large volume of Cu outside of the bundle barrier, provides a cushion to the die wall, allowing

more uniform co-deformation of the porous, powder core and the Nb-Ta reaction tube. The worst

performing wire was Bernd which had the least external Cu, further consistent with our explanation

of the good properties of Luca. As this deformation is improved, and the threat of Sn leak abates,

it would make sense to increase the Sn content of the core up to the very-high level utilized in

Bernd. This very-high Sn core improvement was not fully manifested in the Bernd wire due the

more severe deformation which allowed substantial amounts of Sn to leak from the reaction tubes,

hardly “very high Sn” after the leaks.

If core centroid drift can not be mitigated, it may be beneficial to have a wire made of dual-

quality filaments, with high Sn filaments in the inner rings which can fully react to over 60%

A15 volume without breaching diffusion barriers, and standard Sn in the outer rings. These more

deformed outer ring filaments with standard Sn would then reach a complete reaction well before

barrier breach and maintain high RRR.

Additionally, there have been suggestions in the past to add Cu to the core as well to reduce the

LG A15 volume and to improve the SG/LG A15 ratio as seen in the atypical wires. However, this

added Cu always comes at the cost of a reduction in Sn volume, and therefore produces less overall

A15, or A15 which is Sn deficient, lowering Jc [94, 111]. At this time, the more clear direction to

improve Jc and RRR would be to prevent centroid drift. The irony here is that if centroid drift

is sufficiently minimized, the bundle barrier may no longer be needed since the Sn can be better

contained within the Nb-Ta reaction tube and RRR would not degrade.

6.1.2 Artificial Pinning Centers (APC)

One possibility of improving Nb3Sn PIT conductors is through artificial pinning centers which

have been shown to enhance Jc by 60% in irradiation studies which induced point pinning centers

117



[113]. The essential result is that radiation adds point-pinning centers, leading to an increase of

the maximum volume pinning force and shifting the pinning force peak to higher fields. Although

this method is of course not suitable for engineering pinning centers as the conductor becomes

radioactive, it shows the value and potential of artificial point-pinning.

Recently, multiple groups have reported on the development of engineering artificial pinning

centers (APCs) in multifilamentary Nb3Sn superconductors by a PIT technique of internal oxidation

[114, 115]. In this approach, a Zr-alloyed Nb tube is filled with a powder made of η (Cu6Sn5) and

SnO2 powders. During the heat treatment, Zr oxide nano particles form acting as a dispersion of

APCs. Results recently reported out of the Applied Superconductivity Center show a successful

grain size refinement down to ∼38 nm from the 90 - 130 nm presented in this thesis [114]. If the

desire is to increase pinning and operate in higher fields up to 16 T, an APC PIT approach appears

to be compatible.
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