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Abstract

Dipole magnets for the proposed Future Circular Collider (FCC) demand specifications
significantly beyond the limits of all existing Nb3Sn wires, in particular a critical current density
(J.) of more than 1500 A mm 2 at 16 T and 4.2 K with an effective filament diameter (Degf) of
less than 20 um. The restacked-rod-process (RRP®) is the technology closest to meeting these
demands, with a J, (16 T) of up to 1400 A mm >, residual resistivity ratio > 100, for a sub-
element size Dy of 58 um (which in RRP® wires is essentially the same as D.g). An important
present limitation of RRP® is that reducing the sub-element size degrades J to as low as
900 Amm ™~ at 16 T for Dy = 35 um. To gain an understanding of the sources of this J,
degradation, we have made a detailed study of the phase evolution during the Cu—Sn ‘mixing’
stages of the wire heat treatment that occur prior to Nb;Sn formation. Using extensive
microstructural quantification, we have identified the critical role that the Sn—Nb—Cu ternary
phase (Nausite) can play. The Nausite forms as a well-defined ring between the Sn source and
the Cu/Nb filament pack, and acts as an osmotic membrane in the 300 °C—400 °C range—
greatly inhibiting Sn diffusion into the Cu/Nb filament pack while supporting a strong Cu
counter-diffusion from the filament pack into the Sn core. This converts the Sn core into a
mixture of the low melting point (408 °C) 7 phase (CugSns) and the more desirable & phase
(CusSn), which decomposes at 676 °C. After the mixing stages, when heated above 408 °C
towards the Nb;Sn reaction, any residual 7 liquefies to form additional irregular Nausite on the
inside of the membrane. All Nausite decomposes into NbSn, on further heating, and ultimately
transforms into coarse-grain (and often disconnected) Nb3;Sn which has little contribution to
current transport. Understanding this critical Nausite reaction pathway has allowed us to simplify
the mixing heat treatment to only one stage at 350 °C for 400 h which minimizes Nausite
formation while encouraging the formation of the higher melting point ¢ phase through better
Cu-Sn mixing. At a D of 41 pm, the Nausite control heat treatment increases the J. at 16 T by
36%, reaching 1300 A mm 2 (i.e. 2980 A mm 2 at 12 T), and moving RRP® closer to the FCC
targets.

Keywords: RRP wire heat treatment, Nb;Sn wire heat treatment, critical current improvement,
Nausite, accelerator magnets, Future Circular Collider, Hi-lumi upgrade
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1. Introduction

To advance experimental high energy physics beyond the
Large Hadron Collider (LHC), a Future Circular Collider
(FCC) [1, 2] has been proposed with a proton center-of-mass
energy of 100 TeV and a circumference of about 100 km [3].
This is a major advance beyond the 14 TeV center-of-mass
energy and 27 km circumference of the LHC [4], and it will
require more than 5000 superconducting dipole magnets with
magnetic fields of 16 T [S]—a demanding target compared to
the 8 T magnets of the LHC [6]. This doubling of field
requires a change from Nb-Ti to Nb3Sn as the conductor
technology. But the required properties, especially critical
current densities (J.) higher than 1500 A mm 2 at 16 T and an
effective filament diameter (D) of less than 20 um [7], are
well beyond the present state-of-the-art of Nb;Sn. Further-
more, these properties must be retained while maintaining a
residual resistivity ratio (RRR) of more than 150 and a piece
length longer than 5 km [7].

Today, the production-grade Nb3;Sn wire which is clo-
sest to achieving such properties is the internal-tin restacked-
rod-process (RRP®) wire, manufactured by the former
Oxford Superconducting Technology (now Bruker OST
since 2017). However, there is a strong J. drop in RRP®
wires once D.g is reduced below ~50 ym [8] for reasons
that are still poorly understood. This paper directly addresses
the causes of this drop and shows that J. can be raised by
redesigning the intermediate heat treatment stages to mini-
mize Nbg75Cug,5Sn, (‘Nausite’) formation and maximize
Cu diffusion into the core.

1.1. Basics of the RRP® design

RRP® Nb;Sn wires, as the name implies, are comprised of a
stack of ‘sub-elements’ that are themselves a product of a
previous stacking sequence of Cu, Nb, and Sn rods. Sketches
of a sub-element and a wire can be seen in figure 1, as well as
a scanning electron image of a wire cross section. Because all
the Nb filaments within a sub-element (Cu-clad Nb rods in
figure 1(a)) bond together during the Nb3Sn reaction to form a
ring of Nb;Sn, the physical diameter of the sub-element, Dj,
is very close to the effective filament diameter, D.s—a
dimension that can be reduced by increasing the number sub-
elements in a stack or by decreasing the wire diameter. Bruker
OST has reached a very reliable ‘mapping yield’ [9] when
restacking 108 sub-elements in a 127 centered hexagonal
number placeholder configuration (127-stack), resulting in a
Dy of 55 ym with a wire diameter of 0.85 mm. A slightly
lower yield is obtained using a 169-stack, and higher stack
counts (such as 217) are still experimental [8], but their
development is necessary to eventually achieve D¢ dimen-
sions required by the FCC specifications.

A standard 108/127 wire (at 0.85mm in diameter,
Dg = 55 um) has an average J. (16 T) of ~1200 A mm 2.
This, however, as a result of the aforementioned J. drop as a
function of Dy, is lower than the previously reported record J..
(16 T) of 1350 A mm 2 achieved in an RRP® wire with a sub-

element size of 72 pum [10]. Discovering the root cause of this
J. degradation has been a key motivation for this study.

In the past decade, Bruker OST has also had significant
success in optimizing the Cu/Nb/Sn metal ratios [11], the
upper critical field (H.,) dopant [12], and the fabrication
reproducibility [10] of RRP® wires. One of the most recent
successful modifications was a slight increase of the Nb:Sn
atomic ratio [8] in the sub-element (from 3.4:1 to 3.6:1) in
order to provide greater margin against Sn breaking through
the diffusion barrier and degrading the RRR. Such a design
change had a minor reduction in J. while significantly
improving RRR [12].

1.2. The RRP® heat treatment

Like all other internal-Sn wires, lower temperature heat
treatments have been historically used in an attempt to mix
the Cu and Sn prior to the Nb3Sn reaction, in order to obtain a
more homogenous Sn-rich phase around the Nb filaments and
reduce the negative impact of liquid phases. It has previously
been suggested that the multi-stage heat treatment of RRP®
wires requires modifications to accommodate wire design
changes [13]. However, only the final stage of this heat
treatment (~650 °C) has been studied in RRP® with con-
vincing enough evidence to alter the recommended heat
treatment [14, 15]. In this article, we evaluate the impact that
the mixing stages (below 600°C) can have on wire
performance.

Figure 2 shows the standard RRP® heat treatment with
two Cu-Sn mixing stages at 215 °C and 400 °C, and one
‘A15 reaction’ at ~665 °C. A cross section of a representative
sub-element at the end of each isothermal heat treatment is
also shown to illustrate the distribution of the phases. It is
worth mentioning that the 215°C is sometimes done at
210°C [16], at 200°C [17, 18], as well as 220°C [19],
depending on the type of wire. For simplicity, we will refer to
this step as the 215 °C step in this paper.

Despite the extensive history of internal-Sn wires, there
is considerable disagreement about the function and optim-
ization of the mixing stages, which we explored in detail
elsewhere [20]. Figure 3 shows the Cu—Sn phase diagram,
which will be very relevant for the following section of this
article since the main goal of the isothermal steps is to
transform the Sn and Cu into the n and ¢ Cu-Sn phases
(where the latter is preferable because of the low melting
point of the former).

The original reasoning behind the early stages of the
RRP® heat treatment was mainly to ‘form the bronze phases
and start the tin diffusion through the copper matrix’ and it is
believed that if these steps are skipped the wires are ‘subject
to Sn bursting’ [16]. These so-called ‘Sn bursts’ destroyed
several small magnets wound with MJR (Modified Jelly Roll)
wires (a predecessor technology to RRP® which was subject
to some mixing heat treatment studies [22—-24]) made at the
Applied Superconductivity Center in the early 1980s, and
were assumed to be due to a pressure build-up during the
liquefaction of pure Sn when heated continuously. It is
important to mention that there are other reasons for using the
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@)) Cu-clad Nb [}D)) Cu jacket

Cu Tube

Sub-elements

Figure 1. (a) A sketch of stacked Cu hexagons and Cu-clad Nb rods-in-hexagons, surrounded by a Nb barrier and a Cu tube. The Sn core is
inserted into a gun-drilled hole after the Cu and Nb components have bonded. By interspersing Nb-Ti rods in the rod stack, shown in
figure 1(a), the Nb;Sn can be doped with Ti to increase the critical current density at high magnetic fields. (b) A sketch of a fully processed
108/127 RRP® wire after 108 sub-elements have been restacked with a core of 19 Cu hexes and a Cu jacket added. (c) A backscattered-
electron micrograph of a 132/169 wire (three sub-elements on each corner have been removed in this particular design).
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Figure 2. The standard heat treatment (HT) used for RRP® wires Figure 3. The Cu-Sn phase diagram. Data extracted from [21].

since the early 2000s. The heat treatment uses three isothermal steps,
each of which has a different effect on the sub-element micro-
structure, shown here for a 50 ym Dy wire. Backscattered-electron
field emission scanning electron microscope (FESEM-BSE) images
show the distribution of phases across a sub-element after each HT.
Notice a highly irregular penetration of the 1 phase into the Cu/Nb
filament pack after the 215 °C step and, by contrast, the production
of a well-defined Nausite ring surrounding the core and much more
uniform microstructure between the filament pack and the original
Sn core after the 400 °C step.

215°C (namely ‘wetting the phase boundaries’ [25] to pre-
vent large Kirkendall voids) which will be touched upon in
the discussion section of this article.

Although the liquefaction of pure Sn was the main sus-
pect for Sn bursts and their instances are seldom recorded in
the literature, the liquefaction of 7 above 408 °C presents a
different challenge that is better recorded. It was noticed for
many years that the l%qu1d resultll'lg frorp the melting of 7 treatment showing a large amount of disconnected Nb;Sn produced
appeared to be responsible for the dissolution of Nb filaments, by Jiquefaction of the residual 7 phase, its reaction to Nausite on
creating islands of Nb3Sn upon final reaction [13]. Figure 4  heating above 408 °C, and its final decomposition to Nb;Sn
shows a group of sub-elements (Ds = 35pum) where a above ~600°C.

£ L AR e

Figure 4. 35 um sub-elements after a full standard RRP® heat
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Figure 5. Fractured surface of the A15 layer of a 35 pm sub-elements
heat treated using the standard RRP® heat treatment showing a row
of coarse-grain A15 where the Nausite ring once was.

significant Nb dissolution occurred, ending up as dis-
connected pieces of A15 after the full reaction.

Perhaps because the functions of the low-temperature Cu—
Sn mixing heat treatments appeared very simple, the 215 °C
and 400 °C steps for RRP® have remained relatively unchan-
ged since their introduction [16]. Only the final step (the A15
reaction) has been varied, changing slightly as the RRP® wires
improved their doping [14] and their Ds was reduced [8].

1.3. Recent studies of Cu—Sn mixing

In the past 10 years, studies at CERN have questioned the
rationale behind some mixing heat treatment steps. For
example, Scheuerlein ef al concluded that the mixing steps
‘neither reduce the void volume nor improve the chemical
strand homogeneity’ [26] of ITER-type internal-tin wires. They
also found that ‘long lasting plateaus are counterproductive to
J.’ [27] in high-Sn content internal-tin wires like RRP®,
because such wires are susceptible to the formation of Nausite.
As it will be shown below, and as suspected in [27, 28], this
Nausite phase (the Sn—-Nb-Cu ternary phase discovered by
Naus et al [29] in 2002, and now identified as Nbg 75Cug »55n,
[30]) is the source of Nb dissolution and subsequent coarse-
grain A15 formation, which were important suspects for the J.
degradation in RRP® wires. A row of this coarse-grain A15
derived from Nausite can be seen in fractured AlS layer in
figure 5 at the inner wall of the A15 ring (bottom of image). In
2013, more detailed studies were performed by Pong et al [31]
at CERN, showing that a Nausite layer blocks Sn diffusion
from the core into the filament pack by creating a continuous
ring at the inner walls of the Cu/Nb composite. Pong er al
found that such a ring was only formed in sub-elements with
low Cu content between the Nb filaments (i.e. low local area
ratio (LAR) wires), which is indeed the case of the current
RRP® sub-element design.

25%

20%

‘Average J_ billet

Frequency

2400

2470 2540 2610 2680 2750

12T Jec (A/mm?)

2820 2890 2960

Figure 6. The (12 T, 4.2 K) J. scatter of a recent production run of 35
billets with the 132/169 configuration 0.85 mm in diameter
(Dg = 50 pm).

Although much of the focus regarding Nbs;Sn heat
treatments has been on diffusion of Sn into the Nb filament
pack, Pong et al [31] actually pointed out that diffusion of Cu
from the Cu—Nb filament pack into the core was the dominant
mass migration in the highest J. wires. This large variety of
interpretations of the Cu/Sn mixing process inspired this
work to fully explore the phase transformations during these
early stages in the heat treatment in order to understand the
role of Nausite and its relationship to Nbz;Sn formation in
these high-J. internal-tin wires.

2. Experimental procedures

The wires used in this study are 132/169 stacks (see
figure 1(c)) with a Nb:Sn atomic ratio of 3.6:1. Two nomin-
ally identical billets allowed exploration of J.-scatter: one
billet has an average 12T J, of 2720 Amm ? at a wire dia-
meter of 0.85 mm, when heat treated using the standard heat
treatment of figure 2, while the other billet has a 12T J. of
2480 Amm 2 when heat treated under the same conditions.
We show the J. distribution for a recent 35-billet production
run (at 0.85 mm) in figure 6 to provide a better idea of the
billet-to-billet scatter. The billets in this study are referred to
as ‘average J. billet’ and ‘low J. billet’. Additionally, they
were drawn to three different sizes: the nominal production
size (0.85 mm), as well as 0.7 mm and 0.6 mm with a D,
of 50 um, 41 ym, and 35 um respectively (all of which
are below the required D specification for the current
Hi-luminosity upgrade of the LHC [9]). The intention of the
smaller diameter wires is not to suggest the use of thinner
wires but rather to investigate the effects of the heat treat-
ment in smaller sub-elements, which are also achievable at
larger wire diameters in higher stack wires (e.g. 217 stack).

For heat treatment studies, 14 cm long pieces of wire
were sealed in in quartz tubes pumped to ~107° Pa and then
back-filled with argon at 300 Torr. A four-zone tube furnace
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(2 °C over a length of 20 cm) was used for heat treatment.
The tubes were pulled out of the furnace at various times
during the heat treatment, and immediately water quenched to
rapidly solidify any liquid phases, as well as to prevent solid
state phase transformations of the high temperature phases.
Small sections of these quenched wires (about 1 cm in length)
were then mounted inside a metallographic puck in a trans-
verse orientation, polished, and imaged using the back-
scattered-electron detector of a Zeiss 1540 Crossbeam®
FESEM, to inspect the phases present. The phases were
identified using energy dispersive spectroscopy (EDS) per-
formed at 15 kV using standardless analysis (EDAX TEAM
V34) with an EDAX Apollo XP SDD detector. The micro-
structures were quantified using the open-source image ana-
lysis (IA) software Fiji [32] with various macros that have
been made available in [33].

After the heat treatment studies, selected critical current
I. measurements were made using separate reaction and
testing barrels made of stainless steel and Ti-6Al-4V
respectively (as described in [34]). Once the samples were
mounted on the testing barrel, four voltage taps (24 cm apart)
were soldered and the entire assembly covered with paraffin
to fix the sample in place. A criterion of 0.1 £V cm ' was
used to define I. and n-values were derived from the log
V-log I characteristics across the full length of the four
voltage taps (72 cm). RRR measurements were performed by
measuring resistivity at room temperature (293 K) and 20 K.

3. Results

Because of the complexity of the heat treatment studies, we will
separate them into three sections. The first section will sum-
marize the reactions occurring in the standard heat treatment (see
figure 2), the second section will focus on the optimization of the
(now called) ‘Nausite control heat treatment’ (NCHT) which
deals with the Nausite ring and its operation as a regulatory
membrane, as well as the conversion of the Sn-rich core (made
mostly of 77) into a lower-Sn core (made mostly of ). Then, in
the final section, we explore the significant critical current
density improvements that result from the NCHT.

3.1. Standard two-stage Cuw/Sn mixing heat treatment results

As the Sn diffuses outwards into the surrounding Cu during the
initial mixing at 215 °C, it does so with the expected neigh-
boring phases, forming 7 on the Sn side and € on the Cu side.
Small Kirkendall voids are commonly seen at random places
between the Cu and the ¢ phase, and large Kirkendall voids are
occasionally seen at the core center. As the 215 °C mixing
stage proceeds, the Sn diffusion seems to significantly slow
once the Cu—Sn phases reach the filament pack, causing the n
phase to consume the ¢ in some regions. Very rarely does the €
phase penetrate into the filament pack; however, in certain
instances, the 7 phase does seem to penetrate a few filament
rows along with a higher Sn phase (most likely Nausite)

mnibyy i
e, {0 n Y
r i & 8( *J;
& iy e ~

i - fx
TR N Y

8 hours into the 400°C step

Figure 7. FESEM-BSE details from sub-elements at different stages
of the standard heat treatment. (a) At the end of the 215 °C step,
some irregular Nausite has formed within the filaments, sometimes
into the fourth row of filaments. (b) At the beginning of the 400 °C
heat treatment step, voids within the filaments are indicative of Cu
diffusing into the core through a thin Nausite layer (the white ring).
(c) Eight hours into the 400 °C step where Nausite has now receded
into a uniform, thin Nausite (Nbg 75Cug5Sn,) ring, leaving many
voids in what was originally the Cu matrix around the Nb
filaments.
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around some of the filaments. All of the above mentioned
aspects of the 215 °C step can be observed in figure 7(a). It is
very important to point out that the 48h at 215°C do not
consume all of the Sn present in the wires—something that was
pointed out in [24, 35] for similar wire types—about 30% of
the initial Sn remains and liquefies once the heat treatment
proceeds to the 400 °C mixing stage.

At the beginning of the 400 °C step (figure 7(b)) we
observe the beginning of the Nausite ring and the conversion
of the interfilamentary 7 penetration to a high-Sn phase
consistent in picture-contrast with the Nausite ring. Images of
the wires at the 400 °C step confirm that a continuous Nausite
ring forms at the inner perimeter Cu/Nb filament pack during
this step (as described by Pong et al [31]). This uniform
Nausite ring is formed even in the above mentioned instances
where 7 or Nausite had penetrated the filament pack at
215 °C. The ring does not penetrate beyond the first or second
row of filaments in contrast to the ring shown by Naus [29]
for a high-J. MJR wire (24 h/362 °C). Furthermore, during
the 400 °C step, we observed that a large fraction of the
interfilamentary Cu migrates from the filament pack into the
core through the Nausite ring, something that was not evi-
denced for the different wires in [31] at this point in the
reaction. Such Cu migration was assumed by the increased
amount of the Cu-rich £ phase (Cu 25 at%Sn) in the sub-
element cores and by the presence of voids within the fila-
ments (as seen in figure 7(c)). Comparing the images in
figure 7, it is evident that the radial distribution of phases
becomes much more homogeneous during the 400 °C heat
treatment. Figure 8 uses a single sub-element example to
demonstrate the evolution of the Nausite ring thickness during
the 400 °C mixing stage and the relative amounts of ¢, 7, and
voids. Similar measurements will be shown in the next
section for larger data sets.

The important features of the mixing stages of the stan-
dard heat treatment shown in figures 7 and 8 are:

1. During the ramp to the 215°C step, only minimal
diffusion of Sn into the Cu-annulus occurs (the Cu-
annulus being the Cu region separating the Sn core and
the Cu/Nb filament pack).

2. During the 215°C isothermal step, Sn penetrates
irregularly one to two filaments deep (and in typically
one isolated region per sub-eclement three to four
filaments deep) into the Cu/Nb filament pack; trans-
forming the Cu matrix around a few Nb filaments into a
high-Sn phase which (although difficult measure using
EDS) is most likely Nausite given its similar atomic
number contrast to the thicker Nausite ring (figure 7(a)).

3. At the end of the 215 °C step, the sub-element core (i.e.
Sn core 4+ Cu-annulus) transforms into a mixture of
about 60% 7 and ¢, and 40% residual Sn.

4. During the ramp to 400 °C, a thin Nausite layer forms
around the inner filaments while at the same time
receding from earlier and deeper penetration of the
filament pack, even the deep penetration regions.

8 hours at 400°C

2 oE? B
Nausite Thickness: 0.40 ym
n fraction inside membrane: 66.8%
¢ fraction inside membrane: 32.2%
Void fraction inside membrane: 1.0%

32 hours at 400°C

Nausite Thickness 0.52 pm

n fraction inside membrane: 46.5%

¢ fraction inside membrane: 52.4%
Void fraction inside membrane: 1.1%

48 hours at 400°C

Nausite T
n fraction inside membrane: 39.3%
¢ fraction inside membrane: 60.6%
Void fraction inside membrane: 0.1%

Figure 8. A sub-element heat treated with a first stage of 48 h at
215 °C and after (a) 8 h, (b) 32 h, and (c) 48 h at 400 °C. The
measured sub-micron Nausite thickness and the 7, ¢, and void
fractions are also indicated.

Interfilamentary Kirkendall voids now appear where
the Cu (or the Nausite) originally was (figure 7(b)).

5. During the 400 °C step, the Nausite layer becomes
much better defined, forming a remarkably uniform
~0.5 ym thick ring separating the sub-element core
from the filament pack. Voids appear around filaments
where Cu used to be and the Sn core transforms into a
mixture of 7 and ¢ phases confined inside the Nausite
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INausite’

Unidentified high-Sn
phase surrounding
the filaments

Unidentified phase,
see phase diagram
for possible phases

Figure 9. Quenched microstructures of a sub-element during the
standard heat treatment ramp at (a) 500 °C and (b) at the end of the
ramp when the temperature first reached the final A15 reaction step
at 665 °C. L = location of liquid phase prior to quench.

ring (figure 8(c)). Randomly situated voids in the core
are now sometimes observed.

After both mixing stages are complete, a critical event
unfolds: during the ramp to 665 °C, the residual 7 phase
liquefies above 408 °C, and large faceted grains of Nausite
grow into the liquid wherever it is in contact with the Nausite
ring, as shown in figure 9(a). Nausite has been suspected to
decompose into NbSn, [27], and our observations confirm
this, given that these Nausite grains (as well as the Nausite
ring itself) decompose into porous structures of NbSn,

Table 1. Nausite control heat treatments (NCHT) used to explore Cu
diffusion and Nausite layering thickness evolution.

Nausite con-

ID Sn mix step trol step A1S5 reaction

A No 250 °C for 150 h 665 °C for 50 h
B No 300 °C for 150 h 665 °C for 50 h
Cl No 350 °C for 150 h 665 °C for 50 h
C2 No 350 °C for 400 h 620 °C for 600 h
C3 No 350 °C for 400 h 665 °C for 50 h
D No 360 °C for 150 h 665 °C for 50 h
E No 370 °C for 104 h 665 °C for 50 h
F No 380 °C for 104 h 665 °C for 50 h
G No 390 °C for 104 h 665 °C for 50 h
H No 398 °C for 48 h 665 °C for 50 h
Std.  215°Cfor48hat 398 °C for 48 h 665 °C for 50 h

(figure 9(b)). On further heating, the NbSn, transforms via
NbeSns into the disconnected pieces of Nb3Sn (associated
with the so-called Nb dissolution of figure 4), as well as
coarse Al5 grains characteristic of low performance wires
[27]. Finally, during the 665 °C step (A15 reaction), Nbs;Sn
forms rapidly throughout the filament pack (as observed by
the large extent of reaction in figure 9(b)).

3.2. Rethinking the Cu—Sn mixing heat treatment by optimizing
growth of a thin Nausite membrane layer

The quench experiments described above suggest that the
most important part of the Cu/Sn mixing reaction occurs at
the 400 °C step, while the 215°C step in fact produces a
highly irregular reaction into the Cu matrix (figure 7(a)).
Accordingly, 14 production billets were reacted with and
without the 215 °C step. This included wires with sub-element
sizes ranging between 55 and 35 um, with some 108/127
stacks and some 132/169 stacks (as well as our ‘average J.’
and ‘lower J.’ billets). The average 16 T I, difference between
the standard 215 °C/400 °C and a single 400 °C step of all the
14 billets was only —0.2% (see next section for a more
detailed J. comparison). Examining the microstructures
formed during the reaction, it was observed that a well-
developed Nausite ring is reached with or without the
215 °C step.

Guided by the above observations, we set out to re-opt-
imize the Cu—Sn mixing heat treatment with the specific goals
of minimizing the amount of Nausite formation, making it
into as thin and uniform a layer as possible while at the same
time maximizing the desirable diffusion of Cu into the Sn
core so as to leave as small a residue of 7 phase as possible at
the end of the mixing step. We concentrated on lowering the
temperature of the 400 °C step to reduce the Nausite ring
thickness, and used longer diffusion times to enable more Cu
to diffuse into the core so as to maximize the ¢ fraction in the
core. The various heat treatments used are shown in table 1.
Note that we lowered the standard 400 °C plateau to 398 °C
since it was recently found that the melting point of 7 is
408 °C, 7°C lower than previously thought [21]. 398 °C
provides a 10 °C margin, which we believe is sufficient for
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Figure 10. Nausite layer thickness measured using IA algorithms
with least-square fits for data points above 370 °C. Predicted layer
thicknesses for 350 °C and 360 °C agree well with the observations.

most applications. Additionally, it is also worth noting that
the 215 °C stage was skipped in most of these heat treatments
(see next section for its effects on J,.), and that Sn bursts were
never observed in these round wires (see discussion for
comments on skipping the 215 °C step in cables).

In order to assess the effectiveness of the different
NCHTs proposed, IA algorithms were used on the micro-
graphs of quenched wires to measure the 7 and ¢ fractions in
the core, as well as the Nausite thickness in the manner shown
earlier in figure 8.

The Nausite ring growth of the ‘average J. billet” and
‘lower J. billet’ was measured, and we determined that the
ring thickness increases at the same rate regardless of billet
type or sub-element size. Moreover, the Nausite ring has the
same thickness and growth rate with or without the 215 °C
step. Figure 10 shows the Nausite thickness at various tem-
peratures (for the ‘average J. billet’ at 0.85 mm diameter)
where each thickness data point is an average of more than
eleven thousand measurements done by IA on high magni-
fication images that cover three sub-elements with their
respective Nausite rings. The error bars in this graph are the
standard deviations of these measurements. Least-square fits
were added to the data points of the heat treatments at or
above 370 °C, giving a power law growth exponent of 0.27.
Using the power law, combined with the Arrhenius
equation (1), the activation energy, Q,, of Nausite membrane
growth was found to be 98.3kJ molfl, where R is the ideal
gas constant and k° is a constant. With this, the layer thick-
ness values for temperatures below 370 °C were predicted.
The single data points in figure 10 for 360 °C and 350 °C are
consistent with the predictions.

2
x(T, t) = (k° e\ RT))7027 (1

The at%Sn inside the Nausite ring was measured by IA
of low magnification images of over 30 sub-elements,
assuming that the 7 and ¢ phases are line compounds with
44.6 at%Sn and 25.0 at%Sn respectively (see figure 3), and
using the specific volumes in [36]. Figure 11 shows that the

45%
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—a- 370°C (E)
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Figure 11. Sn composition of the sub-element cores as a function of
time for the ‘average J.. billet’ at 0.85 mm in diameter. These values
are calculated from the measured area fractions of the 7 and ¢ phases
in the core assuming they are line compounds of 44.6 at%Sn and
25.0 at%Sn respectively.
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Figure 12. Comparison of the J. measurements at 0.85 and 0.6 mm
diameter using a single mixing heat treatment at 400 °C (solid
symbols and curves) compared to the standard two-step Cu/Sn
mixing heat treatment (open symbols and dashed curves). The results
show that dropping the 215 °C has little or no impact on final J...

at.%Sn inside the Nausite rings of the ‘average J.. billet’ at
0.85 mm in diameter for the heat treatments between 350 °C
and 398 °C, falls almost to 30at%Sn. Two things are
worth mentioning here that may alter the true values of
figure 11 slightly. One, is the fact that some Sn in the core is
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Table 2. Electromagnetic properties obtained using the standard, two-step Cu—Sn mixing heat treatment, and one omitting the 215 °C step.

Standard (Std.) HT Skipping 215 °C step (HT A) Changes
J.(12T)  J.(167T) J.(12T)  J.(16T) AL% AJ.%
ID D, (um) (Amm 2 (Amm % H (T Amm? Amm > Hg( (12T (16T) A Hg (T)
‘Lower J. 50 2494 988 24.37 2560 1042 24.72 3% 5% 0.3
‘Lower J.’ 41 2284 822 23.28 2273 800 23.07 0% —3% —-0.2
‘Lower J.’ 35 2083 676 22.31 2145 707 22.49 3% 5% 0.2
‘Average J.’ 50 2719 1126 25.00 2730 1161 2543 0% 3% 0.4
‘Average J.’ 41 2598 1006 24.09 2650 1080 24.77 2% 7% 0.7
‘Average J.’ 35 2415 859 23.12 2407 844 23.01 0% —2% -0.1
Average — 2432 913 23.70 2461 939 23.91 0.9% 2.7% 0.22
@)) 00 “ “Average J,' (D, 50 um) HT C2 process with aosingle NCHT at 3.50 °C for 400 h, followed by
—e— ‘Average J_' (D_= 50 pm) HT C3 the usual 665 °C 50 h A15 reaction. Such a heat treatment is
3000 % —*— ‘Average J.' (D = 35 ym) HT C3 labeled HT C3 in table 1, and its effects are discussed in the
2800 --O- ‘Average J '’ (D_= 50 pm) Std. HT .
2600 -#- ‘Average J:’ (D:= 35 ym) Std. HT section below.
~ 2400
£ 2200 3.3. Reactions with single step Cu—-Sn mixing reactions
X 2000
::“' 1800 The effects of skipping the 215 °C step on critical current
1600 density, J, in the standard two-step mixing HT are negligible
1400 as is clearly shown by the measurements in figure 12, as well
Egg ’*T 0 as the values shown in table 2 (including the effects on the
S A Kramer field, Hg).
12 13 14 15 16 The effects of replacing the standard two-step Cu/Sn
B(T) mixing heat treatment by a single step at 350 °C for 400 h
(Nausite control HT C3) are more dramatic and important
() than those skipping the 215 °C step. Figure 13 shows a sig-
3200 —¢~‘Lower J;' (D= 50 ym) HT C3 nificant increase of J, for HT C3. For example, the widely
3000 +:L°wer J (D= 35 um) HT €3 reported J.. (12 T) metric improves in the best case from 2720
2800 ~O- ‘Lower J," (D, 50 um) Std. HT to 2950 Amm ~ and the best J. (16 T) values improve even
2600 -7- ‘Lower J_’ (D= 35 ym) Std. HT 5 ) |
2400 more from 1130 to 1300 Amm™ ~. HT C2 is also added to this
T 2200 graph (‘average J.’ billet only) to show a lower temperature
£ 2000 620 °C alternative to the Al5 reaction. The most relevant
f: 1800 information is also tabulated in table 3, which shows sub-
1288 stantial increases in J; (an average of 36% at 16 T) and Hy (an
1200 o X average of 1.68 T) for all wires using HT C3 over the standard
1000 ~Ao T ) HT. The lowest 12 T J. increase in table 3 (8%), corresponds
800 A to 764 A of I. when using HT C3 and 705 A when using the
. 12 13 14 15 16 standard HT.
B(T) It is also important to point out that the J; increases was

Figure 13. Comparison of the J. measurements at 0.85 and 0.6 mm
diameter using the new, single step (400 h at 350 °C) Nausite control
heat treatment, compared to the standard two-step Cu/Sn mixing
heat treatment.

being transformed into Nausite, causing the at%Sn to drop at a
faster rate for high temperatures because of the faster Nausite
layer growth rate. And two, 7 is not truly a line compound and
at lower temperatures it can have a wider composition
range [37].

Since it is clear from figure 11 that longer times allow
more Cu diffusion, and it is also clear from figure 10 that a
lower temperature significantly reduces the Nausite mem-
brane thickness, we decided to replace the two-step mixing

not bought at any price to the RRR of these wires, which
averaged 200, the same as that obtained when using the
standard HT. Figure 14 shows the J. values as a function of
Hy and here too we see a significant improvement using HT
C3. These wires now achieve higher J. and higher Hx with a
reduced spread. The relative improvements in Hyx and J. with
HT C3 are even more marked as the sub-element size is
reduced (figure 15).

4. Discussion

Our studies have shown that the standard two-step Cu/Sn
mixing heat treatment empirically developed more than a
decade ago and stable for many years of internal-tin wire
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Table 3. Electromagnetic properties obtained using the standard heat treatment and a Nausite control heat treatment at 350 °C for 400 h.

Single 350 °C Nausite control step

Standard (Std.) HT (HT C3) Changes
J.(127T) J. (16 T) J. (127T) J. (16 T) AJ.% AJ.% A H
ID Dy (um)  (Amm ?) Amm?  H(T) (Amm? (Amm™? H. (T) (127 (16 T) (T)
‘Lower J,’ 50 2494 987.65 24.37 2878 1251 25.77 15% 27% 1.40
‘Lower J,’ 41 2284 822.37 23.28 2798 1171 25.13 23% 42% 1.85
‘Lower J.’ 35 2083 676.26 22.31 2713 1104 24.74 30% 63% 2.43
‘Average J.’ 50 2719 1126 25.00 2946 1307 26.10 8% 16% 1.10
‘Average J.’ 41 2598 1006.4 24.09 2979 1296 25.76 15% 29% 1.67
‘Average J.’ 35 2415 859.04 23.12 2910 1207 25.01 20% 41% 1.89
Average — 2432 913 23.70 2871 1223 25.42 19% 36% 1.72
26.5
26.0 o
H EHm
25.5
25.0 =
245
£ 20 %
T 235
23.0 Oo
22,5
0 <O Std. HT (215°C/48h +400°C/48h + 665°C/50h)
22.0 HHT C3 (350°C/400h + 665°C/50h)
21,5
600 800 1000 1200 1400
Jc16 T (A/mm?)

Figure 14. J. (16 T) measurements as a function of Kramer field (H,)
of the billets in discussion (all billets in table 3) using the standard
HT and HT C3.
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Figure 15. Increase in Hx and J. from standard HT to HT C3 as a
function of sub-element size.

evolution is in fact not optimized for RRP® (and presumably
other similar high-J,. wires that develop a Nausite ring). Our
detailed studies of the Cu/Sn mixing step have shown that
full Cu-Sn mixing does not take place inside the filament
pack for these low LAR internal-Sn composites. A key insight
of the present work is that it is highly valuable to form a well-
controlled Nausite ring between the filament pack and the Sn
core because the ring appears to act like a membrane that

10

Figure 16. FESEM-BSE image of a sub-element at the end of the
Nausite control HT at 350 °C that shows the almost complete
migration of the Cu from the filament pack into the core (even from
the filament/barrier interface).

osmotically allows inward Cu diffusion from the filament
pack into the core while limiting outward Sn diffusion into
the filament pack. The important impact of this diffusion of
Cu into the Sn is to convert the low melting Sn and 7 phases
into a largely € phase which remains solid during the highest
temperature A15 reaction step. We show here that the con-
trolled growth of the regulating thin Nausite layer is best
performed by replacing the present mixing steps at 215 °C
and 400 °C by a single Nausite control step at about 350 °C.
The benefits of this simplified heat treatment appear to be
multiple: (1) A more complete diffusion of Cu into the sub-
element core from the filament pack, minimizing the amount
of 1 phase left after the single step reaction at ~350 °C, (2)
minimizing liquefaction above 408 °C and the formation of
coarse-grain or disconnected Nb3Sn, and (3) minimizing the
withdrawal of Nb from the filament pack to make the
(Nbg25Cug.75)Sn,. The net effect is a significantly more
effective Nb;Sn layer with higher J. and higher irreversibility
field particularly at smaller sub-element diameters. The use or
omission of the 215 °C step seems to have no effects on round
wires, however its effects on Sn bursting are currently being
studied in cables.
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Table 4. The void area % inside the sub-element core at the end of the Nausite control step averaged over

all billets in discussion.

Nausite con- Void
Heat Treatment Sn mix step trol step area %
D 360 °C for 150 h 0.42%
E 370 °C for 104 h 0.48%
F 380 °C for 104 h 0.67%
G 390 °C for 104 h 1.40%
H 398 °C for 48 h 1.90%
Std. (398 °C) 215°C for 48 h 398 °C for 48 h 1.10%

4.1. On interfilamentary voids

Our studies also show that RRP® wires can form high
quality Nb3Sn even when a substantial number of voids
surround the Nb filaments prior to the final Nb3Sn forma-
tion. With the optimization of the NCHT described in this
work, the Cu in the filament pack can be almost completely
diffused into the core, leaving a majority of interfilamentary
void space behind as shown in figure 16. Extensive concerns
about Kirkendall voids have historically been expressed
because of the belief that voids limit diffusion, harm A15
homogeneity, and may initiate cracks [38—41]. The fact that
the new heat treatment process described here increases the
interfilamentary void space (compare figure 9(a) with
figure 16) while also ultimately improving the quality of the
A15 shows that the development of a homogeneous Cu—Sn
matrix around the filaments is not necessary. Instead, it
appears that once the Nausite barrier decomposes, the Sn can
readily diffuse into the filament pack through a thin layer of
a Sn-rich phase at the filament surface (inferred by the high
atomic contrast seen right before the Nb;Sn reaction, see
figures 9(a) and 16). The ability of Sn to react on the per-
iphery of filaments seemingly surrounded by voids is con-
sistent with the lack of reported relationships between
interfilamentary voids and significant compositional inho-
mogeneities in the final A15 layer despite the many studies
on a wide variety of Nb3;Sn wires [19, 42-44].

4.2. On Sn core voids and the 215°C step

Large Kirkendall voids at the center of the sub-elements
have also been suspected to be detrimental to wire perfor-
mance [17]. This suspicion has been often a justification for
the 215 °C step, since such a step appears to ‘wer the Cu/Sn
phase boundaries’ [19], and therefore suppresses the for-
mation of large voids (one of which is seen even at the
second stage of the standard HT in figure 7(b)). However,
for our samples, we can control the void formation by
playing with the temperature of the second mixing step.
Table 4 has the measured void fractions inside the sub-element
cores at the end of various NCHT temperatures (averaged over
all billets in table 2). This table shows that the void fraction
decreases with the NCHT temperature and is significantly lower
for the NCHTs at 380 °C and below, which is yet another
benefit of lowering the temperature (assuming that large voids
are indeed detrimental to wire properties). It must be said that
skipping the 215 °C step does produce more voids when the
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same temperature is used (compare HT H to Std. HT), however
the temperature is much more influential than the presence or
absence of the 215 °C step (compare HT G to HT E).

4.3. The NCHT

There are two components of the NCHT that appear to be
responsible for the success of HT C3. The first is the reduced
thickness of the Nausite layer (55% thinner than that of the
standard HT) resulting from the low temperature. The second
characteristic is the increased volume of interfilamentary Cu
that diffuses into the core due to the longer time, resulting in a
lower amount of ) before its liquefaction. These two attributes
of the NCHT minimize the amount of Nb lost to dissolution
and therefore increase J.. However, although the increase in
J. can easily be attributed to better A15 connectivity, the
increase in Hx may be related to an enhanced quality of the
AlS5. Given that the A5 step was not altered in this study
(with the exception of HT C2), it is possible that the lower Hy
values in the standard. HT are related to the coarse-grain (but
still connected) A15 derived from the Nausite membrane.
Another area of unknown impact may be on the distribution
of the Ti dopant (which is key to obtaining high Hy values in
these composites) that relies on uniform diffusion from the
Nb-47Ti rods and temperatures above those covered by this
study. It could be that the more uniform and controlled fila-
ment pack achieved by the NCHT is beneficial to promoting a
homogeneous distribution of Ti.

The thickness of the Nausite layer is expected to be
independent of sub-element diameter, thus the Nb lost to its
formation will become a greater component of the sub-ele-
ment as the sub-element diameter is reduced. For this reason
Nausite control becomes more and more important as high-J.
wires are driven to smaller Degr. As shown in figure 15, the
relative increase in J. and Hy with the adoption of the new
NCHT increases significantly as the sub-element diameter is
decreased.

Finally, given that the benefits of such a long heat
treatment (HT C3) are less dramatic for larger sub-elements,
an important alternative is HT E. This NCHT is similar in
length to the standard HT and it has strong positive effects for
low-performing billets even at 50 pum Dy (similar to the larger
effects seen for the ‘lower J.” billet at 50 um, see the blue/
dark arrows of figure 13). It is expected that HT E will narrow
the billet J -scatter towards the upper values (similar to that of
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figure 14) and therefore be of great value to current wire
designs for the Hi-luminosity LHC upgrade.

5. Conclusion

By quantifying the microstructural changes that occur during
heat treatment of high-J.. internal-tin wires, we have identified
the key role of the ‘Nausite membrane’ in controlling Cu and
Sn inter-diffusion. Using this knowledge we developed a new
heat treatment schedule for RRP® wires that significantly
improves the on so-called Cu—Sn ‘mixing’ steps, producing
an average increase in 16 T J,. of 36% across several billets at
various sizes—with very good RRR values. We have shown
that controlling the Nausite layer is crucial for the inhibition
of Nb dissolution (which results in disconnected islands of
Nb3Sn that do not contribute to current transport) as well as
coarse-grain NbsSn (which reduces the local pinning site
density in the A1S5 layer). By controlling the formation and
the thickness of the Nausite layer, we can increase the Cu:Sn
ratio in the sub-element cores and thus decrease the 7 phase
fraction before crossing the melting temperature of the n
phase. This is achieved using a heat treatment with a single
Nausite control stage at 350 °C for 400 h (where a mixing
heat treatment at 215 °C is optional and has no effects on J.).
We also show that this heat treatment results in an increas-
ingly dramatic improvement in J. as the sub-element size
decreases, allowing a 16 T J. of 1200 A mm 2 with a Deg; (or
D, of 35 ym), and bringing us closer than before to the FCC
targets of 1500 Amm ~ at 16 T with a D¢ of 20 um. An
alternative (shorter) heat treatment with a single Nausite
control stage at 370 °C for 104 h can still provide a positive
impact on the J. of low-performing billets at Dy > 50 pm,
allowing billet J.-scatter to narrow significantly.
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