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Key Topics of the Nb;Sn Development

BRUKER
Program
Start Date » Kickoff » End Date
Nov. 2018 Feb. 2019 Nov. 2020

Conductor i i
. Metal Forming Cost Savings
Design
« PIT/RRP® Hybrid « Powder Rheology « Pre-Materials
- Internal Oxidation « Filament Roundness + High-Speed Processing

« Other APC Approaches - Heat Management « Material Efficiency
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Internal Oxidation
Overview of Concepts

» Four monofilament layouts that include an
oxygen source (red) at different locations

» Each with different diffusion pathways for
Sn and oxygen

» Each with different core compositions

Broad spectrum
of compositions

Presentation will
focus on -core
concepts
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Results: Screening Conductors

Co><)
Morphology BLR%R

O-free O-high

» The filament type is intOx-core where O-
and Sn-source are mixed centrally

» Six core-compositions were tested in
Nb1Zr and Nb2.5Ti each

» Huge changes in morphology can be
observed

O-low O-med o  Dark, Nb-rich oxide ring around
: bronze droplet

Low

NbSn, " o Suppressed coarse grain and core A15
core .
fraction
High o  Surprisingly large fine grain areas
NbSn,

core

Nb1Zr monofilaments after heat treatment for 300 h at 640°C
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Results: Screening Conductors
Morphology O-high

Nb2.5Ti
Ion milled

dark areas

Coarse
grain
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Area Analysis

Oxidation of Nb-Sn
intermetallics prior to Nb;Sn
formation

This releases otherwise bound
Sn

High fine grain fractions
~ 41% of filament area and low
residual Nb (24-26 %) more

EDX

Migration of alloying element
into core. Low solubility in
Nb;Sn

Bronze core can deplete in Sn
despite the oxide ring

Probable correlation between
oxygen and Sn content
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Results: Screening Conductors
Grain Size
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(><

Threshold and clean » No grain refinement by internal

Take image at Print and - oxidation in intOx-core concepts
1.463 um wide trace on A4 SRS [
window foil and scan 300 h at 640 °C

Measure D,

PIT reference :101 nm
O-high Nb1Zr :102 nm
O-high Nb2.5Ti :97 nm

In 425 h from 500 to 640 °C (Nb1Zr /2.5Ti)

O-free : 84/87 nm
O-high :82/82 nm
0-med : 82/90 nm more
O-low : 76/88 nm

» Probable cause is formation of
oxygen-impermeable NbSn, / NbSn,
layer at low temperatures = more

o No shiftin the Nb-T_can be
observed by VSM

No Oxidation of Nb-alloy
prior to Nb;Sn phase
formation more
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Results: Screening Conductors
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Precipitates
Nb2.5Ti » Precipitates on grain boundary surfaces

As taken O-high Highlighted

o  Equivalent precipitate Diameter:
7 nm

o  Average neighbor distance :
55 nm

No intracrystalline precipitates observed
Assumed composition TiO,

Precipitates also observed for Nb1Zr

VvV V Vs

TEM and APT analysis will show
composition, interface and distribution

Y

Probably result of oxidation of Zr/Ti after
Nb,;Sn formation

Width = 1.505 pm Signal A = InLens Aperture Size = 30.00 pm B

100 nm Mag = 20000 K X EHT = 15.00 kv WD = 4.3 mm %ﬂ

o  Therefore no effect on grain size

Do these precipitates act as artificial pinning centers?
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non-CuJ / A/mm?2

I_(B) Measurements
N

tOx-core

Standard PIT
Reference
192 fil. Ta doped

Do ~40 um (round)

o)
BRUOKER
(<)

» Heat treatments

O-high intOx-core
R&D design

32 fil. Nb1Zr

Deg ~50 pm (hex)

o A:300h 640 °C 30K/h
o B:300h 640 °C 300 K/h

» Kramer B, is reduced due to

St + PIT HT:A
10000 "0 = PIT HT:B
] C’X%%onx o intOXx HT: A
;E;&dgx& * intOx HT: B
10000
s
£
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B/B,
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lack of Ta dopant

o PIT A:270T
o intOx-coreA:22.3T

» No correlation between oxygen

content in core and B,

> Below 10.75 T higher non-Cu J,

in oxidized sample”

> Plotted against B/B_, + 38%

increase in non-Cu J_ at b=0.5
(vs. PIT reference at same HT)"

* J. determined from filament area after heat treatment



I_(B) Measurements
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intOx-core
PIT HT:A oooo%ooo = PIT HTA
intox HT: B o intOx HT: A
PIT HT:B ooy %0,
intOx HT: A N 100004 ey ooooO
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B/B,, B/B,,
Normalized pinning curves indicate higher » At the same reduced field of b=0.5, J |, ., iS
point pinning component increased by ~ 40%
Location on grain boundaries probably a » Performance increase due to higher J_ . .,
hindrance for effective precipitate spacing and ~ 10 % higher fine grain fraction
No significant shift of.Fplma)f to higher fields Te|_'na_ry alloys WIP
due to the lack of grain refinement are indispensible
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Summary and Outlook for internal
oxidation

Fine grain fraction
increased by 10%

at B/B_,=0.5
Jc,nonCu +38 %
J +40 %

c,layer

Slight changes in
pinning properties

Already significant
potential to improve

state of the art PIT with

intOx-core concepts
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No grain
refinement

No shift of pinning
curve

Probably hindered
O, diffusion due to
intermetallics

w/o grain refinement,
the potential of internal

oxidation is not fully
used

» intOx-ring/shell/split concepts
separate the Sn and O source

» They aim at an uninhibited oxygen
transfer before Nb-Sn intermetallics
start to hinder the internal oxidation of
the Nb alloy

Designs with
separated Sn and O
sources are
currently being
manufactured

Ternary alloys
are needed to
achieve
appropriate B,
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Summary and Outlook for internal

oxidation BRUKER

Internal Oxidation is only one part of the
R&D agreement

More information on:

 Conductor Homogeneity

* Hybrid Conductors

 Other APC Approaches

* |Internal Oxidation w/ Ternary Alloys
 High Speed Processing

In the Future
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Oxidation of Nb-Sn intermetallics

O-high
sample

O-free
sample

» Oxidation of Nb-Sn intermetallic can lead to a more
efficient release of Sn from a Sn-rich core:

» Example:

mmol  only releases 80%

NbSn2 — Nb3Sn + 35n / 398 cm3  of all contained Sn

NbSn2 + Sn02 — NbO2 +3Sn | 47,5702t [ Releases 100% of
cm all contained Sn

back
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Additional: intOx-core
Phase Formation
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6250C* 6400C*

2300C* 4150C* 5000C**

Y ]

intOx
core
NbeSns Oxide layer
Oxidation +Sn release
O-free v ‘:‘_"’ - Nb65n5 (;oarse
ref. AT ,,~ Decomp. grain Nbs;Sn
X & ‘
Bronze Nausite NbSn,
mixing formation growth

Reference and PIT identical
No signs for oxidation

* After adding 40 h at indicated temperature each back
** After 300 h hold
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Additional: intOx-core
VSM -
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Additional: intOx-core
Grain Sizes
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