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Wire performance targets for a future proton-proton collider
HL-LHC specs, FCC CDR target and HFM specs
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Rutherford cables for HL-LHC: RRP vs PIT

Comparison of the performance degradation upon cabling
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How it’s made: Internal Sn RRP Nb,Sn wire

WIRE
VWIRE SUBELEMENT
BEFORE REACTION AFTER REACTION
Sn
Nb-alloy
Cu SUBELEMENT

Ta or Nb barrier
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Nb;Sn microstructure
Critical current density oc 1/(grain size)



How it’s made: Internal Sn RRP Nb,Sn wire

1. Filament processing

hot extrusion, hot isostatic
pressing and cold deformation

3. Wire processing

HIP

——

\ Drilling,
Hot Extrusion Snh rod insertion
and cold deformation

Subelement restack
and cold deformation
to final diameter
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e Towards the ultimate performance of Nb,;Sn
- The Internal Oxidation Process



Internal Oxidation to increase the in-field critical current density
= to enhance vortex pinning at high field

Increase the grain boundary density
i.e. refine the grain size
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'c Add Artificial Pinning Centers
g_ i.e. modify the pinning

Idea from Benz (1968) of an internal oxidation to
form fine precipitates in Nb to impede the Nb,Sn
grain growth Benz, Trans. Metall. Soc. AIME, 242 (1968) 1067-1070

Use of a Nb-alloy containing Zr or Hf: Zr and Hf
have stronger affinity to oxygen than Nb

Oxygen supply added to the composite: oxidation of
Zr (Hf) and formation of nano-zrO, (HfO,)

THE OHIO STATE

Internal Oxidation leads to grain refinement AND
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Grain boundary pinning Point-like pinning

produces Artificial Pinning Centers (APCs)
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“(;). 50 um AccY ——— 100mm
The first evidence of average grain size reduced

down to ~ 50 nm (vs ~ 100 nm in regular wires)
Xu et al., APL 104 (2014) 082602
Xu et al., Adv. Mat. 27 (2015) 1346
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e Wire R&D at UNIGE: Internal Sn Rod-Type wires with Internal Oxidation
=~ RRP wires = APC

- Materials Science
- Wire Technology
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Simplified Multifilamentary wire Nb-Ta-Hf subelement
Cold Deformed Internal Oxidation
Internal Sn Subelement

Internal Oxidation

Bovone et al., Supercond. Sci. Tech. 36 (2023) 095018
DOI: 10.1088/1361-6668/aced25

43 Nb-Ta-Hf filaments
Cold Deformed
Internal Oxidation
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" Subelement
192 Nb-Ta filaments
Hot Extruded

A Monofilamentary wire
3 Cold Deformed
Internal Oxidation

Subelement

192 Nb-Ta-Hf filaments
Hot Extruded

Internal Oxidation

Buta et al., J. Phys. Mater. 4 (2021) 025003
DOI: 10.1088/2515-7639/abe662

30/37 Wire
Nb-Ta subelement
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Internal Oxidation of simplified multifilamentay wires
A platform to test Internal Oxidation in an Internal Sn wire

Nb-alloy Oxide configuration
Two possible configurations for the oxygen source None
Cu Nb-7.5wt%Ta-1wt%Zr SnO, Core
SnO, Annular
Sn None
Nb-7.5wt%Ta-2wt%Hf SnO, Core

SnO, Annular

Two commercial ternary alloy were tested
with 1wt%Zr and 2wt%Hf

Nb-alloy

Ta barrier
SnO, Core SnO, Annular
SnO, powder inside the Nb-alloy = SnO, powder between the Nb-alloy
filaments filaments and the Cu tube




Nb-7.5wt%Ta-1wt%Zr

Nb-7.5wt%Ta-2wt%Hf

HT: 550°C x 100h + 650°C x 200h

Internal Oxidation of simplified multifilamentay wires
12-filament wires with an Internal Sn source

SnO, Annular

Internal oxidation leads to a refinement of the grain size from ~100 nm to ~50 nm regardless of the
oxygen source configuration



Internal Oxidation of simplified multifilamentay wires

Transport |_ and B_, measurements
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Magnetic field [T]

layer J [A/mm?]

Layer J_ determined from transport measurements

non-Cu J_= 0.6 * layer J_in HL-LHC wires
considering 60% of Nb;Sn in the non-Cu area

Bovone et al., Supercond. Sci. Tech. 36 (2023) 095018
DOI: 10.1088/1361-6668/aced25
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R(B) tests performed up to 33 T at LNCMI-Grenoble show

record high B_, values achieved both with Hf and Zr
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Two fundamental investigations with practical implications

1. on the size of APC nanoparticles

2. on the formation of APC nanoparticles
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The size of APC nanoparticles matters
The roles of refined grains and nanoparticles
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Lonardo et al., IEEE Trans. Appl. Supercond., 34 (2024) 6000305
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The size of APC nanoparticles matters
The roles of refined grains and nanoparticles
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B 650°/200h

with Hf, with oxygen source with Hf, with oxygen source
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Less APC nanoparticles matching the vortex
size in the wire reacted at 700°C/100h

Lonardo et al., IEEE Trans. Appl. Supercond., 34 (2024) 6000305
DOI: 10.1109/TASC.2024.3355353
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APC nanoparticles are formed along with Nb,;Sn
Spatial distribution of the nanoparticles by X-ray Absorption Spectroscopy

REFERENCE #2
XAS spectrum of Zr in ZrO,

REFERENCE #1
XAS spectrum of Zr in Nb-Ta-Zr alloy
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ZrO,—like spectrum found only in Nb,Sn! Energy [eV]

Zr sr?ectrum in unre.acte.d aIIoY very similar to reference #1 Bovone et al, IEEE Trans. Appl. Supercond., 34 (2024) 6000205
despite the oxygen diffusion during the heat treatment DOI: 10.1109/TASC.2024.3354232



https://doi.org/10.1109/TASC.2024.3354232

... and now back to the wire technology



How to implement Internal Oxidation in RRP wires
Two options are being explored
1. Filament processing

i) Option #1:
" At the filament level

Option #2:
At the subelement level

Drilling,
Hot Extrusion Sn rod insertion
and cold deformation



Cold-deformed subelement and 7/7 wire
First results with obtained with Option #1

43 Nb-Ta-Hf filaments
Cold Deformed
Oxygen source at the
filament level

7/7 wire, @ = 1.1 mm
Subelement size =~ 120 um

AFTER REACTION

Nb;Sn grains refined down to 60 nm




J(B) fit: HFM specs vs UNIGE APC wire
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2. HFM specs: improved HL-LHC conductor
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Summary and outlook

* With Internal Oxidation it is possible to produce Nb;Sn with enhanced J_Dby refining the
grain size and introducing APC nanoparticles

* Practical solutions to implement this technology in the subelement of RRP wires are being
developed at UNIGE

 Materials science and wire technology are advancing hand in hand

A natural follow-up to the activity could further expand the scope and involve the
fabrication of sufficiently long demonstration wires to validate the results in short

Rutherford cables and model coils.
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