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Presentation Notes
The aim of this presentation is to review the past and the present of Nb3Sn and outline its future. Nb3Sn was discovered in 1954 but still defends its leading place in high-field applications, from high-resolution NMR spectroscopy to fusion and particle accelerators. As shown in the following, Nb3Sn has even regained interest in the last few years, pulled by the high-energy physics community.
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I will start with a brief introduction to the A15 superconductors, which are the superconductors that share with Nb3Sn the crystal structure and some other fundamental features. Then I will review the milestones that have brought to the development of Nb3Sn from a superconducting material to a practical superconductor. Finally, I will come to the revamp of the activities in order to bring Nb3Sn to its ultimate performance, driven by CERN and its Future Circular Collider (FCC) study. 
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B

An introduction to A15 superconductors
• A15 are intermetallic compounds with A3B formula

• V3Si is the earliest example, Tc = 17.1 K (Hardy, 1954)

• Nb3Sn came 6 month later, Tc = 18 K (Matthias, 1954)

• … and Nb3Sn exhibited very high
in-field Jc (Kunzler, 1961)
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A15 are intermetallic compounds with A3B formula. B-atoms sit on a bcc lattice, A-atoms form the so-called chains on the faces of the cube. V3Si, with a Tc of 17 K, is the prototype, discovered in 1954 by Hardy and Hulm. This triggered the activity and only 6 months later there was the discovery of Nb3Sn from Bernd Matthias and co-workers. Nb3Sn was the first superconductor to exhibit a high critical current density in high magnetic field, exceeding 100’000 A/cm2 at 9 T (1961).   




A

B

An introduction to A15 superconductors
• More than 50 superconductors, 10 of them with Tc ≥ 15 K

• V3Ga, Nb3Sn and Nb3Al can be
produced as practical conductors

• Nb3Ge held the record for the highest
Tc (23.2 K) until 1986
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There are more than 50 superconductors with the A15 crystal structure. 10 of them have a Tc of at least 15 K, those in red in the table. Among these, three have produced in the form of practical conductors: V3Ge, Nb3Sn and Nb3Al.



The Nb-Sn phase diagram
Implications for practical conductors

D. P. Charlesworth et al., J. of Mat. Sci. 5 (1970) 580

• Three stable phases: Nb3Sn, Nb6Sn5
and NbSn2

930°C

• Below 930°C NbSn2 and Nb6Sn5 have
a more rapid kinetics of formation

• Above 930°C the only stable phase is
Nb3Sn

The practical consequence of this phase diagram is that the reaction to
form Nb3Sn needs to be performed at T > 930°C
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A closer look to the Nb-Sn binary phase diagram is needed in order to understand how Nb3Sn wires are processed. There exists three stable compounds of Nb and Sn: NbSn2, Nb6Sn5 and Nb3Sn. If we mix Nb and Sn and react the mix below 930°C, what we obtain are mainly NbSn2 and Nb6Sn5 because they have a more rapid formation kinetics. Above 930°C the only stable phase is Nb3Sn and the practical consequence is that to form Nb3Sn from Nb and Sn, reaction needs to be performed at T > 930°C.
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On this basis, people started to produce conductors.



1963-1964: Nb3Sn coated conductors (!!)
The earliest conductors based on Nb3Sn 

Superconducting film - Nb3Sn or V3Ga, ~ 10 µm
Base metal – Nb or V

Cu stabilizer, laminated or electroplated

80 µm

2.5 mm to 25 mm

110 µm

2 mm to 12 mm

Superconducting film - Nb3Sn ~ 10 µm

Substrate – Hastelloy or Stainless Steel

Cu or Ag stabilizer, electroplated or clad

Liquid Diffusion Process
Nb ribbon coated with Sn and heat
treated at 900-1200°C for several hours

Developed at General Electric
and used in 15 T-class R&W magnets

Vapor Deposition Process
A metallic substrate heated at 1200°C
and traveling in a reaction chamber
with a flow of gaseous NbCl4 , SnCl2 , H2
and He

Developed at 

A similar process is used for producing
SRF cavities for accelerators based on
Nb3Sn
S. Posen and D. L . Hall, SUST 30 (2017) 033004

J. Hanak, US Pat. 3420707A (Filed Dec. 28, 1964)

M. G. Benz, IEEE Trans. Mag. 2 (1966) 760
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The earliest conductors based on Nb3Sn were COATED CONDUCTORS! Two methods were developed in the ’60s: the liquid diffusion process and the vapor deposition process. The latter presents similarities to the MOCVD method for manufacturing REBCO tapes. A variant of the vapor deposition is still used to produce Nb3Sn accelerating cavities.  



1966-1969: A small addition of Cu…
The Bronze Process and the development of multifilamentary wires

K. Tachikawa and Y. Tanaka, Jap. J. Applied Physics 6 (1967) 782

K. Tachikawa, Y. Tanaka and S. Fukuda, Japan Pat. 0670619 (Filed June 25, 1966)

K. Tachikawa and his co-workers at NRIM, Tokyo, developed V3Ga tapes with
very high in-field current by the liquid diffusion process

Prof. Kyoji TACHIKAWA 

Tachikawa discovered that Cu was acting as a catalyst for the formation of the
A15 phase, making possible the synthesis of V3Ga at lower temperatures

The idea was extended to the formation of Nb3Sn by solid state diffusion at the interface
of Nb and Cu-Sn alloy (bronze). This principle was used for the development of the first
multifilamentary Nb3Sn wires

The addition of Cu lowers also the formation temperature of Nb3Sn from above 930°C to
more practical values of ~650°C

Researcher in UK and US came at the same conclusion almost at the same time
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One of the problems of Nb3Sn coated conductors was their thermal instability, resulting from the geometry of the superconducting layer.
The change of paradigm came few years later thanks to Prof. Kyoji Tachikawa. Tachikawa and his coworkers were developing V3Ga tapes using the liquid diffusion process. They discovered that a small addition of Cu to Ga makes possible the synthesis of V3Ga at much lower temperature. The important thing is that the addition of Cu lowers also the formation temperature of Nb3Sn from above 930°C to more practical values of ~650°C. This key discovery allowed the development of the so-called Bronze process for the production of multifilamentary wires.   



The Bronze Process for multifilamentary Nb3Sn wires
A. R. Kaufman and J. J. Pickett, Bull. Am. Phys. Soc. 15 (1970) 833
E. W. Howlett, Great Britain Pat. 52, 623/69 (Filed Oct. 27, 1969)

Bronze
Cu13.4wt%Sn

Nb alloy

Ta or Nb
Cu
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This slide describes the production of multifilamentary Nb3Sn wires in the Bronze process. The starting elements are a Cu-Sn bronze tube and a Nb alloy core. After multiple extrusions and restacks, the result is a wire with a high count of Nb filaments, up to ~10’000, in a Bronze matrix (the picture shows a wire produced at UNIGE). The Nb3Sn phase is formed during a reaction heat treatment at 650-700°C for a duration of ~100 h. 




Industrial fabrication of multifilamentary Nb3Sn wires
Three technologies developed at industrial scale

Bronze Process

Internal Sn Diffusion Process

Powder-In-Tube (PIT) method 

The main difference comes from the type of Sn source

Bronze is the Sn source, limited by the solubility of Sn in Cu

A metallic Sn rod is inserted in the subelement core

Each subelement is a Nb-alloy tube filled with NbSn2 and Sn powders

Presently produced by
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The Bronze process has some limitations related to the low amount of Sn available for the reaction. Along the years, people developed other methods for the production of multifilamentary Nb3Sn wires at industrial scale. These are the Internal Sn diffusion process and the Powder-In-Tube (PIT) method.
Presently there are 7 manufacturers of Nb3Sn wires around the world, in Europe, US, Japan, Russia, Korea and China.   



• Influence of Sn composition on Tc and Bc2

• Doping to further enhance Bc2

• Grain boundaries and vortex pinning

What controls the performance of Nb3Sn
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Let’s come to the three parameters that control the in-field critical current of Nb3Sn.
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Nb3+xSn1-x is superconducting also when deviates from stoichiometry

Adapted from R. Flükiger et al., Cryogenics 48 (2008) 293
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COMPOSITION. The Nb-Sn A15 is superconducting over a wide range of compositions, from 18 to 25 at.% Sn. The critical temperature depends on the Sn content: 18 K at the stoichiometry and it drops down to 6 K at 18 at.% Sn. Also the upper critical field Bc2 depends on composition and it is maximized close to stoichiometry. To obtain the best wire properties we have to be as close as possible to 25 at.% Sn.



Doping to further enhance Bc2
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From EXAFS investigations

Nb

Sn

The additions of Ta and Ti are particularly beneficial 

All industrial Nb3Sn wires are doped either with Ti or with Ta

Ti

• Ti substitutes Nb

Ta
Ta

• Ta substitutes both Nb and Sn
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DOPING. To further increase the upper critical field we can add third elements to Nb3Sn. In particular the additions of Ta and Ti are very beneficial. About 2 at.% of Ti or almost the double of Ta lead to an increase of Bc2 of about 4 T at 4 K with respect to the binary.
Recent EXAFS (Extended X-ray Absorption Fine Structure) studies have shown that Ti substitutes only Nb, while Ta sits both on Nb and Sn sites but only the fraction that substitutes Nb influences Bc2.
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VORTEX PINNING. Vortices in Nb3Sn are naturally pinned at the grain boundaries. This plot shows how the maximum pinning force correlates with the grain size. The smaller the grains, the higher is the grain boundary density and thus the critical current density Jc. The red vertical line indicate the grain size in optimized industrial Nb3Sn wires.

To wrap up, we need high Sn content, Ti or Ta doping and small grains.



Composition and microstructure in industrial wires

Bronze Internal Sn Powder-In-Tube

Filament size ~5 μm Subelement size ~50 μm Subelement size ~50 μm

Sn Sn

SnSn

SnSn

Sn Sn

SnSn

SnSn

Sn

Sn

Sn

Sn

Sn

Sn

Outer region
Equiaxed grains ~ 150 nm 
Composition 21-25 at.% Sn

Inner region
Columnar grains ~ 400 nm 
Composition 18-21 at.% Sn

Outer region
Fine grains ~ 150 nm 
Composition 23-24 at.% Sn

Inner region
Large grains ~ 1 µm 
Composition 25 at.% Sn

Fine grains ~ 100-150 nm 
Composition 23-25 at.% Sn

Almost everywhere
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Let’s give a closer look to the reacted filaments of the wires produced by the three approaches. In the Bronze process Sn diffuses from the outside of the filaments whilst in Internal Sn and PIT it comes from the inside of the filaments.
BRONZE. Due to the limited solubility of Sn in Cu and to keep the workability of the wires during cold deformation, the amount of Sn in the Bronze is not sufficient to fully react the Nb filaments. The inner part of the filament stays unreacted, with a pronounced Sn composition gradient from the outside to the inside of the A15 layer.  In the outer shell grains are small with a Sn composition ranging between 21 and 25 at.%. In the inner region grains are elongated (up to 400 nm,  low grain boundary density) and composition is rather bad.
INTERNAL Sn. Fine grains and high Sn content!
PIT. Also in this case we observe two grain morphologies. The outer region of the filament has fine grains, but at the inner wall of the tube (at the interface with the powders), there are very large grains, 1 m, ( low grain boundary density) that, even if stoichiometric, do not contribute to the transport current.  




Composition and microstructure in industrial wires

Bronze Internal Sn Powder-In-Tube

Filament size ~5 μm Subelement size ~50 μm Subelement size ~50 μm

Outer region
Equiaxed grains ~ 150 nm 
Composition 21-25 at.% Sn

Inner region
Columnar grains ~ 400 nm 
Composition 18-21 at.% Sn

Outer region
Fine grains ~ 150 nm 
Composition 23-24 at.% Sn

Inner region
Large grains ~ 1 µm 
Composition 25 at.% Sn

Fine grains ~ 100-150 nm 
Composition 23-25 at.% Sn

Almost everywhere

High performance Nb3Sn wires
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Because of the composition and of the grain morphology of the A15 layer, Internal Sn and Powder-In-Tube wires are those with the highest in-field critical current density.



A brief introduction to A15 superconductors

Towards the ultimate performance of Nb3Sn
• the Future Circular Collider study @

Outline

Not only critical current !!

Nb3Sn: the pathway to industrialization

• Focus on the electromechanical properties

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2020. 
Plenary presentation PL5-INV given at ISS, 3-5 December 2019, Kyoto, Japan..

18

Presenter
Presentation Notes
As I will show you in the following, the performance achieved so far in Nb3Sn wires is not sufficient in view of a high-energy Future Circular Collider…



LHC
27 km, 8.33 T

14 TeV (c.o.m.)
1300 tons NbTi

FCC-hh
100 km, 16 T

100 TeV (c.o.m.)
~9000 tons Nb3Sn

Geneva

PS

SPS

LHC

Courtesy of L. Bottura (CERN)

The Future Circular Collider Study 

[ ] [ ] [ ]0.3E GeV B T R m= × ×
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A short introduction to the Future Circular Collider Study. Before the long shut down LHC was running very close to its design energy of 14 TeV. The energy of a circular collider is given by the product of the field of the dipole and the radius of the ring. With the discovery of the Higgs boson the last missing piece of the Standard Model was found, but Standard Model explains only a small fraction of what is around us. Open questions are e.g. the matter/antimatter asymmetry, the origin of dark matter and dark energy… From these considerations it came the motivation to conceive a new discovery machine at much higher energies: A 100 TeV/100 km collider that needs dipoles at 16 T.  The prime candidate for these dipoles is Nb3Sn. Why not HTS? There are considerations about the industrial capacity. We are talking about ~9’000 tons of superconductor and the present production of HTS is still too modest. 



Performance target for the 16 T FCC dipoles
non-Cu Jc(4.2 K,16 T) = 1’500 A/mm2
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There are many constrains to the design of these 16 T dipole, constrains that define the target performance of the superconductor. We need a non-Cu Jc of 1’500 A/mm2 at 4.2 K and 16 T.



Performance target for the 16 T FCC dipoles
non-Cu Jc(4.2 K,16 T) = 1’500 A/mm2
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J. Parrell et al., AIP Conf. Proc. 711 (2004) 369

T. Boutboul et al., IEEE TASC 19 (2009) 2564
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The problem is that the best industrial wires are still ~30% below the target performance. These values plateaued there since 10-15 years in spite of large efforts driven by various programs.



Strategies to increase the in-field critical current density
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magnetic fieldmax at B = 0.2 Bc2
Grain boundary pinning

= to enhance the pinning at high field
Increase the grain boundary density 
i.e. refine the grain size

max at B = 0.33 Bc2

Add artificial pinning centers
i.e. modify the pinning

Point-like pinning

K. Tachikawa et al., IEEE TAS 13 (2003) 3438

N. Banno et al., IEEE TAS 11 (2001) 3696

S. Gauss, W. Specking, E. Seibt and R. Flükiger, Adv. 
Cryo. Eng. Mat. 34 (1988) 843 

… but how to obtain grain refinement ?
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Pinning in Nb3Sn is at the grain boundaries and the signature of this phenomenon is a maximum of the pinning force at a field value that is 20% of Bc2. What can we do to increase the in-field critical current? We need to enhance the pinning at high field. The possibilities are two:
Modify the pinning mechanism, adding artificial pinning centers. This would bring the maximum of the pinning force at higher fields. It seems possible, but difficult.
The more straightforward option seems to be an increase of the grain boundary density by refining the Nb3Sn grain size. 



Grain refinement by Internal Oxidation in Nb3Sn
Idea from Benz (1968) to form fine precipitates in Nb to impede the Nb3Sn grain growth

Use of a Nb-Zr alloy: Zr has stronger affinity to oxygen than Nb

Average grain size is reduced down to ~ 50 nm in binary Nb3Sn 

M. G. Benz, Trans. Metall. Soc. AIME, 242 (1968) 1067-1070

Oxygen supply added to the composite: oxidation of Zr and formation 
of nano-ZrO2

X. Xu et al., APL 104 (2014) 082602
X. Xu et al., Adv. Mat. 27 (2015) 1346

Recent advances 
on Ta-doped Nb3Sn 

48 filaments, Zr addition, grain size 70-80 nm

monofilaments, Hf addition, grain size 50-70 nm
grain refinement without additional oxygen source
S. Balachandran et al., SuST 32 (2019) 044006

X. Xu et al., SuST 32 (2019) 02LT01
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Here comes the idea of Internal Oxidation. It was proposed in 1968 by Benz. The idea is to have a dispersion on nanoprecipitates in the Nb matrix to impede the coarsening of the Nb3Sn grains during the reaction heat treatment. The idea was put into practice only in 2014 at OSU. One has to start with a Nb-Zr alloy because Zr has stronger affinity to oxygen than Nb. In the wire layout used at OSU they put an oxide powder between Sn and Nb-Zr. During the heat treatment the oxide reduces and Zr oxidizes forming a fine dispersion of ZrO2. ZrO2 impedes then the growth of Nb3Sn grains. OSU has demonstrated grain sizes down to 50 nm in binary wires. Things are progressing also with ternary Ta-doped wires.  




First report on a wire hitting the FCC specs

J. Parrell et al., AIP Conf. Proc. 711 (2004) 369

T. Boutboul et al., IEEE TASC 19 (2009) 2564
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X. Xu et al., arXiv 1903.08121 (2019)

Performance target non-Cu Jc(4.2K,16 T) = 1500 A/mm2
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In the same plot I have shown before, I am adding a new curve. This is the first report of a wire whose measured Jc reached the FCC specs. It is a 48-filament wire made by HyperTech in collaboration with Fermilab and OSU.  



Activity funded in the frame of a                collaboration with 

Nb-alloy
Nb-7.5wt%Ta (REF.)

Nb-1wt%Zr

Nb-7.5wt%Ta-1wt%Zr

Nb-7.5wt%Ta-2wt%Zr

Ø 220 µm  wires of Nb-alloy were prepared by cold deformation of Ø 12 mm rod with 
nano-sized powders compacted in a central hole

Nb alloy wire was then electroplated successively with: Cu, Sn, Cu

Evaluated SnO2 and CuO as oxygen sources, for these reasons

• high Gibbs free energy of formation 
• low hardness that would make it compatible with wire fabrication
• the metal resulting from the reduction not affecting superconductivity

Advances on Internal Oxidation at 

After drawing

Florin BUTA et al., @EUCAS 2019

Nb-alloy  
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Also at the University of Geneva we are working on Internal Oxidation in the frame of a collaboration with CERN and I will report here some recent results. Our starting point has been a monofilamentary wire. We tested different alloys and different oxides. In the following I will show the results for a reference wire made with commercial Nb-Ta alloy, no Zr and no oxide, compared to a wire made with commercial Nb-Zr and two other wires made with custom alloys containing both Ta and Zr, in different amounts. SnO2 was used as oxygen source.




Grain morphology of Nb3Sn

Significantly smaller grains in the samples based on Zr alloys and oxygen source
Elongated grains

Starting alloy: Nb7.5Ta
no oxygen source
HT: 650°C/200h

Starting alloy: Nb7.5Ta2Zr
oxygen source: SnO2
HT: 650°C/200h
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On the left the reference wire, on the right the wire prepared with the alloy containing Ta + 2 wt.% Zr and SnO2 as oxygen source. The reduction of the grain size is evident by eye. We also observe that the grains are elongated. 





Grain size distribution

Grain size distribution in the short axis direction
Linear intercept method used to
obtain information regarding the
grain size distribution
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This is the cumulative grain size distribution for the reference sample, without oxidation. We took several micrographs from different cross-sections and analyzed them using the linear intercept method. This plot corresponds to the short axis of the grains.  



Grain size distribution

Grain size distribution in the short axis direction

In the long axis direction the median grain size decreases from ~120 nm down to ~85 nm

Linear intercept method used to
obtain information regarding the
grain size distribution

Median sizes

• Nb7.5Ta based samples ~80 nm

• Zr containing samples ~50 nm
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The three curves added to the plot correspond to the three wires with Internal Oxidation. Looking to the median grain size, we go from 80 nm in the reference sample down to 50 nm in those containing Zr with the oxidation. A similar trend is also observed in the long axis direction, with a reduction from 120 nm to 85 nm. We did obtain a significant grain refinement.  



Critical current density and pinning

The critical current density is strongly 
enhanced in the presence of Zr and O
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The maximum of fp stays close to 0.2 for 
all our samples, regardless of alloy, Zr
content and oxygen source.
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The main vortex pinning mechanism 
remains the same: grain boundary 
pinning 
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As expected, the enhancement of Jc follows the grain refinement. For what concerns the pinning, all samples exhibit a maximum of the pinning force at B/Bc2 = 0.2. This confirms that the main vortex pinning mechanisms stays at the grain boundaries.
Other groups reported a shift of the peak position. 



Upper critical fields at 4.2 K
Critical fields from R(B) performed at LNCMI Grenoble
under magnetic fields up to 33 T

The combined presence of Ta and Zr further increases the upper critical 
field up to ~ 29 T , i.e. to higher values than obtained for Nb7.5Ta

REFERENCE SAMPLE

This is showing that it is possible to further improve the field
performance of Nb3Sn wires
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A result that in principle we did not expect came from the Bc2 measurements. We performed a measurement campaign at the European High Magnetic Field Laboratory in Grenoble, up to 33 T.
The histogram shows the upper critical field measured at 4.2 K for different samples of each type. 
What is interesting is that the combined presence of Ta and Zr further increases the upper critical field up to ~ 29 T , i.e. to higher values than obtained for Nb7.5Ta.
This means that we can improve the in-field performance of Nb3Sn acting on pinning AND further increasing the upper critical field with respect to state-of-the-art industrial wires




A brief introduction to A15 superconductors

Towards the ultimate performance of Nb3Sn
• the Future Circular Collider study @

Outline

Not only critical current !!

Nb3Sn: the pathway to industrialization

• Focus on the electromechanical properties
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The path towards high Jc Nb3Sn is paved and this is a necessary condition for the 16 T FCC dipoles.
However, there are also other challenges and one of these comes from the tolerance of Nb3Sn wires to stress. Don’t forget that Nb3Sn is a brittle intermetallic compound.



Electromagnetic forces in a magnet

F I B= ×hoop
wire

I BR
S

σ =

B I

Hoop stress levels well above 100 MPa are
common

Stress increases proportionally to field,
current density and magnet size

In real magnets conductors are exposed 
to 3D stresses that combine axial 
tension and transverse compression

magnetic lines of force vectors of electromagnetic 
force per unit volume
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A short introduction to electromagnetic stresses. A ring that carries a current in  a magnetic field is put under tension because of the Lorentz force. The so-called hoop stress increases proportionally to field, current density and magnet size. 
In real magnets conductors are exposed to 3D stresses. In a dipole, electromagnetic forces push to make the aperture larger and reduce the height of the coil. Forces are huge, e.g. of the order of 100 tons per meter in a LHC dipole. 



Strain-induced changes in the critical current of Nb3Sn wires
Effects of the axial strain

εm applied strain
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Why a maximum ?
Mismatch in thermal contraction within the 
composite induces a precompression in Nb3Sn

The applied strain reduces the effects of the 
thermal precompression and the critical current 
increases up to a maximum
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What does it happen to a Nb3Sn wire when we pull on it? We observe that the critical current first increases as a function of the applied strain and then decreases. Why is there a maximum? Nb3Sn wires are composites made of different materials that are metallurgically bonded. When we cool down the wire, the mismatch in the thermal contraction of the different materials induces a precompression in Nb3Sn. So, there is a maximum because pulling on the wire we are compensating the thermal precompression. 



K. Osamura et al.

Lattice parameters and Ic under axial strain

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
5.260

5.265

5.270

5.275

5.280

5.285

5.290

5.295

5.300

#26

 

 

la
tt

ic
e 

pa
ra

m
et

er
 [Å

]

applied strain [%]

@ 19T, 4.2K

50

100

150

200

250

300

 

 

cr
iti

ca
l c

ur
re

nt
  [

A]
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Nb3Sn is precompressed
The cell is distorted

CROSSING POINT
Cubic cell recovered
This corresponds to the maximum 
of the critical current

C. Scheuerlein et al., IEEE TASC 19 (2009) 2653 

XRD experiments @ 

L. Muzzi et al., SUST 25 (2012) 054006
Tests on a Bronze Route wire   
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This phenomenon was nicely observed in an experiment we performed at the European Synchrotron Research Facility in Grenoble. We performed X-ray diffraction experiments while pulling on the wire. In the bottom plot, I am showing the lattice parameters of Nb3Sn at 4.2 K as a function of strain. When no strain is applied, there are two distinct lattice parameters, meaning that the cell is distorted (Nb3Sn is cubic). At a certain value of the applied strain, the cubic shape is recovered. The top plot shows the critical current vs. applied strain for the same wire. The maximum of Ic occurs at the strain value corresponding to the recovered cubic cell.  Similar experiments were performed under the lead of Prof. Osamura and resulted in similar conclusions. 



Prebending to remove the precompression
CuNb-reinforced Nb3Sn wires for the 25 T cryogen-free magnet @

0 100 200 300 400 500 600
0

50

100

150

200

250

@ 4.2 K, 14.5 T

cr
iti

ca
l c

ur
re

nt
 [A

]

axial stress [MPa]

 as reacted

Repeated bending at room
temperature after the reaction
heat treatment
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The prebending leads to a precompression release in Nb3Sn through the plastic
deformation of CuNb ⇒ significant improvement of Ic at low applied stress

Adapted from H. Oguro et al., IEEE TASC 24 (2014) 8401004
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Can we remove precompression? Here comes the nice study of Oguro and Awaji from Tohoku University. They produced special Nb3Sn wires reinforced with CuNb. 
In blue in the plot I am showing the Ic vs axial stress of the wire as reacted: there is a clear maximum. If one performs repeated bending of the wire at room temperature making it pass around a number of pulleys, the result is that the prebending leads to a release of the precompresson by plastically deforming the CuNb reinforcement. It results that the Ic at low applied stress is increased (red curve in the plot).   



Strain-induced changes in the critical current of Nb3Sn wires
Effects of the axial strain

εm applied strain
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REVERSIBLE REGION
Ic recovers after force unload

IRREVERSIBLE REGION
Ic does not recover after force unload

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2020. 
Plenary presentation PL5-INV given at ISS, 3-5 December 2019, Kyoto, Japan..

36

Presenter
Presentation Notes
If we keep pulling on the wire, Ic decreases and at a certain point we reach the irreversible limit. Below the irreversible strain limit irr , we fully recover the initial critical current when we release the strain. Above irr, Ic does not recover after unload. 



Irreversible degradation phenomena
Two mechanisms govern the irreversible degradation of the critical current

• Formation of cracks in the Nb3Sn filaments due, for
instance, to the stress concentration at the voids formed
during the reaction heat treatment

• Plastic deformation of the matrix and residual stress on
the Nb3Sn filaments.
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Why does degradation occur? Two are the mechanisms that play a role.
The second mechanism is the plastic deformation of Cu matrix under load that leaves a residual stress on Nb3Sn after unload. In other terms, it leaves the Nb3Sn cell distorted and this lowers Tc, Bc2 and Jc.



Which mechanism dominates the irreversible 
degradation of the critical current ?
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It depends on the load geometry.



1 – Axial tension and the role of cracks at the voids 

Analysis of the phenomenon in two load geometries

2 – Transverse compression, plastic deformation   
of the matrix and residual stress on Nb3Sn
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1 – Axial tension and the role of cracks at the voids 

Analysis of the phenomenon in two load geometries

2 – Transverse compression, plastic deformation   
of the matrix and residual stress on Nb3Sn
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Voids detection in Nb3Sn wires
X-ray microtomography reconstruction @ ESRF Grenoble

sample

- X-ray photon energy = 89 keV
- 360° rotation of the sample
- 30’000 projections
- 2560 x 2160 pixels
- 0.57 µm/pixel resolution

ab
so

rp
tio

n

parallel X-Ray beam
rotate

Non-destructive                                            
3D volume reconstruction                            
with separation of internal features

C. Barth et al., Sci. Rep. 8 (2018) 6589
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To quantify the effects of voids on the irreversible reduction of Ic, first we need to visualize and analyze the voids in the wires. To this end we used X-ray microtomography. How does it work? As we have high absorption materials, we need to use high fluence/high energy X-rays. Again we used the synchrotron in Grenoble The sample is exposed to X-rays and absorption is measured by the detector. The sample rotates in the beam by 360° and 30’000 projections are collected. Projections are then used to reconstruct in 3D the sample volume with its internal features. The image shows the voids in the filaments of an Internal Sn wire. 



A case study on Bronze Nb3Sn wires

Nb
Cu

Bronze
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manufacturer

wire diameter 1.25 mm

# of filaments 121 x 121

filament size 4.5 µm
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With HIP treatment εc increases by +0.17 % 
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We performed a case study on a Bronze wire. In blue the critical current vs. strain for the wire submitted to a regular heat treatment. In red, the curve for the same wire but treated in a Hot Isostatic Press (HIP) at high pressure, 200 MPa, for 1 h at 550°C before the regular heat treatment.

As an effect of the HIP treatment, the intrinsic critical strain (the distance between the maximum and the irreversible strain) is increased significantly, from 0.48 to 0.65%.





Bronze wire: Void detection
Without HIP treatment

Void fraction = 2.1 %
With HIP treatment
Void fraction = 0.05 %

Void reduction by a factor 40 !!
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What is the influence of the HIP treatment on voids?
I will show that it is possible to correlate quantitatively the reduction of voids to the enhancement of the intrinsic critical strain.



- The experimental εc corresponds to an irreversible reduction of Ic by 5%

- Working hypothesis: 5% of Ic degradation ≡ damage in 5% of the filaments

Statistical FEM analysis

Wire without voids
SIMULATION done at εc = 0.65%  

The red regions represent the 5% of the Nb3Sn volume at the highest stress 
Here the red regions are at σ ≥ 275 MPa, which is the critical stress

SIMULATION done at εc = 0.50%  

Wire with voids
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We have simulated in 3D by FEM a 0.1 mm-long section of the wire. Our measured intrinsic critical strain corresponds to an irreversible reduction of Ic by 5%. We take as a working hypothesis that 5% of Ic degradation means 5% of damaged filaments. On the left, we applied the intrinsic critical strain to the wire model without voids. The red regions represent the 5% of the Nb3Sn volume at the highest stress. Here the red regions are at    275 MPa, which is therefore our critical stress. We repeated the simulation (on the right) distributing voids in the wire according to what observed by tomography (size, position, shape, etc.). The red regions represent again the 5% of the Nb3Sn at the highest stress, but in this case 1) stress concentrates around the voids; 2) the model tells us that we reach the critical threshold of 5% above 275 MPa at a lower strain: 0.5%.  
 



Irreversible limit in the presence of voids
Experiment vs Prediction
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εc = 0.48% 

εc = 0.65% 

Ic vs strain measurement

εc = 0.65% 

FEM simulations
with voids without voids

5% of Nb3Sn at σ > 275 MPa

εc = 0.50% 

C. Barth et al., Sci. Rep. 8 (2018) 6589

The simulations predict the correct value of εc when voids are introduced 
Changes in the voids correlate quantitatively with the changes in the 
electromechanical limits
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The reduction of the intrinsic critical strain predicted by the simulation matches very well with the result of the critical current vs strain measurements.  



1 – Axial tension and the role of cracks at the voids 

Analysis of the phenomenon in two load geometries

2 – Transverse compression, plastic deformation   
of the matrix and residual stress on Nb3Sn
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Things become different when we look to the transverse compression of the wire.



Design options for the 16 T FCC dipoles
h2020 EuroCirCol WP5, started in 2015 
WP leader: Davide TOMMASINI, CERN

Block Coil Common Coil Canted Cosine Theta (CCT)Cosine Theta Coil

All designs for the 16 T dipoles share a peak in transverse stress at operation
of 150-200 MPa

Are the Nb3Sn wires in the Rutherford cables able to withstand such a high
stress level? Which degradation is tolerable?

Nb3Sn Rutherford cable for HL-LHC, 40 strands
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To put what follows in the right contest, I am showing here the four designs that have been developed in the frame of the European project EuroCirCol for the 16 T FCC dipoles. Without going into details, the common feature of the four designs is a peak in transverse stress at operation that ranges between 150 and 200 MPa. 
Accelerator magnets operate at 10 kA and are wound with Rutherford cables made of several wires. The question still without a definitive answer is whether Nb3Sn wires in a Rutherford cable are able to withstand these high levels of transverse stress. 



4-WALL + impregnation

Pulling force

Resin

Sample

collaboration agreement K1629/TE (2009-2012)

B. Seeber et al., IEEE TASC 17 (2007) 2643
G. Mondonico et al., SuST 25 (2012) 115002

Ic vs. transverse stress on a single wire
The WASP concept
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To answer this question we have developed at UNIGE a special probe that allows to test the dependence of the critical current Ic on transverse stress. It is based on the concept of the Walters spring. The lower part can move axially against the top part and transmits a transverse force to the wire that is between two stainless steel anvils. 
Over the spiral, one turn of the wire is sitting in a groove filled with a resin and is pressed in the transverse direction. This experiment captures some key aspects of the operation of a wire in a dipole magnet.




Ic vs. transverse stress
Powder-In-Tube Nb3Sn wire + epoxy L
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This is a typical measurement on a PIT Nb3Sn wire impregnated with epoxy resin. The solid points correspond to the Ic measured under load. The open (gray) points are the corresponding Ic values measured after unload. We set the irreversible stress limit when the unload curve crosses the 95% Ic0 line (Ic0 is the initial critical current). In this measurement, this occurs at 16 kN that corresponds to a stress level of 110 MPa. In the corner I am showing three IV curves: virgin, at 100 MPa and after unload from 100 MPa. The degradation after unload is evident.
Is there a way to discriminate whether degradation comes from cracks or plastic deformation and residual stresses? The answer is YES.     



Irreversible degradation phenomena
Two mechanisms govern the irreversible degradation of the critical current

• Formation of cracks in the Nb3Sn filaments due, for
instance, to the stress concentration at the voids formed
during the reaction heat treatment

• Plastic deformation of the matrix and residual stress on
the Nb3Sn filaments.

Cracks generate a reduction of the current carrying cross
section ⇒ Ic

unload/Ic0 is independent of the magnetic field

Residual stress induces a permanent reduction of Bc2 after
unload ⇒ Ic

unload/Ic0 depends on of the magnetic field
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Field dependence of the irreversible stress limit
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16 T vs. 19 T

Ic
unload/Ic0 depends clearly on of

the magnetic field !!

Residual stress on Nb3Sn due to
the plastic deformation of the
matrix dominates the irreversible
degradation

∆σirr (19 T → 16 T) ≈ +20 MPa

σirr at 16 T increases by ~20 MPa
compared to 19 T
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A simple model, based only on the
effects of residual stress, reproduces
the experimental dependences on field
and stress

It proves also that the experiments
performed on the single wire are
consistent with those on cables

Field dependence of the irreversible stress limit

L. Gamperle et al., arXiv: 1909.13543
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I will make the result more evident by plotting the stress dependence of the ratio between (Ic after unload) and (Ic under load).
The test on the wire at 19 T is in blue, at 16 T it is in red and the gray points correspond to a Rutherford cable made with the same PIT wire and tested at 11.4 T. The stars are calculated from a simple model that takes into account only the effects of the residual stress on Bc2 as a degradation mechanism. More details in https://doi.org/10.1103/PhysRevResearch.2.013211. 
The additional information that comes form this plot is that the degradation mechanism for the wire and the cable is the same. This was not obvious from the beginning.



To conclude…
65 years after the discovery there is a revamp of interest for Nb3Sn

In particular, the FCC study is driving Nb3Sn towards its ultimate performance

But there is still work to do also on other properties of the conductors, e.g. 
the tolerance to stress
• Developing tailored heat treatments to control size and distribution of the 

voids in the filaments

• Optimizing the filament layout in the wire by using FEM, to predict the 
redistribution of mechanical loads between superconductor and matrix

• material with refined grains and high Bc2 is produced in several laboratories 
around the world 

• practical solutions to implement this technologyin industrial wires are being 
developed

Not at the exclusive benefit of high energy physics, but also for fusion (DEMO), 
NMR and medical accelerators
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Nb3Sn is 65 years old and not yet ready for retirement!



Thank you for the attention !

Carmine SENATORE
carmine.senatore@unige.ch

http://supra.unige.ch
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