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Increasing non-Cu Jc pays off
Progress in Nb3Sn wire Jc… …and in Nb3Sn dipole magnetic fieldsg 3 c 3 p g

(SMI-PIT)(SMI PIT)

Dietderich, Cryogenics (2008)
Dietderich, Cryogenics 2008Parrell, ACE 2004
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But where does Jc come from…



Outline

Main properties of Nb3Sn
Composition
Pinning
Strain

Critical current density and critical current
What determines these?

Modern high J Nb Sn wiresModern high Jc Nb3Sn wires
Overview of (some) manufacturers

Prospects for future improvementsProspects for future improvements
Possible ways to increase Jc

Scaling of the critical current density
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Superconductivity in Nb3Sn
Matthias, PRB 95 (1954)att as, 95 ( 95 )

Molten Sn over Nb powder
in a quartz tube at 1200 C
T onset at 18 05 ± 0 1 KTc onset at 18.05 ± 0.1 K
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Nb3Sn is not a line compound: Nb1 – β Snβ

Binary phase diagrama y p ase d ag a
Charlesworth, JMS 1970; Flükiger, ACE 1982

Godeke, SuST 2006
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Nb-Sn stable from 18 to 25 at.% Sn → ‘A15’



Hc2(T ) versus Sn content
Jewell, ACE 2004, bulk samplesJe e , C 00 , bu sa p es

L SLess Sn
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Sn richer A15 has higher Hc2(T ) (until ~ 24.5 at.% Sn)



Alloying of Nb-Sn
Suenaga, JAP 1986Sue aga, J 986

TiTi
Ta

Ta

Ti: Optimal Hc2 at 1.5 at.%, Ta: Optimal Hc2 at 4 at.%, Both: slight variation Tc

Flükiger, SuST 2008: Different optima: (Nb1-xTax)3Sn and Nb3(Sn1-xTix)
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Alloying increases Hc2



What determines pinning capacity?
Pinning centersg ce te s

Positions with minima in SC wave function
Normal regions
Grain boundariesGrain boundaries
Lattice imperfections
…

Nb3Sn
Grain boundaries

M i i i tMain pinning centers

Godeke SuST 2006
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Grain size determines FPmax

Godeke, SuST 2006



What determines grain size?

Godeke, Cryogenics 2008
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Reaction time (somewhat) and temperature (a lot)



What is an optimal grain size?
Ideal: One pinning center per flux-linedea O e p g ce te pe u e

Flux-line spacing a0 ≈ average grain size dav

Schematic: Cubic grains and flux-line lattice
Godeke, to be published 2008

Flux-line spacing → field dependent
E t 12 T (3/4)¼(φ / H)½ 12E.g. at 12 T a0 = (3/4)¼(φ0/μ0H)½ = 12 nm
Grain size in Nb3Sn wires → 100 – 200 nm
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Grain sizes in wires are one order of magnitude from optimal



Strain sensitivity
Longitudinal strain effects on effective Hc2(T )*o g tud a st a e ects o e ect e c2( )

Furukawa ternary bronze wire SMI-PIT: Ternary and binary wires

Strain

Godeke, Cryogenics 2008

Note: Increased Hc2* can provide lower
strain dependence at medium fields

Gode e, C yoge cs 008

Godeke, TAS 2002
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Strain and Sn content have similar effects



Strain models existing
1D empirical (Ekin, Cryogenics 1980, Taylor, SuST 2005):p ( , y g , y , )

3D empirical (Ten Haken, Thesis 1994): Data from quasi 2D tapes

( ) axial1 us aε ε= −
p ( , ) q p

( ) ( )22
dev d dev 0 d( ) 1s Cε ε ε≅ − +( ) ( )dev d dev 0,d( )

( ) ( )* *
c2 c2mH H sε ε≡

( ) ( )
1

* *
c cmT T s ϖε ε≡

2nd invariant (deviatoric strain) dominates 

Suggested originally by Welch and Testardi
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Godeke, Phys. C 2002



Strain models progress (I)
More fundamental approach (Markiewicz, Cryogenics 2004)o e u da e ta app oac ( a e c , C yoge cs 00 )

Strain modifies
Lattice vibration modes (phonons)
Electron-phonon interaction spectrum

( ) ( )2

ep 2
F

d
α ω ωλ ω

ω
= ∫ Strain free value

Hydrostatic (1st inv)

Electron-phonon interaction spectrum

( )
( )ep

*
ep

eff 0.28* *1 2 1 5 λ

λ μ
λ

λ −

−
=

+ +

Hydrostatic (1 inv)

( )ep
ep1 2 1.5 eμ λ μ+ +

1
2 20 25 ω

Symmetric (2nd inv)
non-hydrostatic
Asymmetric (3rd inv)

( )eff

c 1
2 2

0.25

e 1
T

λ

ω
=

−
0 c2 ?Hμ =K

Asymmetric (3 inv)
non-hydrostatic

Markiewicz TAS 2005

A. Godeke – WAMSDO 2008 – CERN, Geneva, May 20, 2008 Advances in Nb3Sn Performance 14/45

2nd invariant dominates, Hc2(ε) missing
Markiewicz, TAS 2005



Strain models progress (II)
Truly fundamental approach (Salvetti, in progress):u y u da e ta app oac (Sa ett , p og ess)

Goal: Ab-initio calculation of critical properties Nb, Nb3Sn and Nb3Al
Only external input is lattice deformation (strain)

Density Functional Theory Phonon dispersion curves and e p interactionsDensity Functional Theory Phonon dispersion curves and e-p interactions
Example: Calculated Fermi surface and phonon dispersion curves Nb

Lines calculated @ 0K
Points measured @ 300K

( ) ( ) ( )
2

d 2
F

d T
α ω ωλ+ ∫
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Principally also allows calculation of Sn deficiency

( ) ( ) ( )ep cand 2 d Tε λ ω ε
ω

+ = →∫



In summary: What determines Jc?
Pinning capacity Effective H – T phase boundaryg capac ty ect e p ase bou da y

+ = Jc                                   Jc

at.% Sn and ε

Godeke, SuST 2006

Average grain size Composition
Strain state
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What determines Ic?
Powder-in-tube wire (SMI) 50% Non – Cu fractiono de tube e (S ) 50% o Cu act o

40% 25%
Courtesy, Lee and Fisher 2005
Godeke, Cryogenics 2008

25%

10%

JJcc
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Only ~20% of a wire carries Jc



Recipe for a very high current wire
Real estate

As much A15 in the non-Cu cross-section as possible
Much (typically ~ 25%) is still lost as Sn source

Sn content

Filaments / sub-elements
below ~50 micrometer

Sn content
Optimal around 24.5 at.% Sn
Abundant Sn supply

Short diffusion distancesShort diffusion distances
Long diffusion distances inevitably result in Sn gradients

Alloying: 1.5 at.% Ti and 4 at.% Ta additions
C i l ll Nb 47 t % Ti d Nb 7 5 t % TCommercial alloys: Nb 47 wt.% Ti and Nb 7.5 wt.% Ta

Grain sizes around 10 – 15 nm for optimal pinning in 10 – 15 T regime
Requires short, low temperature reactions (which result in Sn deficiency)
Wire grain sizes typically 100 – 200 nm

Strain dependence
Engineer applications around it
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Present status of knowledge does not suggest tweaks (much to be done here!)



Wires

What is being made using the aforementioned knowledge?What is being made using the aforementioned knowledge?

A very incomplete list!A very incomplete list!

Apologies to those not included
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The ‘classic’ Bronze process
Godeke JAP 2005 (Courtesy Lee 2005)Godeke, JAP 2005 (Courtesy, Lee 2005)

Made by many manufacturers
Proven technology, large billets, very fine filaments, low loss, but…

Limited Jc due to limited Sn source
Solubility of Sn in Cu < 16%
Sn depletion of source gives Sn gradients
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Sn depletion of source gives Sn gradients



Composition variation in Bronze wires
Bronze process wireo e p ocess e

4 at.% Sn/μm
Jc(12T,4.2) = 720 A/mm2
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Abächerli, TAS 2005Small A15 fraction is high Sn



Powder-in-Tube wires from SMI-EAS
Process Maximum performance

Powder: NbSn2 plus Cu
Tubes: pure Nb or Nb-7.5Ta
Production unit ~45 kg net

p
Non-Cu Jc(12T, 4.2K)  2582 A/mm2

192 filaments, 1 mm
52% Cug

Low loss (ITER) version
504 filaments @ 25 micrometer High current (NED) version

M. Thoener: Wednesday 15.45

504 filaments @ 25 micrometer
0.81 mm
50% Cu
1350 A/mm2 (Binary)

High current (NED) version
288 filaments @ 35 micrometer
1.25 mm
55% Cu1350 A/mm (Binary)

1950 A/mm2 (Ternary)
55% Cu
2500 A/mm2 (Ternary)
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Composition variation in PIT wires
Composition analysis on SMI Powder-in-Tube wire (from ~2001)Co pos t o a a ys s o S o de ube e ( o 00 )

0.3 at.% Sn/μm, Jc(12T,4.2) = 2250 A/mm2 (Now ~2600)

Godeke, Cryogenics 2008
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Large A15 fraction is high Sn



High current wires from Supercon
PIT with novel modifications Internal-Tin-Tube process

Cost effective NbSn2 powder
Custom Nb-Ti and Nb-Ta alloy tubes

From fine grain Nb, Nb-7.5Ta and 
Nb 47Ti sheets

p
Nb-7.5Ta Tubes
Sn-3Cu powder
36 filamentsNb-47Ti sheets

Thin Ta barrier around each filament

B t lt

1371 A/mm2

Best results
Nb7.5wt.%Ta ternary
78 filaments
2174 A/mm2

Present work:

Ta2174 A/mm2

Sn
Nb

Ta

Cu
Nb-47Ti
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Becomes Nb 1.5 at.%Ti, 1800 A/mm2



Powder-in-Tube wires at SupraMagnetics
PIT with novel modifications New high strength conductor

Jet milled Cu5Sn4 powder
Cost effective, more Sn available

Octagonal filament design allows for 

g g
52 filaments at 0.5 mm OD

g g
internal strengthening

SupraMagnetics

Octagonal filaments
Glid Cop Al-15

52 filaments
Drawn down to 0.25 mm (20 μm fil.)

Glid Cop Al 15
A15 layer 675Cx96h

Jc ~2000 A/mm2
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( μ )
17.2% Monel between filaments

Jc 2000 A/mm
In earlier hexagonal Cu5Sn4 wires



Tubular process at Supergenics I LLC
Process: Wires

Cu-clad Sn in Nb-7.5Ta tube
Sn can be pure or alloyed

Pure Cu-clad Sn

~0.8 mm, filaments 70 μm, 55+6

Pure Cu clad Sn
Sub-elements at 0.25 mm

C l d S
0.42 mm, filaments 18 μm, 246+25 

Cu-clad Sn

Nb-7.5Ta

Ta-barrier

2733 A/mm2

Performance
2050 A/mm2 at 18 μm, 2250 @ 35 μm
Billet 37mm x 1m: 2km @ 0 7mm done

2228 A/mm2

More recent:
2572 A/ 2
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Billet 37mm x 1m: 2km @ 0.7mm done
Now: 37mm x 5m billet

2572 A/mm2



Internal-Tin wires at OST
Modified Jelly Roll Hot Extruded Rod Rod Restack Process (RRP®) wires

Low loss, medium current
Sub-element contains separate 

High current 54/61
Filaments in sub-elements grow 

Modified Jelly Roll, Hot Extruded Rod Rod Restack Process (RRP®) wires

filaments after reaction
Jc(12T,4.2K) 800 – 1200 A/mm2

Single Ta diffusion barrier

together during reaction
Record Jc(12T,4.2K) > 3 kA/mm2

Each sub-element has its own Nb-g
Ta diffusion barrier (partially reacts)
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Nb-47w.%Ti rods



Composition variation in IT wires

MJR1 J (12T 4 2) 2200 A/ 2MJR1 Jc(12T,4.2) = 2200 A/mm2

RRP1 Jc(12T,4.2) = 2900 A/mm2
c( , )

RRP2 Jc(12T,4.2) = 3000 A/mm2

RRP1
Lee, TAS 2005

OST Internal-Tin
Inter-filament Cu
Relatively flat Sn gradient
Optimized A15 fraction in non-Cu
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Large A15 fraction is close to optimal Sn



3 kA/mm2 RRP® commercial production
Production measured in tons per year

3500

0.7mm and 0.8 mm strands ~80μm deff

oduct o easu ed to s pe yea
Consistent Jc and RRR
Unit lengths >10 km

A/
m

m
2

2500

3000

12 T Jc = 2960 ± 110
100

C
u 

J c (
4.

2 
K)

, 

1500

2000

15 T Jc = 1550 ± 90

R
R

R

100

no
n-

0

500

1000 15 T Jc  1550 ± 90

10
Process improvement

Sampling of billets produced 2002-2007 Sampling of billets produced 2002-2007

But…Large deff, very high Jc, cabling distorting barriers (RRR loss):
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g eff, y g c, g g ( )
Low and medium field instabilities (Sumption and Bordini, this workshop)



Attempts at OST to reduce deff

Sub-divided sub-elements RestackingSub d ded sub e e e ts
Using Ta rods
Now abandoned

estac g
114 – 127 version (~40 μm)
Further restacks under 
developmentdevelopment
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Restacking appears route towards smaller deff



An outlook to the future
(An academic exercise on performance potential)
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General trend: Increasing Jc with increasing Sn

Geneva
Bronze Process

25 at.% Sn @ source
4 at.% Sn/µm gradient

Jc(12T,4.2) =
720 A/mm2

SMI 25 at % Sn @ source Jc(12T,4.2) =SMI
Powder-In-Tube

25 at.% Sn @ source
0.3 at.% Sn/µm gradient

c( , )
2250 A/mm2

(2600 A/mm2) Sn richer
Higher Jc

OST
Internal Tin

24 ± 1(or more?) at.% Sn
Virtually no gradient

Jc(12T,4.2) =
3000 A/mm2

g c

Internal Tin Virtually no gradient 3000 A/mm

H i ti t ti l h t d?
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Homogenization potential exhausted?



Nb3Sn wire performance in dipole magnets
Field – temperature limitations and achieved dipole fieldse d te pe atu e tat o s a d ac e ed d po e e ds

NbTi
10 5 T (L P MT15 1998)10.5 T (Leroy, Proc. MT15 1998)
80% of Hc2*(1.8 K)

?
Godeke, JAP 2005

Nb3Sn
16 T (LBNL HD1, 2004)
65% of H *(4 5 K)65% of Hc2*(4.5 K)

80% of Hc2*(4.2 K)?
20 T

80% of Hc2*(1.8 K)?
22 T

Bottura, TAS 2000
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What limits Nb3Sn to 65% of Hc2*?



What limits high field performance of Nb3Sn?
NbTib

Pinning optimized
~1 pinning cite/vortex
F h(1 h)

NbTi: Bottura, TAS 2000
Nb3Sn: Godeke, SuST 2006

Fp ∝ h(1 – h)

Nb3Sn
Insufficient pinning
centers

Collective pinningp g
Fp ∝ h0.5(1 – h)2

Reduced high field
efficiencyefficiency

Practical dipole
limitation 17 18 T
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limitation 17 – 18 T
Pinning inefficiency at higher fields limits performance



Can high field pinning be improved?
Doping in thin films (Dietderich, ACE 1998)op g t s ( etde c , C 998)

As deposited

After HT and etch

Average grain sizes:
Undoped: 75 nm              Ti-doped: 130 nm           Sc+Al2O3 doped: 25 & 7 nm
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Improved high field pinning
Field dependence of Jc Normalized pinning curvese d depe de ce o Jc

Jc(12T, 4.2K):
Undoped 2200 A/mm2

Ti doped 3700 A/mm2

o a ed p g cu es
Peaks at 50% of Hc2*

x3.4 (!)
Ti-doped 3700 A/mm2

Sc+Al2O3 doped 7400 A/mm2 Dietderich, Cryogenics 2008
Godeke, to be published 2008
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Grain refinement could be the next big step (but how to do this in wires…?)



Some words on scaling…
A tool to describe the critical surface
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Jc = FP(H) + Hc2*(T )
Pinning force as a function of field Field-temperature phase boundaryg

Example: Furukawa bronze wire
All temperatures and strain states

p p y
All literature results (27 samples)
Thin film, bulk, single X-tals, wires

0.8

1.0

0.6

c2
(T

 )/
H

c2
(0

)
 

0.2

0.4H
c

0.0 0.2 0.4 0.6 0.8 1.0
0.0

T/T (0)

A. Godeke – WAMSDO 2008 – CERN, Geneva, May 20, 2008 Advances in Nb3Sn Performance 38/45

T/Tc(0)

Scaling of Jc can be done accurately



Twente scaling relation for Jc(H,T,ε)
University of Twente Applied Superconductivity Centery

Jc(H,T,ε) data & general form
pp p y
Materials basis

(p) (q)

More accurately:

Godeke, SuST 2006

Longitudinal strain description:

6 fit parameters:

Accepted by ITER in 2008
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Accepted by ITER in 2008
with p and q variable



Mathematical simplification
Matthijs Mentink (Univ. of Twente) @ LBNL, 2008:att js e t (U o e te) @ , 008

( ) ( ) ( )1
0, , 2 1 qp

c cJ H T C H t h hε μ −= −

Relevant:
p and q

I e : Linearity of Kramer plotsI.e.: Linearity of Kramer plots
FK=Jc

0.5B0.25 vs B
linear if p=0.5, q=2

Thermodynamic critical field

( ) ( )( )20 1c cH t H t≅ −
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Godeke, Thesis 2005



How linear are Kramer plots? (I)
SMI-PIT data (~2003)S data ( 003)

250

300

From VSM data
J VSM 1 34

SMI-PIT Ternary
T = 4.2 K

150

200

5 B
0.

25

J c-VSM x 1.34
Fischer MS work

Tail due to compositional
inhomogeneity

100

150

J
c0.

5

Kramer
High field J c data

Godeke, JAP 2005

inhomogeneity
(Cooley, JAP 2004)

Fit: q larger than 2

0

50 Linear Fit: q larger than 2

0 5 10 15 20 25 30
Magnetic field [ T ] Onset SC resistively

22 25 at % Sn

A. Godeke – WAMSDO 2008 – CERN, Geneva, May 20, 2008 Advances in Nb3Sn Performance 41/45

22 – 25 at.% Sn

Kramer plots can be very linear



How linear are Kramer plots? (II)
Furukawa ternary bronze (~1998)u u a a te a y b o e ( 998)

Godeke SuST 2006

Below this less relevant for applications q = 2 to remain generic?

Godeke, SuST 2006
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Generality apparently retainable by keeping q = 2, BUT…



Simulation of three homogeneous conductors
Mentink, 2008 ( )e t , 008

3 homogeneous conductors in parallel

Tc* Hc2* p q uat.% Sn

( ) ( )( )0 1 u
c cH t H t≅ −

Tc Hc2 p q u
12 20 0.5 2 2
15 25 0.5 2 2
17 30 0 5 2 217 30 0.5 2 2

( ) ( ) ( )1
0, , 2 1 qp

c cJ H T C H t h hε μ −= −

Overall fit with p = 0.5 and q = 2 enforced yields u = 1.6
An apparent different temperature dependence of H occursAn apparent different temperature dependence of Hc occurs

But we defined u = 2 for each independent conductor!
u = 2 can be retained if q is larger than 2 (which it should)
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Inhomogeneities have to be accounted for by allowing q variable



What about p?
Flükiger, SuST 2008ü ge , SuS 008

Kramer plots bronze wires
Applying (more?) self-field correction can swing this up

Low field behavior: large, columnar, Sn poor grains + fine, Sn rich grains
High field behavior: fine, equiaxed, Sn rich grains + compo. averaging
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Having q (and p) variable does not seem such a bad choice



Summary
Optimizations of…Opt at o s o

Sn content
homogeneity
A15 fractionA15 fraction

…led to commercially available > 3000 A/mm2 and very high field magnets
Combining high Jc with smaller filaments is present development

Future optimizations could include
Grain refinement/APC Very large potential (x2 – x3)
Further optimization of A15 fraction in non Cu (retain Sn source for A15)Further optimization of A15 fraction in non-Cu (retain Sn source for A15)

Scaling relations
Have become accurate and refined (but appear a never ending story…)
…but fundamental understanding of strain dependence is sorely lacking

This needs to be known for multi-billion $ applications
Fundamental knowledge might provide ways to ‘tweak’ strain dependence
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Fundamental knowledge might provide ways to tweak  strain dependence
How much would it really cost to properly tackle this?


