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Outline 
SuperconducLvity	  1.01	  
• Terminology:	  Tc,	  Hc2,	  pinning,	  Jc,	  criLcal	  surface	  

	  
Technological	  superconductors	  
• The	  materials	  science	  and	  performance	  of	  LTS	  wires	  

	  
SuperconducLng	  dipole	  magnets	  
• Record	  fields,	  intrinsic	  limitaLons,	  the	  need	  for	  HTS	  
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Superconductivity: Electron pairing 
Electrons	  couple	  through	  laace	  vibraLon	  quanta	  (phonons)	  
• Net	  aKracLve	  e-‐e	  interacLon	  

–  Described	  by	  electron-‐phonon	  interacLon	  constant	  λe-‐p	  

-	
-	
 Coulomb	  repulsion	  

AKracLon	  over	  communicaLon	  distance	  ξ	  (coherence	  length)	  

 
 

 
 Phonon	  with	  frequency	  ω 
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Electron paring: Critical temperature Tc 
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Subtract	  Coulomb	  repulsion	  MenLnk,	  PhD	  thesis	  (2014)	  
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Figure 4.10: Calculated phonon density of states as a function of vibrational frequency
at various degrees of disorder, compared to experimentally determined generalized phonon
density of states of low-resistivity Nb3Sn, after Schweiss et al. [158].

higher frequencies than in the calculated results. This could be due to the difference in dis-
order, because the measurement data by Schweiss et al. is of low rn and thus preferentially
tetragonal Nb3Sn, while the calculation results are of higher rn preferentially cubic Nb3Sn.
At the same time, this could also indicate a small systematic error in the calculation result.

4.6 Dependence of a2(w) on the electronic and vibrational
properties of the crystal

In this section, the dependence of the Eliashberg spectrum a2(w) on the electronic and the
vibrational properties of the material is discussed. From the Eliashberg spectrum and the
dimensionless effective Coulomb repulsion term, the critical temperature can be calculated,
which is discussed section 4.7.
Note that the Eliashberg spectrum can be calculated directly from ab-initio calculations, as
was shown by Baroni et al. [126]. The validity of the calculation method was investigated
by Salvetti [161]. It was determined that it only produces quantitatively correct values when
highly dense k- and q-point grids are utilized. An investigation of the effect of stress on
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Figure 4.13: Electron-phonon coupling characteristic a2 as a function of vibration
frequency. Empirical description compared to various experimental observations after
Freeriks et al. [160], Rudman et al. [167], Shen [166], Geerk et al. [165], and Wolf
[168].

It was shown by Markiewicz [98] that the vibrational frequency dependence of Nb3Sn can
empirically be described with:

a2 (w) µ exp(�w/w0) , (4.15)

where w0 is a characteristic frequency of Nb3Sn. In the case of intermediate coupling and
in the case of a single ion species, the electron-phonon coupling constant is related to the
electron density of states by McMillan and Hopfield [15, 16, 164], through:

l =
h

M hw2i =
N (EF)

⌦
I2↵

M hw2i , (4.16)

where h is the McMillan-Hopfield parameter, < I2> is the mean squared electronic ma-
trix element, M is the effective ion mass, and <w2> is the average of the squared phonon
frequency in the Eliashberg spectrum.
As l is proportional to both the amplitude of a2 and N(EF), one could speculate that a2 is
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Figure 4.14: Calculated and experimentally observed a2F, l , and <w2>0.5. The experi-
mental data are reproduced from Rudman et al. [167].

Table 4.1: Values for l , <w2>0.5 and µ⇤ of weakly disordered stoichiometric Nb3Sn after
Freeriks et al. [160], Wolf [168], Shen [166], Geerk et al. [165], and Rudman et
al. [167], mean values, and standard deviations.

l <w2>0.5 [meV] µ⇤
Kresin µ⇤

Allen�Dynes

Freeriks 2.55 10.9 0.17 0.17

Wolf 1.79 15.2 0.16 0.15

Shen 1.56 13.9 0.09 0.11

Geerk 1.50 13.8 0.08 0.06

Rudman 1.75 14.2 0.13 0.12

Average 1.83 13.6 0.127 0.122

Std.dev 0.42 1.6 0.042 0.044

4. Calculation of the Microscopic Properties of Nb3Sn 103

Electron-‐phonon	  interacLon	  α(ω) 

Phonon	  density	  of	  states	  F(ω) 
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Ab-initio calculated and measured Tc and Hc2 

MenLnk,	  PhD	  thesis	  (2014)	  
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Figure 4.19: Calculated µ0Hc2(0) as a function of Tc. The black symbols indicate calcu-
lated results, while the grey symbols indicate measurements that are part of this research
and the open symbols indicate literature results, after Zhou et al. [66], Jewell et al. [68],
Orlando et al. [42], Devantay et al. [52], Godeke et al. [48], Foner et al. [67], Arko et al.
[70], and Naus et al. [69].

The exact solution to the Gor’kov equation, see equation 4.39, is numerically calculated
and X(Z)�1h⇤c2,dirty is linearized, as shown in figure 4.18. The appropriate range of the re-
duced collision frequency Z for the considered composition range is Z = 1.56 (correspond-
ing to 27 µWcm) to Z = 17.5 (corresponding to 90 µWcm). In this range, linearization of
X(Z)�1h⇤c2,dirty results in:

X(Z)�1h⇤c2,dirty ⇡ 0.614Z +0.761. (4.42)

In the range of Z = 1.56 to 17.5, the maximum deviation between the linearized fit and
the exact result is 0.7% and the average error is 0.4%. Combining equations 4.42 and 4.41
results in:

µ0Hc2,Maki (0) =CD1
T 2

c (1+l )2

v2
F

+CD2
Tc (1+l )

vFlmfp
, (4.43)

112 Chapter 4
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Figure 4.17: Calculated and measured Tc as a function of normal state resistivity rn. The
Tc of preferentially tetragonal Nb3Sn is approximately 18 K. The deviating literature results,
indicating a Tc of about 16 K are most likely a result of a systematic error in the determina-
tion of the composition, also see Rudman et al. [43].

measurements represent the best rather than the average properties of the sample (see sec-
tion 2.4.7). Thus, the Tc and µ0Hc2(0) determined from resistivity measurements represent
a different composition or degree of disorder than the normal state resistivity, unless the
sample is highly homogenous.
To get around this issue, measurements are used which probe the bulk of the sample rather
than the best properties of the sample, such as heat capacity measurements (the most reliable
volumetric measurement type) and inductive measurements, by Hellman [51], Rudman et
al. [82], Devantay et al. [52], and Moore et al. [13]. In these publications, the critical
temperature was determined as a function of composition.
The relation between composition and normal state resistivity at Tc of binary Nb3Sn is well
understood, see Godeke et al. [41] (figure 4.16) and Flükiger et al. [187]. The relation
between composition and residual resistivity can be summarized with an empirical relation,
after Godeke [41]:

rn (b ) = 91
⇣

1� (7b �0.75)4
⌘
+3.4 for b  25%, (4.36)

4. Calculation of the Microscopic Properties of Nb3Sn 107

(25	  at.%	  Sn	  -‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  18	  at.%	  Sn)	  
Nb3Sn	  Tc	  and	  Hc2	  as	  a	  funcLon	  of	  

disorder	  (i.e.	  composiLon,	  strain,…)	  
are	  now	  well	  understood	  
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What does Hc2 do for us? 
Type	  II	  superconductor	  in	  field	  
• Field	  quanta	  φ0	  =	  h/2e	  (flux-‐lines)	  penetrate	  SC	  
	  
	  
	  
	  
	  

Super	  currents	  shield	  normal	  cores	  
over	  penetraLon	  depth	  λ	  

Increasing	  H	  

U
pp

er
	  c
riL

ca
l	  m

ag
ne

Lc
	  fi
el
d	  

ξ(T) → Hc2(T)	  

Gurevich,	  Lectures	  UW-‐Madison	  (2003)	  

Increasing	  magneLc	  field	  
• Normal	  cores	  start	  to	  overlap	  at	  H	  =	  Hc2	  =	  φ0	  /	  2πξ	  	  

	  
	  
	  
	  

Hc2(T)	  provides	  maximum	  field	  a	  conductor	  can	  be	  used	  at	  
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What determines Jc? Type II SC carrying current in field 

External	  field	  causes	  flux-‐lines	  to	  penetrate	  SC	  
• Current	  causes	  gradient	  in	  flux	  density	  Bx	  
• Flux-‐lines	  repel	  →	  move	  (∇×E	  =	  –	  dB/dt)	  →	  Ey	  →	  Loss	  

z

y

x

H

J

v
H 

H FL	  <	  FP	  
Ec	  

Jc	  

Godeke,	  Ph.D.	  Thesis	  (2005)	  

Flux-‐lines	  need	  to	  be	  ‘pinned’	  at	  ‘pinning	  centers’	  by	  ‘pinning	  force’	  FP	  
• Pinning	  centers:	  ImpuriLes,	  defects,	  grain	  boundaries,	  …	  

	  
‘De-‐pinning’	  for	  FL	  =	  J	  x	  B	  >	  FP	  →	  CriLcal	  current	  density	  Jc	  
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Superconducting Phase Boundary 

Godeke,	  Ph.D.	  Thesis	  (2005)	  

Jc(H,T)	  
Pinning	  (morphology)	  

Hc2(T)	  
ComposiLon	  
and	  strain	  state	  

Hc2	  

Tc	  
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Outline 
SuperconducLvity	  1.01	  
• Terminology:	  Tc,	  Hc2,	  pinning,	  Jc,	  criLcal	  surface	  

	  
Technological	  superconductors	  
• The	  materials	  science	  and	  performance	  of	  LTS	  wires	  

	  
SuperconducLng	  dipole	  magnets	  
• Record	  fields,	  intrinsic	  limitaLons,	  the	  need	  for	  HTS	  
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Technological superconductors 
Examples	  of	  technologically	  relevant	  superconductors	  

Hc2(0) [T] Tc(0) [K] 
NbTi 14 9.5 
Nb3Sn 30 18 
MgB2 3.5-35 32-40 
YBa2Cu3O7 >100 93 
Bi-2223 >100 108 
Bi-2212 >100 95 

NbTi Nb3Sn 

Bi-2212 

YBCO 

Bi-2223 

1	  mm	   1	  mm	  

1	  mm	  

0.25	  mm	  

4	  mm	  

0.15	  mm	  

4-‐12	  mm	  

1%	  SC	   25%	  SC	  

50%	  SC	  
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Measurement of critical currents 
Modern	  method	  for	  the	  measurement	  of	  high	  current	  wires	  

!" #"

$%&'#()*'+,-.*

/0!-12*33'/0**2'342-0'52!64'789"

:!))*2'!1.';,'#*223

;(11*50-(1
0('8'<='2*!.3

10-5 V/m 

Godeke,	  et	  al.,	  Adv.	  Cry.	  Eng.	  58	  209	  	  (2011)	  

Intersect	  with	  Ec	  defines	  Ic	  



13	  

What determines Jc? 
Powder-‐in-‐Tube	  wire	   50%	  non-‐Cu	  fracLon	  →	  	  non-‐Cu	  Jc	  

40%	   25%	  

10%	  

25%	  

Jc 

Godeke,	  et	  al.,	  Cryogenics	  48	  308	  (2008)	  

Only	  20%	  of	  a	  wire	  carries	  current	  
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Performance comparison Nb3Sn wires 
Different	  processes	  yield	  very	  different	  results	  

Technology Non-Cu Jc(12 T, 4.2 K) 
Bronze 720 A/mm2 
Powder-in-Tube 2250 A/mm2 
Internal Tin 3000 A/mm2 

Godeke,	  Proc.	  WAMSDO	  (2008)	  
BoKura	  and	  Godeke,	  Rev.	  Accel.	  Sci.	  Techn.	  5	  25	  (2012)	  	  

Why	  such	  large	  differences	  in	  Jc?	  
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Differences occur mainly due to Sn content 
Binary	  phase	  diagram	  for	  the	  Nb-‐Sn	  system	  

The	  relevant	  Nb-‐Sn	  phase	  is	  stable	  from	  18	  –	  25	  at.%	  Sn	  

High	  Sn	  line	  compounds	  
are	  destabilized	  by	  Cu	  

Charlesworth,	  et	  al.,	  J.	  Mat.	  Sci.	  5	  580	  (1970)	  
Flükiger,	  et	  al.,	  Adv.	  Cryo.	  Eng.	  (1982)	  
Godeke,	  Supercond.	  Sci.	  Techn.	  19	  R68	  (2006)	  
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Nb3Sn formation in wires  
Nb3Sn:	  Formed	  by	  a	  high	  temperature	  reacLon	  in	  an	  inert	  atmosphere	  
• Example:	  ReacLon	  progress	  at	  675°C	  vs.	  Lme	  in	  a	  Powder-‐in-‐Tube	  wire	  

NbSn2, Cu, Sn 
(Nb,Ta)6Sn5 
(Nb,Ta)3Sn 

Nb-7.5w%Ta 

A	  solid	  state	  diffusion	  reacLon	  results	  in	  composiLonal	  gradients	  
Godeke,	  et	  al.,	  J.	  Appl.	  Phys.	  97	  093909	  (2005)	  
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Sn gradients in wires after reaction 
Bronze	  (720	  A/mm2):	  –	  4	  at.%	  Sn/µm	   PIT	  (2250	  A/mm2):	  –	  0.3	  at.%	  Sn/µm	  

RRP1 

Large	  fracLon	  with	  high	  Sn	  gives	  high	  Jc:	  WHY?	  

Abächerli,	  et	  al.,	  IEEE	  Trans.	  Appl.	  Supercond.	  15	  3482	  (2005)	  
Godeke,	  et	  al.,	  Cryogenics	  48	  308	  (2008)	  
Lee,	  et	  al.,	  IEEE	  Trans.	  Appl.	  Supercond.	  15	  3474	  (2005)	  

Int.-‐Tin	  (3000	  A/mm2):	  –	  0.05	  at%	  Sn/µm	  
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Sn deficiency suppresses Hc2(T) 
ResisLve	  data	  on	  bulk	  material…	  
• Of	  different	  Sn	  content	  
• Low	  Sn	  secLons	  not	  SC	  at	  high	  field	  

…and	  on	  wires	  
• DetecLng	  only	  the	  best,	  stoichiometric	  bits	  
that	  are	  present	  in	  all	  wires	  

Less Sn	


Jc scaling	


Large	  fracLon	  with	  high	  Sn,	  high	  Hc2(T)	  yields	  high	  Jc	  wires	  
Jewell,	  Godeke,	  et	  al.,	  Adv.	  Cry.	  Eng.	  50	  474	  (2004)	  
Godeke,	  Supercond.	  Sci.	  Techn.	  19	  R68	  (2006)	  
Godeke,	  et	  al.,	  J.	  Appl.	  Phys.	  97	  093909	  (2005)	  
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Prospects for composition optimizations 

25% 
40% 
10% 
25% 

Non-Cu: Ternary 64h/675°C 

C.M. Fischer 
MS thesis 
UW-Madison 

PIT measured: ~140nm, 40% A15 in non-Cu 

OI-ST: ~170nm, ~60% A15 (?), 24%Sn 

PIT, all           = best bit, ~140nm, 40% A15 

PIT,          +            =           65% A15, ~140nm, ~24%Sn 

PIT,           +            =           65% A15, ~140nm, all best bit 

Sn
	  C
O
N
TE
N
T	  

N
b 3
Sn
	  F
RA

CT
IO
N
	  A
N
D	  
Sn
	  C
O
N
TE
N
T	  

N
b 3
Sn
	  F
RA

CT
IO
N
	  	  	  

Simulations on SMI-PIT (Nb,Ta)3Sn 
for Jc(12T,4.2K) 

5000 A/mm2 is the academic limit 
…for Sn content and Nb3Sn fraction 

optimizations 

Godeke,	  LTSW	  (2003)	  
Godeke,	  et	  al.,	  J.	  Appl.	  Phys.	  97	  093909	  (2005)	  

Achieved:	  
Bruker/EAS/SMI	  PIT:	  2600	  A/mm2	  (2008)	  
OST	  IT:	  >3000	  A/mm2	  (since	  2003)	  
Hypertech	  IT:	  3400	  A/mm2	  (2008)	  

ComposiLon	  opLmizaLons	  are	  exhausted	  
4000	  A/mm2	  the	  pracLcal	  limit?	  (2003)	  

3800	  A/mm2	  measured	  in	  OST-‐RRP	  (2011)	  
Unless	  pinning	  can	  be	  improved!	  

12	  T,	  4.2	  K	  non-‐Cu	  Jc	  
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Pinning optimizations? 
Comparison	  between	  NbTi	  and	  Nb3Sn	  JE(H)	  

Godeke,	  et	  al.,	  IEEE	  Trans.	  Appl.	  Supercond.	  17	  1149	  (2007)	  

Hc2(1.9K)	   Hc2(1.9K)	  

NbTi	  is	  more	  efficient	  approaching	  Hc2	  → WHY?	  
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What determines Jc? 
Jc	  is	  determined	  by	  the	  achievable	  pinning	  force	  FP	  
• And	  thus	  by	  the	  average	  grain	  size…	  

Grain	  boundaries	  are	  the	  main	  
pinning	  centers	  in	  Nb3Sn	  

Godeke,	  Supercond.	  Sci.	  Techn.	  19,	  R68	  (2006)	  

FL	  <	  FP	  
Ec	  

Jc	  
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What is an optimal grain size? 
Ideal	  is	  1	  pinning	  center	  per	  flux-‐line	  
• SchemaLc:	  Cubic	  grains	  and	  flux-‐lines	  

•  Ideal:	  dav	  =	  a0	  
	  
Flux-‐line	  spacing	  a0	  is	  field	  dependent	  
• E.g.	  at	  12	  T	  a0	  =	  (3/4)¼(φ0/µ0H)½	  =	  12	  nm	  
• Grain	  size	  in	  Nb3Sn	  wires	  →	  100	  –	  200	  nm	  

NbTi:	  Nanometer	  scale	  α-‐Ti	  precipitates	  
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! ;Grain	  size	  determines	  FP,MAX	  
Grain	  size	  determines	  FP(H)	  

Grain	  size	  Nb3Sn	  factor	  10	  too	  large	  
Pinning	  NbTi	  is	  fully	  opLmized	  

Dietderich	  and	  Godeke,	  Cryogenics	  48	  331	  (2008)	  
Lee,	  et	  al.,	  Wire	  J.	  Int.	  Feb.	  2003	  
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What happens when Nb3Sn grains are refined? 
Pinning	  force	  predicted	  gains	  
• 12	  T,	  4.2	  K	  Jc	  increases	  by	  factor	  3.6	  (!)	  

–  A	  factor	  3.4	  is	  measured	  in	  thin	  films	  that	  
were	  made	  and	  tested	  at	  LBNL	  

CriLcal	  current	  
• 20	  –	  25	  T	  field	  regime	  is	  opened	  up	  

–  Much	  more	  efficient	  approaching	  Hc2	  

•  Finer	  grains	  are	  emerging	  for	  wires…	  

Dietderich	  and	  Godeke,	  Cryogenics	  48	  331	  (2008)	  
Godeke,	  et	  al.,	  Cryogenics	  48	  308	  (2008)	  
Godeke,	  et	  al.,	  To	  be	  published	  (2014)	  

Gains	  confirmed	  on	  thin	  films.	  
How	  to	  do	  in	  wires	  is	  emerging…	  

3225	  A/mm2	  

11,567	  A/mm2	   E.g.	  Xu,	  et	  al.,	  Appl.	  Phys.	  LeK.	  (2014)	  
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Outline 
SuperconducLvity	  1.01	  
• Terminology:	  Tc,	  Hc2,	  pinning,	  Jc,	  criLcal	  surface	  

	  
Technological	  superconductors	  
• The	  materials	  science	  and	  performance	  of	  LTS	  wires	  

	  
SuperconducLng	  dipole	  magnets	  
• Record	  fields,	  intrinsic	  limitaLons,	  the	  need	  for	  HTS	  
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High Jc provides high magnetic fields 
Permanent	  magnet:	  1	  T	  

Hans	  ChrisLan	  Oersted	  1819:	  
Current	  generates	  a	  magneLc	  field	  

Electro-‐magnet	  (SC	  solenoid):	  20+	  T	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

2
IH
rπ

=

I Ampere’s law: 

I 

I 

H 

Increase H → Increase I, reduce r 
Caveat: FL = J x B increases also 
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June 8, 1995: The dawn of dipoles beyond 10 T… 
A	  new	  world-‐record	  dipole	  field…	  
…and	  the	  first	  Lme	  a	  Nb3Sn	  magnet	  surpassed	  the	  10.5	  T	  Nb-‐Ti	  limit	  

University of Twente 

Pictures	  courtesy	  of	  A.	  den	  Ouden	  (U.	  Nijmegen)	  and	  W.A.J.	  Wessel	  (U.	  Twente)	  
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Nb3Sn dipole magnetic field records versus time 
HE-‐LHC	  and	  MAP:	  20+	  T	  dipoles	  
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Bi-‐2212	  
(YBCO,	  Bi-‐2223)	  

Nb-‐Ti	  

18	  T	  

Nb3Sn	  

10.5	  T	  

Dietderich	  and	  Godeke,	  Cryogenics	  48,	  331	  (2008)	  

Nb3Sn	  quality	  and	  quanLty	  in	  wires	  Magnet	  technology	  

What	  limits	  Nb-‐Ti	  and	  Nb3Sn?	  

1	  decade	  ago	  

2	  decades	  ago	  
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LTS intrinsic limits and dipole performance 
Field	  –	  temperature	  limitaLons	  and	  achieved	  dipole	  fields	  
	  
• NbTi	  

–  10.5	  T	  (CERN,	  1998)	  
–  80%	  of	  Hc2(1.8	  K)	  

	  
• Nb3Sn	  

–  16	  T	  (LBNL,	  2003)	  
–  65%	  of	  Hc2(4.5	  K)	  

–  80%	  of	  Hc2(4.2	  K)	  =	  20	  T?	  
–  80%	  of	  Hc2(1.8	  K)	  =	  22	  T?	  

? 

NbTi	  is	  fully	  opLmized	  
Nb3Sn	  is	  limited	  by	  high	  field	  pinning	  inefficiency	  

Godeke,	  et	  al.,	  IEEE	  Trans.	  Appl.	  Supercond.	  17	  1149	  (2007)	  
Godeke,	  et	  al.,	  J.	  Appl.	  Phys.	  97	  093909	  (2005)	  
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What are the dipole limits using LTS? 
Nb-‐Ti	  reaches	  80%	  of	  Hc2(T)	  
•  α-‐Ti	  precipitates	  form	  pinning	  centers	  

Nb3Sn	  reaches	  65%	  of	  Hc2(T)	  
•  Inefficient	  high	  field	  pinning	  	  

Geometric	  
and	  stress	  
limitaLons	  

Limits:	  
10.5	  T	  at	  1.9	  K	  for	  Nb-‐Ti	  
16	  T	  at	  4.5	  K	  for	  Nb3Sn	  

(or	  ~18	  T	  at	  1.9	  K)	  

Godeke,	  et	  al.,	  J.	  Appl.	  Phys.	  97,	  093909	  (2005)	  
Godeke,	  et	  al.,	  IEEE	  Trans.	  Appl.	  Supercond.	  17,	  1149	  (2007)	  

Needed	  for	  20+T	  

1	  flux	  line	  
per	  pinning	  site	  
(core	  pinning)	  

10	  flux	  lines	  
per	  pinning	  site	  
(collecLve	  pinning)	  
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What dipole fields are possible using HTS? 

Bi-‐2212	  is	  available	  as	  a	  round	  wire	  
…with	  significant	  potenLal!	  

Hc2(0)	  [T]	   Tc(0)	  [K]	  

NbTi	   14	   9.5	  

Nb3Sn	   30	   18	  

MgB2	   3.5-‐35	   32-‐40	  

YBa2Cu3O7	   >100	   93	  

Bi-‐2223	   >100	   108	  

Bi-‐2212	   >100	   95	  
No	  field	  limitaLons	  
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Bi-2212 requires densification during reaction 

FSU	  and	  BSCCo	  collaboraLon:	  
• Voids	  agglomerate	  into	  bubbles	  
• C	  and	  H	  react	  with	  O2	  

• Internal	  pressure	  dedensifies	  2212	  

Supercond. Sci. Technol. 25 (2012) 015001 N Cheggour et al

(a) (b)

(d)(c)

Figure 8. SEM micrographs showing the microstructure of sample FSU-2 after measurements in tension. (a) presents a sample’s transverse
cross section showing the 18 sub-elements of the wire. A layer of Pb–Sn solder used for mounting the sample onto the Walters’ spring can be
seen on the outside of the sample. (b) depicts a longitudinal cross section where four sub-elements across the wire diameter are visible.
Growth of Bi-2212 through the Ag matrix caused filaments to interconnect via bridges in such a way that the filaments were no longer easily
discernible from each other after the heat treatment. (c) shows one sub-element containing 37 filaments intertwined with each other in a
complex pattern. (d) zooms into one of these filaments. All these figures clearly show significant Bi-2212 outgrowth and high porosity in the
wire. The overwhelming majority of filaments have pores that extend longitudinally over significant lengths.

6. Microstructure and its relation to the strain effect

Microstructure of the Bi-2212 conductor is key to under-
standing the effect of strain in this material, and will
help us substantiate the two-component model proposed in
section 5.2.1b as well as the modified descriptive strain model
to be described in section 7.

Figures 8(a)–(d) give an overview of the wire microstruc-
ture. Although these SEM pictures were taken on sample FSU-
2, they actually represent the main microstructural features
seen in all the specimens investigated. Figure 8(a) presents a
sample’s transverse cross section showing the 18 sub-elements
and figure 8(b) is for a longitudinal cross section where four
sub-elements across the wire diameter are visible. Growth
of Bi-2212 through the Ag matrix had caused filaments to
interconnect via bridges in such a way that the filaments were
no longer easily discernible from each other after the heat

treatment. Figure 8(c) shows one sub-element containing 37
filaments intertwined with each other in a complex pattern,
and figure 8(d) zooms into one of these filaments. All
these figures clearly show high porosity in the wire. The
overwhelming majority of filaments have pores (figure 8(a))
that extend longitudinally along the wire axis over significant
lengths (figure 8(b)). Note that these pores were purposely
filled with epoxy during the specimens’ preparation for SEM
investigation, assuring us that porosity was not the result of
material pullout during the polishing process.

The Bi-2212 outgrowth and porosity features have been
known for some time [22, 27, 34–38]. Regarding porosity
in particular, its omnipresence in the Bi-2212 microstructure
has been revealed clearly [35–38]. Pores can stretch over
most of the width of a filament at various locations in
a multifilamentary wire and, as a result, seriously impede
the flow of transport current through the wire length [38].

9

Jiang, FSU 

Holesinger, LANL 

Supercond. Sci. Technol. 24 (2011) 075009 F Kametani et al

Figure 3. SEM images of the 85 × 7 wires at various stages of heat
treatment: (a) 85-U—as-drawn, unreacted state, (b) 85-Q—quenched
from the melt region at 872 ◦C, (c) 85-FP—fully processed state.
Transverse and longitudinal cross sections are shown for each stage.
L = liquid; A = AEC; C = CF and P = porosity.

the bubbles are completely hollow spaces. Some bubbles are
quite spherical, ∼20 µm in diameter, while others seem to be
agglomerates of several bubbles whose lengths (∼50–100 µm)
are several times the filament diameter.

(a)

(b)

BubbleAEC

Imprint of Ag GBs

(c)

(d)

Figure 4. SEM images of the filaments in the 27 × 7 wires quenched
from (a) and (b) the melt state at 887 ◦C (27-Q887) and (c) and
(d) from 867 ◦C (27-Q867), just above the Bi2212 re-formation onset
temperature. Large bubbles almost completely fill the filament
diameter at many places with a quite non-uniform distribution.

Figures 4(c) and (d) show the microstructure of 27-
Q867, which was quenched just before re-formation of the
Bi2212. The bubbles are still present and there is no sign
that they are being redistributed, eliminated or shrinking, as
judged by an almost unchanged bubble density: approximately
70 bubbles cm−1, compared to 69 bubbles cm−1 in 27-Q877
(figure 4(a)).

The microstructure drastically changes when Bi2212 starts
to re-form on cooling, as seen in sample 27-Q862 (figure 5),
where the microstructure is now a mixture of frozen liquid and
Bi2212. Since 27-Q862 is quenched just under the temperature
where Bi2212 starts to re-form, lots of liquid is still present
judging from the clear Ag grain boundary imprints on the
surface of the filament. In addition there are straight line
contrasts in figure 5 that are from the large, plate-like Bi2212
grains growing under the liquid. This indicates that the Bi2212
grains do not necessarily form only at the Ag interface. An
important microstructural change is that the filaments in 27-
Q862 are continuous and no bubble is visible from the filament
exterior.

However, the bubbles have not disappeared in 27-Q862.
Figure 6 shows SEM images in a different location on the
same filament of figure 5 (27-Q862). No bubbles are seen
from the filament exterior of figure 6(a). However the
internal microstructure exposed by FIB reveals that remnants
of the bubbles still exist even after the 2212 begins to form
(figure 6(b)). For figure 6, the region surrounded by the white
dotted line in figure 6(a) was FIBed and then tilted in such a
way that the FIBed cross section can be seen. It clearly shows

4

Kametani	  and	  Shen,	  FSU	  

1	  bar:	  200	  A/mm2	  

100	  bar:	  600	  A/mm2	  
LarbalesLer,	  et	  al.,	  Nature	  Mat.	  (2014)	  
Kametani,	  et	  al.;	  Jiang,	  et	  al.;	  Malagoli,	  et	  al.;	  Supercond.	  Sci.	  Techn.	  (2011-‐2013)	  

20	  T,	  4.2	  K	  JE:	  
200	  A/mm2	  for	  1	  bar	  
600	  A/mm2	  for	  100	  bar	  

Compensate	  with	  OP	  reacYon	  
at	  25	  to	  100	  bar	  
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LBNL Bi-2212 efforts and collaborations 

Beyond	  16	  T	  dipole	  fields	  
•  OpLmize	  and	  refine	  Nb3Sn	  

•  Develop	  W&R	  Bi-‐2212	  
–  CollaboraLons	  

•  SWCC	  Showa	  Cable	  Systems	  Co.	  Ltd.	  
•  OST	  Oxford	  Instruments	  

•  VHFSMC	  U.S.	  NaLonal	  Program	  on	  Bi-‐2212	  
»  BNL,	  FNAL,	  FSU,	  LBNL,	  NCSU,	  NIST,	  TAMU	  

•  BSCCo	  U.S.	  collaboraLon	  on	  Bi-‐2212	  
»  BNL,	  FNAL,	  FSU,	  LBNL	  (+OST,	  CERN,	  Nexans)	  

•  Side	  path:	  YBCO,	  Bi-‐2223,	  …	  

2006	  –	  2012:	  Bi-‐2212	  subscale	  coils	  
•  Purchase	  wire,	  make	  and	  insulate	  cable	  
•  Coil	  on	  Inconel	  600	  former,	  react,	  pot,	  test	  
•  2	  Ag	  dummies	  &	  11	  Bi-‐2212	  coils	  

2013	  onwards:	  RealisLc	  Bi-‐2212	  inserts	  
•  Low	  strain,	  high	  JE	  insert	  coil	  sets	  
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111. CABLE FABRICATION cables made from OST wire are shown in Fig 1 . 
TABLE 111. 

Strand # Core Mat'l Ic(A)@ T 
Thick. (nun) (4.2 K) 

613 SN 380 18 Nichrome 1080@OT 
0.390 650@8T 

614 SN 380 19 Nichrome 2100@0T 
0.390 

614A SN 380 19 Nichrome/ 3400@0T 
MgO tape 1650@4T 

CABLES MADE FROM I G C  WIRES 
Cable # Strand LD. 

1.092 
640 SN 410 19 Nichromel 

MgO tape 
641 SN 430 19 Nichromel 

MgO tape 

Previously, two types of Rutherford cables have been 
fabricated successfully from LTS wires-cored and coreless 
cables. For example, a core of stainless steel is used in order 
to provide a high resistance between the strands on each wide 
face of the cable and thus reduce the coupling losses in the 
cable [2],[3]. We decided to use a core in these HTS cables 
for two reasons: (1) to provide high interstrand resistance, and 
(2) to provide for a more gentle bending of the wire at the 
edge of the cable. Two thicknesses of cores were 
investigated-0.390 mm and 1.092 mm. Several candidate 
materials were tested for compatibility with the Bi-2212/Ag 
wires and we found that a Ni-Cr alloy with a low Fe-content 
was the best [4]. A series of cables were made from strand 
material provided both by IGC (Table I) and by OST (Table 
2). 

TABLE I. 
IGC WIRES USED IN THIS STUDY 

Sample Fil. Fil. S.C.vol. Anneal Ic(A) Remarks 
No. No. Diam., (%) State* (4.2 K,OT) Qa 

, (microns) 
SN240 294 23 15 cw 55 N2 atm 
SN320 90 60 24 cw 75 N2 atm 
SN251 84 60 20 cw 
SN260 84 60 21 cw IO 
SN340 120 45 25 cw 25 
SN380 293 23 25 cw 200 vac 
SN410 310 20 25 CWlann. 225 vac 
SN430 310 20 25 CWIann. 135 vac 
SN440 310 20 25 CWlann. vac 
**N2 denotes billets packed under a nitrogen atmosphere; vacuum denotes 
billets evaluated before sealing. 

TABLE 11. 
OST WIRES USED IN THIS STUDY 

Sample Fil. Fil.Diam. S.C. Anneal Ic(A) Remarks 
No. No. (microns) vol. (96) State* (4.2K,OT) 
PM040997 121 40 30 CW 80-179 Improved 
PM041797 121 40 30 CWlann. 40-149 heat treatment 
PM082897 121 40 25 cw 
*CW denotes wire drawn to final size without annealing; ann. refers t o  wire 
given a final or intermediate anneal a t  350 C. 

Cables were made with the two thicknesses of cores, and 
the cable parameters are listed in Table 11. Several 
parameters were changed in comparison to those used in LTS 
cables. First, the strand tension was reduced from the 5 kg 
used for NbTi to about 1.5 kg. Second, the degree of 
compaction was reduced from around 90% to 85%. Finally, 
no attempt was made to twist the strands. After these changes 
were made, cables could be fabricated without excessive wire 
breaks with both the IGC and OST wires. However, 
occasional wire breaks occurred with both types of wires. 
The tendency for wire breaks increased as the Bi-2212 
powder content was increased from around 15 to 25%. 
Cables were made with both thin cores (18 strands) and thick 
cores (1 9 strands) and sent to IGC or OST for heat treatment 
and I, testing. Cross sections of the thin core and thick core 

TABLE IV. 
CABLES MADE FROM OST WIRES 

Cable # Strand I.D. Strand # Core Mat'l Ic(A)@ T Remarks 
Thick. (mm) (4.2 K) 

607 PM040997 19 Nichrome 1.092 950 
608 PM040997 18 0.390 920 
643 PM041797 19 Nichrome 1.092 Strand annealed 

Fig. 1 Oxford HTS (Bi-2212) with Ni-Cr core; Top #607;Bottom #608 

1V. TEST RESULTS 

In order to investigate the possibility of cabling degradation 
and/or core contamination, the following sequence of tests 
were performed. I, measurements were made on (1) uncabled 
wires, (2) wires removed from the cable, and (3) the cables 
with cores in place. Slightly different methods are used at 
IGC and OST for the heat treatment and cable testing. At 
OST, the cable is wrapped on a 100 mm diameter mandrel 
(1.25 turns, 400 mm long), heat treated, and transferred to 
the test mandrel which is 95 mm in diameter. The sample is 
soldered to the test mandrel with a voltage tap spacing of 
about 360 mm. The test fixture is then placed in a solenoid 
with a background field of 5 T and with a testing current limit 
of 1000A. The I, is then measured and reported at a 1 
microvolt/cm criteria. The results for one series of OST 
cables are shown in Fig 2. In addition to the data for the full 
cable, data are also shown for the wires before cabling and for 
wires removed from the cable and tested individually. 
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TABLE II
SPECIFICATIONS AND CROSS SECTION OF RUTHERFORD CABLE

B. Rutherford Cable
We tried to make a Rutherford cable using the high wire.

We selected the 37 19 configuration wire to do this experi-
ment. The specifications and cross section are shown in Table
II.
The cable was heat-treated using the heat treatment proce-

dure established in previous work. We evaluated the appropri-
ateness of the heat treatment by the measurement of extracted
strands after heat treatment. The value was 443 A at 4.2 K in

self-field. Regarding the original wire performance tested in the
previous development, the wire with a 37 19 configuration
carried 800 A in short sample. From the comparison of those
data, we learned that the door was open for further improving
the superconducting property by optimizing the heat treatment
condition.

V. CONCLUSION

We successfully developed conductors with values ex-
ceeding 430 kA/cm in 4.2 K in self-field in wires with diame-
ters ranging from 0.8 mm to 1.26 mm. The best value of 510
kA/cm was obtained in a 0.8 mm diameter wire having a 91
7 filament configuration. The wire had a mechanical strength

of 150 MPa and the value remained constant until the wire
broke. We manufactured both rope type and Rutherford type ca-
bles using this high wire. In the and stranded
cables, the value reached about 90% of the value estimated
from the ideal value of a strand wire. On the other hand, in
Rutherford cable, the value was still only 60% of the ideal
value. This suggests that further optimization of heat treatment
is required to improve the performance.

REFERENCES
[1] Y. Aoki, T. Hasegawa, N. Aoki, R. Sokolowski, L. Motowidlo, and S.

Nagaya, Advances in Superconductivity XI, p. 1377, 1999.
[2] Y. Aoki, T. Koizumi, T. Hasegawa, R. Sokolowski, L. Motowidlo, R.

Scanlan, and S. Nagaya, Phys. C, vol. 335, no. 1–4, pp. 1–5, 2000.
[3] T. Hasegawa, N. Ohtani, T. Koizumi, Y. Aoki, S. Nagaya, N. Hirani, L.

Motowidlo, R. S. Sokolowski, R. M. Scanlan, D. R. Dietderich, and S.
Hanai, IEEE Trans. Superconduct., vol. 11, no. 1, p. 3034, 2001.
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Specification 
Table I 

Cross-section I C  

(4.2K. self field) 

Reinforced Ruthcrford Cable 

Coreless Rutherford Cable 

Number of strands : 18-20 
Reinforcement : 0.34 X 6.84" 
Barrier layer : MgO 
Twist pitch : 35mm, S5mm 
Conductor dimensions: 2.15m X 8.9mm ( 2 0 4  

3 . 5 w  

Number of strands : 18-20 
Twist pitch : 55mm 

(Ag-alloy sheath) 

4 . 5 w  
(pure Ag sheath) 

Conductor dimensions: 2.15m X 8.9" (20st) 

Strand diameter : 0.8 I mm 
Twist pitch : 25mm-40mm 
Conductor diameter : 2.47" 

Number of strands : 60 
Strand diameter : 0.81mm 
Twist pitch : 35" (First stage) 

Conductor dimensions : 5.06nim X 14.6mm 
90" (Second stage) 

I 

I .ow 

9 . 5 w  

solidification process. The maximum temperature during 
partial melting was 880°C-895"C and the cooling rate during 
solidification was lO-I"C/h. Using this technique we were 
able to produce about 4,500 meters of strand with an average 
self-field critical current of 200Ak20A (at 4.2K). 

B. Conductor manufacture and properties 
The Rutherford cable was made from either strand or first 

stage cable (1 x6) wound onto individually tensioned payoff 
spools in a cabling machine equipped with 4-axis rollers. In 
the case of reinforced cable (see first microphotograph in 
Figure 1 below), the strands were cabled around a rectangular 
Ni alloy strip which was pre-wrapped with ceramic insulating 
paper. In the coreless type cable, thin MgO paper was fed 
continuously into the roll gap during cabling so that the 
conductors in the upper and lower halves of the cable would 
not sinter during heat treatment. Application of roll pressure 
ensured that the cable strands did not spring back after cabling. 

In the center of the 1x6 rope-type cable which is used to make 
the 1 X 6 X 10 2-stage Rutherford cable there is a 
reinforcement strand made of an oxide dispersion 
strengthened AgMgSb alloy, that, after heat treatment, 
exhibits a RT UTS of 495 MPa and an elongation of 5%. 

The cross-sections, specifications, and self-field I, values 
of the aforementioned conductors are presented in Table I 

C. Long length Rutherford cable characteristics 
To realize the introduction of Rutherford cables in magnet 

applications it is necessary to produce high quality cable in 
long lengths and to guarantee product performance in long 
lengths after appropriate heat treatment. We have already 
demonstrated that we can make long continuous (80-meter) 
cable lengths using strand with sufficient mechanical strength 
and well controlled cabling parameters. After heat treatment, 
this twenty-strand cable exhibited self-field critical current 
values at 4.2K of 3.8kA in short sample and 3kA in 17-meter 

Rutherford cable developments 
(with IGC, OST, Showa > 4.5 km SMES cable) 

Sub-scale W&R Bi-2212 racetracks with Showa and OST 

VHFSMC	   BSCCo	  

Subscale magnets for basic coil technology 

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

2009 2010 2011 2012 

2013 2014 

2013 2014 
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Sub-scale Coils and Structures 
Sub-‐scale	  coils:	  ULlizing	  available	  Nb3Sn	  infrastructure	  
• LBNL	  Nb3Sn	  technology	  base:	  Developed	  using	  sub-‐scale	  coils	  

SM 
Low field 

Low stress 

SQ 
High stored energy 
High Axial forces 

NMR 
4-coil layout 

High field 

SD 
High field 

High stress 

Nb3Sn Bi-2212 
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Addressing technology challenges for Bi-2212 

Material	   NbTi	   Nb3Sn	   Bi-2212	  

Dipole Limit	   10-11 T	   16-18 T	   Stress limited	  

Reaction	   Ductile	  
~6750C ± 5oC 
in Ar/Vacuum	  

~890oC ± 1oC 
in O2	  

Wire axial 
compression	   N/A	   Reversible	   Irreversible?	  

Cable transverse 
stress	   N/A	   < 200 MPa 	   60 MPa?	  

Insulation	   Polymide	   S/E Glass	   Ceramic	  

Construction	   G-10, stainless... 	   Bronze, Ti, 
Stainless	   Super alloy	  

Quench 
propagation	   >20m/s	   ~20 m/s	   0.1 m/s?	  

Godeke,	  et	  al.,	  IEEE	  Trans.	  Appl.	  Supercond.	  17,	  1149	  (2007)	  

Berkalloy! 
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Example: Precision reaction HTS-SC10 in 1 Bar O2 
Maximum	  temperature	  is	  888.4	  ±	  0.8	  °C	  (HTS-‐SC08	  was	  887.8	  °C)	  
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Godeke,	  et	  al.,	  Phys.	  Proc.	  36	  812	  (2012)	  
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Bi-2212 subscale coil overview 
Coil ID Conductor Insulation Sizing Oxidation Confined 
HTS-SC01 Ag-dummy SiO2 During HT Pre-oxidized Full 
HTS-SC02 Ag-dummy SiO2 During HT Pre-oxidized Full 
HTS-SC03 SWCC Untwisted Al2O3/SiO2 During HT Pre-oxidized Full 
HTS-SC04 OST Untwisted Al2O3/SiO2 During HT Pre-oxidized Low Y 
HTS-SC05 SWCC Twisted Al2O3/SiO2 600°C/1hr Pre-oxidized Full 
HTS-SC06 OST Untwisted Al2O3/SiO2 825°C/4hr During HT Low Y 
HTS-SC07 SWCC Twisted Al2O3/SiO2 825°C/4hr During HT Low X&Y 
HTS-SC08 OST Untwisted Al2O3/SiO2 825°C/4hr During HT Low Y 
HTS-SC09 SWCC Twisted Al2O3/SiO2 825°C/4hr During HT Low X 
HTS-SC10 OST Untwisted Al2O3/SiO2 825°C/4hr During HT Low Y 
HTS-SC11 SWCC Untwisted Al2O3/SiO2 825°C/4hr During HT Low Y 
HTS-SC12 OST Untwisted SiO2 During HT During HT Low X&Y 
HTS-SC13 SWCC Untwisted SiO2 During HT During HT Low X&Y 

Technology PoP Reacted at LBNL Legend: 
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Key findings from subscale coil program 
‘Best	  of	  breed’:	  HTS-‐SC08	  
• 1	  bar	  reacLon:	  Minor	  leakage	  (5	  spots/side)	  

	  
• Coil	  performance,	  4.2	  K,	  self-‐field	  (~1	  T)	  

	  
Coil	  performance	  
• Coil	  achieves	  85%	  of	  round	  wire	  witness	  

–  Along	  the	  load-‐line	  
• Limited	  by	  inner	  turns	  and	  ramp	  
• HTS-‐SC10:	  2417	  A	  (within	  10%)	  

	  
	  
	  
Pending	  issues	  
•  Increase	  wire	  Je	  by	  factor	  3	  –	  4	  
• Coil	  homogeneity	  (inner	  turns	  limit)	  
• Stress-‐strain	  sensiLvity	  Bi-‐2212	  
• Leakage	  
• Further	  compaLbility	  studies	  
• Quench	  protecLon(?)	  

W&R Bi-2212 is realistic 

2636 A, n = 23 

✔ 
✔ 
? 
✔ 
✘ 
✘ 

Godeke,	  et	  al.,	  Supercond.	  Sci.	  Technol.	  23	  034022	  (2010)	  	  

✔ 

Since	  ~2012	  
	   	  ✔	  =	  By	  OP	  reacYon	  

	  
	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  ✔	  =	  By	  OP	  reacYon	  

    (CCT)	  

(Berkalloy)	  
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High I at small r: large H. Caveat: High loads 
Transverse	  pressure	  on	  Nb3Sn	  and	  Bi-‐2212	  Rutherford	  cables	  

Dietderich,	  et	  al.,	  IEEE	  Trans.	  Appl.	  Supercond.	  11	  3577	  (2001)	  

Bi-‐2212	  Rutherford	  cable	  with	  Ni-‐Cr	  core	  

3578 

2400 

2300 I 
h s 5 2200 

5 2100 ~ U 
-a 
.e 
U 
3 2000 

1900 - 

1800 7 
Fig. 2. Optical photograph of two cables of 734. The cross-section shows 
the potted cables as measure in face loading. The cable thickness and 
width were 1.47 mm and 8.13 mm, respectively. 

-. . _ _ _  __ _- 
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I M Edge Loading kght . ... OT.42K . 
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0 

Insulation was placed between the layers to prevent 
sintering of adjacent cable. The cable was taken off of the 
reaction spool and placed on a spool for shipment from 
Showa to Lawrence Berkeley National Laboratory. The 
cable was unwound from the shipping spool, straightened, 
and placed into the test tooling. The calculated bending 
strain that the cable sustained was less than 1%. 

The second cable, number 734 (fig. 2) was produced 
with 18 strands with a pure Ag matrix. This cable only had 
an MgO tape core that extended about % of the width of 
the cable as can be seen in Fig. 2. This sample was reacted 
straight in tooling such that it maintained the dimensions 
obtained during cabling. 

A potential criteria of 1 pV/cm was used to 
determining the critical current of cable 689. Since the 
voltage taps on all of the cable are 17 cm apart the voltage 
criteria was of 1.7 pV. 

111. RESULTS AND DISCUSSION 

The first measurements of the effect of transverse 
stress on the critical current of Bi-2212 wire has shown 
that the critical current dropped significantly for stresses as 
low as 10-20 MPa [3]. This paper reports the first 
measurements of transverse stress on Rutherford cable. 
Figures 3 and 4 show that a significant drop in I, does not 
occur until the stress is greater than 60 MPa for the face 

4 T. 4.2 K 

h 

960 

940 

2 920 

e, 

880 

0 20 40 60 80 100 120 140 160 180 

Stress (ma) 

Fig. 3. Variation of the critical current (4 T, 4 K) with stress for a cable 
loaded on the broad face of the cable. 

loading orientation and about lOOMPa for the edge loading 
orientation. It can also be seen in Fig. 3 that when the load 
is removed the I, reduction is permanent. 

The I, of the cable measured in self-field (Fig. 4) is less 
than what one would expect from 20 times a single stand 
(i.e. 3,300 A). This decrease is more than one would 
calculate due to self-field effects in the cable, and the 
origin of the decrease is not known at this time. One source 
could be that the strands are damaged during cabling. 
However, previous results on strands that have been 
extracted from cable, heat-treated, and I, measured have 
shown no loss in current carrying capacity [4]. Also, the V- 
I curves of fig. 5 suggest that the cables have not been 
damaged. The curves of fig. 5 give n-values of 7-12 that 
are low by Nb3Sn standards but are representative of those 
observed in Bi-2212 conductors. The possibility of damage 
during assembly into the test tooling cannot be ruled out. 
The other possibility is that the cable is not uniformly heat 
treated due to its long length such that every section does 
not receive the optimum temperature for the appropriate 
time. These various factors can only be determined by 
measurements on future cables. 

An estimate of the overall strain of the face loading 
cable stack can be obtained. Mechanical modeling of the 
cable stack in the face loading orientation for a load of 

8 I O d  

s: I O ' '  

0 

. 1 Cable 2 (2OMPa) Smoothed - A Cable 2 (140MPa) Smoothed 

500 600 700 800 900 1000 1100 1200 
Current (A) 

Fig. 5. Voltage-current curves at 4 T and 4.2 K of cable 689 for stresses 
of 20 MPa and 140MPa. 

~0.3%	  ⊥strain	  
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TABLE II
SPECIFICATIONS AND CROSS SECTION OF RUTHERFORD CABLE

B. Rutherford Cable
We tried to make a Rutherford cable using the high wire.

We selected the 37 19 configuration wire to do this experi-
ment. The specifications and cross section are shown in Table
II.
The cable was heat-treated using the heat treatment proce-

dure established in previous work. We evaluated the appropri-
ateness of the heat treatment by the measurement of extracted
strands after heat treatment. The value was 443 A at 4.2 K in

self-field. Regarding the original wire performance tested in the
previous development, the wire with a 37 19 configuration
carried 800 A in short sample. From the comparison of those
data, we learned that the door was open for further improving
the superconducting property by optimizing the heat treatment
condition.

V. CONCLUSION

We successfully developed conductors with values ex-
ceeding 430 kA/cm in 4.2 K in self-field in wires with diame-
ters ranging from 0.8 mm to 1.26 mm. The best value of 510
kA/cm was obtained in a 0.8 mm diameter wire having a 91
7 filament configuration. The wire had a mechanical strength

of 150 MPa and the value remained constant until the wire
broke. We manufactured both rope type and Rutherford type ca-
bles using this high wire. In the and stranded
cables, the value reached about 90% of the value estimated
from the ideal value of a strand wire. On the other hand, in
Rutherford cable, the value was still only 60% of the ideal
value. This suggests that further optimization of heat treatment
is required to improve the performance.
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Nb3Sn	  can	  take	  ~200	  MPa	  
Porous	  Bi-‐2212	  cables	  can	  take	  ~60	  MPa	  

New	  experiment	  on	  dense	  cables	  in	  progress	  (LBNL/FSU/Twente)	  

Typical	  behavior	  for	  Nb3Sn	  Rutherford	  cables	  

Dietderich	  and	  Godeke,	  Cryogenics	  48,	  331	  (2008)	  
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Axial strain sensitivity of Bi-2212 
Axial	  strain:	  1	  bar	  reacted	  porous	  wires	   Axial	  strain:	  100	  bar	  reacted	  dense	  wires	  

Porous	  and	  Dense	  wires	  have	  ~0.3%	  strain	  margin	  
Godeke,	  et	  al.,	  to	  be	  submiKed	  to	  Appl.	  Phys.	  LeK.	  

Supercond. Sci. Technol. 25 (2012) 015001 N Cheggour et al

(a) (b)

(d)(c)

Figure 8. SEM micrographs showing the microstructure of sample FSU-2 after measurements in tension. (a) presents a sample’s transverse
cross section showing the 18 sub-elements of the wire. A layer of Pb–Sn solder used for mounting the sample onto the Walters’ spring can be
seen on the outside of the sample. (b) depicts a longitudinal cross section where four sub-elements across the wire diameter are visible.
Growth of Bi-2212 through the Ag matrix caused filaments to interconnect via bridges in such a way that the filaments were no longer easily
discernible from each other after the heat treatment. (c) shows one sub-element containing 37 filaments intertwined with each other in a
complex pattern. (d) zooms into one of these filaments. All these figures clearly show significant Bi-2212 outgrowth and high porosity in the
wire. The overwhelming majority of filaments have pores that extend longitudinally over significant lengths.

6. Microstructure and its relation to the strain effect

Microstructure of the Bi-2212 conductor is key to under-
standing the effect of strain in this material, and will
help us substantiate the two-component model proposed in
section 5.2.1b as well as the modified descriptive strain model
to be described in section 7.

Figures 8(a)–(d) give an overview of the wire microstruc-
ture. Although these SEM pictures were taken on sample FSU-
2, they actually represent the main microstructural features
seen in all the specimens investigated. Figure 8(a) presents a
sample’s transverse cross section showing the 18 sub-elements
and figure 8(b) is for a longitudinal cross section where four
sub-elements across the wire diameter are visible. Growth
of Bi-2212 through the Ag matrix had caused filaments to
interconnect via bridges in such a way that the filaments were
no longer easily discernible from each other after the heat

treatment. Figure 8(c) shows one sub-element containing 37
filaments intertwined with each other in a complex pattern,
and figure 8(d) zooms into one of these filaments. All
these figures clearly show high porosity in the wire. The
overwhelming majority of filaments have pores (figure 8(a))
that extend longitudinally along the wire axis over significant
lengths (figure 8(b)). Note that these pores were purposely
filled with epoxy during the specimens’ preparation for SEM
investigation, assuring us that porosity was not the result of
material pullout during the polishing process.

The Bi-2212 outgrowth and porosity features have been
known for some time [22, 27, 34–38]. Regarding porosity
in particular, its omnipresence in the Bi-2212 microstructure
has been revealed clearly [35–38]. Pores can stretch over
most of the width of a filament at various locations in
a multifilamentary wire and, as a result, seriously impede
the flow of transport current through the wire length [38].

9

100	  bar,	  600	  A/mm2	  

1	  bar,	  200	  A/mm2	  

Ten	  Haken,	  et	  al.,	  IEEE	  Trans.	  Magn.	  32	  2720	  (1996)	  
Cheggour,	  et	  al.,	  Supercond.	  Sci.	  Techn.	  25	  015001	  (2011)	  
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Stress/strain issues: Also apparent in Nb3Sn 
• Dipole	  magnet	  records	  in	  3	  configuraLons:	  Hit	  wall	  at	  ~14	  T	  when	  a	  bore	  is	  present	  

D20 RD HD 

•  Record	  dipoles	  >~14T	  in	  each	  configuraLon	  
•  IncorporaLng	  bore	  reduces	  peak	  field	  aKained	  
•  Detailed	  invesLgaLons:	  Issue	  likely	  mechanical:	  

"  Stresses	  approach	  200	  MPa	  
"  Shear	  stresses	  /	  interface	  stress	  issues	  

Need	  a	  new	  paradigm	  
•  For	  Nb3Sn	  with	  bore	  
•  To	  enable	  Bi-‐2212	  

Gourlay,	  et	  al.,	  FCC	  meeLng	  (2014)	  



41	  

Solution: Limit stresses in high field magnets 
ConvenLonal	  cosine	  theta	  insert	  
• AccumulaLng	  stresses	  

	  

O	  of	  magnitude	  at	  500	  A/mm2	  and	  20	  T	  
• FL	  =	  J	  x	  B	  =	  10	  GN/m3	  

•  γ	  =	  75°	  =>	  FFace	  =	  sin	  γ	  FL	  =	  0.97	  FL	  =	  O	  FL	  
• 1.5	  mm	  wide	  cable	  

–  	  σ	  =	  O	  10x109	  x	  1.5x10-‐3	  =	  15	  MPa/cable	  
•  r	  =	  20	  mm	  =>	  ~17	  cables	  
• σmidplane	  =	  O	  2/3	  x	  17	  x	  15	  =	  170	  MPa	  

Canted	  cosine	  theta	  (CCT)	  insert	  
• Support	  on	  cable	  level	  
• No	  stress	  accumulaLon	  =>	  σ	  =	  O	  15	  MPa	  

γ	

FFace 

FEdge 

FL 

B 

J 

r 

Individual turns are separated by Ribs 

Individual 
turn 

Stress collector 
(Spar) 

Ribs intercept forces 
transferring them to 
the spar 

Stresses in CCT are one order smaller than in conventional designs 
at the cost of 20 - 30% in Jwinding => Enabler for Bi-2212 

S. Caspi (LBNL) 
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High field CCT hybrid magnet (S. Caspi) 

4	  layers	  of	  HTS	  
8	  layers	  of	  Nb3Sn	  

Un-‐graded	  coils	  (same	  size	  cable)	  

Un-graded 

Graded 

Laminations 
are an option 

RealisYc	  CCT	  dipole	  fields:	  
>	  17	  T	  with	  Nb3Sn	  

>	  19	  T	  with	  Nb3Sn	  /	  Bi-‐2212	  
…at	  low	  loads!	  
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CCT1	  anodized	  aluminum	  hardware	  

BIN1:	  2	  layer,	  single	  wire	  2212	  
Inconel	  600	  coil	  tubes	  
SS316	  outer	  tube	  
(not	  shown)	  

CCT1:	  2.6	  T	  NbTi,	  50	  mm	  bore	  (Caspi)	  

Proof-of-Principle NbTi coils and Bi-2212 inserts 

500	  mm	  to	  be	  OP	  reacted	  

Quick	  turnaround	  
integrated	  CAD/CAM	  

Self-‐supporLng	  BIN1	  
inside	  CCT1	  
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Bi-2212 insert configurations 

BIN1	   BIN2	   BIN3	  

Conductor	   0.8	  mm	  wire	   2.4	  mm	  6r1	   Rutherford	  

InsulaLon*	   alumina-‐silica	  braid	   alumina-‐silica	  braid	   TBD	  

Spar	  material*	   Inconel	  600	   “Berkalloy”	   “Berkalloy”	  

OD/ID	  [mm]	   50.04	  /	  35.31	   40	  /	  TBD	   100/	  ~50	  

Test	  in	   SF,	  CCT1	   SF,	  CCT1,	  HD3/FRESCA1	   Nb3Sn	  CCT/FRESCA2	  

SS	  current	  [A]	  in	  SF	  
in	  2.6	  T	  CCT1	  
in	  15	  T	  

695	  
545	  
350	  

~4200	  
~3600	  
~2400	  

TBD	  
N/A	  

Around	  10	  kA	  

Field	  added	  [T]	  in	  SF	  
in	  2.6	  T	  CCT1	  
in	  15	  T	  

0.59	  
0.47	  
0.30	  

~1.7	  
~1.5	  
~1.0	  

TBD	  
N/A	  
>	  4	  

σcond [MPa] in SF (from FL) 
in	  2.6	  T	  CCT1	  
in	  15	  T	  

0.5	  
2	  
7	  

~3	  
~6	  
~16	  

TBD	  
N/A	  
TBD	  

*	  CompaLble	  spar	  materials,	  spar	  coaLngs,	  and	  insulaLons	  remain	  under	  invesLgaLon	  

Towards 19 T hybrid 
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Status: BIN1 Wire wound coil set being fabricated 
Inconel	  600	  works	  for	  square	  grooves	  (parametric	  CAD/CAM),	  but…	  
• Machining	  22	  m	  of	  1	  x	  1	  mm	  groove	  takes	  ~	  1	  to	  1.5	  weeks	  

–  	  ~	  1	  d/hour	  per	  mm	  depth	  
–  High	  aspect	  raLo	  grooves	  (e.g.	  2	  x	  10	  mm)	  not	  realisLc	  

• Inconel	  600	  is	  expensive	  
• Inconel	  600	  is	  not	  “standard”	  material	  

–  Hard	  to	  get	  at	  desired	  dimensions	  
• Cr-‐Ag-‐oxides	  are	  a	  concern	  
• “Powdery”	  oxide	  surface	  a�er	  Bi-‐2212	  reacLon	  

1	  
2	  

3	  

3	  axis	  CNC	  needed	  
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Bi-2212 in Inconel 600 can be done… 
…but	  high	  aspect	  raLo	  grooves	  are	  desired	  
• To	  accommodate	  Rutherford	  cable	  
• To	  opLmize	  J	  in	  windings	  
• Also	  for	  Nb3Sn	  

–  SS316	  and	  Ti-‐6Al-‐4V	  are	  considered…	  
–  …but	  3D	  metal	  prinLng	  seems	  only	  opLon	  
• Accuracy	  is	  concern	  

Need	  easier	  to	  machine	  material	  that	  is	  
compaLble	  with	  Bi-‐2212	  and	  Nb3Sn	  reacLon	  	  

Without	  conductor	  

With	  conductor	  
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Compatible material with great machinability 
Berkalloy	  compaLble	  with	  900	  °C	  in	  100%	  O2	  (and	  also	  OK	  for	  Nb3Sn)	  

Berkalloy	   Stainless	  Steel	  316	   Inconel	  600	  

2	  mm	  wide	  groove	  
Mill	  breakage	  at	  15	  in/min:	  

5	  cuts,	  1	  �/min,	  10	  mm	  depth	  
120	  d/h	  per	  mm	  depth	  

2	  mm	  wide	  groove	  
Mill	  breakage	  at	  1	  in/min:	  

8	  cuts,	  0.75	  in/min,	  10	  mm	  depth	  
4.7	  d/h	  per	  mm	  depth	  

1.05	  mm	  wide	  groove	  
1.25	  mm	  depth	  

	  
~1	  d/h	  per	  mm	  depth	  

Berkalloy	  is	  enabler	  for	  Rutherford	  cable	  
wound	  Bi-‐2212	  and	  Nb3Sn	  CCT	  magnets	  
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Summary 
2	  decades	  ago	  
• The	  dawn	  of	  dipole	  fields	  beyond	  10	  T	  (Twente	  MSUT)	  
1	  decade	  ago	  
• Nb3Sn	  dipole	  field	  halts	  at	  16	  T	  w/o	  bore	  (LBNL	  HD1),	  14	  T	  with	  bore	  (LBNL	  HD2/3)	  

–  Stress/strain	  wall	  
–  Lack	  of	  high	  field	  pinning	  efficiency	  in	  Nb3Sn,	  Sn	  content	  exhausted	  

Now	  
• Promising	  developments	  in	  engineered	  pinning	  for	  Nb3Sn	  in	  wires	  
• DensificaLon	  of	  Bi-‐2212	  yields	  required	  600	  A/mm2	  wire	  JE	  
• Bi-‐2212	  can	  be	  cabled,	  wound,	  reacted,	  poKed:	  Carries	  85%	  of	  round	  wire	  witness	  

–  100	  bar	  reacLon	  of	  coils	  needs	  verificaLon	  but	  appears	  realisLc	  
• Canted	  cosine	  theta	  structure	  miLgates	  stresses	  

–  Enabler	  for	  >	  14	  T	  with	  bore	  and	  for	  Bi-‐2212	  inserts	  
• New	  materials,	  e.g.	  Berkalloy,	  enable	  high	  aspect	  raLo	  grooves	  in	  CCT	  structures	  

–  Rapid	  turnaround,	  ease	  of	  magnet	  fabricaLon,	  combined	  magnets	  possible	  
• No	  complex	  end-‐pieces,	  no	  support	  structure	  required,	  no	  pre-‐load	  required,…	  

We	  are	  at	  the	  dawn	  of	  a	  new	  era	  in	  very	  high	  field	  accelerator	  magnet	  technology!	  


