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Production Nb -Ti and  Nb 3Sn  Jcs have  p la teaued

• But sign ifican t increases in
Nb 3Sn  critica l curren t density
are  required  to  reach  FCC 
ta rge ts

Thesis, C. Sanabria , 2017, Figure  43, 
Chapte r 4

Charlie  Sanabria e t a l 2018 Supercond. Sci. Technol. 31 064001

Acce le ra tor qua lity Nb 3Sn  
reached  3000 A/m m ² (12 T, 
4.2 K) in  2003.
Most recen t advances in  deff
and  RRR.
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Nb 3Sn  da ta : J. A. Parre ll, Adv. Cryo. Eng. 50, pp . 369–375, 2004: h ttp ://dx.doi.org/10.1063/1.1774590
2212 da ta  com pila tion : courte sy Jianyi Jiang, Applied  Supe rconductivity Cente r - NHMFL
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New Hf results suggest that major improvements are still possible

• Xingchen Xu (1MOr2B-05) and
co-worke rs a t OSU,FNAL and
HyperTech have  shown GE’s
Nb-1Zr APC approach  for
Nb 3Sn  can  be  adap ted  to
wires using Nb1-Zr + SnO2
producing h igh  p in  densities 
and  h igh  critica l curren ts.

• On Monday we  reported  tha t
SnO2 m ay not be  needed if Hf
is used  instead  of Zr (Shreyas 
Balachandran’s ta lk on  
Monday:  1MOr2B-06)

• We see  the  poten tia l to
m ee t or even  exceed  FCC
Nb 3Sn  ta rge ts with  or
without SnO2!
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Error bar originates from inhomogeneity of prototype

• Varia tions in  
core  d iam ete rs 
a long the  length  
and  rod  
asym m etry 
illustra ted  he re .

• Varia tions in  
Nb 3Sn  laye r 
th ickness
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Addressing homogeneity was a key factor in developing our 
understand ing of Nb-47Ti

• Microscopy techniques 
on ly eve r sam ple  sm all 
fractions of the  wire  
volum e .

• If the  wire  is  
inhom ogeneous it is  
hard  to  extract 
quantita tive  da ta  tha t 
can  be  com pared  to  
the  prope rtie s.

• This was a  m ajor issue  
for Nb-Ti because  it 
was hard  to  
m anufacture  a  
hom ogeneous a lloy. 400
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Large  phase  
separa tion  

produces coring 
in  a lloy

Moffa t, D. L. and  Kattne r, U. R. “The Stable 
and Metastable Ti -Nb Phase Diagrams ” 
Metallurgical Transactions A19, no . 10 
(1988): 2389–2397. doi:10.1007/BF02645466

Micro-chem ical 
inhom ogene ity 
in  a  Nb-Ti a lloy 

can  be  revealed  
a  com position  
sensitive  e tch  

th is Nb-46 
we igh t % Ti 

a lloy
(Lee , in  Wiley 

Encyclopedia  of 
Electrica l and  Electronics 

Engineering, 1999).
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The precipitate morphology Nb -47Ti is ve ry sensitive  to  com position

Good Bad

Precip ita te  is  ve ry 
inhom ogeneous in  size  
and  in tragranu lar
Widm anstä tten  α-Ti 
causes seve re  loca l 
work harden ing.

α-Ti on ly a t gra in  
boundary 
in te rsections –
uniform  size  and  
d istribu tion .
P. J. Lee , J. C. McKinne ll, and  D. C. Larbale stie r, 
"Progre ss in  the  Unde rstanding and  Manipula tion  in  
High  Jc Nb-Ti Alloy Com posite s," Origina lly published  in  
Proc. of New Deve lopm ents in  Applied  
Supe rconductivity, ed . Y. Murakam i, World Scientific 
Press, pp . 357-362, 1989. 

• The  h igher the  Ti 
con ten t the  h igher 
the  p restra in  
requ ired  to  avoid  
Widm anstä tten  
p recip ita tion

• If the  cold  work 
prestra in is h igh  
enough  and  the  
a lloy is  
hom ogeneous the  
m icrostructure  will 
be  hom ogeneous.
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Nb-Ti: Anisotropy and  In te rpre ta tion

Lee and  Larba lestie r, Acta Met 1987 6 x 10 h@405 °C

3 mm

0.3 mm

• Before  Focused  Ion  Beam  TEM sam ple  
prepara tion , it was m uch easie r to  m ake  
cross-section  of longitud ina l lengths of Nb-
Ti/Cu com posite s.

• In  LCS the  im portance  of α-Ti is not apparen t

• By deve loping new p la ting and  
e lectropolish ing techniques it was possib le  to  
view transve rse  cross-sections of any size .

0.32 m m  
m onofilam ent 
for PhD thesis 

of Christoph  
Meingast

The 
importance 

of the α -Ti is 
now clear
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Multiple HT and Drawing Cycles: Folded Sheets of α -Ti 

• The  m ultip le  
hea t trea tm ent 
and  drawing 
cycles produce  
a  h ighly 
aspected  
m icrostructure

Lee, McKinne ll, and  
Larba lestie r, in  Proc. of 
New Developments in 
Applied 
Superconductivity, 
Osaka , Japan , 1989, pp . 
357–362.

Equilibrium  fluxoid  spacing a t 5 T, 4.2 K

Final 
Wire
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But Even with high quality TEM images manual quantification was 
requ ired
• The  com plexity of the  TEM 

contrast (d iffraction  contrast + 
a tom ic num ber contrast + fo il 
th ickness) still m eant tha t 
m anua l m easurem ent of the  
m icrostructures was necessary.

• However, with  the  exce llen t 
hom ogene ity of the  
m icrostructure  the  trends were  
clea r and  re liab le  corre la tions 
could  be  m ade  be tween  
prope rtie s and  m icrostructure

Meingast, 
Lee , and  
Larba lestie r, 
JAP 1989.

Meingast, 
and  

Larba lestie r, 
JAP 1989.
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Specific p inning force  (Qppt) and  the  
ca lcu la ted  e lem entary p inning force  
(fp),  h = 0.25
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The digital revolution: MegaVision 1024XM – in troduced  1984

• Our first d igita l IA system  – used  for 
a ll Phase  II R&D SSC Nb-47Ti strand  
ana lysis

• The  1024XM had  1 Megapixe l 
re solu tion , up  32 MB of rea l-tim e  
in te rna l  im age  m em ory and  
350 Mbyte /second  processing speed  
– which  was rem arkable  for the  tim e  
. . . so  was the  origina l MSRP for a  
com ple te  system : $200,000. 

• Output: Area , cen tro id , boundary 
length , form  factor.

MegaVision advertising ~1984

Many thanks to  Dave  Sutte r a t DOE-HEP:  pe rhaps the  first d igita l IA instrum ent for superconductivity
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We the MegaVision we  cou ld  com bine  TEM im ages a t d iffe ren t tilts 
to  rem ove  d iffraction  con trast and  leave  m ostly Z-con trast

TEM im ages 
a ligned  and  
then  com bined  
by “m ax 
in tensity” – All 
now possib le  in  
Im ageJ/Fiji for 
free !

Brigh t Fie ld  (SAD) 
TEM Im ages taken  

a t d iffe ren t tilt 
angle s (changing 

d iffraction  
con trast)TE

MegaVision  1024XM processing 1994Nb-47Ti      εf = 3
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Tedious but effective  . . . 

• The  m icrostructure /prope rty 
re la tionsh ips for Nb-Ti were  
quantified  with  these  re la tive ly 
prim itive  (and  expensive ) 
d igita l tools com bined  with  
pa instaking TEM.

• Now we  can  use  FESEM-BSE 
im ages a t m ost re levant 
m agnifica tions.

• These  la te r re su lts show tha t 
critica l curren t densitie s 
beyond the  LHC are  possib le  
with  new a lloys and  APCs

Lee: 3PL1A-01 Applied  Superconductivity Confe rence  2018

Jc > LHC possib le
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The Field Emission SEM revolution
• When we  acqu ired  

our first Fie ld  
Em ission  Scanning 
Electron  Microscope  
in  1997 it m ade  m ost 
TEM work obsole te !

• 1 nm  spa tia l 
re solu tion

• High-signa l low-
noise  Z-contrast 
Backsca tte red  
e lectron  im ages

• EDS and  
subsequently EBSD

α ß

Now have  in tensity peaks for each  
phase  for au to th re shold ing . . . 
Bu t why a re  they not d istinct?

IGC Processed  Nb44-17Ta 
cross-section  for the  Ferm ilab  
IR-Quad  R&D program

We can  see  the  p recip ita tion  and  
com positiona l varia tion  with  grea t de ta il
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FESEM: High resolution and uniform  im age  ove r ve ry la rge  a reas –
pe rfect for IA

• Extended  low tem pera ture  HTs produce  increased  a -Ti (b lack) volum e while  re ta in ing fine  sca le  
p roducing world  record  Jc > 4000 A/m m ² a t 5 T, 4.2 K (Kharkov CRDF collabora tion /Oleg Chernyi)

FESEM-BSE
Wire  TCS
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Can control BSE 
contrast 
m echanism  with  
kV

Residual chem ica l 
inhom ogene ity and  
la rge  gra ins sizes in  
Nb 3Al

At 25 kV ligh t 
a reas=high  Nb

Lee  et al., IEEE Transactions on  
Applied  Superconductivity, vol. 13, 
no. 2, pp . 3398–3401, Jun . 2003.
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Nb 3Al strand  courtesy 
Takao Takeuchi, NIMS
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Click for:

Extended  
Zoom  in to  
a rea  with  
b roken  
filam ents

The  strands m ove  
in  the  d irection  of 
the  Loren tz Force

Opening up  void  
space  where  
strands can  m ove  
m ore  easily.

Filaments
fractured 
by strand 
bending

Etch ing the  Cu  
away a llows 
broken  
filam ents to  
fa ll ou t.

The  Nb 3Sn  
fractures a t the  
gra in  
boundaries and  
thus we  see  the  
gra in  structure  
across the  
filam ents.
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Carlos 

Sanabria

Im aging a t a ll 
sca les possib le
By using both  scann ing 
lase r confoca l 
m icroscopy and  FESEM 
we  have  access to  the  
fu ll range  of sca le  
critica l for Nb 3Sn  cab le

Sultan-tested  cable  courtesy of 
courtesy of Pie rlu igi Bruzzone  
(Plasm a  Physics Resea rch  
Cente r) with  agreem ent from  
the  Japan  Atom ic Energy 
Agency (JAEA) and  US ITER. 

C. Sanabria , P. J. Lee , W. Starch , A. 
Devred , and  D. C. Larba le stie r, 
Supe rconductor Science  and  
Technology, vol. 28, no. 12, p . 
125003, Oct. 2015. 
h ttp ://dx.doi.org/10.1088/0953-
2048/28/12/125003
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EBSD in FESEM: Deformation structures present in as -received LCLS -II SRF Nb 
sheets before any cavity level deformation

Fine scans reveal micro -
misorientations typically due to 
dislocation substructures

High resolution EBSD. Inverse pole figure (IPF), showing crystallographic 
orientations in Nb sheet material  

Shreyas 
Balachandran: 

1LOr1A-06- ASC 
2018, Seattle, 
Oct 28- Nov 2
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Dislocations observation in bulk samples in large areas, with 
non-destructive  sam ple  p repara tion . For SRF Nb it is really 
important to be able to image samples that have received exactly 
the same processing history as SRF cavities.

• ECCI im aging:

• Sam ple  tilted  and  ro ta ted  to  reach  channe ling condition  
(sim ila r to  TEM “two-beam ” condition) 

• Disloca tions appear as channe ling con trast when  sam ple  is  
a t channe ling condition

• Identify d isloca tion  (Burge rs vector, slip  p lane ) using 𝐠𝐠 �
𝐛𝐛 ana lysis

Se lected  a rea  channe ling 
pa tte rns (SACP)

Electron  beam  a im ed  a t the  edge  of a  channe ling band  
of g=(1-1-2) to  reach  a  specific im aging cond ition  

g vectors

For m ore  de ta ils  about ECCI p lease  re fe r to  these  publica tions:
1M. A. Crim p, Microscopy Research  and  Technique  69 (5) (2006).
2S. Zaeffe re r and  N.-N. Elham i, Acta  Mate ria lia 75, 20 (2014).

Mingm in  Wang
MS&T 2018

Electron  channe ling con trast im aging (ECCI) of SRF Nb
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Vorführender
Präsentationsnotizen
-In channeling mode, microscope can rock the beam around a region to collect SACP, based on which the sample can be tilted and rotated to meet two-beam conditions;
-Under accurate two-beam conditions, the whole crystal becomes quasi electron transparent, and therefore appears dark in the ECC image. Only areas disturbed by dislocation appear bright as a result of backscattering.
-Depth of visibility: 80-100nm.             (iv) should be invisible, visibility attributed to surface relaxation effects
15-30 kV, WD: 7mm, Aperture: 120um, Spot size:3nm
-For two-beam conditions, the reciprocal lattice is rotated by appropriate double tilt (X and Y) so that a particular g(hkl) satisfying the Weiss zone law is brought EXACTLY on the Ewald sphere. This makes that particular diffraction spot as intense as the central beam.



Dislocation density can be estimated by manually counting number of 
disloca tions pe r a rea  from  an  ECCI im ages ( 𝜌𝜌~ 1012 to 1013 𝑚𝑚−2 )

𝜌𝜌 = 2 × 1013 𝜌𝜌 = 4 × 1012 𝑚𝑚−2

This is  a  lower bound  of d isloca tion  density estim ation  since :
• Not a ll d isloca tions a re  visib le  in  a  single  ECCI im age  due  to  invisib ility crite ria
• Disloca tion  lines tha t a re  not pe rpendicu lar lead  to  underestim ate  of d isloca tion  density

Disloca tion  density:

Mingm in  Wang, MSU
MS&T 2018
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Micro -circu it fabrica tion  by using Focused  Ion  Beam

• Single  crysta l or b icrysta l lam e llae  can  be  
m ade  from  any form  of tiny single  crysta l 
or polycrysta l, even  those  possessing 
sto ich iom etric non-uniform ity. 

• Narrow FIB’ed  m icro-bridges drastica lly 
im prove  S/N

• Accura te  curren t in jection  a long particu la r 
crysta llographic axes enables study of 
an isotrop ic behavior in  any inorganic 
m ate ria ls

a) Cutting and  lift-ou t. 
b ) Scu lp ting to  desired  shape . 
c) Mounting on  a  Ag-pa tte rned  substra te . 
d ) Scu lp tu re  and  deposition  of m e ta l con tacts by GIS. Here  the  fina l b ridge  wid th  is ~1 µm . 

Courtesy Fum itake  Kam etan i
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Reducing de ff in  Nb 3Sn  for FCC: Exam ple  using Ta  Filam ents 
to  subdivide  each  sub-e lem ent

• Probably m ore  
d ivide rs than  
would  be  
necessary:

• 6 d ivide rs = 
~10% loss in  
Nb 3Sn  area

Sub1 (outer) Sub2 (center) Sub3 (inner)
% of Non-Cu is Ta 4.8 5.4 5.1
% of Nb3Sn Area lost to Dividers 9.1 10.6 9.9
% of Non-Cu is Nb3Sn 52.7 51.3 51.6

Sn core  size  was 
de libe ra te ly reduced  in  th is 
com posite

Lee : 3PL1A-01 Applied  Superconductivity Confe rence  2018

OST Fabrica ted  Strand  courte sy 
Seung Hong and  Je ff Parre ll
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Magneto Optical Imaging: Allows Direct Imaging of Bz
in  Plane  Above  Sam ple

Sample

Double  Faraday e ffect occurs in  re flective  m ode  using Bi-doped  
YIG ind ica tor film  with  in -p lane  m agne tiza tion

Courtesy Anatolii Polyanskii
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Conventional 
polarizing ligh t 
m icroscope  using 
long working 
d istance  lenses

Cryosta t

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), February 2019. 
Plenary presentation 3PL1A-01 given at ASC 2018, October 28-November 02, 2018, Seattle, (USA).



MO imaging demonstrates 
successfu l subd ivision

Zero Fie ld  Cooled , T=6 K 40 Oe200 Oe

Fie ld  Grad ien t Towards 
Cen te r

Increasing Field

400 Oe800 Oe1200 Oe
MO imaging by Anatolii Polyanskii

All sub-
e lem ents 

d ivided  and
cores 

pene tra ted
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The computing revolution

• Needless to  say the  
ava ilab ility of increasingly 
powerfu l and  m ore  
a ffordably com puting has 
grea tly a ided  the  process 
of quantifying im ages.

Paul Allen  (28) and  Bill Gates (26) in  Microsoft pub licity photo  
from  1981ASC’18 Chair: Matt Jewell ~2002

Lee: 3PL1A-01 Applied  Superconductivity Confe rence  2018 24

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), February 2019. 
Plenary presentation 3PL1A-01 given at ASC 2018, October 28-November 02, 2018, Seattle, (USA).



NIH has supported the development of free and powerful IA software

• Im ageJ/Fiji is  free , open  source  and  wide ly supported  by a  ve ry la rge  use r com m unity!

• NIH has supported  the  deve lopm ent of a  m ulti-p la tform  (Linux, Mac OS X and  Windows, in  both  32-b it 
and  64-b it m odes) IA tool “Im ageJ” for m any years to  assist re search  in  life  sciences bu t the  sam e  tools 
can  be  used  for m ate ria ls science .

• A standard ized  open  source  package  is  now availab le :

“Fiji”   h ttp :/ /fiji.sc/wiki/index.php/Fiji

Extensive  tu toria ls a re  ava ilab le  for Fiji:

h ttp :/ /fiji.sc/wiki/index.php/Category:Tutoria ls

And the  standard  Im ageJ: h ttp :/ /rsbweb.n ih .gov/ij/docs/exam ples/index.h tm l

Most im portan tly, the  m acro  scrip ting language  is  designed  to  be  easy to  use  and  a lm ost a ll actions can  be  
recorded  d irectly in to  an  ed itab le  m acro/scrip t.
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Very extensive list of object measurements already available and 
easily extendab le

• The  very la rge  
use r com m unity 
m eans tha t the re  
a re  a lready a  wide  
varie ty of fea tu re  
characte riza tions 
a lready ava ilab le .

• These  
m easurem ents 
can  be  used  filte r 
and  classify 
fea tu res.

Object 
classifica tions 
from  BioVoxxe l
p lugin  for 
Im ageJ/Fiji
The. Brocher, 2015, 
BioVoxxelImage 
Processing and Analysis 
ToolboxEuBIAS-
Conference, 2015, Jan 5
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The Power of ImageJ/Fiji Macros

• By using m acros 
you  can  apply a  
un iform  and  
com plex 
processing and  
ana lysis p rocess 
to  m ultip le  
im ages.

This m acro by Charlie  
Sanabria ana lyses the  ε 

to  η ra tio  in  RRP in te rna l 
Sn Nb 3Sn  strand .
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ASC/NHMFL developed ImageJ macros available

http :/ /fs .m agne t.fsu .edu /~lee /asc/Im ageJUtilitie s/ASC_Im ageJ_Utils .h tm l

The  varia tion  in  th ickness in  the  Nb d iffusion  barrie r a long its  length  is  m easured  for ou tward  d iffusion  
a long its  length .

The  darker the  line  the  shorte r the  ou tward  d iffusion  pa th  (note , however the  la rge  gra ins - for gra in  
boundary d iffusion  we  would  need  a  d iffe ren t ana lysis).
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Minimum (and Maximum) 
Distance  Measurem ents

• Many m icrostructura l fea tures re levant to  supe rconducting prope rtie s change  in  size , 
d istribu tion , m orphology and  chem istry with  d istance  from  an  in te rface  (e .g. re la tive  to  a  
d iffusion  source  or a  d iffusion  barrie r).

• This m acro adds the  m in im um  distance  be tween  the  cen troid  of a  se t of ana lyzed  objects and  
a  re fe rence  se t of poin ts to  the  Im ageJ re su lts tab le .

• This da ta  can  then  used  to  p rovide  position  norm alized  quan tifica tion  of m icrostructures, 
m icrochem istry

• And even  im ages (Next Slide )

• Exam ples:

• Minim um  and  Maxim um  d istance  to  re fe rence  se t.
Min im um  d istance  to  cen te r (based  on  m ean  of coord ina te s) of re fe rence .
Angula r orien ta tion  of m in im um  d istance  d irection  (degrees)
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Positional Normalization to Interface/Feature

Here  we  have  a  h igh  resolu tion  a tom ic 
num ber (z) sensitive  FESEM BSE im age  of a  
Nb 3Sn  filam ent.
The  im age  is  noisy, the re  is  som e  d irt on  the  
surface  and  the re  is  som e  orien ta tion  
con trast . . . 
bu t it will do! Mostly Intensity ∝ Z

1. We know the  x,y coord ina tes of each  p ixe l in  the  
filam ent.
2. In  Im ageJ we  can  genera te  an  ou tline  of the  
filam ent and  ou tpu t those  x,y co-ord ina tes.
3. We can  use  the  Im ageJ/Fiji m acro  to  ca lcu la te  the  
d istance  of each  p ixe l (z va lue ) from  the  in te rface .

In tensity,
x,y

x,y

In tensity, 
Distance
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• Cu layer is added between 
barrier wraps to enhance 
bonding and to allow flux 
penetration and reduce 
hysteretic loss.

• Z-contrast analysis shows 
that Sn diffuses along the 
entire length as shown by 
Z-contrast gradient

• Gradient inside barrier 
suggests a Sn depletion 
gradient towards wrap.

Sn content gradient in diffusion barrier wrap

Z (Sn) gradient 
along Cu wrap

Z (Sn) gradient 
towards Cu wrap!

?!
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SRF Nb: Impact of N doping on hydride precipitation

N 
diffusion  
in to  Nb

From  Shreyas
Balachandran
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n itrogen  on  hydride  
nuclea tion  and  stab ility 
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first-p rinciples 
ca lcu la tions,” Supercond. 
Sci. Technol., vol. 31, no. 
11, p . 115007, Oct. 2018.
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Lower hydride density from the surface boundary in N doped Nb. 

Im age  J/Fiji m acro  to  
ca lcu la te  the  d istance  
be tween  hydride  p it 
and  boundary 

From  Shreyas Balachandran
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• These macros measure the minimum wall 
thickness of open or closed objects from the 
perspective of each pixel on the interior or 
exterior of a wall.

• Choosing the direction here is important

• If the wall is broken (incomplete) there is a version 
that uses an interior object to define the open and 
closed regions (this also allows a measurement of 
the percent of wall that is open).

• A detailed explanation of the two macros is 
provided at the web site.

Layer Thickness Inwards 
forced to 

longer 
path

Outwards  
ignores 

thick 
corners
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Unreacted  ba rrie r th ickness in  Bruker PIT strand  fabrica ted  for CERN
Im age  Ana lysis by Chris Sega l (now a t CERN).
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3 sigma 
outliers in 

red

Linear or log 
stats can be 
displayed

Each 
object can 
be labeled

Summary 
statistics 

can be 
displayed

• The BAR ("Broadly Applicable 
Routines") collection maintained by 
Tiago Ferreira has numerous 
features but our favorite is the ROI 
(region of interest) color coder:

• Colors each analyzed object with a 
color based on any set of feature 
values.

• We have extended the formatting 
options of this macro to provide 
more flexibility; the number of 
options might look intimidating but 
the defaults should be reasonable 
choices and scale with image size.

Color By Feature
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• The minimum separation of objects 
can be measured

• The number of objects touching 
each other can be counted

• The number of adjacent objects 
within a set distance can be counted

• The nearest neighbor distance can 
be calculated

Touch Count and Proximity
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ITER CSIO1: SC vs SC+Cu
CSIO1-1
withou t 
coppe r 
strands 
(reduce  
curren t/stran
d  a lso 20% 
m ore  SC)

CSIO1-2
with  coppe r 
strands 
(typ ica l 
design). 

Nearest 
Neighbor 
analysis

SULTAN-tested  HighFie ldZone

Sanabria  e t a l. SuST 
2015

Strand  Movem ent

NN

Lorentz 
Force

Ite r EUTF5 CICC 
a fte r te sting in  
Su ltan

Afte r cyclic te sting in  the  SULTAN facility 
we  ana lyze  th is  cross section  to  show 
strand  m ovem ent caused  by the  
im m ense  Lorentz force .

Strands a re  shaded according to  the  
ad jacent strand  count, which  ranges 
from  ze ro  to  5 (m ost dense ly packed ≤ 
2.5 µm  separa tion).

Sultan-te sted  cab le  courte sy of 
courte sy of Pie rlu igi Bruzzone  
(Plasm a Physics Research  Cente r) 
with  agreem ent from  US ITER. 
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Powder In Tube processed Nb 3Sn  superconducting wires

• For FCC applica tion , PIT strands offe r the  poten tia l of both  h igh-Jc
and  sm all e ffective  filam ent d iam ete r

• Com posite  wires a re  156 or 192 supe rconducting filam ents stacked  
in to  a  Cu stab ilize r m atrix.
• Idea lly filam ents a re  pe rfectly circu lar with  the  Sn-rich  core  cen te red  in  

the  Nb-Ta reaction  tube  
• The  supe rconducting A15 phase  is form ed  when  the  Sn  d iffuses rad ia lly ou tward  in to  the  

Nb-Ta  tube  which  houses it.

reacted

• Unfortuna te ly, the  filam ents undergo non-
un iform  de form ation  during wire  m anufactu re  
which  leads to :
– Ellip ticity
– Sn core  d rifting from  cen te r of Nb-Ta tube .
– Reduced  A15 volum e
– Reduced  RRR

From  Chris Sega l
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What’s keeping PIT…in the pit

Leaks!

Good for RRR but bad for JE

Sn 
increases 
resistivity 
of Cu

1 m m  d iam e te r wire , hea t trea tm ent: 625 °C 280 h

Thin 
barriers

= 
Bad for 

RRR

Shape  ana lysis shows non-uniform  
de form ation  nega tive ly im pacting 
e lectrica l stab ility as Sn  leaks can
• Reduce  RRR
• Reduce  A15 volum e  

• lower Jc

From  Chris Sega l
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Filaments show a wide distribution of barrier thickness
-Bad  for RRR, and  bad  for A15 form ation

What is the  m echanism  tha t causes th inned  
regions of d iffusion  barrie r?

From  
Chris 
Sega l
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Centroid drift between Nb -Ta  tube  and  powder core  can  cause  leaks

Two m ain  issues
• Filam ents becom e m ore  e llip tica l a s the  wire  is  p rocessed  

to  fina l size , ou te r filam ents m uch  m ore  than  inner 
[1][2][3].

• The  powder core  de form s a t a  d iffe ren t ra te  than  the  Nb-
Ta  tube  housing it, causing the  cen te rs to  d rift from  one  
another.

– This crea te s an  uneven  reaction  fron t.

How do we  m easure  it

• The  cen tro id  d rift is  the  d istance  be tween  the  cen tro id  of 
the  en tire  filam ent (orange) and  the  cen tro id  of the  A15 
layer (green)

• To m ost accura te ly com pare  be tween  filam ents and  
wires, we  norm alize  each  filam ent’s core  offse t to  its  own 
e ffective  d iam ete r, de rived  from  its  a rea .

1.5 μm  (4.2% of d iam e te r)

72 nm  (0.2% d iam e te r)

0.7 m m  wire  d iam e te r, 36 μm  
filam ent d iam e te r

[1] Segal, C.; Taran tin i, C.; Lee , P. and  Larbale stie r, D., Observations of Local Barrier Breakdown in PIT Wires 
and its Effect on RRR, Low Tem pera tu re  Supe rconductivity Workshop  (LTSW), St. Pe te rsburg, FL, 
Novem ber 4-6 (2013)
[2] Segal, C.; Taran tin i, C.; Lee , P.J. and  Larbale stie r, D.C., Novel Methods for Improving Nb3Sn Powder in 
Tube Conductors for the FCC and Beyond, Cryogen ic Enginee ring Confe rence  and  In te rnational Cryogen ic 
Mate ria ls Confe rence , (CEC-ICMC), Madison , WI Ju ly 9-12 (2017)
[3] C. Segal et al., “Evaluation  of critica l cu rren t density and  re sidual re sistance  ra tio  lim its in  powder in  
tube  Nb 3Sn  conductors,” Supercond. Sci. Technol., vol. 29, no. 8, p . 85003, 2016.

Th ick side

Thin  side

From  Chris Sega l
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How does centroid drift in a filament change along length? 

1. Filam ent has la rge  color change  
be tween  fram es

• Im plies loca l de fect or 
instab ility

2. Filam ent is  sim ila r color a ll the  
way th rough

From  Chris Sega l

4 cm  length  
tom ography
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Serial section tomography: Leak distribution of each filament over 4 cm

Filam ents with  Kirkenda ll voids a re  
p len tifu l a long the  en tire  4 cm  of wire , 
m arked  in  b lack and  in tegra ted  ove r 8 
im ages
• Higher frequency in  the  exte rna l rings
• About ha lf of the  filam ents leak 

enough Sn  to  produce  a  Kirkenda ll 
void  in  the  4 cm  length .

• In  som e  cases the  Kirkenda ll 
void  m ay be  cen tim e te rs long

From  Chris Sega l

• Bernd  0.7 m m  wire , ve ry h igh  Sn
• 15-20 Kirkendall void  leaks in  any given  cross-

section
• 81 leaked  filam ents with  Kirkendall voids over 

4 cm
• (8 cross sections over 4 cm )
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sample

- X-ray photon energy = 89 keV
- 360° rotation of the sample
- 30000 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

X-ray m icrotom ography: ESRF Grenoble
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Bronze Route
121 x 121 filaments

Internal Sn
132/169 sub -elements

PIT
192 filaments

Reconstruction of the voids inside Nb 3Sn sub-elements by 
X-ray microtomography

Carmine SENATORE, Christian BARTH, Luc GAMPERLE
Department of Quantum Matter Physics, University of Geneva, 

Switzerland

Jose FERRADAS, Bernardo BORDINI, Davide TOMMASINI
CERN, Switzerland

Scaling behavior of the critical current 
under transverse stress in RRP and PIT 

Nb3Sn wires

ASC’18 2MOr01-02
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TEM has also advanced with field emission sources and 
aberra tion  correction  . . . No m ore  dark room s/we t deve lopers!

46Lee : 3PL1A-01 Applied  Superconductivity Confe rence  2018

• Pre lim inary TEM-EELS m icroanalysis 
suggests tha t these  p recip ita tes a re  Ta  
rich , and  Sn  de ficien t.
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1MOr2B-06: Shreyas Balachandran  e t a l. :
Ta-Hf doped  Nb 3Sn  for ve ry h igh  Jc

http ://a rxiv.org/
abs/1811.08867
S. Balachandran  
et al., “Bene ficia l 
in fluence  of Hf 
and  Zr add itions 
to  Nb4at.%Ta 
on  the  vortex 
p inn ing of 
Nb 3Sn  with  and  
withou t an  O 
source ,” 
arXiv:1811.08867
[cond-mat] , Nov. 
2018.
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We have come a very long way

• But we  still hope  to  see  m ore  surprises like  Ta–Hf doped  Nb 3Sn

• And pe rhaps even  exp la in  them  using m ore  advances in  
m icroscopy techn iques.

Lee: 3PL1A-01 Applied  Superconductivity Confe rence  2018
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