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- Why low temperature superconductors have still their word to say!
- The internal oxidation process
- Enhancement of Nb;Sn superconducting properties

- High magnetic field measurements (done and to do)

Morphological overview of Nb;Sn and precipitates
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Magnetic field for material research and
materials for high-magnetic fields

“The solution of the problem of obtaining a field
of 100000 Gauss (10T) could then be obtained
by a coil of say 30 cm in diameter and the
cooling with a plant which could be realized in

Discovery of
superconductivity in 1911

Superconductivity will
make possible high-field
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- Finnemore D. K. et al. Physical Review 118 1 (1960)
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Nb,Sn: an old material still to be unraveled

iy Bronze wire
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2p g )i Rod-type wire manufacturing process (e.g. RRP)
1
Initially fabricated as tape 20¢ © Magnet, fabricated and tested by: L. Martin, C. e Cu
Bruch, M. Benz and C. Rosner (left to right) AELE Ty
® o
o « = NbTa filaments
e © @t

- Matthias B. T. et al. Physical Review 95.6 (1954): 1435.
- Rosner H. et al. [EEE-CSC ESAS Eur. Supercond. News Forum. No. 9. (2012)
- Barzi E and Zlobin A.V. Nb;Sn Wires and Cables for High-Field Accelerator Magnets(2019)

A

<— Nb orTa barrier
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The dominion of Low Temperature
Superconductors

Nb-Ti has lower properties

[A/cm?]

current density compared to Nb3Sn, but is
easier to wind and manufacture

critical J-B-T Radio
surface Frequency
Coils
Bore —

Sample Table

@)
« N Since then, Nb-Ti
temperature magnetic field V is the backbone
K] M e of MRI magnets

The Niobium-Titanium alloy (Nb-Ti)
was discovered to be a superconductor
in 1965, two years after the first
Nb;Sn magnet operating at 10T

Nb-Ti is and alloy, ductile
Nb3Sn is an intermetallic compound, brittle
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The dominion of Low Temperature

Superconductors

LHC dipole magnet

$S skin

Bas bars

Heat exchanger

Collar Iron central block

Collar key Iron yoke

2ayer coil  —
= Cold bore tube
Pole block \

Nitrogen peipe

Yoke shim

Support pad

Fabricated using NbTi wires
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LHC had to be
updated using Nb;Sn
magnets to have a
higher beam focus
and enhance the
number of collisions

Hi Luminosity LHC
quadrupole magnet
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® PIT-B =26.5T
® RRP- B_= 2497
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How to enhance
the J_ of Nb;Sn?

- Parrell et al. AIP Conf. Proc. 711 (2004) 369
- Boutboul et al., IEEE TASC 19 (2009) 2564
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Nanometrical control of Nb;Sn grains

%‘,‘iﬁi&?gﬂ ?a spt?rl#gggd\ [G\B Grooves GB Z?,',‘?Qfg
e e il

; " . '-'—6:-: The pinning mechanism

v in Nb3Sn is due to
grain boundary pinning,

and grain refinement
can enhance |,
(a)

Movement of flux lines causes
dissipation, detrimental for power
applications. The flux line lattice must
remain pinned to pinning centers
(e.g., grain boundaries, or defects)

£ Higher the pinning
= ¢— force, higher the
0 critical current density

Je

The process is called
Internal Oxidation
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Internal oxidation process

What happens during heat treatment

/ ity o Cu

oo = NbTa with ternary
A .’.‘/"_ element (Zr or Hf)
sesss <— Nb orTa barrier

During heat treatment, grains continue
to grow and join together when their
boundaries are in contact

FACULTY OF SCIENCES 2=\ UNIVERSITE

DEPARTMENT OF QUANTUM MATTER PHYSICS <) DE GENEVE 8



The first wire with internal oxidation was

’ntern a’ OXidatiOn P"O CESS fabricated in 2014, using a separate

What happens during heat treatment oxygen source to allow wire deformation

'o:-a:_ NbTa with ternary

o'.‘/"_ element (Zr or Hf)
<— Nb or Ta barrier

Nb-1Zr tube /

Cu matrix

/ SnO, powder
Cu
@ Oxgen <"
/ Sn core
40000 N Low performances
: -~
Sn0,-625x800h at hlgh “eld
"E 30000 x :
<\€ Sn0,-650x400h
Oxygen reacts with the third element 3 20000
. . . . . < 9600 A/m
(Wlth a h'gher afﬁn’ty for OX’datlon) FlrSt Proposed ’n I968 fOl’ tGPe samples £ 10000 } Nb02-625X800h 8500 A/
due to the easier introduction of oxygen. s i
ZrO; (or HfO2) nanoparticles It was “impossible” to implement in A e & ¥ @ © n
prevent grains from joining together, round conductors: oxygen in alloy is Magnstiefield, AT
keeping the grain size small detrimental to wire deformation - Benz M. G. Transaction of the Metal. Soc. of AIME 242 (1968)

- Xu X. et al. Applied Physics Letters 104.8 (2014): 082602)
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Evolution of layer J_ at high magnetic field

40000 P R ' ‘ ' '
— 42 K
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* New wires designs T L1 prrrry 1
: 10+ 42K
H With SnO e
* Multifilamentary —~ 150 fth SnO, o 09 b
. £ 42K € 08 [ PIT ;
wires > bk i
v
. . =~ 100 g 06 | RRP
 Introduction of Ta in e S o5t |
= N 04 f S0 2
[7) = [06]1-0.84-
Nb alloy S = 03 Loocopaal
8 5044 ... E o2 v\\ ‘
[ ] - | ‘
Enhancement of |, = o1 10217.0.95-
" 0.0 685°C/120h

F, (max) and B,

(@) 2 25 26 27 28 20 30
Magnetic field, B, T
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Simplified multifilamentary wires layout and
fabrication process

Ta Barrier

Nb filaments in
Cu jacket

Sn core in

Cu jacket AnnularOS CoreOS

Alloys:
Nb, 7.5%"* Ta

Nb, 7.5% " Ta, 1% “* Zr Oxide powder between the Oxide powder inside the
Nb, 7.5% “tTa, 2% "t Hf Nb-alloy filament and the Nb-alloy filaments
copper jacket
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Effects of the internal oxidation on the
superconducting properties
R S

5000 -

Zr-based alloy

1
|
|
|
4000 - ! —@— noO0S
® : —O— coreOS
. . o : —@— annularOS .
N |
= ® !
£ 3000 -
A N S
ho
5 2000 - \
E _ The FCC target for layer

J. is calculated based on

10004 Hf-based alloy the area fraction of

|
| ~®—no0sS i TT—e _ reacted NbsSn in a
Layer ] _above FCC —&—annular0S I T=42K typical rod-type wire
target of 2500 Almm?, 0 : | : | : } : T ' T ' T
at4.2Kand 16T 13 14 15 16 17 18 19
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High magnetic fie

lc[ measuremgnts ;7'{‘\

High-field measurements were
performed at the Laboratoire
National des Champs 30 -
Magnétiques Intenses 1
(LNCMI) in Grenoble 25 |

Wires w Oxygen Source ] g
NbTaHf - coreOS - =

NbTaHf - annularOS - - - -
NbTaZr - coreOS -
NbTaZr - annularOS

,...’
~/‘/;
e
® O ® O
]

Magnetic field

in Geneva
> limited to 19T
/‘

i

N\
\()

LNCMI
WHH Model 1 |Wires w/o Oxygen Source
dB - A NbTa ref - - Thermometer | Thermometer 2
B,,(0) ~ —0.69 —= Tceff @ NbTaHf-noOS —— .
T |, 11 @ NbTaZr-noOS — Bc. results at low magnetic fields
7152 0 — 77 7717 f overlap with measurements in
Bc>(T) = B.;(0) (1 - (7> > 0 2 4 6 8 10 12 14 16 18 Geneva, but high-field results are
C

Temperature (K) higher than extrapolated values
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B_, enhancement ey

99% Rn

“90% Rn

Nt
[¢}]
- 99% — Q 4
30 i 2 conto
©
0,
20% C——) (s

1 = igzﬁ ® 5.00x10 - i
F l% i ‘

14
2.50x10™ -
10% Rn
- 1% Rn
0 - =

N
(o)
|

= o 5 10 15 20 25 30
Applied Magnetic Field (T)

B, (T) B, (T) B, (T)
Nb alloy 4.2 K, 99 % R 4.2 K, 99 % R 4.2 K, 99 % R
no-0S Core-0OS Annular-OS
Nb

b
|

Upper Critical Field (T)
N
~

26 - Sliks -
d 7.5%%¢Ta 28.0 +0.60 28.97 +0.38 29.20 +0.38
. x } b 1%%tZr
o5 - Very high B_, va_ LNCMI Nb
measured for samples 7.5%%Ta 2894056  29.0£0.36  29.32 #0.36
- with internal oxidation T=4.2 K 1 1%wt Hf
24 - no-0OS no-0S core-OS annular-OS no-0OS core-OS annular-OS Nb 28.01 +0.85 NIA
NbTa ref Hf Hf Hf Zr Zr Zr 7.5%%tTa : :
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T T T T T
Wire samples i
—— Hf-noOS
Hf-coreOS
—— Hf-annularOS

M(H) loop from VSM —

Pinning mEChanism SQUID in the temperature ~ *°]

range 4.2 -14 K and B,
from R(B) (I % criteria)

0.8 1

A

0649 |

p

F /F (max)

0.4 [l

Additional of artificial pinning 0-2-
centers i.e. modify the pinning '
mechanism

Point defect

pinning
Wire samples 4
—— Zr-no0S

—— Zr-coreOS
—— Zr-annularOS

1.0

pinning force Fp

Grain boundary
pinning

1.04

0.8 4

0.6 1

E,=].XB

>

p

p

F /F (max)

04|
0.2B,, 0.33B,, magnetic field B
Grain boundary pinning Point defect pinning

024l

Modification of pinning mechanism when an
oxygen source is added in presence of Hf and Zr

0.0 0.2 0.4 0.6 0.8 10
B/B,, (1%)
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=J.XB

What drives the enhancement?

Wire samples 4
T T T T T T T Hf-no0S
Hf-coreOS
30 izz: - —— Hf-annularOS|
1= | F
_ 294 ? 1% 4 E |
~ <
© 1 4T i
D 28 - * -
E -
© = ’
© 274 .
8 26 - * | 00 02 04 06 08 10
L B/B,, (1%)
o
= 254 . - S ———
Enhancement of B , 10+ Wire samples -
E 4 —— Zr-noOS
—— Zr-coreOS
24 4 no-0s no-0OS core-OS annular-OS no-OS core-OS annular-OS] 0.8 —— Zr-annularOS| -
NbTa ref Hf Hf Hf Zr Zr Zr R
I I I I I I I é
E os .
LL
J. enhancement due ~ 1|
o . . 0.4 |} -
T to precipitated oxides
Nb;Sn grain size P p
reduction induced by 0.2] -
' ibi Modification of the -
Hf-annularOS precipitates (HfO,) . ’f“ f ! 00
pinning mechanism 00 02 04 06 08 10
- Bovone G, et al. Superconductor Science and Technology 36.9 (2023): 095018 B/B, (1 %)
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XANES investigation on precipitates

Nb,Sn

: I
mamodian P AV 7.V 4

6.5

65 . i 35 T T T T T
21210, 3.0 F
5.5
B s0] reference .
= 4.5
i g AO- —~20F
e i i Q
=£ 3et_o.mlc *P€ ,.ﬁc =15k N
techniquepsensjtive to O,
Q ° 10 —
het€hemistry and to A
: 05
cryst Dnment ferrihydrite
i 0.0 ' ! L .
00 7100 7110 7120 7130 7140 7150 7160

2215 2220 2225

Energy ( E(eV)

s
Investigation of Zr :
spectrum in different
region of the reacted
(and unreacted) wires

Phoenix

Beamline o PR TS e — :
s s — 1 ZrO,~like spectrum found only
Energy (eV) in Nb,Sn! Different Zr
spectrum in residual alloy,
- Bovone G et al. IEEE Transactions on Applied Superconductivity despite Oxygen diffusion

34.3 (2024),6000205.

FACULTY OF SCIENCES 35y UNIVERSITE 16

DEPARTMENT OF QUANTUM MATTER PHYSICS &Y DE GENEVE



https://indico.psi.ch/

What did we learn from XANES?

Zr in Nb;Sn is fully

o Zr in the residual alloy is not in the
oxidised to ZrO,

form of ZrO, but changes in the

08 IR ' ' - t t modifications induced
60 2(L) InNb.Sn - spectra sugges modifications induce
_ 55 ——no0S ] by oxygen diffusion. Clusters?
e 507 e core0OS 7
8 451 —— annularOS - 6.5 , , , , , , ,
g 4.0 6.0—: Zr(L,) in residual alloy
< 3.5 5.5 m— N00S ]
-9_2‘) 3.0 § 5.0 1 e cOre0S 1
g 251 8 45 === annularOS .
g 207 2 4.0 unreacted alloy ]
151 < 35/
1.0—_ . § 3_0_-
051 = Zr0, reference | E 2-5-:
0.0 T T T T T T 5 2.0-4
2210 2220 2230 2240 2250 710 .. d h 2 ]
Energy (eV) rO precipitates due to the -
lower solubility of Zr and O in 05 ]
Nb3Sn compared to Nb 0.0 -~
2210 2220 2230 2240 2250

Energy (eV)
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Precipitates at the interface N

Nb;Sn - residual »
. | precipitates and no ZrO,
alloy interface fingerprint from XAS.
) However, Zr-O clusters
may be present

No observable ZrO,
in the Nb3Sn area
next to the residual
alloy interface.Are the
precipitates too small
to be detected with

the microscope used? ' )
P Residual

alloy
Uniform ’
distribution of ‘
ZrO, precipitates
Courtesy of Stephan T e i RS % !
400 nm I Probe= 500pA WD=56mm Mag= 50.00KX Stephan Pfeiffer @ CERN - Hall, Ernest L., et al. MRS Online
I | EHT = 30.00 kv Detector = aSTEM4 A 19 Jul 2023 Proceedings Library (OPL) 205 (1990).

Pfeiffer, CERN I |
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Heat treatment optimization: o
reaction layer thickness 700 °C x50

Heat treatment (HT):
550°C x 100 h + 650°C x200 h

With OS

700 °C x 100 h

Drastic reduction of Nb;Sn layer thickness when OS is added

Higher temperature to enlarge Significant increase of
Nb;Sn layer thickness layer thickness at 700 °C
keeping grain size low
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Heat treatment optimization:
reaction layer thickness

Heat treatment (HT):
550°C x 100 h + 650°C x200 h

With OS

700 °C x50 h @

No OS

Drastic reduction of Nb;Sn layer thickness when OS is added

Higher temperature to enlarge Significant increase of
Nb,Sn layer thickness layer thickness at 700 °C,
keeping grain size low but modest grain growth
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Heat treatment optimization:

layer-J.

Why |. is lower despite
the small grain size?

3200 —T1 r 1 1 1 T r° 1 1+ 1 v 1 1
3000 - ‘ -
2800 - o -
O 1 ]
E 2600 - ‘ FCC target
2 2400 -
< i
o 2200 P o
& 2000 -
< - -
E 1800 - -
\H/o 1600 i Hf-annularOS 650°C x 200h i
) Hf-annularOS 700°C x 50h 1
S 1400 - Hf-annularOS 700°C x 100h -
> Zr-annularOS 650°C x 200h -
® 1200 - @ Zr-annularOS 700°C x 100h =
1 © zZr-coreOS 650°C x 200h I
10001 @ zr-coreos 700°C x 50h ]
800 J G Zr-coreOS 700°C x 100h Criterion 0.1 uV cm™/]
I ! | ! | | ! | ! | ! | ! |

50 52 54 56 58 60 62

64 66 68 70 72

Grain size (nm)
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F, (max) shift
to 0.2 when

=Lmt 700°C ; T ; |
£ Y Wire samples

10 —— Hf-annularOS-650°Cx200h
—— Hf-annularOS-700°Cx100h
— Hf-annularOS-700°Cx50h

0.8 4 —— Zr-core0S-700°Cx100h

— Zr-core0S-700°Cx50h

0.6

0.4 4

0.2

Pinning from I

@ Zr-coreOS-700°Cx50h
¢ Hf-annularOS-700°Cx50h

0.0 0.2 0.4 0.6 0.8 1.0
reduced magnetic field

Lower interaction between flux lines
and precipitates due to size mismatch

- Lonardo F. et al. IEEE Transactions on Applied Superconductivity 34.5 (2024),

6000305
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Problems in pinning mechanism analysis

©l 14K
/ \\ '_
o N ||

00 01 02 03 04 05 06 07 08 09 10
B/ B, (10%)
To determine the pinning mechanism,

we need to precisely locate the position h =
of the F, peak in the reduced field (b) B,

/ F (max)

F
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Problems in pinning mechanism analysis

0ma6 T T T T T T 1 3
1.50x10 T T T T T T T T T T T
At 4.2 K the loop " oo
- doesn’t close. We L 95107 - 12K —— 14K —— 16K
need to extrapolate Jo9% rn
— 1.00x107° 4
- Omoz _ 90% Rn
5
:;E'U 7.50x10™ - .
av 0M00 150% Rn
% 5.00x10™ A .
=
-0M03
2.50x10™ A .
10% Rn
-0M0a 0.00 - 1% Rn ]
1 4K ' o 5 10 15 20 25 30
-oms 8 6 4 5 o a2 2 5 Or use B, values Applied Magnetic Field (T)
o measured with
Magnetic Field (T) . . .
. - . different techniques New campaign for VSM
To determine the pinning mechanism, B
we need to precisely locate the position h=— @ @-’ € G measurements up to 30T
Of the FP Peak in the reduced ﬁeld (b) BCZ European Magnetic Field Laboratory at EMFL ,n N,lmegen
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Conclusions

We successfully enhanced the layer ] _above the FCC specifications, record-high B_, and change of

pinning mechanism (point defect) when Oxygen Source is present, for wires reacted at 650 °C

- X-Rays Absorption Near Edge Structure (XANES) on Nb;Sn wires with and without OS show the

presence of ZrO, only in the Nb;Sn layer and not in the unreacted alloy

- The layer J_ (16T, 4.2 K) is strongly enhanced by the shift of F (max) to a higher magnetic field, due to

B_, enhancement and/or a modified pinning mechanism

- Internal oxidation is the most effective way to reduce grain size, enhance B , and modify the

pinning mechanism

- Despite its “age”, Nb;Sn can still play a role in the future generation of high magnetic field magnets

FACULTY OF SCIENCES 2=\ UNIVERSITE
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But are prec:p:tates necessary?

= Precipitates reduce NbsSn grain size
through the Zener drag effect

4r
R=—
3f
R = Maximum Nb;Sn grain radius
r = precipitates radius

f = precipitates volumetric fraction

. Some groups observed grain refinement
*] without the addition of an oxygen source

Is the refinement observed here
enough to reach the FCC target?

Additiofsg {

Grain sijiFs

- Bovone G et al. IEEE Transactions on Applied Superconductivity 34.3 (2024),6000205.

- Xu X et al. Scripta Materialia 186 (2020): 317-320.
- Asai K et al. IEEE Transactions on Applied Superconductivity 34.5 (2024), 8600105

- Balachandran S et al. Journal of Alloys and Compounds 984 (2024): 173985.
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B., value and pinning

How to reach the FCC target mechanism play a role in the
In size (hm) enhancement of J_ (16T, 4.2 K)
5 1000 mﬁh 50 20 10

overcome the T - T - T - T - -
Shift of F,(max) toward
Oxygen FCCE‘E\ 4000 4 Oxygen Source ® f ’f p( Idl) | ,S_
© without OS o without OS igher field largely .
® with OS — ® with OS enhance the layer|,
150 - - E //
{E\ Reﬁnement winc!c?w < 3000 - ° |
= with only Hf addition o FCC target K
9 & N | I A iy A P —
= 100 - Samples with N /!
© . C L. = 2000 - -
= internal oxidation ©
e below FCC target ~%
LL )
i _ )
>0 & 1000 - .
! Tendency Lines
a 9 —— Pure grain boundary pinning| ]|
. - - - Pure point defect pinning
Not only grain . 0 e
refinement enhance the ! 100 3 4 5 6 7 8 9
in size (um™) B may (T)
layer J_ (16T, 4.2 K)

- Bovone G et al. Superconductor Science and Technology 36.9 (2023): 095018
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Combined behavior
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