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«Critical current evaluation of Nb;Sn samples from m(B) curves by SEM
image processing in ANSYS APDL using Space Claim import tools»
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Introducing the contest CNFN

The next generation of Accelerator Magnets are targeting 16 T based on

2
Nb3Sn cables. They need Jc up to 1500 A/mm? @ 16T, 4.2 K
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FALCOND strand: RRP Ti-doped (162/169)
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Parameters TDR Review .
Bore feld T] 2714 127135 Diameter [mm] 1.0
o mererence Current [kA] 21.0/249 20.2 /23.1
> Peak field [T] 125/ 14.6 12.5 /7 14.1
Margin on loadline 23.6% /1 10.5%  24.6% / 14.7% CUInon-Cu 09 +0.2
Operating temperature [K] 1.9
Bore dimetr ] 0 I, at 4.22 K, 16 T [A]* 560 + 14
Mechanical length [mm)] 1500 c - -
Magnetic length [mm] 1336
Iml[\l] yol];e ra(;illjs [mm] 2;5 dsub-el (nom_) [pm] 58
umber of layers
%unrlnbt:rocffbtllfrcnksspi?rq?g:i(gﬁt 36 (5+53Jj+12+12) Filament twist pitch [m m] 193
RRR, rolled 159+ 14
F. Levi et al https://doi.org/10.1109/TASC.2023.3241832 * _ 2
Heat treatment [°C] 665 J. = 1355 A/mm* (@16T, 4.2K)
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The ASTRACT project (NN

A multidisciplinary approach to investigate the critical current degradation due to transverse strain in Nb3Sn strands.

The second part: measuring I.(B, T, &;) in a
controlled transverse strain condition at 4.2 K from
11to 13T

STRAND INEN
/ »

The first part: pre-HT lamination from 0 to 25% then
measuring Ic by V-1 (VAMAS) and m(B) VSM

m(B) FD_V_42K

Theseond at e,
cortold ransese st o
it}

INFN
S We expect & in the range 0 to -0.75%, i.e. 7.5 um/mm
.‘: ] Considering Egang = 80 GPa; Fmax = 30 kN; S = 50 mm?

1,5x10° “ 2 I N F N Istituto Nazionale di Fisica Nucleare
SEZIONE DI NAPOLI
Grup ollegato di Salerr
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Samples preparation

We rolled 2 meter long strand up to 25% preparing VAMAS and VSM samples for the HT (CNR/SPIN)

VAMAS measured at LASA: 11 -13 T @ 4.2K; VSM samples measured at ENEA VSM 18T @ 4.2 K

<R

We collected around ten SEM images for any kind of lamination:

EHT = 2000KV  Signal A = NTS B
mm  Mag= 180X

100 pm EHT =20.00kV  Signal A = NTS BSD 20,0 Signal A = NTS BSD 0KV Signal A= NTS BSD
— Wo= 85mm  Mag= 1g0x  SemplelD=V_HT2 omm  Mag= 180x  SamplelD=L10HTZ Mag= 180x  SamplelD=LISHT2 Sample ID = L20 HT2

KV Signal A = NTS BSD
Mag= 180x  SamplelD=L2GHT2

Time [h]

0% 10% 15% 20% 25%
665 _594’-72 h
What we try to understand: )
A. s there critical current degradation due to rolling? g . agh_[["sorcm
B. Is there any effects due to shape changing of the sub-elements section? g ‘
C. Can we compare direct critical current measurements to critical current 8 210 — o
from magnetization curves? 50°C/h
60 108 158

F. Lackner et al., doi: 10.1109/TASC.2016.2542339
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Ic: VAMAS vs m(B) CINFR

Evaluation of the Critical Current Density of
Multifilamentary Nb3Sn Wires From

1 — Th e B a u m g a r t n e r ,S m O d e l Magnetization Measurements

Baumgartner et al. 2012, DOI:10.1109/TASC.2011.2175350
* Bean model, Jc constant over the sample and assuming no coupling between sub-elements in a strand:

-/

1 _,
= o [ 7 (R |

3
. \ ) 0
J(’F) — chj(F)7 _J ! #sub-elements / \

strand length

10 T T T T T T T
—— Magnetization
g L —=— Transport
i Mi = Am(B)/2
c decreasing field —_— |
% - TAm(B) 7 < ¥
(sp)
= o
5 <
% | i o 4k
= increasing field
- — 2 B
Applied field 0

0 2 4 6 8 10 12 14 16
Applied field (T)
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Ic: VAMAS vs m(B) CINFN

2 — Shape factor numerical calculation

We get the shape factor F by a first order numerical integration. For the i-th bundle:

Bean’s model and current conservation = 3 a line || to B leading to domains D, and D_ such that dS = J ds
D

Real bundle
We use the convention B || to the lateral side of the image. Starting from the bundle B m
ydxdy

CM we look iteratively for the line parallel to B splitting the bundle in two equal areas
D, and D -> this defines the domains of integration for the magnetic moment
- 1 S = =\ 13 2 DL Di We sum over the N bundles and
m=J. = | Fxeéeyr)d’r, mmp T
2 o1 . we measure the intensity of m
mi, = EJCL (f 'xdxdy—f.xdxdy> = JcLE}
D D

L L
- +

My = JcL Zliv=1 Fyi = JcLF
For the i-th real bundle, meshing the domain D, and D. with N, and N. elements we can approximate the shape factor as

N_ N"_ Perfect bundle f(m?) F from ANSYS code (m?) |f — F|/f
7 ] 9 Circular f=4/3(R3—R3)  2.680311467 1014 2.680178946 10~ 14 50106
F ~> T 5 S . — T 5 S . Elliptic f = 4/3(a,b? — a;b?)  2.46455893 10714 2.464592266 1014 141076
(ORaV| RV
Table 2. The shape factor evaluation for perfect bundles: theoretical value f vs numerical value F. R, = 29.6 um; R; = 18 um,;
]:1 ]:1 bo = Ro; b; = Rj; ao = 26.2 um; a; = 13.8 um

08/05/23 INFN and University of Genoa - XXXVI PhD - S. Burioli 8



W

Ic: VAMAS vs m(B) CINFR

3 —SEM images elaboration

We averaged around 10 SEM images
from different samples, in different
position of the wire, per any kind of
lamination.

We developed a
elaboration protocol
to avoid operator’s
dependencies

08/05/23

Software flow-chart:

* Rotates the strand image to be || to B in the meas.
* ForbundleltoN

- * Meshing and finding D+ and D-

* Evaluate F and Ssc
* Summing over the bundles to have total F and Ssc

! !

With numerical N_ Ny

integration we Ft ~ Z xé(gsj _ Z :c*écSSj
can also have the ;

J=1 J=1
SC and NonCu
total area thus
the averaged 1
radius R, and R;

4_ .
My = 5JcLN(RE = R})=JcLf My = JcLEIL  F' = ] LF

We expect F = f for no rolled samples|
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INFN

VAMAS vs m(B)

4 — ANSYS in our data analysis

DXF conversion

SEM image BW .jpeg o)

IC

ANF conversion

SpaceClaim

) ANSYS APDL image elaboration

&=
oSSR,
ghoccoon
05 SSce@a00
@605eSS 2865060
@@@@@% @@@@0@

frelerr. % |f—=F|/f %

f
(10—12 m3)

Ssc Sgc relerr. %
(10~"m?2)

F rel.err. %

F

# SEM images

Sample

12 mS)

(10

O <t © © b~

V_HT2
L10_-HT?2
L15_HT?2
L20_HT?2
L25_HT?2

F and f are the numerical and analytical shape factor averaged over the SEM images; S is the mean effective SC section



Ic: VAMAS vs m(B) N
4 — Methodology

W

M, (B . 8l Smirr\* | (SI\? | (SF , 8Ssc)\?
* From m(B)->I,.ysy = ‘{;( ) S with errors —=4 = J(m—w) + (T) + (F—+ S—SC)
’ cVSM irr SC

n
* From (V,l) data -> Recovering I74M45 by fitting V =V, (zi) where V, = Voltage taps lenght x 10 %

[
« [VAMAS cyrves have to be corrected for self-field effects

dB/dt

H

1
M)n

« We scale original direct Ic to VSM electrical criteria: [, = [/4AMAS (10 v om

where Eygy = % B =2+4 10‘3%

Irolled

* For both VAMAS and VSM measurements we claim degradation if normalized Ic ( C,V at same B and T) is less than 95%
(o
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VAMAS results (NN

* Thered curve is the one used to simulate the Falcon Dipole
wire (J.(4.2K,16T) = 1300 A);

Courtesy by R. Valente, LASA

* The data are not self field corrected 6000 -

* Virgin 1 = virgin wire 14/10/2021 5500 | O Vigin 1

* Virgin2=FD_V_A * x!rg!ni

5000 ¢ RZ?I:; 10%
* Virgin3=FD_V_C *  Rolled 15%
. 4500 1 Rolled 25%
* Rolled 20% was too much unstable to achieve Ic - Jcom at 4.22 K
E 000}
NORMALIZED CRITICAL CURRENT TO NO ROLLED ;3)- 2500 | 2
SAMPLE . aaco 3]
VAMAS DATA 3000 '
& 10%rolling m 15%rolling 25% rolling 2500 2300 @]
100.5% . N LN g N
100.0% . 2000 + * ~_
* 13 132 ' 134 136
99.5% v 1500 i | ) \ A )
99.0% 8 9 10 11 12 13 14
98.5% Applied Field [T]
98.0% u -
97.5%
10.00 10.50 11.00 11.50 12.00 12.50 13.00 13.50 14.00
B(T)
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VAMAS vs VSM: 0% rolled (NN

—-— - VSM Ic F-model
—©— VSM Ic f-model
— & - VAMAS Ic@10 uV/cm
--9- - VAMAS Ic@E

F-model = numerical shape-factor + VAMAS s.f. correction + VAMAS scaling

VSM No rolled sample
2000 . B (T) n-value VAMAS I,@Fy gy (A) VSM I, (A) rel. diff *
10.5 55.4 1457.0 1456.2 0.1% 0.02
[ 11.4 56.0 1238.8 1220.8 1.5% 0.58
’ 12.3 53.1 1021.2 1002.5 1.8% 0.73
1500 13.3 48.5 838.8 822.7 1.9% 0.77
13.7 50.3 771.1 739.0 4.2% 1.71
< 1000
2 f-model = analytical shape-factor + VAMAS s.f. correction (Baumgartner’s model)
B (T) nwvalue VAMAS L@10uV/em (A) VSM I, (A) rel. diff. *
10.5 55.4 1678.5 1465.3 12.7% 5.73
500 * 11.4 56.0 1425.1 1228.5 13.8% 6.30
; 12.3 53.1 1200.2 1008.6 16.0% 7.48
13.3 48.5 1001.2 827.5 17.3% 8.26
13.7 50.3 914.4 743.4 18.7% 9.06
0 1
10 11 12 13 14 15 16 17 rel.diff = (VAMAS — VSM)/VAMAS
B (T) *t = |VAMAS — VSM | /8VSM
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@ VAMASvs VSM: 10 and 15 % rolled NFR

&P oo

VAMAS Ic@E

VSM L10 Ic F-model
VSM L10 Ic f-model
VAMAS Ic@10 uV/cm

VSM

2500

10% rolled sample

F-model L15 Ic
f-model L15 Ic
VAMAS L15 Ic@10 uV/cm
VAMAS L15 Ic@E

&P oo

VSM

15% rolled sample

2000 ¢

1400

1200

1500

1000 -

L10 Ic (A)

1000

800

L15 Ic (A)

600

500

400

08/05/23

10

1 12

200 ‘

14 125 13 135 14
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W VAMASvsVSM: 20 and 25 % rolled INF

O F-model L20 Ic O F-model L25 Ic
O f-model L20 Ic O f-model L25 Ic
A VAMAS L15 lc@10 uV/cm A VAMAS Ic@10 uV/icm
¢ VAMAS L15 IC@EVSM ¢ VAMAS Ic@EVSM
20% rolled sample 25% rolled sample
2000 2000
1500 1500 it
s iﬁé@‘g@i T — i,t: 270;:;V ;z’:/: :1’;;5:5[) Sample ID = L25 HT2 $
o e e O
= 1000 D HHH 2 1000
8 Te}
- N
0 0 | |
12.5 13 13.5 14 11.5 12 12.5 13 13.5 14
B (T) B (T)

WARNING: no L20 VAMAS data available —> compared to L15 VAMAS
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VAMAS vs VSM: |c degradation?

mMiry

Normalized Ic Jo = —-
3 3y’
130 4 NL (100 — P )
o—
1.25
e

1.20

-8-m(B) 10% rolling

-@-m(B) 15% rolling
1.15

m(B) 20% rolling

-@-m(B) 25% rolling

1.10 ——(V,1) 10 % rolling
——(V,I) 15 % rolling

i

4
/
I

1.05 ——(V,I) 25% rolling
1.00 ~— *— —¢ —e ¢
L o —
0.95
10.46 11.39 12.33 13.27 13.75
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Summary <R

* We presented a way to use ANSYS to extract critical current data from magnetic moments curves.

* Defining a database of strand SEM images is possible to achieve Ic values independently from transport data

« Testing the compatibility between VAMAS and VMS techniques requires to scale VAMAS data to the E/SM

* Our method is compatible with transport data at 0, 10 and 15% of rolling.

* Both VAMAS and VSM show no critical current degradation due to rolling up to 25%. VSM normalized Ic seems to
improve with a boost in performance at 25% of rolling (more than 115% Ic). This effect has been already observed in
RRP rolled samples as a consequence of bundles merging and it could lead to a falling of our working hypothesis.

In the next future we will

» test the method respect to other Nb;Sn strand layouts or SC material as BSSCO

e improving the ANSYS code adding magnetic simulations

* find a way to determine the shape factor in case of merged bundles

* setup an experimental method to measure the n-value from m(B), which would allow to derive Jc from m(B) at
any value of Ec



<R

Thanks for your attention!
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