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Outline

** Motivation and background

% Trapped field in MgB, discs

v' Sample and measurement details
v Experimental results

v" Numerical modelling
—> critical current density calculation

v' Comparison between experimental and computation results

** Numerical analysis of the trapping field ability of new hybrid (SC/FM) layouts of
permanent magnets

** Conclusions
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Investigating and predicting the magnetization of bulk superconductors

> is crucial to using them as:

> requires

quasi-permanent magnets

magnetic shields

J.H. Durrell et al., Supercond. Sci. Technol. 31 (2018) 31
B. Douine et al., Materials 14 (2021) 1636

magnetic bearings,

energy storage flywheels,
magnetic resonance imaging,
magnetic separation

rotating machines
(motors/generators)

¥

key materials for the
energy transition

P4 manufacturing techniques able to provide suitably shaped objects

\ modelling procedures able to guide the devices optimization

depending on the required working conditions
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Field trapping ability of bulk superconductors

superconducting (SC) materials

!

SC cuprates
(YBCO, ReBCO)

M. Tomita et al., Nature 421 (2003) 517
D.M. Ainslie et al, SuST 29 (2016) 124004
D.M. Ainslie et al, SuST 32 (2019) 034002
H. Fujishiro et al., SuST 32 (2019) 045005
Y.L. Cui et al., SuST 33 (2020) 025011

M. Houbart et al., SuST 33 (2020) 064003
T. Motoki et al., SuST 35 (2022) 094003

CAN SUPERCONDUCTORS - https://www.can-
superconductors.com

-

MgB,

1

G. Fuchs et al., SuST 26 (2013) 122002.

A. Yamamoto et al., APL 105 (2014) 032601.

V. Cientanni et al., SuST 34 (2021) 114003

M. Muralidhar et al, J. Phys. D: Appl. Phys. 57 (2023) 053001.
M. Fracasso et al., Materials 17 (2024) 1201

low fabrication costs

low weight density

working temperature easily achievable using cryogen free cryocoolers
long coherence length

growth techniques allowing the fabrication of suitably shaped samples

e.g. - manufacturing near net-shape MgB, bulks

G. Giunchi et al., Cryogenics 46 (2006) 237
A. G. Bhagurkar et al., SUST 28 (2015) 015012
D. A. Moseley et al., SUST 35 (2022) 085003

- manufacturing fully machinable MgB, bulks

P. Badica at al., Supercond. Sci. Technol. 27 (2014) 095013
L. Gozzelino et al., SUST 33 (2020) 044018

- soldering MgB, bulks

Y. Thimont et al., Coatings 12 (2022), 1151
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MgB, fabrication process

% Commercial powders of MgB, powder
(purity >97%, 100 meshes)

s Spark plasma sintering (SPS) was
applied on the powder to produce a
high-density bulk disks with a diameter
of 20 mm. SPS temperature was
1200° C for a dwell time of 10 min.
The maximum pressure applied on the
sample during sintering was 50 Mpa
under a dynamic vacuum of 1073 bar.
Y. Xing at al., Supercond. Sci. Technol. 36 (2023) 115005

r=10.08 mm

T.=38.5K

h=9.75 mm

Measurement set-up

000,
<<
00,00
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Hall
probes

Lryostat wall
Cryostat wall
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Field cooling in an external applied field
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Measurement details

Lryostat wali
Cryostat wall

Hall probes distribuited along the
disc’s diameter:

Magnetic flux density measured:

* during the external field removal

— * in remnant state as a function of
the distance from the sample
surface

Field cooling in an external applied field
HoHappr = 4T

4 B trapped,z — Bz - IUOH app!

Hall probes positions

#1:r=-8.0 mm
#2:r=-5.75mm
#3:r=-3.5mm
#4:r=0.0 mm
(sample center)

#5:r=+2.0 mm
#H6:r=+4.0 mm
#7:r=+ 6.0 mm
H8:r=+8.5mm

Ya &Y

vA, ™ A% Politecnico
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Experimental results

1.5 T T T T y T T T y | 1.5 | T | - T -
: —— |1 = 0.0 mm (Hall probe #4) \ —— |t/ = 0.0 mm (Hall probe #4)
N’ —=— |1 =2.0 mm (Hall probe #5) \:-,. —=— |r| = 2.0 mm (Hall probe #5)
—'& 1.2 —e— |f| =3.5 mm (Hall probe #3) 1.2 g-_},. —— |r| = 3.5 mm (Hall probe #3) | T
mm |t =4.0 mm (Hall probe #6) Q ‘:-7"':.}:\ —=— |t = 4.0 mm (Hall probe #6)
< —— |1} =5.75 mm (Hall probe #2) - "%:.i\ S |1:| B 5.75 mm (Hall I‘Jl'Obe #2)
. 0.9 —+— [r] =6.0 mm (Hall probe #7) ] & 0.9 W, S |1‘| B gg mm (Hﬁﬁ Pl‘OEe z;) -
N ——+ |r] =8.0 mm (Hall probe #7) N} \ o r| = 8.5 mm (Hall probe #8)
a2 ] . 'x'..:::. remnant state after field removal
I . 0.6- during field removal :%: 0.6 ".'::., ".:.‘3:. T=200K i
" [ ] .. .z.
3 z=1.5mm - e, Mgty
= "aa:%"ohf:ag.\
= 0.3 - - 0.3 1 :3:.:::‘:=f=r. . .
o Bt e
o-.-oxo-‘o .:a: : : : ,l;ls B
.8 o-!~!:! 'E'E.Elﬁ.j
0.0 T T T T T T T T T T 0.0 T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0 5 10 15 20

Distance from the upper disk surface, z (mm)

MOHappl (T)

* Trapped field~1.4T(z=1.5mm, r =0)
* Further improvement via ferromagnetic bulk addition ?

M. Fracasso et al., Materials 17 (2024) 1201
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Effect of ferromagnetic structure addition

Addition of ferromagnetic structure is expected to improve the field trapping ability of a superconductor

{c) Side Ring

(a) I (b) YBCO - 77 K SR —
i N S iC N YBCO - 77 K
0.0% mm M P Philippe et al., re sc e
53 |  SuST 28 (2015) R. Li et al, IEEE TAS ¢ ¢
2.88 mm
Sa 165 > 0,99 095008. 33 (2023) 6801206 -
] RG B e 65mm ————3d
Do Birapped,; at 2 =0.85 mm above 5 "
1.90 mms |2.88mmi| the external surface ;riplp%d'rznm 300 | oS 50
T 9.52 mm T l. 0.50mm - " mm zl[_]ﬂmm
above the 1.00mm / “‘ —— e
(a) Experiment (b) Modelling 340 external 230} "
i u— ! P N surface
——SC —SC _ 310 g“"ﬂm i
-—D1| : Sl )] o e N . 200
3000 | wa—p2 | 300f | wemp2 | \ /\ =
- IC —K / BT E
. RG . RG : &
g 200 | g 200 o 150
mN L‘QN . .
100_. o 100F - - ....... ...... ......... 100
/ i
Ofopaoasd : J- L o J : L 50
-15 R 5 0 5 R 15 15 R -5 0 5 R 15 .
Radial position (mm) Radial position {(mm) -]h[} R R 1'[1
20 R \
:{ A A Politecnico INEN
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Modelling

‘H
app . . : :
A Superconductor magnetic modelling (2D axisymmetric approach):
__) d) o Z-formu|ation based procedure A.M. Campbell, SuST 20 (2006) 292

F. GOmOry et al., SuST 22 (2009) 034017
* The local electric field E is defined by the time evolution of 4: |Es = —8A,/dt

e E-Jrelation smoothly approximating the critical state model

| | M. Solovyov and F. Gomory,
Jo = ]?B) tanh ( ) SuST 32 (2019) 115001

C

Dimensions not to scale Boundary condition (I';): the field was assumed constant and equal to ,uoﬁapp
(decreasing with a ramp rate of 0.35 T/s from an initial value of 4.0 T).
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J. calcolation

1.5 T T T T T T T T T T T T T T . . . .
. experimental dota | Polynomial fit =» J. (B) inserted in
12- Botrapped__z;omp i |E |
_ J =Jc (B) tanh | —*
- 0.0 - Field cooling in poH,, = 4T . ¢
-E' Biappes during field removal | — T T T T T T T T T
= 4.0 e Jf ]
mg 001 T=20K 1 Polynomial fit
fom
0.3 - NE 30 T T
S
Hall probe #4 <
0.0 T T T T T T T T T T g T % 2.0_ 7
00 05 1.0 15 20 25 30 35 40 :Q
—
HOHappl (D) . 1.0- |
0O 0+——mr—r———1——
0 ZBtrapped 1 00 05 1.0 15 20 25 3.0 35 4.0
Je =
”O R Rz R Rz MOHapp(T)
z+hyln|—+ 1+—— |- @) In|=+ [1+—
( ) z+h (z + h)? (2) 4 (2)? || Rand h are the radius and the height of the disc and z
is the distance from the top of the sample

I.G. Chen et al., J. Appl. Phys., 72 (1992) 1013
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J. calcolation

1.5 T T T T T T T T

I ' 1 ' 1
—s— experimental data |
BU

trapped,z.comp

1.2 4

Field cooling in poH,,, = 4T

B\appes during field removal

0.6 - T=20K 1
Computation based on the Bean model
031 | underestimates J_ (B) when the applied field
Hall probe #4 is lower than the full penetration one.
00 T T T T T T T T T T T T
0005 Lo 15 200 2550 35 40 D.X. Chen et al., J. Appl. Phys. 66 (1989) 2489

HOHappl (T)

\ 4

Iterative procedure
for J_ calculation

M. Fracasso et al., Materials 17 (2024) 1201
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J. calculation

15 ' I ' I ! I ! I ! I ' 1 ' 1 " . ]
\ —«— oxperimental data Difference between the computed and the experimental data
BOH’apped._z;omp
1.21 ] ABtrapped z— Btrapped Z,exp Btrapped z,comp
ABtrapped,z I
0.9 Field cooling in poH,,, = 4T . -

B\appes during field removal
0_ ZABtrapped,z

T=20K 7 Ac=
Hall probe #4

Ho
] (z+h) In Z-Rl-h+\/1 (Z+h)2 —(2)In R+ /1+(R)22
00 T T T T T T T T T I v I

0.0 05 1.0 1.5 20 25 30 35 40

1 _ 70 0
HOHappl (T) ]C _ ]C + A]C
v
E
Polynomial fit of]} vs. UoHappi => inserted in Jp = JX(B) tanh |E¢|
(o
0A¢ 1
-> E¢ = _7 > Btrapped,z,comp

M. Fracasso et al., Materials 17 (2024) 1201
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J. calculation

15 v I v I v I v I v I " 1 i I
Difference between the computed and the experimental data —+— experimental data |
BU
O J— 0 i trapped,z.comp i
AB trapped,z— Btrapped,z,exp — Btrapped,z,comp 1.2 B, sopeds.comp
- @ 0.9 Field cooling in HoH,pp = 4T
—E’ B\appes during field removal
ZABt d, 1 ==
0= Lam’e z mﬁ 0.6 1 T=20K 1
: (z+h) In R, 1+R—2 —(2) In Ry 1+R—2 '
Z+h (z + h)? z (2)? 0.3 - -
. o+ e
1 0 0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
=J0+A
Je =Jc + ¢ poH o (1)
v
Pol ial fit of J2 H > i ted in Jp = JL(B) tanh |E¢|
olynomial fit of J; vs. uoHgppi inserted in Jp = J¢ E
c
04y )
> 4 qu) — _? > Btrapped,z,comp

M. Fracasso et al., Materials 17 (2024) 1201
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J. calculation

Difference between the computed and the experimental data

[
AB trapped,z— =B trapped,z,exp — Ptrapped,z,comp \

i 2ABigrapped,z
Ae= Ho
R R? R / R?
(z+h)In s+ nt 1+ (z+h)2 —(2)In 7T 1+()2

v
=L+ AL

v

Polynomial fit of JL*1 vs. toHgpp = inserted in Jyp = J¢*(B) tanh (lEf|>

— i+1
-> E o — > B trapped,z,comp

— 13t June 2024 14 I N F N
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J. calculation

Difference between the computed and the experimental data

AB

i

[
2ABtrapped,z

trapped,z— B trapped,z,exp —

i —

l R TR |
tra’pp ed,Z,comp [A] 20K_Trapped field_ DISC_4T_test3_for_cyc
7 Inputs
v Themes
F Main Window
Forms
Events
1 Declarations
Methods

s (W10

i I F=s

AJi=
‘ Ho

Polynomial fit of Ji*1 vs. poHyyy,, = inserted in Jp = JE*(B) tanh

(z+h)In

. workflow_forcycle_optimization
R 4 [ Libraries
[ il 2| Images
+ (Z + h)z (Z) ln VA + 1 <) Sounds

| Files
va External Java Library 1
izva External Java Library 2
- () loadData
©) mergeData
+1 _ ]l + A ]l
c c c =) extractColumn
(Z) interpolate
v .'_:'. interpolate1D
L it

R R2
Z+h+ 1

'_'—th writeData

package builder;

import org.apache.commons.math3.*;
import com.comsol.api.¥*;

import com.comsol.model.*;

import com.comsol.model.physics.*;
import com.comsol.model.application.®;
import java.io.*;

import java.util.*;

public class workflow forcycle optimization

= public void execute() {

= for (int n = 2; n < 10; n++) {
model.study("std4").run();
model.result().export(“data2").run();
model.result().export("data3™).run();

int numPoints = 1000;
int polynomialDegree = 5;

|E]

=) removeRoww
E.

= —— i+1
R
v ﬁ'f; Politecnico
Y ws diTorino ) Gozzelino - HTS 2024, Bad Zurzach, Switzerland, 10th — 13t June 2024
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J. calculation

10 \ | I—"—.IICO(:alcI I

. 15 T T ] I I ! !
ulated at 20 K ] 2+1 —s— experimental data
N 0
—B trapped,z.comp
1.2 5 B!
trapped.z.comp
9
- I trapped,z.comp
Z 09- |
N
"g Field cooling m p H, = 4T |
g 0.6 B rappea during field removal
as
T=20K
0.3 4
0.0 T T T T T T T T T T
060 05 10 15 20 25 30 35 40
l‘lOHapp] (T)
| | | ., & 8 kA - exp B y
0 1 ” 3 4  The last iteration was fitted by J."" (B) = J.pexp |— (B_o)
MOHapp(T) J, = 1.86:107 A/m? |E¢| L. Gozzelino et al,,
B,=121T Jo = JEP (B)tanh SuST 35 (2022)
. _ E. 044002
M. Fracasso et al., Materials 17 (2024) 1201 v =1.66
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Comparison between experimental and computational results

1.6 ! | ! | ! | ! | ! | ! | ! I
Experimental data Simulation outputs
¢ Hall probe #4 (r=10.0 mm) Hallprobe#4 1 ([ EH B BB EL
¢ Hall probe #6 (r = 4.0 mm)
17- d Simulation outputs | 8765432
;\ : === Hall probe #6
S— T y T y T T
E 1.4 - . | = 0.0 mm (Hall probe #4) | -
=) 0.8 1 » irf = 2.0 mm (Hall probe #5)
= Ve _ _ 1 s ir| = 3.5 mm (Hall probe #3) |
s Btrﬂpped during field removal 12 | Y v t] = 4.0 mm (Hall probe #6)
z=15mm 1 B + r| = 5.75 mm (Hall probe #2)
~ 1.0 “ if| = 6.0 mm (Hall probe #7) | 7]
04 - - b 1 I“\. . ir| = 8.5 mm (Hall probe #8) '
= 0.8 4 N A .
%,
g, | % ‘1_1‘-.‘ remnant state after field |
T=200K | Eﬂ 0.6 - «‘ :?“\ cooling 1n uUHappl =A4T
0.0 —T T T T & 1 “‘ \ symbols: exp. data
00 05 10 15 20 25 30 35 40 0.4 - b N li};eS' coﬁplied data -
H T ] | Wy, ‘ oty
HoHappl (D) 0.2 - e, .
‘ 1 T=200K Siiis . SN,
0.0 - T - T ; T ; |
REMARKABLE AGREEMENT! « 0 5 10 15 20
v, M. Fracasso et al., Materials 17 (2024) 1201 Distance from the upper disk surface, z (m "
::’ s VA_,M???: Politecnico I N F N
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Modelling

‘H
app . . : :
A Superconductor magnetic modelling (2D axisymmetric approach):
__) d) o Z-formu|ation based procedure A.M. Campbell, SuST 20 (2006) 292

F. GOmOry et al., SuST 22 (2009) 034017

e E-Jrelation smoothly approximating the critical state mod

Jo =

|Eg|

tanh( .
B\’
(%)

* To model the ferromagnetic material (soft iron) :

> A-formulation
]c(B) = ]c,Oexp

» B-H curve measured experimentally

> negligible 3 -
h sgtegresis P Joo=1.86-10° A/m?
|y E * ' B,=121T
osses @ | s
0 1 2 3 4 5 & 7

H (< 10° A/m)

Dimensions not to scale -
Boundary condition (I;): the field was assumed constant and equal to uoHpy

)N (decreasing with a ramp rate of 0.35 T/s from an initial value of 4.0 T).
Va & 2y o L .
::A;;A__A@;: Politecnico I N F N
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Effect of ferromagnetic structure addition

GEOM1 ‘
1.6

GEOM2

", v,
=S OO
+ s o
1.2 474
.
-

— _ I
N 0.8 - h
8 : ) Remnant state after field
© E h -;1':}0 . .
GEOMS3 0 04 "% -SC-exp. data . g cooling in uoH,,, = 4T
{—o— geom1 : o, ]
1< geom2

0.0 { ——geom3
1—v—geom4 (d=2.43 mm)

GEOMA4 0 | geom5
0 2 4 6 8 10 12
Radial distance, r (mm)
GEOM5 _ _
GEOM4: maximum trapped flux density B, oy, =1.67T o
. ' + 19%
at the positionr=0mm, z=1.5mm

VA i
::’ '!;; Politecnico I N F N
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2

(o}
N~

GEOM4-A SC

= M
h——g—Q

SC

E_$Q__2_$

GEOM4-C BSC

U
Q.
~~
D - -

GEOM4-D | SC F

- -z -

3d/2

=

GEOMA-E SC F:\/I
’ %}? ~, |

Effect of ferromagnetic structure addition

d = 2.43 mm ) L
1.6 7% 2T, 15mmi— % ]
T, 2a I
) |
- 'Iq ‘: “.0 :v " . I
1.2_ ":"‘:‘:,.. | =
N o] Remnant state after field
- A % ]
1) . A . . _
2 _ cooling in poH,,, = 4T
(1]
= * SC-exp. data ]
oA P T=20K -

0.4 ] —<— geomd4-A (d=1.21 mm)
1 —=—geom4-B (d =1.82 mm)
1 —<—geom4-C (d=2.43 mm)
0.0 1 —=—geom4-D (d = 3.03 mm)
| <o geomd4-E (d=3.64 mm)

0 2 4 6 8 10 12
Radial distance, r (mm)

has a radius ranging between of d =2.43 mm (B =1.67T) GEOMA4-B
and 4d/5 = 3.03 mm (B

The maximum trapped flux density is reached when the FM disc » GEOMA4-C
trapped,z

trapped,z =1.68 T)

/
4
v 4.7 _M“‘ ¥ Politecnico
)
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Conclusions

** Field trapping ability of MgB, discs was experimentally investigated

> By appea. ~ 1.4 T, at T= 20K, along the disc’s axis, 1.5 mm above its top surface

+* Experimental trapped field data are well reproduced by computation

=» Critical current density evaluation from the trapped flux density curves through a suitably developed
iterative process

** Field trapping ability of MgB, discs can be furtherly improved by ferromagnetic structure addition
=>» Field trapping ability of hybrid magnet was investigated by numerical modelling
=» Enhancements up to ~ 20% are predicted at 20 K, along the disc’s axis, 1.5 mm above the surface

|
|
|
SC FM
|
|

+* Further numerical investigations on hybrid permanent magnets with more complex geometries and
subjected to different applied field orientations are on-going.
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