e ®%®e
Z
CERN

ﬁlnternatipnal \ MlNES
c

UON Collid
ollaboroatlic?r: M u C OI \ Saint- Etlenne

Institut Mines-Télécom

NENIsE PTMY

.
%, &

7/
Ay, o0
. MECANIQUE-®

Performance limitations of UHF REBCO
solenoids

G. Vernass#, L. Botturd, H. Felicgé B. Bordirli J.M. Berghedy
M. Rusinowiczand G. Kermouche

ICERN, CH-1211 Geneva, Switzerland
Funded by 2Ecole des Mines Saint -Etienne, CNRS, UMR5307 LGF, Centre SMS, 42023 Saint Etienne, France

SUniversité Paris -Saclay, CEA, Départementdes Accélérateurs , de la Cryogénie etdu Magnétisme , 91191, Gikur-Yvette, France

the European Union “Ecole Centrale Lyon, CNRS, ENTPE, LTDS, UMR5513, ENISE, F -42023 St. Etienne, France

Funded by the European Union (EU).Views and opinions expressed are however those of the author only and do not necessarily refect those of the EU or European Research Executive Agency (REA). Neither the EU nor the REA can be held responsible for them.



Disclaimer

A dPerformance limitations A& | RSfEAOFGS 02y OSLII b
A This is a very complex topic, with challenges from conductor to coil +

A{2Z tS0Qa YI1S I atA3aKid OKFIy3aS X

O @ g =

CENTRALELYON 'u’
U‘é?q”(‘:aotllﬁé‘:rl MINES E N I S E Institut Mines -Télécom
Co\\abora(lon MuCol Saint-Etienne

MINES institut M
S Saint-Etienne e

@ /“C N i -@EMSE MY

A novice’s view of a few mechanical
: issues of UHF REBCO solenoids
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Solenoids for a Muon Collider
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UHF REBCO solenoids: state of the art

Laboratory Year DBy ABmmco @ Coil  max opgep JBrt Hybrid resistive - REBCO All-REBCO
(T (D (mm) technology (MPa) (MPa)
S l 48.7°T | |cummiy. oo 26.86 T
Hybrid resistive-REBCO magnets m K P positve)
NHMFL 2025 487 145 14 SP/ NI . . BN Betet wshers 38 @ e i
2017 455 145 14 SP/ NI 1420 691 88 ASIPPZ
5e &)
2023 44 129 14 SP / NI - 653 PogOek e Pt lonitB spece Outer joints g.’ % =
= c
2024 43 11.9 14 SP / NI 1270 520 °§;S;i§"‘:f;\ 3
nsulation LU
2017 425 11.5 14 SP / NI 1355 607 iy =
(current lead, positive) -
2016 40.2 9.2 14 SP / NI 1317 493
S. Hahn et al, 2019, Nature 570
LNCMI 2020 325 14.5 50 SP/ MI - 705
All-superconducting LTS-REBCO magnets Hyb ri d LTS - R E B CO X. Zhang et al, 2024 SUST 37 085003
ASIPP / Tsinghua 2023 32.4 20 17  DP/NI+MI 380 418
IEE. CAS 2019 3235 1735 43 DP/NI 610 398 324T | -
NHMEFL 2017 32 17 40 DP / INS 400 434 2> au )| il
Noaxue G280
RIKEN 2021 31.4 14.4 17 LW / NI 718 514 . \ I E, = [ -
‘ h A .
IEE CAS 2023  30.1 15 43 DP / MI - 441 | Lt x| G —y
| | 1& —
All-REBCO t i
magnets w = | z
ASIPP / Tsinghua 2024 26.86  26.86 30 DP / NI 809 350 4
2023 24.1 24.1 17  DP/ NI+ MI - 181 %
SuNAM / MIT 2015 26.4 26.4 35 DP / NI 286 286 | ”
MIT 2022 25 25 22.3 SP / NI 150 266 N
HTS insert LTS external Q. Wang et al, 2022 SUST 35 023001 S.Yoon et al, 2016, SUST 29 04LT04




Where are we ?
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S. Gao et al 2025 SUST 38 0350(

A few lessons learned

|.-degradation” high hoop stress

Hoop stress enhancement due to SC _
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4. Local burnouts concomitant with delamination g LB, |0 o E T L,
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5. Weakness of electrical joints S| ] w O -
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6. Kinks developed during quench transients g T 41N
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Properties

Hastelloy | Copper REBCO MgO

E (GPa) | E(GPa) | E(GPa) | E (GPa)

10.1109/TASC.2025.3530382

197 84 155 95
2
s COpPPEr
@M 15 Hast. C-276
al .
O 1
~
< 0.5 J /
0
0 0.1 - 02 0.3

Copper REBCO

Axial tensile— —>700MPa
stress Hastelloy )

Nominal
Transverse 1 1sot r::::::
tensile stress '_F | ) =
Transverse Fl

compressive stress?‘ >100MPa

F

Shear stress ;—-__’ >19MPa
‘F
Cleavage stress .o
YF L <1MPa
F®
Peel stress —

Copper Stabilizer (50 um)

J. VarNugtereen 2016
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https://doi.org/10.1109/TASC.2025.3530382

Longitudinal strain limit R ol scr

A Critical current, Ic, under tensile strain was measured at 77 K using the same loading machipe in self
U S {SRg@no et al., 2005):

A RepeatedquenchesNB LJ2 NI SR Yy S| Ndeldgist. O2 y RdzOd 2 NA Q
A SEM inspections revealeliscontinuousyielding (Ludersbands) in Hastelloy grains, which emerged
through the buffer and causettackingof the REBCQayer.
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M. Sugancet al 2005SupercondSci M. Sugancet al 2005SupercondSci
Technol 18 S344 Technol 18 S344
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a qualitative measure of the geometrically necesséisjocations density

Adapted from Y. Liu et al, 2025 Physica C, 629 135464

oA Cross-section Surface
5041 Manufact. G.size/ KAM/ G.size/ KAM/
E 0.3 um deg. um deg.
;;0,2 | Shanghai C.SC. 1663 2.38 1.69 9.80 1.77
Z0. Suzhou 1497 | 197 1.49 9.18 1.63
oo M. Faraday Fac. 1496 = 203 | 136 | 939 194
Kemel Average Misorientation [degrees] | THEVA 1462 2.45 1.35 9.42 2.02
0.6 SuperPower 1301 1.63 1.20 7.02 1.31
5 03 Shanghai S. T. 1166 3.62 114 854 2.18
§Z: Fujikura 1131 161 | 069 | 683 083
go.z FYSHAdNBYSYdQa dzy OSNIF Ay

0.1

0.0
0 1 2 3 4 5

Kernel Average Misorientation [degrees]

Adapted from Y. Liu et al, 2025 .:l Total  Partitiopn
Physica C, 629 1354643 Min Max Fraction Fraction

0 5 1.000 1.000




Transverse compression

A Bare tapes (no copper) s
survived up to ~900 MPa =
. . . § 0.90
A But the limit stress decreases 5 os
as a function of the Cu % o
thickness. g "
- g o:eo
A llin et al., 2015, found stress 2 s
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Loads causing delamination

Transverse T .
tension | 2 -170 MPa Upper anvil
Shear
stress | 10-12MPa
Bending- s S
peel “ 4 - 30 MPa Lower anvil
e - NEL B
— 05-6N D [T
<— 8mm —>
Cleavage =
R 0.4 MPa

Adapted from P. Gao et al.,Supercond. 2023

A Several test methods were proposed:

Aanvill, pin pull, ...
Apeel off, cleavage test, ...

A Large variability of measured strengths.

H. S. Shin et al., SUST 2014

Transverse tensile strength, MPa
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Upper anvil X . Opening

A
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1
1

5 |
Soldered area 4§ \
i

N

& Cleavage

Y. Yanagisawaet al.,
Physica C, 2011

stress concentration

1

)

1 Lower anvil
]

1
I

Current
terminal
Y

< GFRP anvil holder

. GFRP beam

Current
<
L P

Voltage taps

A. Gorospe et al.

Physica C 2013

terminal "’ IS

Mechanical
delamination strength
—m—2mm x 8 mm anvil
—&— 3 mm x 8 mm anvil
—&— 4 mm x 8 mm anvil
Electro-mechanical
delamination strength
——2 mm x 8 mm anvil
—O0—3 mm x 8 mm anvil
——4 mm x 8 mm anvil

L

4x8

Anvil size, mm?

H. S. Shin et al., SUST 2014



Delamination under Lorentz force

I/A

Slit edge side
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Hastelloy G276 |

UNIVERSITE
DE GENEVE

FACULTE DES SCIENCES

%5, D S
07; U
i 1Y

)

3

.ccﬂé

op / MPa

Delamination

0 e 7] paciam 1.0
800
— Ié)ost Igre
o  mm e o8
8 < 600 o
; 10.6 ?:..i
6 K =
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Courtesy of Y. Askar, A. Perez, S. Sgobba CERN i EN-MME-MM
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1. Longitudinal tensile stress/strain limit seems driven by:
plastic deformation of Hastelloy

2. Transverse compression measurements seem affected
by stress concentratiod Sy KIFyOSR o0& O2LJISE

3. Delaminationtype stresses seemriven by local defects
cracks, delamination nucleation sites, inclusi¥ns

Additionally:

crystallltes
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A Mechanical implications of UHF
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A Numerical estimates: SCIS and quenches
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Analytical framework

& O GitHub

r (" o . )
1D ¢ Axisymmetric Generalized Plane Strain analysis (GPS) Conductor homogenization (ROM) transverse isotropy Hastelloy | Copper | REBCO | Mgo
E (GPa) E (GPa) E (GPa) E (GPa)
Freebody O, Lot t; / 197 84 155 95
diagram M t;
&, # EZ(T) G¢¢ pa i = ; !
tot =
O, (r g
¢¢( ) JBZ r) '—b - | C
o (r+dr *eventually
rr(r+dr) Sl Te including Cu
homog. insulation Substrate Crr C’r‘¢ Crz
—a in r Crp Cop Coz
¢) 0. (r) > <« Z r REBC(z r Crs C¢>z zz
r 040 (1)
¢ A N ‘ /" %o Cu ‘4 %o
L J L J
4 . . )
Analytical solution Stress localization scheme,
based on radial displacement fieldif based on combined stress & strain components
u(r) = Dl?"k + _Dzrr’"c + AT + A2T2 + A3T3 + AyrAT --- homogenized conductor = —O— REBCO layer = —O— Copper = —0O— Hastelloy C-276
H’_J —— H,_J S—
Internal and 1250 }
external Thermoelasticity 2007
pressures GPS Lorentz force &
assumption density 5 100 |
e WL > 3}
a |
ag; N >

—100 E

60 80 100

r/ mm

40




Optimal design configuration(s) ?

Cu/NonCu:

O2Aft Q& 120
Veu/(Viot - Ve thickness — 83 JEEBCO I E— UETEBCO
g 105 g 150 —— -
g
~ R .
)
s sl § 110
g S
= 60 > N / - 80
— N
= N o
"% 45 > / 50
A Ml soldered =
2 unsupported 40T @ 60 mm '_'5 30 /XBQQ - 20
singlepanc ) /
1800
15 frr ", i ; i . {
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Cu/non-Cu Cu/non-Cu

Take home messages:

1. No single optimum (Pareto front): traewf between hoop and radial stresses.
2. Tensile radial stress (delaminatitype) is themost stringent constraint
3. Today, we should go f@aompact(high-J)windings with low Cunon-Curatio.




Loads in UHF REBCO magnets

7 N

Screening cﬁ;'renyt loop

SCF

Magnetic
~ field

Screening currents

s

M. Wang, 2019

= Magnetic field L

Rampup 40 T FC solenoid

(J x B),/Nmm™3

250
0

-250

Qutward Lorentz F.

I

~
Inwards Lorentz Force
Y
from Y.Suetomiet Al., 2024

"yl MPa
1420

1250
1404 MPa 1000
750
500

250

1420 MPa

L TELRR

(

X. Hu et al 2020

QuenCh of Ml coils (In coll. w. Tim Mulder)
t=99.0 ms

Current

167.9

140.6

113.4 )
86.1 -

58.8

315

t=109s

4.2

Zhao et al. IEEE TAS 2022
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A note on the computations

A Strongly multiphysics phenomena (electrodynamics + mechanics)
A Extensive characterization and measurements needed to calibrate models

(non-covered in this study, only numerical)

A Theseresultsare meattil 2 KA IKE AIKG LRIGSYOGAlIf OKI f
YAUATFOAZ2F MM G K2 RE PE

L1'SNNPoN pjal4 onaubeln




Analysis of the S@hduced stresses

For this specific case study (compact and rigid structure):

AbHn

J>y)

A +90 MPa Tensile radial stress7) ne=

A + 190 MPa Shear stresseslQ) A

T v / MPEI

) ® -142 14
€z
! 735

&

)

)

)/ﬁ/

10
d) 90
-290
-340

| 221 AUONE* " 30N AYZ a0GAtt GA0KA)
=
a(On
tid2)
3)

3 identical coils at
different axial location

) Tys ./ MP:
(screening currents effects
110 W 200
i 155
0

111
67
22

A The inclusion of screening currents opens the doors to new stress components.




Unprotected scenario

A Are there configurations for which the 40 T

FC solenoid iselfprotectedfrom a
mechanical point of view ?




