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3. Summary and perspectives
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CEA -CERN collaboration for Nb 3Sn
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+Aperture 

V. Calvelli et al., IEEE TAS 2021

E. Rochepault et al., IEEE TAS 2020
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NED-SMC
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SMC
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Nb3Sn technology Ó 12 T
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Demonstrate grading Ó 12 T
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1.5 m, No bore

+Grading

Courtesy of E. Rochepault and P. Manil

cf RD Line 3 kick-off meeting
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Overview of CEAõsNb 3Sn modeling program
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Magnet scale and global approach

ÂMagnet model
ÄMagnet behavior driven by local parameters

ÄHomogenized coil
9Which behavior ?

9Which homogenization scheme?

9Based on which object(s) (/scale(s)) 

loaded under which condition(s)?

ÂApproach

Ä Integration of detailed cable model and detailed

strands to access to the local properties

Ä2D pre-design steps toward 3D specific models

ÄCharacterization and modeling of the lower scales

to understand and choose relevant level of details

(mechanical and geometrical)

18/04/2023Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 6

Detailed strand modelBi-metallic strand model

ĔMulti-scale modeling with baseline model at the 

cable scale (light mesh & adapted representation)



Disposition : Sommaire light

Overview of CEAõsNb 3Sn modeling program
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Magnet scale - Subscale dipole

Characterize the mechanical behavior of 

Nb3Sn coils in their structure
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coil segment

Cool-down to 77K

Instrumented 

coil segment

Mechanical 

loading in a 

structure
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Overview of CEAõsNb 3Sn modeling program
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ÂMesh Generator - MG
9Tool for the generation of representative

Rutherford cable model

ÂBehavior Representation - BR
9Objective oriented representation

Cable to sub -element scale -CoCaSCOPE approach
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ÂExperimental Characterization - EC
9Define modelling strategy

9Identify models parameters

9Validate models

Copper
Ὁ ȟ’
„ ȟὅ ȟ‎

Core
Ὁ ȟ’

Supercond.
Ὁ ȟ’

Nano-indentation test Tensile test on strand

Metallography to define models

X-ray tomography

Compressive test on stack
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Â Initial model
Ä Helical geometry

Ä One pseudo-period

Ä Bimetallic description

Ä Mesh elements
ǒ hexahedrons (strand/core)

ǒ tetrahedrons (matrix)

Ä Parameters
ǒ Strand parameters

9Diameters (strand, core and filamentary area)

ǒ Cable parameters

9# of strands / twist pitch / width & height

11

Cable scale - CoCaSCOPE Mesh Generator

Cable compaction by 4 planes

EXPLICIT DYNAMIC SIMULATION OF

CABLING PROCESS

F. Nunio et al., IEEE TAS, 2019
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Â Deformed model
Ä No impregnation

Ä Exportable

+ any number of strands

Â Impregnation region
Â Stack of impregnated cables
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Modeling of the strand and sub -element scale
Methodology to build the bi -metallic representation 1/2
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G. Lenoir, IEEE TAS 2019
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Defined by 
mechanical characterization 

& image analysis

ÄNb3Sn

ÄFilament Core
ÄHomogenizedFR 

ÂStrand scale ÂRVE scale

ÄCopper

ÄCopper
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Modeling of the strand and sub -element scale
Methodology to build the bi -metallic representation 2/2

ÂSingle material model
ÄVon Mises yield criterionὪ(„, ὢ, Ὑ)
ÄElasticity with Hookeôslaw: „ %z ‐
ÄChabocheôsmodel:
ǒ Isotropic: Ὑ Âz 1 Ὑ ὴz
ǒKinematic: ὢ #z ‐ ɾz ὢ ὴz
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ĔParameters identify by direct measurements & inverse identification

ÄChoices & assumptions
ǒBased on tensile test ĔR = 0 for Nb3Sn strands

9Only one kinematic hardening (simple representation)

9Possibility to add several kinematic hardenings

(better representation of non-linearities, 

Ratchetting and shakedown effects, etc.)

Defined by 
mechanical characterization 

& image analysis

ÄNb3Sn ĔElastic -Ὁ ȟ’

ÄFilament Core ĔElastic -Ὁ ȟ’

ÄHomogenizedFR 
ĔElastio-plastic bilinear (in simulation dir.)

Ὁ ȟ’ ȟ„ ȟὑ

ÂStrand scale ÂRVE scale

ÄCopper ĔElasto-plastic with hardening
Ὁ ȟ’ ȟ„ ȟὅ ȟ‎

ÄCopper ĔElasto-plastic with hardening
Ὁ ȟ’ ȟ„ ȟὅ ȟ‎
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Cable scale - 10 -stack campain

ÂCampain performed by M. Durante in 2000

ÂRestarted in 2022

ÂObjective
Ä Independent test

ÄValidated on old conductor (FRESCA2)

Ä Test of all new conductor for HFM program

ÂR&D investigation
ÄCharacterization of mechanical behavior

(strain rate, hold, unloadings and cyclic behavior)

Ä Investigation of damage

(impregnation matrix and conductors)

ÄValidation of mechanical models

18/04/2023Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 14

Adapted from S. Perraud
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Strand and sub -element characterization

ÂTensile test on strands at RT and 77 K
ÄData for the identification 

and the validation of mechanical models

Ä Investigation of mechanical behavior

of strands (strain rate, hold, cyclic behavior)

ÂNano-indentation at RT
Ä Local elastic modulus and nano-hardness

ÂPerspectives
Ä Transverse tests on strands

ÄNano-indentation at cryogenic temperatures

ÄMicro and nano-mechanical testing
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Fracture toughness and fatigue with micro-cantilever 

bending [Kermouche 23]

Micro-pillar compression 

[Breumier 20]
Micro-sample martensitic

steel [Ben Salem 19]

Test of a Nb3Sn strand

Clamping setup Inner part cryostatOuter part cryostat

@CEA Paris-Saclay

Nano-indentation in Nb3Sn phase of a 

PIT strand [Lenoir 17]
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Thermomechanical behavior during HT

18/04/2023Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 16

Model

Experiment

Subelement

Filament

Filament

Adapted from M. Abdel-Hafiz

Subelement

1st diffusion stage

2nd diffusion stage
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Overview of CEAõsNb 3Sn modeling program
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Model Experimental

Homogenization of 

filamentary region
Semi-analytical

diffusion model

Semi-analytical

diffusion model

F2D2
FReSCa2

Detailed and bi-metallic strand models

FReSCa2 test @CERN

Cable and stack simulation Numerical twin of stack test

Electromag. & mechanical
Electromag. & mechanical

Meshed numerical model Cracks and electromag. perf.

Impact of transverse pressure 

on a double stack @ CERN

+ Characterization under

elementary loadings

(Transverse / bending)

+ m-sample & m-pillar

+ Characterization under

elementary loadings

(Transverse / bending)
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Merci !

Thank you !
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CoCaSCOPE - Mesh Generator
Lenght / Stack construction

ÂOutput over a pseudo-periodic pitch
ČShifting and gluing to obtain long cable

ÂOutput over a pseudo-periodic pitch
ČDifferent twist patterns can be generated

(stacking of cables with different overlapping)

Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 18/04/2023
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CoCaSCOPE - Mesh Generator
Impregnation matrix meshing

ÂBuilt from skin of strands by a sewing technique

ÂBoolean operators not satisfactory

ÂNode continuity between strand and matrix 

Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 18/04/2023

Epoxy matrix

Wrapping
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21

CoCaSCOPE - Mesh Generator
Extra features

ÂKeystone
Obtained by geometric transformation

ÂCore
Added at the end of geometrical shaping

1°

Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 18/04/2023



Disposition : Titre et contenu

CoCaSCOPE -Mesh Generator
Features

ÂComments
Ä 3D mesh

ÄBi-metallic model

Ä Impregnation and wraping

ÄKeystone & Core

ÄConformal mesh with partition

ÄContacts
ǒNo interpenetration

ǒBounded

ÄNon-physical model

(copper for geometrical shaping)

ÂExemple
Ä 40 strandsÅ0.7 mm

Ä stainless steel core 25mm

ÄKeystone 0.7°

Ä 14 mm x 1.25 mm

Ä Twist pitch: 100 mm

Transposition pitch: 2.5 mm

ĔOne transposition pitch ~420k nodes

18/04/2023Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 22

Each domain of the cable 

and strands is identified

Consistent meshes 

across the interfaces
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CoCaSCOPE -Mesh Generator
Uses ðEffect of cable aspect ratio 1/2

18/04/2023Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 23

­ effect of 5% increase in lateral compaction

section plan #2

section plan #1

#1

#2

Parameters :

Å 40 strands

Å twist pitch = 100mm

Å target cable section = 14 x 1.25mm 

Å strand diameter = 0.7mm

Slide by F. Nunio
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CoCaSCOPE approach
Uses ðEffect of cable aspect ratio 2/2
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Slide by F. Nunio

­ effect of 5% increase in lateral compaction
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CoCaSCOPE approach
Uses for simulation

ÂInfluence of model parameters

ÂInfluence of 3D pattern of twisted strand
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F. Nunio et al. IEEE TAS 2019


