Ll

N\
N

Lol

D
|
—

|

Gilles Lenoir

@ gilles.lenoir@cea.fr
& Gilles Lenoir



HFM RD Line 4 kick-off meeting

irfu
_

Modeling and experimental activities  for
Nb ;Sn conductors  for accelerator
magnets at CEA Paris -Saclay

G. Lenoirt, M. Abdel-Hafiz?, M. Durantel, H. Felice!, E. Fernandez-Moral,
O. Hubert?, K. Lavernhe?, P. Manilt, F. Nunio?, S. Perraud!, K. Pirapakaran?,
E. Rochepault!, F. Rondeaux?!

1 CEA Paris-Saclay
2LMPS i Laboratory of Mechanics Paris-Saclay



Outline

1. Overview of CE AOND,;Sn magnet modeling and
characterization program

2. Multi -scale approach 0 Modeland experiment

3. Summary and perspectives
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CEA _CERN CO”abOrathn for Nb SSn Courtesy of E. Rochepault and P. Manil
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Overview of CE AON® ;Sn modeling program

Experimental
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Magnet scale and global approach

A Magnet model
A Magnet behavior driven by local parameters
A Homogenized coil

9 Which behavior ?

9 Which homogenization scheme?

9 Based on which object(s) (/scale(s))
loaded under which condition(s)?

A Approach

E Multi-scale modeling with baseline model at the\
cable scale (light mesh & adapted representation)

A Integration of detailed cable model and detailed
strands to access to the local properties
A 2D pre-design Steps toward 3D SpECiﬁC models Bi-metallic strand model Detailed strand model
A Characterization and modeling of the lower scales
to understand and choose relevant level of details
(mechanical and geometrical)
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Overview

of CE A OND ;Sn modeling program

Experimental

f

Magnet scale

RY 4

Cable scale

AV 4

Strand scale
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Magnet scale - Subscale dipole

Characterize the mechanical behavior of
Nb,;Sn coils in their structure

Instrumented
b coil segment

Empilement de  Défaut d’imprégnation  Bloc central
5 conducteurs

coil segment

Mechanical g\J®
loading in a
structure

Cool-down to 77K
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Overview of CE AON® ;Sn modeling program

Experimental

rI'T-Dimension changes Unreacted or reacted cable behavior

S

Cable scale

S Hard-way bending 10;stack
)

TT-Dimension changes Mechanical

s Soldering.
Drifled bl
"

:"]
|
Grip

tightening.

|

™ spacer "L
S strand—

2

Core
Outer-layer

Filamentary

region

\ \

Strand scale

Tensile test

Local mechanical properties

wa g

B

f, during HT ¥

' 5 " 4
Nano-indentation

Definition of the RVE mechanical model
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Cable to sub -element scale -CoCaSCOPE approach

A Mesh Generator - MG A Behavior Representation - BR
9 Tool for the generation of representative 9 Objective oriented representation
Rutherford cable model

Supercond.
O H

( Experimental Characterization - EC Q3 P N\
9 Define modelling strategy
9 Identify models parameters

9 Validate models

- -
g e S 2

X-ray tomography

< TC,‘\

'\ _Barrier
200070 ‘ Tensile test on strand
Analysis of strand observations Superconductor

and material properties Definition of the RVE

Metallography to define models Compressive test on stack

Cea Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 18/04/2023 10




Cable scale - CoCaSCOPE Mesh Generator

F. Nunio et al., IEEE TAS, 2019

N

Cable compaction by 4 planes A No impregnation
A Exportable p\ngys

A Initial model og8
A Helical geometry
A One pseudo-period
A Bimetallic description
A Mesh elements

o hexahedrons (strand/core)
o tetrahedrons (matrix)
A Parameters
o Strand parameters
9 Diameters (strand, core and filamentary area)

o Cable parameters
9 # of strands / twist pitch / width & height

EXPLICIT DYNAMIC SIMULATION OF
CABLING PROCESS

9 strands 18 strands 40 strands

S

+ any number of strands

A Impregnation region g

Wrapping

C2a  Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 18/04/2023



Modeling of the strand and sub -element scale
Methodology to build the bi -metallic representation 1/2

G. Lenoir, IEEE TAS 2019

Strand Tnmaoenised  1m- T =T Do m-mmmm—m- == !
}.\.)“l()&Cl;liﬁ(L Superconductorl

Filamentary region Core! Defined by
' mechanical characterization
' & image analysis

Copper

| RVE
A Strand scale A RVE scale
A Copper
A Homogenized-R+ A Nb;Sn

\ FilamentCore
A Copper
Filament scale Strand scale Cable scale
— = — /—y/\ —

x C':gre

Barrier
Vet Outerlayer Filamentary
Superconductor Homogenized . ' region
Analysis of strand observations Definition of the RVE l ® mechanicalmodel Bi-metallic strand model Cable model
and material properties l “
:

@
¥
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Modeling of the strand and sub -element scale
Methodology to build the bi -metallic representation 212

A Single material model
A Von Mises yield criterion '@, , @, 'Y) A Choices & assumptions

A ElasticitywithHo o k lavt s %# - s Based on tensile test E R = 0 for Nb,Sn strands
AChabo cnoeeb s 9 Only one kinematic hardening (simple representation
s Isotropic: Y Az (1 Y)zq 9 Possibility to add several kinematic hardenings
s Kinematic: & #2 - T (better representation of non-linearities,

Ratchetting and shakedown effects, etc.)

Strand

Homogenized

Superconductor
: Core! Defined by
: ' mechanical characterizati
_ ? & image analysis
; RVE!
A Strand scale ~"ARVEscale

Filamentary region |

Copper

5y,

4 Nb,SnE Elastic-'O h
E Filament Coré& Elastic'O H

E Parameters identify by direct measurements & inverse identification
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Cable scale - 10-stack campain

Adapted from S. Perraud

A Campain performed by M. Durante in 2000
A Restarted in 2022

A Objective
A Independent test
A Validated on old conductor (FRESCA2)
A Test of all new conductor for HFM program

>

A R&D investigation
A Characterization of mechanical behavior
(strain rate, hold, unloadings and cyclic behavior)
A Investigation of damage
(impregnation matrix and conductors)
A Validation of mechanical models
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Strand and sub -element characterization

A Tensile test on strands at RT and 77 K

A Data for the identification
and the validation of mechanical models
A Investigation of mechanical behavior '
of strands (strain rate, hold, cyclic behavior) ' Pesnstand

D Iledbll

A Nano-indentation at RT j
A Local elastic modulus and nano-hardness \;ce,l.i
L i B |
Clamping setup Outer part cryostat Inner part cryostat

@CEA Paris-Saclay

Nano-indentation in Nb;Sn phase of a
PIT strand [Lenoir 17] i = _
Micro-pillar compression

Micro-sample martensitic
[Breumier 20]

steel [Ben Salem 19]

A Perspectives 7
A Transverse tests on strands
A Nano-indentation at cryogenic temperatures

A Micro and nano-mechanical testing

Fracture toughness and fatigue with micro-cantiAIever
bending [Kermouche 23]
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Thermomechanical behavior during HT

1st diffusion stage

WAR

Sub-element scale

Subelement Adapted from M. Abdel-Hafiz
Bl 5n . 4
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Cable scale

2nd diffusion stage

J
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Overview of C EA_C)I\Isb 33N modeling program

Experimental

é Electromag. & mechanical

FRESCA2

FRESCA

Magnet scale

(HT dilatation Unreacted or reacted
; 2 \ cable behavior

Cable scale

W Hard-way b
Layer jump

on a double stack @ CERN

Mechanical

—_ | Pty
” .+ Characterization under

- : * © elementary loadings
e 1 (Transverse / bending)

DIC in-situ Tensile test

Diffusion Local mechanical properties

l N . \’ 2um
. r =
- WO Y + msample & mpillar

X core U

Superconductor Homogenized
Definition of the RVE mechanical model

f, during HT B

Nano-indentation
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CoCaSCOPE - Mesh Generator
Lenght / Stack construction

A Output over a pseudo-periodic pitch

T
Iy,
U,

A Output over a pseudo-periodic pitch
C Different twist patterns can be generated
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CoCaSCOPE - Mesh Generator
Impregnation matrix meshing

A Built from skin of strands by a sewing technique
A Boolean operators not satisfactory

~

A Node continuity between strand and matrix

side faces

faces by contours i . Wrapping
extracted on faces : :

C2a  Modeling and experimental activities for Nb3Sn conductors for accelerator magnets at CEA - G. Lenoir 18/04/2023 20




CoCaSCOPE Mesh

Extra features

A Keystone

Obtained by geometric transformation

A Core

Generator

Added at the end of geometrical shaping
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CoCaSCOPE -Mesh Generator
Features

A Comments
A 3D mesh
A Bi-metallic model
A Impregnation and wraping
A Keystone & Core
A Conformal mesh with partition

A Contacts
6 No interpenetration
6 Bounded

A Non-physical model
(copper for geometrical shaping)

A Exemple Consistent meshes 7
A 40 strands A0.7 mm across the interfaces

A stainless steel core 25 nm
A Keystone 0.7°
A 14 mm x 1.25 mm
A Twist pitch: 200 mm
Transposition pitch: 2.5 mm
E One transposition pitch ~420k nodes

\ Each domain of the cable
and strands is identified
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CoCaSCOPE -Mesh Generator
Uses O Effect of cable aspectratio 1/2

- effect of 5% increase in lateral compaction
section plan #2

Parameters :
A 40 strands
A twist pitch = 100mm
A target cable section = 14 x 1.25mm

A strand diameter = 0.7mm
‘%\
)

Slide by F. Nunio

section plan #1
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CoCaSCOPE approach
Uses O Effect of cable aspect ratio 2/2

- effect of 5% increase in lateral compaction

Slide by F. Nunio
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COCaSCOPE apprOaCh F. Nunio et al. IEEETA82019W W
Uses for simulation

A Influence of model parameters

influence of cable compaction Influence of epoxy resin modulus Influence of twist-pitch
®
L
200 ~3 200 200
L
&
ag
&
e
?,‘
- 150 — 150 —
g N = T 150
= % Strane = s
2 Fl £ N
v ——66% Strand u o 4
5 , % b 5
o 100 ——64% Strand o 100 Qg'g ; —~FE epox.= 10GPa o 100 b
B E 3 ——Eepox.=5GPa 2 —Twist Pitch =63 mm
= P " = ;
—Fepox. = 1GPa
50 50 50
’ —Twist Pitch = 31,5mm
0 0 5
0 0,005 0,01 0,015 0 0,005 0,01 0,015
Macro Strain [-] Macro Strain |[-) 0 0,005 0,01 0,015

Macro Strain [-]

A Influence of 3D pattern of twisted strand

First principal strain in the filamentary region of strands

Strand #1 Strand #1 Strand #5 - &
(straight pattern) (twisted pattern) (twisted pattern)
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