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B University of Nantes

Second biggest university in France by number of students
The largest University and second most important centre
for research in the West of France.

20 Faculties, Schools ou Institutes
300 undergraduate and postgraduate degrees

UNIVERSITE DE NANTES based on European model :

Degree-Master-Doctorats

more than 38,000 undergraduates and postgraduates
12,000 students in continuing education
1,760 permanent teaching staff
1,045 library, technical and administrative personnel
I'-r_ N 1,400 part-time teachers including experienced professionals
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N Polytech’ Nantes

400
Graduates every year

Engineering
students

\ & 1500

|

250
Master's and

7 engineering specialities PhD students

ETN Electronic and Digital Technologies
GC Civil Engineering

GE Electrical Engineering

Process and Bioprocess Engineering

120
Computer Science Professors and
Materials Sciences assistants prOfeSSOI"S

Thermal and Energy Sciences

i
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- Laboratoire de Thermique et Energie de Nantes (LTEN)

.....
. -

~70 people

UNIVERSITE DE NANTES @
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- Laboratoire de Thermique et Energie de Nantes (LTEN)

LTN

Transfert Thermiques dans les
Matériaux et aux Interfaces

Transferts aux interfaces
et dans les micro-
systémes

Transferts thermiques dans
la mise en forme des

polymeéres et composites

Transfert dans les Fluides et Systemes
Energétiques

Caractérisation et
fonctionnalisation des

matériaux

propriétés radiatives des

Transferts de Chaleur et de
Masse dans les
Ecoulements Complexes

Transferts de Chaleur et de
Masse dans les Fluides

Complexes

Conception et Optimisation
des Systémes et Procédés
Energétiques




N Composite team

Didier Delaunay  Jean-Luc Bailleul  Vincent Sobotka Nicolas Boyard  Steven Le Corre
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R A Composite hub in France
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R
Multiphysical

modeling of
composite
manufacturing
Processes
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" Composite use in aeronautical industry

20 %
The Eroccper NHSO helizopier heldge the record, wih i
80 % i posites accoudng for 85 percent of s slruclural weight, (19
Lmong commerciol oircraft, the A350 XWSB hoads the ficld &
o 70% -
o~
= 60%
i
bo \A’m
© mmmm n, >
Q 50% - 6]
; EC1S V.22 T EVROFIGHTER =
— 0% - % o M
S : ! amoow ®
B2 .
- )
= 0%
(@) GRIPEN ' RAFALE ASH0
: m e "gu 0 - - -
T e | NS © FAVEEF e
=) \ A340-600
(V) A320 A330 > o e R
TN~ - e
10% - W, M0 DFABOD ®
a—— A300-600
157 \ o NC-11
e wme g 747400 °
O % L L] T 14 1 4 T
1975 1980 1985 1990 1995 2000 2005 20710 207

L : N Year
- 8UIMC - Sabanci University

13



E
-

Increase part complexity

Ultra-thick laminate Airbus

Boeing assembly line

* Intricate / thick parts

Today’s challenges

/

J

\r e Large parts
L=N

-

Reduce cost

Plastic Omnium

Fast and efficient cycles
Out-of-autoclave

J

# New forming processes




B Motivation

Industrial goal: control and optimize forming/
assembling processes.

Method: develop predictive tools (simulation)

scientific challenges

(" sl ‘TUIFA
| f&,:‘ &“g r[Thermique]fl
) g
LA o)
s Sl ICO- . .
. ' ( Phyglco J(—)[Mecanuque]
| . chimique
\L _J
Complex morphology Multi physical couplings Severe loading

L q Theoretical and numerical methods )

SU IMC - Sabanci University
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B Scientific approach

Material
PhyS|caI modeling characterization

Experimental
validation

Numerical
simulation

[ Industrial results J




P Outlines

_ _ Material
[Physwal modeling characterization J

Numerical
simulation

Experimental
validation

[ Industrial results ]
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R
I - Introduction

Material
characterization

I Physical modeling #

Numerical
simulation




B Physical modeling

. N
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Heat transfer and crystallization
kKinetics In thermoplastic composite
processing. A coupled modelling
framework.

f 8 &

Arthur Levy, Steven Le Corre, Vincent Sobotka, Maxime Villiere
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" Thermoplastic compression moulding

-

Procedure

Pinette Press

Thick part
\

~

Complex temperature cycle

N =

- cooling
A

he:at.i-ng _—

stabilization

~

w Plateau supérieur
- Platesu nférieur
e Cimb lots
——Gantour

e Conur pboe

= = Conshgne infdrieur
= = Consigne supérleur
e BGItION relative dy

piston
tffort Presse

)

Study of the cooling phase




B Motivation

@ )
7 > —— properties F——x\
exotherm | [ Heat transfer N
| | — thermal
“thermal | i 7 dilatation
activation |
— mould/part
_properties | ‘ contact
\4 Y VY
7 N — 7 N
chemica 3
: | shrinkage _
Crystallization Mechanics
———Iroperties—>
\ M \ /

T ' Prediction of heat transfer and crystallization.
L N Understanding / control / optimization of the process
SU IMC - Sabanci Universitzg



B Framework

_ Field a@ Physics involved Field T
O o # ';:--.\

exotherm i

do
o nk, (T)G («a)

<«C—— thermal

activation

Simplified 2D geometry

LReaI 3D industrial intricate domain

(idealized here for confidentiality reasons) J
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- Characterization

Material ]

Physical modeling ! characterization §

Numerical
simulation




=y B @

Anisotropic thermal onductivity
characterization using the PIMS bench

{:;g
L

Vincent Sobotka, Maxime Villiére

&
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R Characterization

Example of inverse method: the PIMS bench

Numerical Experimental setup
simulation -

-

Parameter set &\00 Error estimation
%
f?(;r(;tléc(:][;\(;’Cl’te;.Z’S §Q\ Z Z num ea;p
l TCR TC times

SU IMC - Sabanci University
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B Characterization

Example of inverse method: the PIMS bench

( )

Experimental setup

_ .
SU IMC - Sabanci University
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Characterization

Example of inverse method: the PIMS bench
(

Par

cor
hed

Numerical simulation

l TCA_

SU IMC - Sabanci University
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Multiphysyical characterization:
PVT-Family

Mael Peron, Vincent Sobotka, Nicolas Boyard, Steven Le Corre, Xavier Tardif,

Didier Delaunay
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Motivation

p
c WZ( properties ——=\
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. Existing PVTa

Multiphysical characterization of neat resin
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" Multiphysical

numerical resolution

-~

thermal

\ dilatation

mould/part
contact

[exotherm ] ———— Heat transfer

thermal N
activation
\'} I

| chemical
shrinkage

properties

[ Phase change Mechanics J

V.

FreeFem++

Contact handling

~

Improved analysis

-
Results
« Compressible material
 Possible loss of contact
 Good correlation
) —1 '
y/
\ ‘[Peron et al 16]//|
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Heater & _
receptacle :
Lower
piston = B
= = B

Ejection Sample
device

Heat flux

Cavite

Control cavity sensor
thermocouple ] | 16mn

I-_r: N . [Tardif et al 12]




PVT-HADDOG

Homogeneous Anisotropic Deformation and Degree of Cure

lll




B Procedure
Force‘ ‘Pressure /

— Loading range A
Silicone Oil —————2>» .
T T € [20° —200°], T < 5K.min"*

prosometr :‘[;E,-r_ T p < 10bars(£0.1bar)
1 * kF S 10(kN), f S 1OOHZ : Instron Electropulse Press/

+ Temperature Cycle Sample Pressurzable

Window

D splacement
% 4 Measured data A
Piston
Sikcone Oil 2D dimensional variation (thickness & in-plane)
Extraction over the whole curing cycle
R I Heat flux sensor : évolution of curing state
e =L N Y
l Window
| ; A
Profile + Heat Fluxes Sample  Pressurizable
Cavity

Dimensions

105 mm x 105 mm
thickness : up to 20mm

I:r:N




First test

Weft

ap,
Thickness I %F

« quasi UD glass-epoxy
Sample [<Y
. Z
« 16 plis prepreg x
KEYENCE Sensor
* Manual layup + precompaction For a given Y
T(s) 2
. s o> o
* hydrostatic 2 bars load X B o ..
F l

oy r— V, =
~ / \\ ¥ T
O 004 // \ 1 E = =
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4 @ / \ 14 8 e = _ Téchantillon
A // \ :._.; . e
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First results

sothermal
& e srement

N O

Extraction

\

In-plane displacement Z (mm)

-

KEYENCT Sonsw

Through thickness strain

002

In-plane strain

%]

2R

L) L) L] LJ LA .
5000 2000 3000 4000 5000 6000 7000

‘Time (s)

J

Results

317.0 106 117.0 10-6
-1
CTEraw  RESH YO (7.0 10-6)
47.4 10+ 90.4 10-6
1
LU (K (301060 6.0109)
0.77 0.12 [Peron et al 18]
0.02 104)  (£0.02 10-4)

Through
thickness

~

37



=N T
LNIVERSITE DE NANTES

(i R p . & iR
e exotherm ——3
Crystallization |« properties —>-| Heat transfer
d_a = nkK, (T)G (a) <«C—— thermal pcpaa—f :V-(kVT)+L%—?

At activation — —

Flash DSC method for crystallization
characterization

&

Baptiste Pignon, Nicolas Boyard, Vincent Sobotka,Didier Delaunay : LTN
Xavier Tardif : IRT Jules Vernes
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1B Classical DSC

- N
Apparatus g )

Method

ooled as fast as possibtg
400 -

. r\ooo

300 - E Isothermal plateau at T \

Temperature [*C)

| L

° 0 20 30 40
Time [min]

[ dn

a(t):"T

AN J

== too slow to reachall T,
- 8UIMC- Sabanci University
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n Alternatives

10° 10 107! 10° 10! 10 10° 104 10° 10
| | I
| | | | | K/min
102 10! 10° 10! 102 103 10 108 106 107 108
DSC Different calorimetric chips
HyperDSC
// Flash DSC 1
Commonly use Laboratory specific
~ g apparatus
~o0.and 1 mg . o
(Vanden Poel 2007) Equipment used in this (Zhuravlev
work 2010-a, 2010-b)

~ Hundred ng
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N Flash DSC apparatus

Working zone
150 X 150 pUm?

Membrane ,
l.6mm x1.6mm x 2pm

¥
&
(3‘&

EEEEE

I —
L o N [V. Mathot 11, Pignon et al 15]
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Mass measurement

Melt at 3800C Heat flow measured
erase‘thermal hlS.tOI'Y in heating
avoid degradation at 2 000 K/s
400 -
300 -
o
)
S 2004
©
g
£
2 1004
0 e‘ J N I Y
0.0 | os 1.0 15
: Temps [s]
Quenchéd at
2 000 K/s: dT
fully amorphous (I)eXP =@CP Z
sample

Difficulties

4 e .
Sensitivity
reached when very slow
crystallization (ie. low heat flux)
# Discrete method
400 -
04 Different t_
% ' Melting
g 2007 Studying
5 o
= Stopped
|sotherm
%0 04 (6 08
Time [s]




B Results for PEEK .

ni, (T')h(«
10 4
A-B-B g
10° /Fl., g 3]
n \
101 ! / \
¥ Flash DSC -]
107 . 5
/' e \\ ?
: ! N o
r‘ 103 o ° \h 5
= 10* o'e e o 3 5%
£ ; @ a
: : . N 3
X" 10° / .o ‘ 2
E = o ® - =1
10° 4 ® . S
s H
107 4 ,—/ ',
; DSC TA Q200
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T_ 160 180 200 220 240 260 280 300 320
— 1
L=N e g —gr  Temperatue[c) [Tardif et al 14]
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IIT - Simulation

Material
characterization

Physical modeling

Numerical i

. Experimental
simulation ]

validation

Industrial results
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constant
extrapolation

Nakamura Robustness

do
dt

—nK, (T)G (a)

original
Nakamura
function

secant
_extrapolation




B COMSOL Implementation

»

New COMSOL module (open source GPL)

| 1 ™y 300

76 Component 1 (comp1) , 09
f— ) | an

» = Definitions : o8
v >A\ Geometry 1 i o 29¢
Rectangle 1(r1) ans

Form Union (fin)

b :23 Materials o5 2o
‘#1 Crystallization Kinetics (ck] = O e 290

» | [E1 Heat Transfer in Solids (ht) o
- 283

A5 Mesh 1 02
P ~dd Study 1 0 [29‘
"""""" ° i

I-_r: N http://github.com/arthurlevy/ComsolPhysics



http://github.com/arthurlevy/ComsolPhysics

n Difficulties

4 o ™ 4 . . R

Crystallization front Computation time
mes B

| r.
[Mat & Zubeldia 14] .
Mk

a 2 = Q A —— -’l
C . -~ :

L N —— DT recl o uticn i ( - '-I)
g L O—'e_;‘\ \ —(C—  finite MEment Siscestzation 7 ra r" o2
g aB — .
":" ’ f T : \ »|"4 y\
: 04} \“ i ?‘,_x’ b4
2 02} ‘,\ ‘
%, ot - =——6H6—9
Q. " . . .

> 0.02 0.04 0.08 0.08 A
Distance from surface (m)
— =) millions of dofs
II— N / \_ J




" Implementation Framework

e Standard P1 finite elements

e Strong coupling using mixed field (T a)

* Nonlinear solving

* Implicit time integration w/ adaptative time stepping

CAO (Prese nt work\ fFinite glement solva?
75 — S
DCATIA Boujdary S
COnGHons Freelem++
Materia = 1;
roperties
prope 4 Post-freatment \\
FreeFem\ ”’
script f les i

\ | \ Paraview ‘




R Numerical Methods

- L R ( ion
Crystallization front Parallel computation
£ o N
Lo A\ : e Partitioning (METIS)
5 odf *\\ | e Parallel
g °f N ] - assembly
% of 5o =——o—9 .
B oo - solving (MUMPS)

Distance from surface (m)

Automatic remeshing

While a field is not physical
- Compute a Hessian

o {--Remesh using this metrics
I “ Up to 4 million dofs
N ) \# P )

SU IMC - Sabanci University
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IV - RESULTS

Material
characterization

Physical modeling

Numerical
simulation

Experimental
validation



B Temperature

terperatue

ST T




Crystallization

Degree of crystallization
C 02 0.5 0¢& ]
I -

SU IMC - Sabanci University
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Extrema

uoljezi||eisAid Joaa.3aa
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0
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Ejection time
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1B Contmuous coolmg diagram

Imposed temperature (°C)

| ? '| 'n' \ m“oﬂ beo‘ns
'i \ \ \ \ - crystalhzauon ends .

T_ Time (min)
L — N ==) Slow cooling = solidification at higher temperature.
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V - EXPERIMENT

Material
characterization

Physical modeling

Numerical
simulation

Experimental 3§
validation .

Industrial results




Laser assisted tape placement
process

Violaine Le Louet, Steven Le Corre, Nicolas Boyard
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"l Procédé AFP (Automated Fiber Placement)

[ SANCWICH HONEXEGME FARTY

Challenge:

* Mimic the process at the lab
scale
* Mesure surface température

and heat flux

* Short times / high power

rouleau de compaction

diode laser IR

“‘__

substrat

laminé consolidé

outils

chauffage adhésion consolidation

=N

SU IMC - Sabanci University
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N Instrumented bench

- .;y d
20 mm Smm 7Smm  Smm Smm
'12mm EEEEEEEEEIEE L
. i . 1mm
100 mm .
3mm
 V—

thermocouple de mesure
thermocouple de contrble

I

I béti en acler inox
 e—

L N élément chautfant
| —




First results

Laser Impact face arriere

| — A 1 1 A 1

AT[°C)

— mesure Solvay
—— mesure Suprem
-~ modéle thermique

L b 1 hd 1 ' |l

20 40 60 80 ) 100
Time [ms]

Heterogeneous medium
Bulk heating

T Interfacial artifacts




B Thermal modeling

Modified model :

= Equivalent homogeneous ply

= bulk heat source in a surface layer.
= thermal contact resistance

z=0 ' aT _ d%T
@pecx  matrice PEEK Preex Cppeex (T) - =kKepeex 3zt
s aT d°T

€ source source volumique / fibres ~ Fapc2 Cple-f;?(T)E = _k'APCzﬁ +Q()

aT a*T

composite | .
pos €arcz  pli continu homogéne Papcz Cp.AI’CZ(T)d_t = ‘kz,,wczﬁ

Ie-.q couche résistive équivalente c or_ _ 9T }Zone perturbée
keq Cpea peq Pres Cpres ot S az2
H bétl instrumenté . ar a*r
 oo—
L=N




Conclusion




Multiphysical modelling of composite processing
Heat transfer + phase change + mechanics

Specific material characterization techniques

Simulation tool 2D+3D
Specific methods (contact, mesh refinement...)

Better understanding of the process
Parametric study

=N
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