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Agenda

• Nantes, France.

• Laboratoire de Thermique et Energie de Nantes 
- Polymer and composite manufacturing team

• Simulating composite manufacturing processes
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Nantes
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Nantes (600 000 inhab.)

main campus

Chantrerie
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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. 

 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 
   1,400 part-time teachers including experienced professionals 

20 Faculties, Schools ou Institutes
300 undergraduate and postgraduate degrees

based on European model :
Degree-Master-Doctorats
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Polytech’ Nantes

7	engineering	speciali-es	

Electronic	and	Digital	Technologies

Civil	Engineering

Electrical Engineering

Process	and	Bioprocess	Engineering

Computer	Science

Materials	Sciences

Thermal	and	Energy	Sciences

ETN

INFO

MAT

TE

GE

GC

GPB

1500	
Engineering
students

400	
Graduates	every	year

120	
Professors	and

assistants	professors

250
Master's	and
PhD	students

7100	
Alumni
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Laboratoire de Thermique et Energie de Nantes (LTEN)

~70 people
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Laboratoire de Thermique et Energie de Nantes (LTEN)

LTN

Transfert Thermiques dans les 
Matériaux et aux Interfaces

Transfert dans les Fluides et Systèmes 
Energétiques

Transferts aux interfaces 
et dans les micro-

systèmes

Transferts thermiques dans 
la mise en forme des 

polymères et composites

Caractérisation et 
fonctionnalisation des 

propriétés radiatives des 
matériaux

Transferts de Chaleur et de 
Masse dans les 

Ecoulements Complexes

Transferts de Chaleur et de 
Masse dans les Fluides 

Complexes

Conception et Optimisation 
des Systèmes et Procédés 

Energétiques
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Composite team

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

Institutes
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Multiphysical 
modeling of 
composite 

manufacturing 
processes
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Composite use in aeronautical industry
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Increase	part	complexity	
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Today’s challenges
Reduce	cost

• Fast	and		efficient	cycles
• Out-of-autoclave

• Intricate	/	thick	parts	
• Large	parts

Ultra-thick laminate Airbus

Plastic Omnium

New forming processes

Boeing assembly line

www.sabca.be
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Motivation
Industrial goal: control and optimize forming/

assembling processes.

Method: develop predictive tools (simulation)

Theore-cal	and	numerical	methods

Complex	morphology Multi	physical	couplings Severe	loading
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Scientific approach

Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results
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Outlines

Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results
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Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results

I - Introduction
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Physical modeling

Adhesion
Intimate 
contact

Healing

viscosity drop

reptation time

contact

thermal 
contact 

resistance

Mechanics

mechanical 
dissipation

thermodependent 
propertiesHeat transfer

Cristallization 
and 

degradation

obstacles 
for reptation

exotherm, 
properties

heat 
activation

induced 
crystallization

properties

Complex	morphology

Severe	loading

Interface

Bulk



Heat transfer and crystallization 
kinetics in thermoplastic composite 

processing. A coupled modelling 
framework.

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

Procedure Complex	temperature	cycle

Study	of	the	cooling	phase

heating cooling

st
ab

ili
za

tio
n

Pinette Press

Thick	part
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Motivation

Prediction	of	heat	transfer	and	crystallization.
Understanding	/	control	/	optimization	of	the	process

Mechanics

mould/part 
contact

properties

chemical 
shrinkage

thermal 
dilatation

properties
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Thick	geometries
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Framework

Field TField α 	Physics	involved

Real	3D	industrial	intricate	domain	
	(idealized	here	for	confidentiality	reasons)	

Simplified	2D	geometry

⇢cp
@T

@t
= r · (krT ) + L

@↵

@t
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Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results

II - Characterization



Anisotropic thermal conductivity 
characterization using the PIMS bench
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Vincent	Sobotka,	Maxime	Villière

⇢cp
@T

@t
= r · (krT ) + L

@↵

@t
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Characterization
Example	of	inverse	method:	the	PIMS	bench

Error estimation
X
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X

times

(Tnum � Texp)
2conductivities 

heat capacities 
TCR Mini

miza
tio

n

Numerical 
simulation

Experimental setup
Introduction	
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1.3.3 Current	setup	
	
M.	 Villière	 in	 his	 PhD.	 thesis	 (Villière,	 2013)	modified	 the	 original	 setup	 designed	 by	
(Thomas,	2008).The	changes	were	made	to	enable	measurement	of	the	properties	of	a	
liquid	and	to	make	the	experimental	process	easier.	As	can	be	seen	in	Fig.	7,	the	vacuum	
chamber	was	taken	out	and	the	pyrometer	was	replaced	by	a	steel	support	embedded	
with	 thermocouples.	 The	 support	 is	 also	 used	 to	 apply	 a	 uniform	 pressure	 onto	 the	
sample.	 Thin	 silicon	 films	 are	 placed	 on	 both	 sides	 of	 the	 samples	 to	 reduce	 thermal	
contact	 resistance.	 Lateral	 losses	 are	 reduced	by	 surrounding	 the	 sides	of	 the	 sample	
with	a	PMMA	coating.	
	
	

	
	

Figure	7:	Current	PIMS	Setup	(Villière,	2013)	
	

	
		Limitations	
	
		The	major	defects	of	this	method	are:	
	

• The	time	associated	with	the	inverse	method,	making	it	a	lengthy	process.	
	

• Experimentally	cumbersome	due	to	the	small	heating	zone,	leading	to	a	relatively	
small	 rise	 in	 temperature.	 This	 makes	 an	 accurate	 prediction	 by	 the	 inverse	
algorithm	not	plausible.		

	
The	 objective	 of	 this	 research	 will	 therefore	 be	 to	 explore	 different	 heating	
configurations	and	improve	the	speed	of	the	inverse	method.	In	order	to	do	this,	a	faster	
and	more	suitable	algorithm	for	the	function	being	minimized	will	have	to	be	used.	
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Numerical simulation
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= r · (krT )



Multiphysyical characterization: 
PVT-Family
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Mael	Peron,	Vincent	Sobotka,	Nicolas	Boyard,	Steven	Le	Corre,	Xavier	Tardif,	
Didier	Delaunay
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Motivation

Mechanics

mould/part 
contact

properties

Heat transfer

Phase change

properties

thermal 
activation

chemical 
shrinkage

thermal 
dilatation

exotherm
properties
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Existing PVT𝛼
Multiphysical characterization of neat resin

Analytical data extraction: strong assumptions
Incompressible, contact, hydrostatic 

α, β, λ
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[Millischer & Delaunay 00, Yassir et al 13, Peron et al 16]
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Improved analysis
Multiphysical 

numerical resolution

Contact handling

• Compressible material 
• Possible loss of contact 
• Good correlation

FreeFem++

Mechanics

mould/part 
contact

properties

Heat transfer

Phase change

properties

thermal 
activation

chemical 
shrinkage

thermal 
dilatation

exotherm
properties

[Peron et al 16]
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PVT - XT

[Tardif	et	al	12]

Lower	
piston

Heater	
receptacle

Ejection	
device

Sample

Mould	
cavity

Heat	flux	
sensorControl	

thermocouple
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PVT-HADDOC
Homogeneous Anisotropic Deformation and Degree of Cure
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Procedure

Loading range 

: Instron Electropulse Press

Measured data
2D dimensional variation (thickness & in-plane)

Heat flux sensor : évolution of curing state
Extraction over the whole curing cycle

Dimensions
105 mm x 105 mm
thickness : up to 20mm

105 mm
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First test

Piston

Plis de  
l’échantillon

Plaque inf.

X

Z

T (s)

For a given Y

• quasi UD glass-epoxy 

• 16 plis prepreg 

• Manual layup + precompaction 

• hydrostatic 2 bars load
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First results

Through 
thickness In-plane

CTE raw [K-1] 317.0 10-6  

(±2.0 10-6)
117.0 10-6 

 (±7.0 10-6)

CTE cured [K-1] 47.4 10-6 

(±3.0 10-6)
90.4 10-6  

(±6.0 10-6)

CCS [%] 0.77  
(±0.02 10-4)

0.12  
(±0.02 10-4)

Position X (mm) Time (s)In
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la
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Extraction

Raw

Curing
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Measurement
Isothermal 

sample

[Peron et al 18]



Flash DSC  method for crystallization 
characterization
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Baptiste	Pignon,	Nicolas	Boyard,	Vincent	Sobotka,Didier	Delaunay	:	LTN	
Xavier	Tardif	:	IRT	Jules	Vernes	

⇢cp
@T

@t
= r · (krT ) + L

@↵

@t
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Classical DSC

Isothermal	plateau	at	Tc

too slow to reach all Tc

Cooled as fast as possible

t1
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Alternatives

108

10-210-3 10010-1 101 103102 105104 106

K/min

K/s

10-2 10010-1 102101 103 105104 107106

					Normal					Low Medium Fast Ultra	Fast

DSC

HyperDSC

Different	calorimetric	chips

Very	Fast

Flash	DSC	1

Commonly	use	
~	mg

~	0.1	and	1	mg	
(Vanden	Poel	2007)

Laboratory	specific	
apparatus	

(Zhuravlev	
2010-a,	2010-b)

Equipment	used	in	this	
work	

~	Hundred	ng
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Flash DSC apparatus

500µm

1,6mm

30
0µ
m

Hot	junction

Heater	
resistances

150µm

Sample

Connection	pad

Cer
am
ic	p
late

[V. Mathot 11, Pignon et al 15]

Membrane	
1.6mm x1.6mm	x	2µm

Working	zone	
150	x	150	µm²	
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Difficulties

reached when very slow 
crystallization (ie. low heat flux)

Different	tc
Melting	
Studying

Discrete method

dt
dTcm p.exp =Φ

Melt	at	380°C	
erase	thermal	history	
	avoid	degradation

Quenched	at	
	2 000	K/s:	

fully	amorphous	
sample

Heat	flow	measured	
in	heating	
at	2 000	K/s	

Stopped 
isotherm
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Results for PEEK

N.B: [Tardif	et	al	14]



SU IMC - Sabanci University
 44

Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results

III - Simulation
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Nakamura Robustness

[Levy 16]

=10-6

=1-10-6
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COMSOL Implementation

New	COMSOL	module	(open	source	GPL)

[Levy, COMSOL conference 16]

http://github.com/arthurlevy/ComsolPhysics

http://github.com/arthurlevy/ComsolPhysics
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Difficulties

Computation	timeCrystallization	front

[Mat & Zubeldia 14]

millions of dofs
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Implementation Framework

• Standard	P1	finite	elements
• Strong	coupling	using	mixed	field	(T,α)	
• Nonlinear	solving	
• Implicit	time	integration	w/	adaptative	time	stepping
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Numerical Methods

Parallel	computationCrystallization	front

MMG3D

While α	field	is	not	physical
			-	Compute	α	Hessian
			-	Remesh	using	this	metrics

•	Partitioning	(METIS)
•	Parallel
			-	assembly
			-	solving	(MUMPS)

Up to 4 million dofs

Automatic	remeshing
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Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results

IV - RESULTS
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Temperature
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Crystallization

Degree	of	crystallization
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Extrema in the domain

Ejection time 

[Landry, Hubert 15]
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Continuous cooling diagram

Slow	cooling	=	solidification	at	higher	temperature.

Im
po
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d	
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ra
tu
re
	(°
C)

Time	(min)
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Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results

V - EXPERIMENT



Laser assisted tape placement 
process

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

Challenge:	

• Mimic	the	process	at	the	lab	

scale	

• Mesure	surface	température	

and	heat	flux	

• Short	times	/	high	power
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Instrumented bench
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First results
Impact	face	arrièreLaser

Heterogeneous	medium	
Bulk	heating	
Interfacial	artifacts

Time
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Thermal modeling

Zone perturbée

 
 

 

 

 

	Modified	model	:	
▪ Equivalent	homogeneous	ply		
▪ bulk	heat	source	in	a	surface	layer.	
▪ thermal	contact	resistance
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Conclusion
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Multiphysical modelling of composite processing  
Heat transfer + phase change + mechanics

Better understanding of the process
Parametric study

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

Specific material characterization techniques
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