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Agenda

• Nantes, France,
- University / Polytech
- Laboratoire de Thermique et Energie de Nantes
- Polymer and composite manufacturing team

• Composite manufacturing processes
- Flow front monitoring in infusion processing
- Adhesion kinetics in TP composites
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Nantes
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Nantes (600 000 inhab.)

main campus
Chantrerie
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A Composite hub in France

Industries Academics

Institutes
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Nantes Université
Created in 2022.

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

• 43,000 students, including 5,000 international 
students (License - Master – Doctorate)

• 7,800 members of staff including: 
• 4,600 support staff and technicians
• 3,257 lecturers, lecturer-researchers

• 20 faculties, schools or institutes
• 1,500 (approximately) PhD students
• 42 research structures



Polytech Network
POLYTECH NETWORK

THE NETWORK OF FRENCH GRADUATE SCHOOLS 
OF ENGINEERING

• 15 public graduate engineering faculties

• an alliance with 4 partners schools

• 12 different scientific fields

• 17 500 students

• 90 000 alumni

• 100 partner universities around the world

• 2 000 Masters and Ph.D students

www.polytech-reseau.org
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Polytech’ Nantes

7 engineering specialities
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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)

Transferts 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 dans les fluides et 
écoulements complexes

Transferts dans les 
Systèmes Energétiques
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Composite team

Jean-Luc Bailleul Vincent Sobotka Nicolas BoyardSteven Le Corre Elissa El Rassy



14

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
Cheap / sustainable

• Fast and  efficient cycles
• Out-of-autoclave
• Defect free

• Intricate / thick parts
• Large parts
• Assembly

New and robust forming processes

Boeing assembly line

www.sabca.be
Pylone MATCH project
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Motivation
Industrial goal: control and optimize 

forming/assembling processes.

Method: trial and error
monitoring, predictive tools (simulation).
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Outline
Industrial goal: control and optimize 

forming/assembling processes.

Method: trial and error
monitoring, predictive tools (simulation).

I - Flow front 
monitoring in 

infusion 
processing

II – Thermomechanical
characterization - The 

PVT series
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I - Flow front 
monitoring in 

infusion processing
Arthur Levy, James Kratz



How to process it

Ply cutter waste materials

Carbon

[Kratz et al. 17]

Reclaimed Carbon Fibre mats

20



RTM

Defects

• Material looks variable
• Poorly oriented

Requires process monitoring
remain the same over a local region, the volume fraction
will increase. When a number of layers is removed at a ply
drop-off, the volume fraction suddenly decreases.

This configuration was modeled and simulated to predict
the flow during filling. The preform was prepared accord-
ingly and the experiment was performed in the mold shown
in Fig. 10.

The simulation and experiment agreed very well, and the
simulation was shown to predict the location of the final dry
spots. This result validates the usefulness of modeling the
tapered ply drop-off regions as a layered model with discrete
changes in the permeability and fiber volume fraction.

3. Integration of features into a complex mold

After the rib structures and the ply drop-off regions were
understood, analyzed, and the models were experimentally
validated, the results were combined to address the flow
behavior into the complex mold shown in Fig. 1. There were
two options to model the complex geometry depicted in
Fig. 11. One was to use three-dimensional (3D) elements in
the thick and tapered section as shown in Fig. 11(a). The
alternative was to use 2D elements with the changing
thickness accommodated by changing the element thickness
(Fig. 11(b)). The latter approach was adopted, as we did not
anticipate 3D flow.

Preliminary disturbances were identified for this part

from the experience of placement of the fabric into the mold
and the mold geometry configuration. Along with the
transverse race-tracking at the bottom of the ribs as
discussed earlier, if the ribs are cut slightly short for the
cavity, a race-tracking channel will result along the top of
the ribs. In addition, anywhere the fabric layers are placed in
contact with a mold wall, the potential for race-tracking will
also exist. These identified disturbances and their permu-
tations will allow one to generate the flow front pattern one
would expect in the presence of these disturbances. This
information will then be used to locate placement of sensors
that will help identify and isolate the disturbance.

The goal of the design environment is to detect these pre-
defined (anticipated) disturbances by placing a minimum
number of sensors at strategic locations, and provide the
flow rate distribution between the initial injection gate and
the auxiliary control gates so that the mold will successfully
fill without any dry spots. The location of the initial gate and
the auxiliary control gate was pre-selected, however the
current version of the design environment can locate them
as well [26]. The various software modules of the design
environment consists of (i) LIMS module, for simulating the
various flow scenarios with and without pre-defined
disturbances, (ii) sensor placement module to automatically
locate sensors to distinguish between the pre-selected
scenarios, which are represented in the form of a decision
tree, and (iii) genetic algorithm module to decide on

Fig. 8. The tapered mold.

Fig. 9. Variation of fabric stack-up inside the mold. (a) Mold thickness, (b) # of layers, and (c) fiber volume fraction distribution in 5-region converging model.

Fig. 10. Simulation and experiment using the change in fiber volume
fraction and permeability in the ply drop-off region. The simulation shows

the contours that indicate the locations of the flow fronts at various time

intervals.

J.M. Lawrence et al. / Composites: Part A 33 (2002) 981–990984

[Lawrence et al 02]

Fig. 5. Flow front patterns at different injection times for the fibre bundle distributions in Fig. 4, injection from left to right.

Table 4
Permeability K and fill time tf (mean value, standard deviation and coefficient of variation, based on five repeats) determined from injection simulations at different values of the
parameters filament count cf, bundle length l, preform target superficial density St; for the number of bundles per cell, N, and the local fibre volume fraction Vf derived according to
Eq. (9), mean value, standard deviation and coefficient of variation were averaged for each series

cf/103 l/mm St/kg/m2 N Vf K/10!11 m2 tf/s

6 28 0.70 4.08 ± 2.07 (±51%) 0.19 ± 0.10 (±53%) 4.73 ± 0.23 (±5%) 690 ± 29 (±4%)
6 57 1.05 6.10 ± 2.44 (±40%) 0.29 ± 0.12 (±41%) 1.36 ± 0.04 (±3%) 2081 ± 80 (±4%)
6 115 1.40 8.01 ± 2.76 (±34%) 0.38 ± 0.13 (±34%) 0.49 ± 0.04 (±8%) 4985 ± 399 (±8%)

12 28 1.05 6.11 ± 2.55 (±42%) 0.30 ± 0.13 (±43%) 1.39 ± 0.05 (±3%) 2017 ± 72 (±4%)
12 57 1.40 8.08 ± 2.73 (±34%) 0.40 ± 0.14 (±35%) 0.44 ± 0.03 (±8%) 5712 ± 446 (±8%)
12 115 0.70 4.02 ± 1.89 (±47%) 0.20 ± 0.09 (±45%) 4.28 ± 0.29 (±7%) 753 ± 45 (±6%)
24 28 1.40 8.14 ± 2.80 (±34%) 0.40 ± 0.14 (±35%) 0.58 ± 0.07 (±12%) 4213 ± 403 (±10%)
24 57 0.70 3.98 ± 1.80 (±45%) 0.19 ± 0.09 (±47%) 5.05 ± 0.45 (±9%) 639 ± 44 (±7%)
24 115 1.05 6.13 ± 2.30 (±37%) 0.30 ± 0.11 (±37%) 1.29 ± 0.13 (±10%) 2153 ± 183 (±9%)

A. Endruweit et al. / Composites: Part A 39 (2008) 1660–1669 1665

[Endruweit et al. 08]

Manufacturing
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Pressure sensor Tekscan mapping

Non intrusive
~2000 cells
Quantitative data

[Konstantopoulos et al. 14, 
Di Fratta et al 13]

In-situ monitoring 
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Can the pressure sensor give useful information ?

Motivation

23



o Experimental RTM setup

o Material characterization

o Flow front monitoring

o Direct numerical modeling

Using pressure 
sensor data as 

input

Outline

24



Experimental RTM setup
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Surface mapping sensor
Reclaimed fibre preform

(4 mm)

Central injection 
(160 kPa)

TekScan 5101
112 mm square grid

Measurement every 2.5 mm

80 mm acrylic upper mould
Camera to record flow 

position

Recatex Type 62 complex
Non-woven 200 g/m2

Perimeter vent 
(atmosphere)

Experimental Setup
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Threshold and 
Ellipse fit

Video

Golden syrup 
diluted 15%

Visual flow front tracking
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Preform
Injection hole

High 
Pfibrebed

Low 
Pfibrebed

Before processing
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Pressure mapping sensor



ICMAC Nottingham, July 18 

Assuming

Constant throughout
process

Substract dry 
mat pressure 
(initial frame)

𝑃"##$%&' = 𝜎*%+,&+&' + 𝑃.&/%0

Processing in-situ pressure map
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Permeability characterization

30
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Permeability from Camera

Direct Model

• Darcy flow 
• 2D radial
• Central injection point
• Anisotropic
• Analytical

Inverse Method

Kx

µ
= 1.62⇥ 10�10m2.Pa�1.s�1 Ky

µ
= 1.20⇥ 10�10m2.Pa�1.s�1
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Permeability from Pressure Field

Inverse Method with a Direct Analytical Model

t=295s

Ky

µ
= 1.27⇥ 10�10m2.Pa�1.s�1

Kx

µ
= 1.57⇥ 10�10m2.Pa�1.s�1

-3% from
camera

+6% from
camera

Difference between 
contours due to material Vf
variability



Flow front monitoring

[Kratz et al, FPCM 18 – Lulea]

33



34

Flow front identification

Calculate flow front distance for each angle using all the pressure data 

Adapted to central injection

Polar Description For each angle

Flow front distance

Flow front 
l

Direct model says :

P (r) = Pinj ⇥
ln(r)� ln(l)

ln(r0)� ln(l)

P 
[k

Pa
]

r [m]



Faster flow

Slower flow

Lower Pfibrebed

Higher Pfibrebed
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Pressure sensor accurate for monitoring flow defects

Defect identification
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Direct numerical modeling

[Levy et al, ICMAC 18, Nottingham]
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Compaction curve Dry pressure map

Fibre volume fraction map
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From dry pressure to Vf
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• Darcy flow

• Incompressible resin

• Two fluids

• Pressure BC

• K map from sensor

            airresin
P = Pinj

P = Patm

[Endruweit et al. 08]

Modeling infusion

39



• 2D Finite elements

• FreeFem library

• Levelset for flow front
• Mesh adapt
• Reinitialization

P (Pa)

Direct numerical simulation

40
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The pressure mapping sensor was used to:

- Characterize permeability

- Track flow front

- Feed a Direct Numerical Simulation

Conclusion

43
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II – The PVT series

Sourour Traouli, Rima Sfar Zbed,  Mael Peron, Xavier Tardif, 
Vincent Sobotka, Nicolas Boyard, Steven Le Corre, Didier Delaunay



Classical defects in manufacturing

show that where failure is controlled by shear instability due to
fiber waviness, compressive strength can be expected to be a func-
tion of stress gradient and therefore cannot be regarded as a true
material property.

The hyperspectral imaging enhanced progressive damage mod-
els and the experiments show that delamination occurs at the
highest fiber misalignment angle near the ply waviness apex.
Delaminations appear as a result of kink band formation and inter-
laminar shear damage growing over the layers. Optical microscopy
of the specimen edges during the flexural test shows two distinct
failure mechanisms associated with varying regions of
delamination.

In the specimen with the repeated high amplitude waviness
profiles, the most dominating failure is delamination growth and
propagation between the layers, particularly where the resin
pocket is deepest. Large amounts of delamination occur before
final failure occurs in the tension zone of the specimen. The fiber

kink band formation is confined to small zones. The onset of
delamination is observed in both cases to occur at the point of
highest fiber misalignment. The optical micrographs of Specimen
2 as it progresses to failure are shown in Fig. 9 a. The domination
of the delamination failure in the specimens with the higher ampli-
tude can be understood with the fiber wrinkling leading to delam-
ination at the resin pocket zone and finally to fiber fracture.
Consequently, the spatial propagation of failure in these specimens
starts from the highest waviness side and progresses across the
width into the low waviness zone on the other edge.

For the specimenwith a lower amount ofwaviness (Specimen 3),
the interlaminar damage spreads through the plies, but is much
more localized. This occurs since plies can take higher stresses and
the shear can reach critical values before the onset of kink band for-
mation and break. Localized and high transverse shear stress con-
centration points in the high waviness specimens lead to
delamination failure at lower loads. The transverse shear stress is

Fig. 9. Failure progressions using optical microscopy of (a) the high waviness amplitude specimen number 2 and (b) low waviness amplitude specimen number 3. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Model results from Specimen 2 showing progressive growth of delamination under increasing force. In (a), the damage index represents regions where delamination
has begun to occur. In (b) and (c) delamination grows from the initiation site occurring away from highest bending moment location under the load and affecting multiple
plies. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

R.F. Elhajjar et al. / Composites: Part A 81 (2016) 98–104 103

[Elhajjar et al. 16]

[Baran et al. 17]

[Peron. 16]

Macroscopic

Spring in

Warpage

Microscopic

[Peron. 16]

Fibre waviness

Buckling / kinking

45



Scientific approach

Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results

46
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Multi-physical modeling

Mechanics

mould/part 
contact

properties

Heat transfer

Phase change

properties

thermal 
activation

chemical 
shrinkage

thermal 
expansion

exotherm
properties



PVT-𝛼

48



49

First of a kind : PVT𝛼
Multiphysical characterization of neat resin

Analytical data extraction: assumptions
Incompressible, contact, hydrostatic 

α, β, k

Time (s)

Vo
lu

m
e 

va
ria

tio
n 

%

De
gr

ee
 o

f c
ur

e

Im
po

se
d 

te
m

pe
ra

tu
re

 (K
)

[Millischer & Delaunay 00, Yassir et al 13, Peron et al 16]



Raw measurements

[Peron 2016]
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Results

52

Improved analysis
Multiphysical 

numerical resolution

Contact handling

• Compressible material
• Possible loss of contact
• Good correlation

FreeFem++

[Peron et al 16]



PVT-XT
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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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Typical results
Chapitre III- Etude des transferts de chaleur couplés à la cristallisation lors de la mise en forme de 
composites à matrice thermoplastique 
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Figure III- 21 Evolution du volume spécifique du PA 66 (D) mesuré par le PvT-xT 
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Figure III- 22 Evolution du volume spécifique du PA 66 (F) mesuré par le PvT-xT 

Le tableau ci-dessous présente l’évolution du volume spécifique en fonction la température sous 
forme d’équations pour une pression à 5 bars. Ce résultat est obtenu par extrapolation des 
données en utilisant le modèle IKV présenté précédemment.  

 
Tableau III- 2 Evolution du volume spécifique en fonction de la température pour les PA 66 (D) et PA 66 (F) à 5 bars 

PA 66 
Amorphe              

[280-230 °C] 
(m3/kg) 

Semi-cristallin   
[230-130 °C]  

(m3/kg) 

Semi-cristallin 
[110-30 °C]   

 (m3/kg) 
PA 66 (D) 5.8 10-7xT+8.41 10-4 6.6 10-7xT+7.94 10-4 3.8 10-7xT+8.36 10-4 
PA 66 (F) 5.2 10-7xT+8.76 10-4 6.57 10-7xT+8.20 10-4 3.85 10-7xT+8.36 10-4 

PA66 [Faraj 2016]

transition
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Cellule LTN Thermique – Capacités 
Caractérisation des propriétés thermophysiques d'un composite 

PAEK  

27/08/2020 
Réf : 

LTNRMV201903B
-2-IRT 
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Figure 15 : Comparaison des mesures de volume spécifique et des prédictions du modèle de Tait modifiés aux 
différentes pressions appliquées 

III. Conductivité thermique 

        III.1. Méthode de mesure 

La mesure est réalisée en régime stationnaire à l’aide d’un conductivimètre de type plaque chaude 

gardée. Un montage spécifique « isolant » est utilisé pour la direction z et un montage spécifique 

« conducteur » pour les directions x et y.  

L’ensemble des mesures a été corrigé en tenant compte des dilatations éventuelles des échantillons. 

Pour ce faire, les coefficients de dilatation thermique des échantillons en x, y et z ont été mesurés à l’aide 

d’un dilatomètre linéaire LINSEIS L75 (voir paragraphe consacré dans la suite). 

III.2. Principe de mesure en montage isolant 

≃4.3mm) est disposé entre une chaufferette et un adaptateur, 

chacun muni d’un thermocouple. Les mesures sont effectuées sous vide. Les températures des 

échangeurs sont maintenues constantes jusqu’à l’obtention d'un équilibre thermique permanent. Le 

relevé de température se fait sur l'axe du cylindre. 

Dans un premier temps, on réalise une mesure dite adiabatique de T2 et T3 pour tenir compte des pertes 

thermiques du système. Les deux échangeurs sont alors à la même température : T1=T5.  

PAEK

Adaptation of Tait model [1988]:

𝝆 (P,T, 𝛼)
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PVT-HADDOC
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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 tests

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



Results
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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)
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[Peron et al 18]



Fine CCS identificationComposites Part A 153 (2022) 106689

8

R.S. Zbed et al.

Fig. 11. Thermal expansion along both transverse directions of the cured sample 2
measured with linear dilatometer.

fiber rich prepreg plies. In such case, the laminate could not exhibit
a symmetric structure in the fiber direction which may explain the
variation of the measured properties along both transverse directions.
This assumption has been already supported by recent research work
that was interested in modeling the behavior of interlayer toughened
prepregs. The measurements of the CTE conducted on cured UD lam-
inate samples with linear dilatometer along the transverse directions
showed indeed an orthotropic behavior [34].

The CTE of the cured tested samples in this work were also mea-
sured using a linear dilatometer Linseis L 75 HXLT. Both transverse
directions were investigated using specimens that were cut from each
laminate sample after curing. The samples were heated from ambient
temperature up to 200 ˝C with a heating rate of 2 ˝C/min. A typical
variation of the induced linear expansion of specimens extracted from
sample 2 is illustrated in Fig. 11 as a function of temperature. Along the
longitudinal direction, the measurements of "11 strain do not reveal any
expansion of the material during heating but rather a slight contraction
of about zero that could not be noticeable and which is in accordance
with the observed tendency of the axial strain measured with the PvT-
HADDOC device. Along both transverse directions, the strains evolution
exhibit a change in slope approximately around Tg = 155 ˝C which
reflects the differences between the liquid and rubbery expansion co-
efficients. The point at which the strains change matches perfectly the
predicted glass transition temperature. The estimated values of the CTE
in the glassy state were compared to the measurements of the PvT-
HADDOC device. According to the results gathered in Table 3, the
measurements of the CTE with both methods are in excellent agree-
ment. Similar behavior in the cured state was found in a recent research
work [35] conducted on an interlayer toughened UD prepreg using
TMA technique showed indeed the orthotropic CTEs of this material.
These reported results could validate again the assumption that the
presence of the extra layers of resin is the major reason behind the
orthotropic behavior of the studied material.

4.4. Chemical shrinkage behavior and CCS measurements before/post gela-
tion

The dimension changes of the material that take place during the
isothermal hold at stage 3 are directly generated by the crosslinking
reaction of the matrix. The chemical shrinkage is a reflection of this
reaction and therefore it is much more useful to elaborate the rela-
tionship of cure shrinkage with the degree of cure. We assume that
during the isothermal dwell there is no effect of thermal expansion of
the material and thereby the measured strains during stage 3 are mainly
related to the chemical shrinkage (denoted �"chem). In Fig. 12, the effect
of curing along both transverse directions is isolated and zeroed at

Fig. 12. Measured chemical shrinkage of sample 2 during the isotherm cure at 160 ˝C.

the beginning of the isothermal cure at 160 ˝C. The induced strains
from the curing of sample 2 are taken as example and presented as a
function of the estimated degree of cure. As illustrated in Fig. 12, the
dependence of the chemical shrinkage on the degree of cure follows
as expected a linear trend but it exhibits a change of slope around a
specific point. As reported in [26], the gel point of the M21 system
is estimated between ↵ = 0.51 and 0.55. Therefore, we assume that
the deviation of the chemical shrinkage is attributed to the gelation
of the matrix. The slope of each linear region gives the CCS of the
unidirectional laminate and hence allows for two coefficients of cure
shrinkage to be found along both transverse directions as described
below where ‘BG’ refers to before gelation stage and ‘PG’ denotes the
post gelation one:

�"Chem = CCS � �↵ (3)

CCSii =
T

CCSBG
ii if ↵ < ↵gel and ii = 22, 33

CCSPG
ii if ↵ g ↵gel and ii = 22, 33

The CCSs presented in Fig. 12 describe the chemical behavior of
sample 2. As it is visible, the material does not display the same
behavior through both transverse directions. Firstly and in line with the
previous results, the chemical strains evolution proves the orthotropic
behavior of this unidirectional laminate. The total shrinkage through
the thickness direction reaches *2.29% whereas the material only
shrank of about *0.5% in the plane direction. Like for CTEs, the
presence of interlayers can also explain such behavior even if there is
no reported data in the literature that allows a comparison between
the chemical shrinkage of toughened prepregs along both transverse
directions. All available methods enable measurements along only one
direction. Secondly, the estimated values of the CCS reveal an unusual
behavior that, to our knowledge, has not been captured before ac-
cording to the reported works in literature, simultaneously along both
directions. Before the gelation, the material tends to shrink entirely
through its thickness with a higher rate of *4% comparing to the in-
plane direction where the shrinkage evolves steadily with only *0.33%
of rate. With further increase of degree of cure, the rate of the chemical
shrinkage increases in the in-plane direction and still shows a linear
relation with the degree of cure with a rate of *1.38%. However,
through the thickness direction the after gelation behavior is rather
characterized by a much slower kinetics with a CCS of *2.06% which
is almost half of the CCS before gelation.

The effect of the curing temperature was also studied to further
understand the shrinkage behavior. Sample 1 was cured under an
isothermal dwell at 180 ˝C. In the same manner, the induced strains
captured during the isotherm hold were extracted from the overall
induced strains to represent the chemical shrinkage only. In Fig. 13 are
illustrated the chemical induced shrinkages along the through thickness

[Sfar Zbed et al. 22]
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Ongoing work : Mechanical analysis
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Application
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TP composite consolidation

Figure 15. An example of complex geometry with support and angular forms (at t = 2.7 h): (ab) thermal fields for the mold and half part,
(cd) crystallization degree field for the entire CFTP part.

Figure 16. Experimental observations on a corner set-up: (a) gap caused by contact loss, (b) location of macro/microporosities in the
bottom half of the thickness.

16 Journal of Composite Materials 0(0)

Carbon / PAEK system. Thick part (96 plies)

[Denis et al. 22]
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Simulation

[Denis et al. 22]

Heat transfer
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• PVT-X for TS / TP / TS-composites

• Processing conditions (pressure, temperature)

• Give strains and exotherm (and …)

Conclusion
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