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Outline

• Nantes, France,
- Nantes Université / Polytech
- Laboratoire de Thermique et Energie de Nantes
- Procédé polymères et composites

• Composite manufacturing
- Deconsolidation
- Adhesion
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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



Engineering Curriculum



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

+ joint degree ETS
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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



LTEN expertise
Characterization Simulation

Instrumentation

Under process conditions

PVT series

multiphysical

Tape hétérogène

Tape homogène

AFP thermal study Instrumented 3D printer

Thermoplastic solidification
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Composite
manufacturing 

processes
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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

Pylone MATCH project

TP composites / robust forming processes

Boeing assembly line

www.sabca.be



Induction welding

Overmoulding 3D printing

AFP Thermo-stamping
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TPC manufacturing processes

Thermo-compression
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Motivation
Industrial goal: control and optimize 

forming/assembling processes.

Scientific aim : develop predictive tools (simulation).

Method:
Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results
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Outlines

Modelling and characterization of the leading
phenomena during :

I – Deconsolidation

II - Adhesion
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I – Deconsolidation

Luc Amedewovo, Arthur Levy, Steven Le Corre, 
Laurent Orgeas, Basile de Parscau



Thermo stampingGF / PEI resistance
welding

Industrial context

[Shi et al. 16]

GF/PEI resistance welding

[Donnadei et al. 18]

Need for prediction and control
23



Thermo-mechanicsMoisture

State of the art hypothesis

[Slange et a l. 18] [Donadei et al 18]

at
 2

40
°C

Essais TMA
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Scientific approach

Physical modeling

Numerical 
simulation

Material 
characterization

Experimental 
validation

Industrial results

Development of a characterization bench under
processing conditions
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Existing methods

Post-process) On line measurements
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Thickness measurement (caliper)

Density measurement

Microscopy

Infrared thermography

Ultrasounds

Micro-tomography

ThermoMechanical Analysis (TMA)

Optical measurement (image correlation)



CODEC bench
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[Amedewovo et al. 22]



CODEC bench
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Standard dilatometry CODEC setup

Validation
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Sample size : 10 mm x 10 mm x 2,98 mm
Sample size : 125 mm x 25 mm x 2,98 mm

CODEC bench resolution : ±36 µm



First results
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Consolidation

Test procedure

• Oven (VbO)

Material

CF/PEKK (Toray Composites)
348 * 348 mm*2,90 mm
16 plis UD à 0°

• Press

Pre-conditionning

• Drying 180°C / 72h
• Ambiant storage 5 months
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Results press/oven
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Results press/oven

Conso presse Vc=60°C/min

Conso étuve Vc=60°C/min
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Results dry/wet
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Results dry/wet
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Results dry/wet

Non séché Vc=60°C/min

Séché Vc=10°C/min
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Conclusion

Development of CODEC
Lab scale deconsolidation

Representative of manufacturing conditions
In situ continuous measurement

First results on Carbon/PAEK
Effect of moisture

Effect of residual stress



Ongoing work
In-situ observation in synchrotron (ESRF) 
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II – Adhesion kinetics in 
thermoplastic composite 

manufacturing

Julien Avenet, Thomas Cender, Arthur Lepoivre,  
Jean-Luc Bailleul, Steven Le Corre, Arthur Levy



Geometrical contact Bonding

Wetting

Intimate contact

Attraction force

Healing

Goal : predict mechanical property of interface
Under processing conditions (high temp., short times)

40

Thermoplastic composite adhesion
[Doi & Edwards 78, Wool & O’Connor 81, Lee and Springer 87, Benatar 89]
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Scientific approach

Welding under 
controlled thermo-

mechanical conditions
Mechanical test

Adhesion kinetics Implementation in 
process simulation



TACOMA welding bench
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Welding Mechanical test

Kinetics Implementation

[Avenet et al, 20]
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TACOMA welding bench

cutting machine. A countersunk hole was machined in each sample
10 mm from one end to insert a loading pin used for gripping the
sample during the fracture test. The coupons were then manually
cleaned using acetone solvent and dried in a vacuum chamber at 180 °C
for 20 h in order to remove residual water and limit the laminate de-
consolidation phenomenon that would occur during the welding se-
quence.

The side of the composite that would be in contact with the mold
was covered with polyimide tape to facilitate the removal of the welded
coupons after the welding procedure. The initial crack between the two
composite adherends was created by inserting a non-adhesive 20 μm
thick aluminum foil between the two samples at 50 mm from the load
application point such that the welded area was 65 mm long by 25 mm

wide, matching the ASTM D5528 standard. Finally, the loading pins
were inserted into the samples prior to the welding experiment. They
were engaged in a cavity machined inside the mold as described in the
next section.

2.2. Experimental welding bench

The welding bench was developed for welding composite substrates
for a finite amount of time (down to a few seconds) and under constant
isothermal conditions. The TACOMA (for Thermo-Adhesion by
COnductive heating of composite MAterials) setup is shown in Fig. 4.

Design. The mold comprises two L-shaped copper symmetric platens.
One is static and the other moving. Their dimension is the same as that
of the samples, i.e. the width b is 25 mm and the length L 125 mm. Thus,
the entire lengths of the samples are heated and pressed together.
Additionally two lateral copper plates (one on each side of the mold)
are fastened on the mold to separate the cavity from the ambient air
and ensure a confined cavity. In order to avoid holding issues of the
samples [33], the setup was designed with the moving platen sliding
horizontally. Thus, the samples are simply positioned vertically on each
platen, facing each other and resting on their sides. Thanks to the lat-
eral plates, the static platen acts as a die and the moving platen as a
punch. Finally, a slider is attached to the insulating material of the
sliding platen to control the shear edge gap and bear the weight of the
platen.

Fig. 2. Cross-sectional micrographs of autoclave consolidated samples. The
resin-rich layer is shown in the zoomed picture. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 3. Dimensions of the composite coupons to be welded and tested with
double cantilever beam tests. The grey circle represents the countersunk hole to
insert the loading pin. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. The experimental TACOMA setup, designed for welding under iso-
thermal conditions followed by a fast cooling. (top): general view and (bottom):
schematic view. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

J. Avenet, et al. &RPSRVLWHV�3DUW�$������������������
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Stopped homogeneous welding test

15 K/s



Mechanical characterization
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Welding Mechanical test

Kinetics Implementation
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DCB test

width validated that edge effects are present on the sides. For instance,
in Fig. 7, heating and cooling rates are faster for thermocouple T3. The
edge effects are crucial during the cooling phase since they might in-
duce a healing degree profile along the width of the sample: the centre
of the sample stays at a high temperature for longer time before the
cooling starts. The iso degree of adhesion along the sample width could
therefore present a profile that is not straight. Nonetheless, as discussed
in the following section, the adhesion gained during cooling was neg-
ligible compared with that gained during the contact phase under iso-
thermal conditions.

3.2. DCB validation

The load–displacement curves obtained from the double cantilever
beam fracture tests are presented in Fig. 8. They present a saw-tooth
behaviour characterized by sudden drops in the recorded force that
correspond to unstable fractures. This is known as stick–slip crack
growth [36] accompanied by high-speed propagation and arrest. In
contrast, stable behaviour is characterized by continuous crack growth
with increasing displacement. This phenomenon has been observed by
different authors. Harkous et al. [33] attributed it to very rapid failure
of the welded area and explained that, for high resistance composite,
the large amount of energy released causes a long propagation of the
crack and, consequently, a complete breaking of the part. Sacchetti
et al. [37] also observed this unstable behaviour for unidirectional
carbon-PEEK laminates and explained that it was due to a non-uni-
formity of the matrix rich layer at the surface of their samples, resulting
in a non-uniform interlaminar fracture toughness along the crack path.

Due to unstable crack propagation and difficulties in measuring
crack length during the double cantilever beam test, interlaminar
fracture toughness GIC can be calculated at the crack initiation point,
corresponding to the first peak in the load–displacement curve. At this
point, the crack length is known and corresponds to the length a0 of the
non-adhesive aluminum insert. These GIC ini, values are calculated using
Eq. (7).

In order to confirm the relevance of this GIC ini, value, incremental
DCB tests were performed. This consisted in positioning a clamp at
different positions along the sample length to stop crack propagation
and performing a DCB test. Once the crack had propagated from its
initial length to the one corresponding to the clamp position, the
samples were unloaded at 25 mm.min−1, the clamp was moved to a

further position and the samples were reloaded at 1 mm.min−1. This
allowed the calculation of GIC at each position of the clamp, corre-
sponding to different known crack lengths. The load–displacement
curves corresponding to these tests are presented in Fig. 9 . The pro-
pagation of the crack remained unstable between two locations of the
clamp, characterized by a sudden force drop. GIC values were calculated
as before using Eq. (7), with a being the location of the clamp from the
loading application point, in this case successively 55, 60, 65 and
75 mm. The first value corresponds to the crack initiation GIC ini, while
the other values are associated with crack propagation and can be
written as GIC prop, . As visible from Fig. 9 , incremental curves sometimes
exhibit a slight non-linearity before the next propagation of the crack.
This can be attributed to the fact that the clamp might not perfectly stop
the crack propagation leading to a more disturbed crack front for the
next clamp position. This leads in turn to this observed change of
compliance. Evolution of GIC values versus crack length is plotted in
Fig. 10 for three different welding times. This incremental test is par-
ticularly useful for samples welded for very short residence times, due
to low fracture resistance and heterogeneity along the total welded
length. In practice, it was only used for low adhesion situations.

The repeatability of the classical DCB tests shows a 15 % error on
GIC ini, measurement. This 15 % error was applied to the first point of the
incremental DCB test. In Fig. 10 the hatched area corresponds to this
error measurement interval and the dotted line to GIC ini, value. Overall,
the GIC prop, obtained from incremental DCB tests all fall within this in-
terval. For our material, this validates that the energy release rate for
crack propagation equates that for initiation. Thus,GIC ini, will be used in
the following the initiation values.

4. Results and discussion

In this section, the characterization methodology described above is
applied to the carbon-PEKK material. The experimental campaign de-
scribed in Section 2.4 and Table 1 is followed.

4.1. Bonding regimes

Interlaminar fracture toughness of the samples welded at different
temperatures are plotted against contact time in Fig. 11, where three
adhesion regimes can be identified. Micropgraphs and SEM images of
the interfaces corresponding to these respective regimes are visible in
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𝐆𝐈𝐂,𝐢𝐧𝐢𝐭𝐢𝐚𝐭𝐢𝐨𝐧 =
𝟑𝐏𝐜𝛅
𝟐𝐛𝐚𝟎

Mechanical adhesion quality quantification

Automatic crack tip tracking



Kinetics identification

46

Welding Mechanical test

Kinetics Implementation

[Avenet et al, 21]



I. Coupled regime: Intimate 
contact is not fully achieved

II. Pure healing regime

III. Terminal regime:
Other adhesion phenomena

𝐺34,5 = 2,3 ± 0,1 kJ.m?@

[Avenet et al 21]

Carbon / PEKK 7002

47

Adhesion regimes
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Healing regime

T (°C) 380 370 355

𝐭𝐰,5 (s) 79 104 121

A = 0,003 s
EE = 55,512 kJ.mol?I

[Avenet et al 20]

d (Dh)

dt
= f (T )
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Correlation with rheological time

Angular frequency
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Preprocessing influences weldability
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Effect of pressure 1
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Effect of pressure 2

Intimate contact is non-Newtonian
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Implementation
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Welding Mechanical test

Kinetics Implementation

[Lepoivre, PhD, 2021]
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3D printing application

Parametric study, processing window
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[Lepoivre PhD, 21]

d (Dh)

dt
= f (T )
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Conclusion

Novel welding bench

Healing can be implemented in simulation 
tools

Procedure for adhesion kinetics
identification
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Perspectives
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Sustainability

Material
End of life

Recyclability
Low tech / footprint

Manufacturing
Energy efficiency

Scraps
Consummable
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