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1 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 Universite

Created in 2022.

O
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Beaux Arts

>nantes
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nt-Na —architecture

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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P Nantes Universitée

* 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
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N Polytech Network

e ® THE NETWORK OF FRENCH GRADUATE SCHOOLS
° OF ENGINEERING

Le Havre @ Sorbonne
Le Mans @ Paris-Saclay

- @‘. @ orieans Dijon o * 15 public graduate engineering faculties
o~ @ Tours
%ms = ’c‘::fncb{rg * an alliance with 4 partners schools
® ® « 12 different scientific fields
Clermont Lgon@
Grenoble e 17 500 students
Mlal_.‘_)ei“eNic:eSophia . 90 000 | .
Montpellier@ @ @ alumni

e 100 partner universities around the world

@ Ecoles membres du réseau

O o o e e e 2000 Masters and Ph.D students

- ESGT du Cnam au Mans
- ESIREM de I'Université de Bourgogne
- ISEL de I'Université Le Havre Normandie

POLYTECHS
www.polytech-reseau.org




’ POLYTECH
NANTES

Polytech’ Nantes

400
Graduates every year

1500
Engineering
students

Graduate school of engineering
of the university of Nantes

250
Master's and
PhD students

Electronic and Digital Technologies
Civil Engineering

Electrical Engineering

Process and Bioprocess Engineering 120

Computer Science Professors and

Materials Sciences assistants professors

Thermal and Energy Sciences



-Laboratoire de Thermique et Energie de Nantes (LTEN)

~70 people

I\l Nantes
W7 Université
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-Laboratoire de Thermique et Energie de Nantes (LTEN)

Transferts Thermiques dans les Transfert dans les Fluides et
Matériaux et aux Interfaces Systemes Energétiques
Transferts aux interfaces et dans Transferts dans les fluides et
les micro-systemes écoulements complexes
Transferts thermiques dans la
mise en forme des polymeres et

composites
P Transferts dans les

Systemes Energétiques

Caractérisation et
fonctionnalisation des
propriétés radiatives des
matériaux

I-_r N McGill



R Composite team

Steven Le Corre  Jean-Luc Bailleul  Vincent Sobotka Elissa El Rassy Nicolas Boyard
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Composite
manufacturing
processes




" Composite use in aeronautical industry

90 % 90
The Eurocopter NHS0 helicopter holds the record, with &'
80% composites accounting for 85 percent of s structural weight. EC
Among commercial aircraft, the A350 XWB heads the field q E"‘
O\o 70 %
')
C 60%
.20
g 50 %
EC135
Q 0% >
= B8-2
8 30% ®
O Gn o
ATR72 © FA2 &)
E p— ) VP ® o maser
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10% - \ A310 O F/A18C/D o777
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B Today’s challenges

4 . N ([ . ™
Increase part complexity Cheap / sustainable

A «Y

Boeing assembly line

* Intricate / thick parts * Fastand efficient cycles

* Large parts e OQut-of-autoclave
.  Assembly oL Defect free p.
L - N # New and robust forming processes
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Motivation

Industrial goal: control and optimize
forming/assembling processes.

Method: trial-and-error

monitoring, predictive tools (simulation).

McGill
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R Outline

monitori9g predictive tools

O O

| - Flow front

monitoring in
infusion

processing

Il - Thermomechanical
characterization - The
PVT series




B
I - Flow front

monitoring in
infusion processing

Arthur Levy, James Kratz

'

: % 1Versl
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W Reclaimed Carbon Fibre mats

Carbon

Ply cutter waste materials

T I:> How to process it
L : N [Kratz et al. 17]




- Manufacturing

Defects

[Endruweit et al. 08]

—

e Material looks variable
e Poorly oriented

[ RTM

\ [Lawrence et al 02] /
I-_r— N |:> Requires process monitoring




In-situ monitoring

Pressure sensor A / Tekscan mapping \

Non intrusive

~2000 cells
Y K Quantitative data /
T: [Konstantopoulos et al. 14,
— Di Fratta et al 13]
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- Motivation

Can the pressure sensor give useful information ?




O

O

O

O

Outline

Experimental RTM setup
Material characterization

Flow front monitoring

Direct numerical modeling

Using pressure
sensor data as

input




Experimental RTM setup




- Experimental Setup

Central injection

Reclaimed fibre preform (160 kPa) Perimeter vent
Surface mapping sensor (4 mm) (atmosphere)

TekScan 5101 Recatex Type 62 complex 80 mm acrylic upper mould
112 mm square grid Non-woven 200 g/m? Camera to record flow
Measurement every 2.5 mm position




B Visual flow front tracking

Ellipse fit

Video

diluted 15%

Minor Axis (image process‘mg)

—_— fit)
inor AXIS (Model
w:]c())r Axis (image proce

___— Major Axis (Mode! fit)

ssing)

1 \ ,
004 006 008




- Pressure mapping sensor

Before processing

A kPa 9%
0.05
- 80
0.04
0.03 170
, [ Low
Injection hole 0.02 Je0 | Pfibrebed
0.01
S
."ﬁ
8_ 40
> -0.01
-0.02 30
-0.03 20
-0.04
10
[ High -0.05 =
. 0
Pfibrebed 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

X position (m)




J Processing in-situ pressure map

Assuming PApplied = Opibrebed T Presin

Constant throughout
process

Substract dry
mat pressure
(initial frame

y position(m)
o

004 005
X position (m)

McGiill
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Permeability characterization




Permeability from Camera

x10%

Direct Model

Darcy flow
2D radial

Central injection point

Anisotropic
Analytical

\

\_“

0.1

0.09 |-

0.08 -

n m
©c o o9
o © o
a & N

Flow front distance (m)
o
o
5

Inverse Method

Minor Axis (image processing)
Minor Axis (Model fit)
Major Axis (image processing)
Major Axis (Model fit)

100

K
2 —162x 107192 . Pa st

200 300 400 500
Time (s)

L

K
Y —1.20x 107 9m2. P .57t

J

McGill
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 Permeability from Pressure Field

Inverse Method with a Direct Analytical Model

Pa x10* -3% from
45

O camera
< —=> model O
0.04 L (> pressure sensor | | 4 - o)
. E 8 K o
i > 2 =1.57x 107" Pa .57
002+ 3 : 1~
£ 25 Ky—127><10—10 2 Pa~l.st
S oL : 7 = 1. A m-.ra .S
.g \ 2 . Oo
i > +6% from
002 - 15
~ camera
-0.04 £ 1
0.5 .
:> Difference between
-0.06

0.05 0.06
X position (m)

contours due to material V;
variability




Flow front monitoring

[Kratz et al, FPCM 18 — Lulea]
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Flow front identification

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

Polar Description For each angle
Direct model says :
Flow front distance
In(r) — In(l)<€
P(T’) = P’L"I’Lj X
In(rg) — In(7)
60 N
80 —{ 1} 50 | xsx\xvx\.
gso — 40 %s}\‘:\&
350-— QB_ Kx*x
£ , Xx 0 My Flow front
£ 30 —| £ %,
E20-— :.'% < 20 \{x"xx l
10 —|(|l| E Xy,
\ 10} X‘xgs“‘/
¢ om O.C;'IS 002 0025 003
r[m]




Defect identification

[Faster flow] [LOWGF Pfibrebed]

T
<> Pressure Feld _
© Fow Front (radial approach)
Fow front (threshold)

kPa

y position(m)

00 002 003 \ \.04 005 006 007 008 0, 002 00 004 005 006 007 008

Slower flow [ Higher Pfibrebed]

—)> Pressure sensor accurate for monitoring flow defects




Direct numerical modeling

[Levy et al, ICMAC 18, Nottingham]
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From dry pressure to V{

/ Compaction curve \ Dry pressure map
5E+5 . : 0.04
------- Experiments £ -
4E+5 | ——Model -
? g g 0.01
e g
o JE*5 2 oo
=2 -0.02
® 2E+5
g
n- -0.
1E+5
0E+0 . . .
0.05 0.1 015 02  0.25

Fibre Volume Fraction
e )

Fibre volume fraction map

0.14




-

Fibre volume
fraction map

0.14
0.12
& 0.1
0.08
0.06
U

< 0.04

0.02

~

>

Kozeny
Carman

1 — 3
o — o ?)
) (V)
o) f
O

Identified from
previous work

From V£ to permeability

-

K, 2

y

~

Nonuniform
permeability map

%1071

“ :

6

4

J 2
x1071

l 8

6

4

J 2

_/




- Modeling infusion

P = Patm ™
e Darcy flow
* Incompressible resin
+ Two fluids /) resin)  air
P = Pinj
* Pressure BC
* K map from sensor .

I-_I-E N [Endruweit et al. 08]




- Direct numerical simulation

e 2D Finite elements
* FreeFem library

e Levelset for flow front
* Mesh adapt
* Reinitialization

W:4d444.4
Wo3333.3
W1i0zz222
Wii1111
120000
128889
137773
W 146667
W 155556
W 164444




- Results for as-received material

0.06 0.06

0.04 - 0.04 |

0.02 - 0.02 -

FE model
== == homogeneous analytical
camera

-0.02 - -0.02 |-

-0.04 -0.04 |-

-0.06 1 1 1 1 1 -0.06




- Material material with defects

0.06 T T T T T

004 T T T =~ _

0.02 -

-0.02 -

y position (m)

0L FE model
homogeneous analytical
camera
-0.06 * : : : :
0o 002 003 004 005 006 007 008 0 0.01 0.02 0.03 0.04 0.05 0.06

X position (m)

LI — N —> As bad as as-received material




R Conclusion

The pressure mapping sensor was used to:
- Characterize permeability

- Track flow front

- Feed a Direct Numerical Simulation

- J




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

B 4 h
Macroscopic Microscopic

Warpage ~ Fibre waviness

[Elhajjar et al. 16]

Buckling / kinking

[Peron. 16]

Spring in

Pressure + Temperature

AL — ===

L

LT- [Baran et al. 17] N . [Peron. 16] )




R Scientific approach

_ _ Material
[Physwal modeling characterization J

Experimental
validation

Numerical
simulation

‘ Industrial results \




Multi-physical modeling

p
(7 > \: properties ==\
exotherm | Heat transfer N
thermal
\_ y expansion
activation
| properties | mggrlgg %?rt
) v v v
chemical =
shrinkage| _
Phase change Mechanics
———Ibroperties——>>
\§ J \_

McGill
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PVT-«




B First of a kind : PVT«

Multiphysical characterization of neat resin

Capsule Z

Sample

Cooling System

Gz o Yo P E_ Heating Coils

Guiding Columns

Piston
LVDT Sensor
Heat Flux Sensors Molding Cavity
Capsule + Sample
o N
g— Heating Coil c
' 0
=
0
: o
Sample Ejectors ©
>
()]
S
>S5
6 —-—- Volume expérimental
> o - \/olume numérique | T
2 e Avancement a coeur
aee - - - Température Imposée
1 1 po2t—y T T T T T T T T T T — 0.0
‘[Millischer & Delaunay 00, Yassir et al 13, Peron et al 16]‘ 0 2000 4000 6000 8000 10000 12000 14000
Time (s)

Degree of cure

450

420

390

360

330

300

270

240

Imposed temperature (K)

Analytical data extraction: assumptions # K
x, B,

L N Incompressible, contact, hydrostatic



Raw measurements

p— : - - : : 1.2
A LN s - 450
8- e e eemmmmmm e LT TSR ‘—i————: —————————————— {-mnnmn -
2 s s s v ‘
? I,,’ 3“émoeoe:eoeoeo?oeoooeieeeeoe\qeeeeoe?ooo-a1_0 _420
= NIERES 3 | | \
; 6—/' b s T S 1 3
= N A s | s '\ s 0.8 1390 T
% :///_/ : e‘ | : : ; \\ : - 8
> 44 P j" ””””” T A Vo ] QC) - 360 8_
) ;! o : : : : \ : c c
© a 4 3 3 3 : v —4 0.6 o —_
c e oA 3 3 3 E . o | ()
L — S g 130 £
© /’ ; o 3 3 f : N S T
= . . : ‘ : : : : : e 4
C>U -y \-~.3..._._._._...+.._........_....;.._.___ : 1 104 < -4 300 35
y ' ' ' ' ' N ' ' o
05 -4 e e c
‘ ! . ‘ é\,\.\. % 2 _ 270 0
‘ o | —-— Volume expérimental P 0. =
24 SR o Avancementacoeur |
‘ o - - - Température Imposée i i - 240
AAAI i l‘ago i L) i L) i ] i L) i L) i ] 0-0
0 2000 4000 6000 8000 10000 12000 14000

Temps (s)

I-_rE N [Peron 2016]
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D Graphical analysis

12.00

10.00

8.00

CTE raw

6.00

4.00

Effective

—shﬂnkage
0.00 F

2.00

Volume variation (%)

-2.00

,/i CTE cured

-4.00

0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00 180.00
Temperature

I-_I-E N [Epoxy system]




3 Improved analysis

" Multiphysical | [ Results A

numerical resolution

Vs

 Compressible material

\'V

properties

(o) - * Possible loss of contact
— . '
& 7 Good correlation
(properties |
Y Y " 'lo-”‘ Sin;ulanon avt =0
) (chemiaal | .

y-| + Simulation at = tfinal LA f
) - Mesure expérimentale a t = tfinal
=S

shrinkage
Phase change

£paissew
=]
-

a023 aMa 1008

5
s -
2

25

FreeFem++

Contact handling

s

38 AN1€ 1047 a0t ane 2100 a0 1022
2. 3 )

/ \ ‘[Peron et al 16]/4111"
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PVT-XT




Control
thermocouple

Heater

receptacle
Lower

piston

Ejection
device

Smm

Mould |

Cavité
cavrty

16mm

Heat flux
sensor

[Tardif et al 12]




Volume spécifique (m°/Kg)

1.0x10°°

1.0x107°

9.5x10™

9.0x10™

8.5x10™

Typical results

| 1 | 1 | 1 | 1 | 1 | 1 | 1 |
- - - - Extrapolation a 5 bars Polymere
— 20 MPa amorphe
4 | —— 30 MPa C-mmme <
——— 40 MPa T
Polymere ,
semi-cristallin
= < _______________________________
i \ - i
T T T T T T T T T T T T T T T T
30 60 90 120 150 180 210 240 270

Température (°C)

PA66 [Faraj 2016]




Volume spécifique [m*.kg™]

Modeling

—— 30MPa (Mesure)
—— 43MPa (Mesure)
60MPa (Mesure)
B double pesée hydrostatique (Mesure)
- - - 0 MPa (Tait)
- - - 30 MPa (Tait)
- - - 43 MPa (Tait)

- - — 60 Mpa (Tait)

\
1

Température [°C]

PAEK

Adaptation of Tait model [1988]:

p(PT, a)




PVT-HADDOC




B PVT-HADDOC

Homogeneous Anisotropic Deformation and Degree of Cure

1/ /

0@0??’

,,,,,




R Procedure

Force‘ ‘ Pressure
g Loading range A

T € [20° —200°], 7 < 5K.min"?
Pt v‘v’:ﬂ, i T - p < 10bars(£0.1bar)
indo | * kF < 10(kN), f < 100HZ  : nstron Etectropuise Press/

Pressurizable
Cavity

Piston
Silicone Oil >

+ Temperature Cycle  Sample

Displacement

f g Measured data

~

Piston

Silicone Oil > 2D dimensional variation (thickness & in-plane)
Extraction over the whole curing cycle
Contactless , . .
profiometer > T QR Heat flux sensor : évolution of curing state
Glass — % J |_ /
‘ Window
| i A
Profile + Heat Fluxes Sample  Pressurizable
Cavity

Dimensions

105 mm x 105 mm
thickness : up to 20mm

=N




D First tests

Wa
‘___FB__ Weft

e quasi UD glass-epoxy

* 16 plis prepreg KEYENCE Sensor

ForagivenY
T(s)

« Manual layup + precompaction

0004

X
« hydrostatic 2 bars load ~ Piston
] _
140 - —— Temperature| J
- - - -Pressure 2N
| H
120 6
—~~ 1 - @
O 100 3
A n 5 |
g %07 4 g gﬁ — Fgghi?\tillon
© : o )
L 604 5 8
5 g
= 40- 2 & 8
20 . o
1 T T T T T T T T T T T T T 0 w
L 0 1000 2000 3000 4000 5000 6000 7000 P } Plaque inf.

29l

Time (s) Z _— .
S S g g § |




aaaaaa

/ In-plane displacement Z (mm)

First results

KEYENCE Sensor

Isothermal
mement A
[<

/

\

In-plane strain

/

Extraction
0.10 4
E 0.08
©
™ 0.06
(7]
2
§ 0.04
©
ﬁ 0.02 A
S
o é 0.00 ) (440
-0.02 T - T - T T T T T v
0 1000 2000 3000 4000 5000 6000 7000
/ K "Time (s)
Results
Through
317.0 106 117.0 10°6
-1
K (20100 (+7.0 10°5)
47.4 106 90.4 10-6
-1
L KT 30109 (£6.0 10°)
0.77 0.12
0
CCS o] (2002104  (20.02 104

[Peron et al 18]
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N Fine CCS identification

15 =
: S

1.0 %
| Before gel 0 O

054 CCS% e =.0.33%

CCS2*% = -1.38%

/

Chemical shrinkage AE™™™ (%)

1.0 - i
-1.5 5 Before gel E
CCSerreed = 494
-2.0 - 5
- chem :
259 7 -A822 : Post gel
- ' — o
S L1 CCSRY = 2.06%
o 33 :
-3.5 ;

;  — I — T T T
T o0 01 02 03 04 05 06 07 08 09 10
L N Degree of cure (o) [Sfar Zbed et al. 22]

McGill
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" Ongoing work : Mechanical analysis
4 N

Loading / Characterization

(d)

N Stress amplitude increases

E,
Bs Recovery
)
2 || |
& | \ No
() ! 1
ul ! 1
@ : st litude (o).
- : ress amplitude (o,); 0.0009 0.012
2 ! 10s ! —-=-- Stress
& ! ! 0.0008 B Experiment, o= 27%
< ! ' : T Burger Model, o = 27%
v Experiment, o.=29% || 0.010
Repeated x 4 for each stress level 0.0007 Burger Model, a = 29%
©  Experiment, o = 31%
——— Burger Model, «. = 31% 4 0.008 E
. o c X Experiment, o= 32%
Time [S] @ Burger Model, o = 32% E
= [}
k / 7 0.006 &
Q. put
m e
b 2]
6 °
0.004 .2
Q.
Q.
<
0.002
............................ 0.000
—
— 24
—




Application




3 TP composite consolidation

Carbon / PAEK system. Thick part (96 plies)

A

Good
consolidation

I

Localized
Macro
Porosities

\J
consolidation




B Simulation
4 Heat transfer 3

f Crystallization % 5
h_A
N\ J _J

I-_r N |::> Industrial results (fin effect, bagging thermal resistance...)

[Denis et al. 22] McGill
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R Conclusion

4 )
« PVT-Xfor TS/ TP/ TS-composites

* Processing conditions (pressure, temperature)

e Give strains and exotherm (and ...)
\_ J

e

Y

exotherm

Heat transfer

thermal & Y
activation

( properties |

~
dilatation

mould/part
contact

Y

—,

L chemical
hrinkag
— Phase change S Mechanics
=N .




Perspectives




Sustainability

Material
End of life
Recyclability
Low tech / footprint

Manufacturing
Energy efficiency
Scraps
Consummable

McGill
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