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Introduction
Industrial goal :

o reduce the weight of launcher structures
— design linerless composite vessels for propellant storage

o Metalic or polymer liner
@ Carbone / epoxy composite

Filament-wound vessel of type 3 [Onder 2007]

Requirement :
@ gas toughness of the composite wall
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Introduction

Introduction

Issue : damage initiates for low levels of thermo-mechanical loading with
little effect on mechanical properties

connection area between delamination

damaged plies

@ transverse cracking

@ delamination at crack tips
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Introduction

Introduction

Issue : damage initiates for low levels of thermo-mechanical loading with
little effect on mechanical properties

connection area between delamination

damaged plies

@ transverse cracking

@ delamination at crack tips

@ connection of cracks
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Introduction Issue and goal

Introduction

Issue : damage initiates for low levels of thermo-mechanical loading with
little effect on mechanical properties

connection area between
damaged plies

delamination [Marsal, 2005]

lenfant, 2012]

Cracking threshold of
different plies

i [ Service level
i[ requirement
|

open crack

Leakage rate Q (Log scale)

@ transverse cracking

@ delamination at crack tips Internal pressure in the vessel
© connection of cracks
@ network = leakage
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Introduction Issue and goal

Introduction

Issue : damage initiates for low levels of thermo-mechanical loading with
little effect on mechanical properties

connection area between delamination

damaged plies

[Marsal, 2005]

lenfant, 2012]

Cracking threshold of
different plies

i [ Service level
i[ requirement
:

Leakage rate Q (Log scale)

@ transverse cracking

@ delamination at crack tips Internal pressure in the vessel
@ connection of cracks

@ network = leakage

— need of two design criteria : strength + permeability
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Introduction Issue and goal

Introduction

Issue : damage initiates for low levels of thermo-mechanical loading with
little effect on mechanical properties

connection area between delamination

damaged plies

[Marsal, 2005]

lenfant, 2012]

Cracking threshold of i

Service level

different plies requirement

Leakage rate Q (Log scale)

Internal pressure in the vessel

Aim of the study :
@ understand crack networks creation

@ predict damage state and permeability of a linerless composite vessel
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Introduction

© Methodology
© Damage characterization
© Damage modelling

@ Connection of cracks
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© Methodology
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Methodol

Methodology

Predictive meso-scale model

- [Marsal, 2005]
:
:
i ‘: fant, 2012]
@ : ' [Malenfant, |
w© | |
Leakage ] 3 H i
path o i !
9 Cracking threshold of H
= different plies :
g & ;
2 : :
© : :
- = : '
= [} ; !
= |
@ |mmmmmmmeeea ———
< 1 Service level
L1 i : i
Lesegn 9 i : requirement
rate - :
Internal pressure in the vessel
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Methodology

Predictive meso-scale model
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|
@ i Aenfant, 2012]
© H
Leakage _|] 3 !
path o fiad Pt
9 Cracking threshold of | [ Service level
= ) y 1| requirement
S different plies !
)
2
©
L ud
- [
o
51
4
©
< H
Leakage_| - :
rate -
Internal pressure in the vessel

Damage and permeability in composite laminates



Methodology

Predictive meso-scale model

Leakage _|]
path

Leakage_J
rate
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Methodology

Virtual testing

Leakage _|]
path

Leakage_J
rate
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Methodology

Virtual testing

Predictive meso-scale model | of an elementary damaged cell ‘

Stiffness loss Al . _
due to damage Experimental testing

r In-situ microscopic observation on
Damage density <<:_ loaded sample
for each ply *»
L -
N __ 3D microscopic observation with
Leakage | Connection density for | several cut section after loading
path each interface
L1
) 3D micro-tomography observation
Crack opening —{ afterlloading

Gas flow in leakage path

Gas flow in undamaged
but porous material

i

Leakage_]
rate
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Methodology

Methodology

Leakage _|
path

Virtual testing

|

Predictive meso-scale model | of an elementary damaged cell
Stiffness loss
due to damage < Experimental testing
In-situ microscopic observation on
Damage density < loaded sample
>
for each ply *
) ; - S
~ S ~ | 3D microscopic observation with
connEctionIdenityiton several cut section after loading
each interface |
L1
e | 3D micro-tomography observation

Leakage_]
rate
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Gas flow in undamaged
but porous material

Gas flow in leakage path

i

after loading

Permeability measurement and

leak points count on loaded tube

| F bility on
[ loaded plate
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Methodology

Methodology

Predictive meso-scale model

Leakage _|

path

Leakage_]
rate
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Gas flow in undamaged
but porous material

Virtual testing

Stiffness loss
due to damage

Damage density k:
for each ply

.

~

Connection density for L

ke
eachinterface <
R e
-

l of an elementary damaged cell

|

Experimental testing

In-situ microscopic observation on
loaded sample

J

E 3

,
3D microscopic observation with
several cut section after loading

| 3D micro-tomography observation

Crack opening F_—

¥

Gas flow in leakage path |<;

after loading

Permeability measurement and

leak points count on loaded tube

| F bility on
[ loaded plate
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Damage characterization

© Damage characterization
o Material of the study
@ Method
@ Results
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DEILEECNC EICTS 2l Material of the study

Material of the study

@ Specimens : pipes and plates
@ Process : Automated Fibre Placement
@ Matrix and fibre : M21 T700

@ Autoclave curing

£ oD L
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Damage characterization VY]

Damage description and observation

In-situ microscopy
machine grips

tensile test sample  © tensile test specimen polished on the edge

microscope @ microscope travelling

positionning system ¢ whole length : about 100 mm
screen }
@ several loading steps

@ several lay-ups for mode | and Il

Figure — Damage observation on the edge of a tensile test
specimen under loading

0.36 o¥

0.42 ov
Figure — observed length on the micrograph : 15 mm, thickness : 1.8 mm, lay up : [0/0/90/90/90/0/0], o = ultimate stress
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Damage description and observation : results

Measure

@ transverse cracks :
— number, position, opening

@ delamination — length

Figure — Damage measurement

o crack density : p = Neracks

obs

@ delamination length : p
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Damage characterization IEETIE

Damage description and observation

L (mm)

h (mm)

Figure — Damage measurement

o crack density : p = Neracks

obs

@ delamination length : p

Hortense Laeuffer - CNES / 12M Damage and permeability in composite laminates

results

h (mm)

L (mm)

h (mm)

Figure — Position of cracks observed on the edge for 5 loading levels
[02/905 /05](width not to scale)
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Damage description and observation : results

E | | =50 %0,
026 =
| l'
| | [
" Ul 70—
I« : o pvsa
ALY — 1,
; “ i I | 50 —
]' l | E [ 0.8
f | )
. 0.6
| 30— )
\ WLl L QL
| — 0.4
| n 20, [
| | — ——Lobs=10 mm
] | 10— 02 —e—Lobs=10mm|
f 1 — ——Lobs =90 mm|
‘ ,L o %o @0 &0 8w 1000
1l b (mm) o (MPa)
Figure ~ Damage measurement e variability / observed area

o crack density : p = Nimcks @ slow increase at the beginning only for

o obs a large enough (representative) area
@ delamination length : p . . o
— important for permeability prediction
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Damage description and observation

Evolution of damage densities
e p=ph
® [L=pp
Results for 90° plies of different ply-thickness

07
——[0,90,0,], h =078 mm

0.6r| ——[0,90, 0], h

0.5

0.4

0.3

0.2

0.1

12 14 16

e (%)

Figure — Crack rate p

results

Figure — Representative Volume Element

0.7

—+—10,/90,/0,], h =0.78 mm
0.6 +[02/901/02], h=0.26 mm

0.5

04

0.3

0.2

0.1

4 06 08 1 12

e (%)

14 16 18

Figure — Delamination rate at the surface i
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Damage characterization

Cross-section examinations through the width : [0,/90,/0,]

ﬁ Emax = 1.5% h = 0.52mm

T
T

T I 1
1

e —_—
0°i0°f 90° 0 o 0°:i0° 90° 0 0°
A B Surface Core

ILZ' ﬂ (X z) views
y
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Damage characterization

Cross-section examinations through the width : [0,/90,/0,]

ﬁ = 15% b = 052mm

viviw o o] [slo o lola

Surface Core
[ 5 (x z) views
y

— almost no delamination in bulk
due to stiffened matrix (M21)
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) o [0,900,] c=1.49
025 A[0,90,0,] =135
02 610,90, 0,] ¢ = 1.50
w [0,9,0,]c=114
=Y Olsf 277372
5 [0,90,0,] =180
0.1
0.05
o N
0 001 002 003 004 005

W (mm)

Figure — Micro-delamination length according to polishing depth
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Damage characterization IEETIE

Cross-section examinations through the width :
[+45/-45 /445 /-45],

—— Transverse crack o
Micro-delamination polishing depth = 0 mm

e=4%
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Damage characterization

Cross-section examinations through the width :
[+45/-45 /445 /-45],

——Transverse crack

polishing depth = 1.4 mm
e =4%
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Damage characterization

Cross-section examinations through the width :
[+45/-45/+45/-45]

——Transverse crack

polishing depth = 2.7 mm
@ damage at the surface

@ but no transverse crack in the bulk for ¢ = 4%

@ shear load produces other non reversible phenomena (diffuse damage)

CNES / I12M Damage and permeability in composite laminates



Damage modelling

9 Damage modelling
@ Approach based on energy release rates
@ Results
@ Variability
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Damage modelling

Damage model based on energy release rates

Damaged elastic behaviour : -

-—
o stiffness loss virtual testing <«
5 =5°+AS(p. ;i) -~

— AS(p, 1) identified by [Huchette, 2005] <

in a polynomial form
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Damage modelling

Damage model based on energy release rates

Damaged elastic behaviour : R «—
o stiffness loss virtual testing <«
8 =5"+AS(p, fi) -~

— AS(p, it) identified by [Huchette, 2005]  «

in a polynomial form

Damage evolution laws :

@ elastic energy stored in the structure

We =

19
[ltn

o)

N = N =
I

: (§0 + AS(p, ﬁ)) ‘g
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DEEECRCLEILESN  Approach based on energy release rates

Damage model based on energy release rates

O
S
c

Propagation energy (Griffith) :
@ available elastic energy
vs energy released by fracture
— AW, = G.Aa.w
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DEEECRCLEILESN  Approach based on energy release rates

Damage model based on energy release rates

!
O 5
>a— Aa L R ]
v w h
7 w
Propagation energy (Griffith) : For transverse cracks :

@ available elastic energy AW, = G.Aaw with Aa = whLAp

vs energy released by fracture N Aa.w _ wh L Ap _ A_ﬁ

— AW, = G.Aa.w 1% whlL h

AW. G,

Y= VA, T h

For delamination : evolution law built on the same scheme
07/07/2016 16 / 26
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Damage model based on energy release rates

Results for simple (black) and triple plies (blue)

[02/90,/0,] ”
1
g 0.8
g 0.6
g 0.4
0.2

04 = 5 = S o o P 2

€y x107°

Figure — Transverse crack density
@ unstable onset of cracking @ no delamination with experimental

— no progressiveness value of G,

— consistent with cross section
examinations
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Damage modelling BAET(E]

ility

Damage model based on energy release rates

008

Variability of damage thresholds :

Probabilty dersity

m'w MTM-

Haterialproperties

Figure — Probability density applied to damage thresholds

variabilité de eps10 et Grho - pli fin

variabilité de eps10 et Grho - pli épais

08 14
o7 12
- 06 -
z z 4
5 5
£ £
305 g
g gos
504 £
k] g
K] H
%03 %
H ]
S S04
02
o1 02
0
4

Figure — Damage density in simple ply

.l
€ %10

Figure — Damage density in triple ply
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Damage modelling BAYELELII5%

Model vs experiments

—o—experiment [02 901 Uz]
—e—experiment [0Z 903 Dz]
0.8 —+—simulation [0, 90, 0,] 1
—e—simulation [0, 90, 0,]
06 @ main trends are reproduced
S} . . -
@ parameters will be identified on
0.4 B . .
wider experimental results
0.2 1
. A
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Figure — Crack rate for two ply-thickness
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Connection of cracks

@ Connection of cracks
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Cross section examinations on [0/467.5/-67.5];

o e
c—Le— A-A B-B

22.5°7 wisert o drort 00| |0 eri wr et o
!«A—ﬂ B Surface Core
X .
2 (x z) views

y
@ cracks occur first in double ply (-67.5°)
@ cracks of the simple plies start from cracks of the adjacent ply
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Cross section examinations on [0/467.5/-67.5];

dfibre= 7um
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Conclusion

Synthesis and conclusion

Predictive meso-scale model

Stiffness loss
due to damage

Virtual testing

Mesoscale simulation
of an elementary damaged cell

Experimental testing

r In-situ microscopic observation on
Damage density ?_ loaded sample
for each ply £ 3
y
—Ff—f
S 3D with
Leakage | Connection density for |, several cut section after loading
path each interf: k
U
F: 3D mi h
Crack opening after loading
- ¥
Gas flow in leakage path I and ’
neteme leak points count on loaded tube
rate
Gas flow in undamaged
but porous material Permeability measurement on

Hortense Laeuffer - CNES / 12M

loaded plate
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Surface Core
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Thank you! Any question ?

© Methodology

© Damage characterization
o Material of the study
@ Method
@ Results

© Damage modelling
@ Approach based on energy release rates
o Results
@ Variability

@ Connection of cracks
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Conclusion

Bois, C., Malenfant, J.-C., Wahl, J.-C., and Danis, M. (2014).
A multiscale damage and crack opening model for the prediction of flow path in laminated composite.
Composites Science and Technology, 97 :81-89.

Huchette, C. (2005).

Sur la complémentarité des approches expérimentales et numériques pour la modélisation des
mécanismes d’endommagement des composites stratifiés.

Phd thesis, Université Paris 6, France.
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Validation : damage-induced permeability

Validation : damage-induced permeability

Procedure
compressed gas cylinder . L
ipe to be tested @ setting of the initial
thrust plate pressure
polymer ring @ closing of the device :
gas inlet with valve pressure decay
tie rod measurement
pressure sensor — permeability computation

Figure — Device for pressurization and permeability measurement of pipes

© localization of leak paths
@ return to step 1

Permeability (from Darcy's law) o lower pressure : closing
of the existent cracks
2pga-bV  dpine o higher pressure :

k:

S(pzmt — pzznt) dt creation of new cracks

with b the thickness, V' the internal gas volume, S the external pipe area, pe ¢
and p;,, ¢ external and internal pressure, and (dp;,,+)/dt the variation of the
internal pressure over time.
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