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% A main industrial challenge

- Efficiently designing lighter structures,

Necessity of sizing composites in fatigue
and developing predictive models

% Advantages of predictive models

- Cut experimental costs, -
- Reduce design delays, P
- Sustainability: enhanced structure fatigue life p—
% Developing predictive models = e 1) | | S ——-..'.'-
- For complex, realistic loadings, % *’_ P ‘ \ 1, -.‘..° .
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AMADE headquarters, Girona
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*» Objectives:

a N
»  Better understanding of laminates fatigue behavior,
- J
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%* EXPERIMENTAL CAMPAIGN

/

¢ Material
- IMA/M21ev : thermoset, epoxy and continuous carbon fibers, reinforced at the interface

% Campaign elaboration

4
10 x10* DIC level
Mechanical loading 8 =
= Localized AE event I é
Cumulated Energy I_ 6 & _6
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Tensile test experimental set up on the IMA/M21ev — : :
EJ [Hurmane 2015] (1 [Hild and Roux 2012] EJ [Huchette 2005], [Nicol 2023]
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*%* AUTOMATED CRACK DETECTION TOOL

» Deepflow computer vision algorithm

L [Nicol et al. 2023] Microscopic takes under Reconstitution
loading v

Displacement

gradients Crack detection

Fatigue loading

|
|
I
f
1

-is
|
it
! |

Time
. N
% Normalized crack density: p = —imc"s e
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¢ FREE EDGE EFFECT

- T

Damaged specimen Laser source

+ dye penetrant

B(-Rays setup (AMADE Lab, Girona)

PERSPECTIVES

RESULTS

O0O0OO0O0O0 o

» Overall validity of edge observations
for this material

CP1-1a

\ Free edge

L

Deepflow J
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o S - Different damage onsets, [ [Parvizi 1978], [Camanho 2006]
¢ TATIC RESULTS - Different damage evolutions and apparent saturation
» Ply thickness effect

» Ply thickness effect

Embedded 901, 902, 903 and 906 plies

1 —
© CP1-1a,[0,/90/0,/90/0/90],

S gl & CP1-1a,[0,/90/0,/90/0/90]
Z | A CPEL[0,/905/0],
:; Vol CP21a,[0/905/02/90 ] A
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e
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Macroscopic strain ¢ applied to the laminate (%)

Partial cracks were detected but not counted
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*%* STATIC RESULTS — Different damage onsets,

— Shear strains inducing microdelaminations u

<&

» Stacking sequence effect
» Influence of neighboring plies

Quasi-static tensile tests Shear gradient yx Shear gradient yx
Embedded 452 plies FP1-1a L § W 2t 1 S QI1-1a
0.4 N ) (R 0
QI1-1a,[0/45/90/45/0/—45,/90], { ‘ {(Rara & 7 Ny
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% STATIC RESULTS
» Stacking sequence effect 1 2
_ 14-1 10-1 QI1-1a OR1-1a
. Py | 0 0 0
0 45
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0 5 - % Influence of neighboring plies —\
0 45 Promoted by:
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5 » Necessity of integrating the stacking
0 sequence effect into design rules
45
45
0

Displacement fields (loading direction)
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+¢* FATIGUE RESULTS
» Ply thickness effect

Fatigue testatX,,, = 400 MPa,R = 0.05 and f = 5 Hz

1 —
@ CP1-2b, [0,/90/0,/90/0/90]¢
0.8 - ¢ CP1-2b,[0,/90/0,/90/0/90],
A CPE1,[0,/905/0],
» Ply thickness effect on o

thresholds in fatigue
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Normalized transverse crack density p
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%* FATIGUE RESULTS Y maxl---
> Static and fatigue consistance |/ \[\\,~\\|\, - > LOV\{ fatlgu.e dispersion after first
static loading
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*¢ FATIGUE RESULTS

> Stress ratio effect > Low stress ratio effect

» CT-scans planned

Fatigue testatX,,,, = 300 MPaand f = 5 Hz
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, Ply thickness effect on cross-plies under quasi-static tensile loading

e

> Conclusions

L e Mo del
R . . .% 0.6 A CPE1, [0,/90,/0] ‘

+¢ Static and fatigue tests conducted on academic and complex layups, L iy N
3 051 7 CModel e =
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RESULTS
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MODELING APPROACH

PERSPECTIVES

Stacking sequences Stacking sequences

Cross-ply
laminates (CP1,
CP2, CP3)

QI laminates

(QI1)

Oriented
laminates (01)

[0,/90/0,/90/0/90]
[902/0/90,/0/90/0]s

[90/02/902/03],
[0/902/02/903],

[0/905/0]

[0/45/90/45/0/—45,/90],

[0/90/45,/90,/—45/0/—45/90,]

[45,/0/—45/0/45/0/—45];
[45/0/—45/0/45/0/—45],
[0/%45]
laminates (FP1,

FP2, FP3) [0/—45,/45/0/45/0/45]

[0/453/0/-453]s

[60/20/—20/—60,/—20/20/60],
[—60/60/20/—20/-60/60/20/-20],

Double-double
(DD1)

[30/70/—70/—30,/—70/70/30],
[-30/30/70/-70/-30/30/70/-70],
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RESULTS

INTRODUCTION
e e

«* MODELING APPROACH :
L t
UD ply aminate
Model at ply scale:
predictive for different _—
stacking sequences
Mesoscale Macroscale
£ [Angrand 2016], [Sally 2020], [Germain 2020]
+ Damage initiation
» Residual thermal stresses,
oo
> Ply thickness effect [ [Dvorak 1987], [Camanho 2006] £
L
+ Damage evolution

> Damage driving force y and crack densityp, o

> Effect of damage S, Time

> Generalized cracking kinetics: p = fitat (0)gstat (V)Vmax + feyei(P)geyer ()

Y
+ Identification Static
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** DAMAGE EVOLUTION

X/

% Generalized cracking Kinetics: p = fi14¢(9) gstat ) Vmax + fover (D) Geye ()

|
Static
As
Updated
/ % Presentation of the material approach \ Static | _ _ _ _i__ 1 _ 1 _ _ 1.
t
» One unique damage variable for each damage mechanism onse
(1) [Lemaitre 92], [Cantournet 02], [Angrand 16], [Sally 20] Initial
Static | J__\ i S o\ ok - .
» Continuous damage evolution for static and fatigue loadings onset
» Fatigue formulation depends on maximal equivalent strain \/ \/
\ % >
Unloading:
Ymax =0
M+ = Ymax =0
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