REPUBLIQUE ONERA

RN ARAIZASSA IS
FRANGAIDE
Liberté

Egalité THE FRENCH AEROSPACE LAB

Fraternité

Toward the prediction of the fatigue lifetime of
laminated composites, using an incremental

damage model with observable variables

S. Pattil, 274 year PhD student

M. Kaminski?, F. Laurin?, J-F. Maire!, P.Maimi?

Onera Chatillon - DMAS?, AMADE Girona? and Paris-Saclay University
stacy.patti@onera.fr

AMADE universite

Universitat de Girona PARIS-SACLAY

Ce document est la propriété de 'ONERA. Il ne peut étre communiqué a des tiers et/ou reproduit sans l'autorisation préalable écrite de 'ONERA, et son contenu ne peut étre divulgué.
This document and the information contained herin is proprietary information of ONERA and shall not be disclosed or reproduced without the prior authorization of ONERA.



INTRODUCTION EXPERIMENTAL APPROACH MODELLING APPROACH PERSPECTIVES
® 0 (ONONONONG) O O

*¢ A main industrial challenge:

- Efficiently designing lighter structures,

- Ensuring optimum performances and safety,
- Being competitive

» An alternative to metals: composite materials

Necessity of dimensioning in fatigue
and developing predictive models

+ Advantages of such a model

- Cut experimental costs,
- Reduce design delays,
- Enable the use of appropriate safety coefficients

X/

* Objectives:

»  Propose a simple damage model able to predict the crack density both in static and in fatigue,
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¢ Cyclic fatigue damage models + Time based damage models

» Real loading is applied,
» All the cycles are simulated

-INTRODUCTION EXPERIMENTAL APPROACH MODELLING APPROACH PERSPECTIVES

» Real loading is approximated by a cyclic loading

> & mnﬁu\“r‘mwm'iﬂllmiy

Time - Time
X3 Modifying damage parameters law d = f (a, aj(N)) % Metallic materials
[Talreja 1992], [Thionnet 2002], [Revest 2011], [Carraro 2017] [Lemaitre 1992], [Cantournet 2002]
Internal < Considering two different evolution laws « Composite Materials
variables [Payan 2002], [Hochard 2006], [Rakatoarisoa 2013] [Talreja 1999], [Angrand 2016], [Sally 2020]

+ Constitutive Damage Model
[Maimi 2007], [Llobet 2020], [Carraro 2021]

«» Static

o Matrix cracking (static and fatigue) /G in 2020]
ermain

Observable [Llobet 2018]

variables < Fatigue
Nothing yet to our knowledge
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*%* EXPERIMENTAL CAMPAIGN

s Materials
- T700GC/M21 : thermoset, epoxy and continuous carbon fibers

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

o ) ,;&,_ s =
B ‘

s Tests performed

- Quasi-static tensile tests with monitoring levels,
- Fatigue, 100 000 cyclesat f = 5 Hzand R = 0,05 (IMA/M21ev)
- Fatigue, 100 000 cyclesat f = 5Hzand R = 0,1 (T700GC/M21)

» Instrumentation

- Acoustic emission,
- Digital Images Correlation,
- Optic microscopy

Tensile test experimental set up on the IMA/M21ev
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** AUTOMATED CRACK DETECTION TOOL

Displacement

I Crack detection

Microscopic takes on the Reconstitution
specimen’s edge

Vertical grad Detection level 7

Fatigue loading

250

Monitoring levels

500

750

5]
2
o 1000
F
1250
Time e
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Working principle of the microscopic takes for the automatic crack count on the IMA/M21ev < Normalized crack density: p= NiraCks h
obs
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%* OPERATION PRINCIPLE
++ Unidirectional Ply (UD)

o .
% Laminate mm:m’mm’ﬁ Scale change - Mesoscopic scale,
- Macroscopic scale - Fﬁ :
’ - Calculation of g3, and g,
- ZLload - Behavior law
% Residual thermal stress: refined damage onset [ NIt 4 T
] NlTLLt +
a «+» Rotation matrix Nf inal ltnhl t”
mat _ r3 i th —|N Constitytive —0-
Eh ar |[(T—-T,) —> Blen}:?vmr law spmme—>n yfinat| = tli\l4111 e o = Q: (e — €4
arr Nenje = (hicsr = i) O e th g th1 + q -
Thermal part MY = (hipr — he)og ™" Mip 1 + £
L Mypp+0 4,
a : Thermal dilatation coefficient in longitudinal and transverse direction
T : Test temperature
T, : Identified stress-free temperature
Nt and MI¥E : Calculated with &,
X : Macroscopic stress applied to the laminate
e: Total laminate thickness
Q™at ; Elastic stiffness tensor,
1 2 _ . .
< Damage driving force: y; = [e**’ZQZZ‘_l,f + assQeeie™ts k] @66 : Parameter to identify,
: Positive part of the strain tensor [Ju 1989]
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*%* OPERATION PRINCIPLE
. _ / ++ Unidirectional Ply (UD)
% Laminate W',“,m:mm,';"; Scale change - Mesoscopic scale
- Macroscopic scale - ﬁ '
p . - Calculation of oy, and &y,
- ZLload - Behavior law
L. 1 2 Tensile test in static on two different cross-ply IMAm21ev stacking sequences in 90° plies
+ Damage driving force: y, = p [857(2 Q53 + a66Qgéa,f£*+6 k] ) CPE1 [0, /90,/0]_and CPE1ext[90,/0,/90]
’ 207
. ©  Experimental data - CPEL, 90x3 @
.:. Ply thiCkneSS effect B A Experimental data - CPELext, 90x2 ext
T 06| W Experimental data - CPELext, 90x2 int ®
» Saturation value p,, =
e zost ) v
> Kinetic ys¢qe and pseae, g = &
1 % i
» Threshold vy, == yisi2Qmat £ 0 3
R 2 is, : In situ strength written 8 il Py ¥
. o = I
with = maX(gzz, 822) in strain, E -
Q™at : Rigidity matrix, E
8Gic _ Qf3" R eR¢ . Energy criterion |
- max( mat n'hAO Qmat 812' 822) Inner ply %?2 : 3 y S ’ £
22 &35 + Strain criterion, o
[Camanho 2005] . itical . i g01r
[Dvorak 1987] Gy : Critical energy restitution £ 5
G o rate in mode I £ D \ _2|° . . . . ‘ .
or = max( mat I Ig 11n2at €12, 81222) h : Ply thickness, =D 100 2000 300 '400 500 600 700 800 900
TthAZ Q Agz - Inverse of QZZ Macroscopic load X applied to the laminate (MPa)
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*%* OPERATION PRINCIPLE

X/

« Laminate
- Macroscopic scale,
- Xload

w&mﬁ

. 1 2
< Damage driving force: y; = [EEJ{(Z Q% + assQeiie™ s k]

K/

i Lo _ N
* Normalized crack density: p = _CmekS h
obs

% Generalized cracking Kinetics: p = f.rqt (9)stat V) Vinax + f,

Y
Static
fstat(p_) = (ﬁc - P_)

DPstat—1
p VYmax — /ysotat
stat
Istat(Y) = = =
2y VstatVYmax vV Vstat

4 Static parameters

+

MODELLING APPROACH
0000 OO

.mm : Scale Change

PERSPECTIVES

++ Unidirectional Ply (UD)
- Mesoscopic scale,

- Calculation of g3, and g,
- Behavior law

Q™4 : Elastic stiffness tensor,
a4 : Parameter to identify,

. Positive part of the strain tensor [Ju 1989]

)

fcycl(p_) = Pc (1 - P£>

YIcycl (y) =
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+*¢*  OPERATION PRINCIPLE

< Generalized cracking Kinetics: p = fstat (ﬁ)gstat(y)ymax + f (p_)g (y)

|
Static

€
Updated‘r
/ + Presentation of the material approach \ Static
t
» One unique damage variable for each damage mechanism onse
1) [Lemaitre 92], [Cantournet 02], [Angrand 16] Initial
Static
» Continuous damage evolution for static and fatigue loadings onset
» Fatigue formulation depends on maximal equivalent strain
Unloading:
{ Ymax =0
(Vs = Ymax =0
Ex .®
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MODELLING APPROACH
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+*¢*  OPERATION PRINCIPLE

% Generalized cracking Kinetics: p = fstat (ﬁ)gstat(y)ymax + f (p_)g (y)

*

»  Assumption: linear macroscopic behavior
»  Cyclicloading with constant amplitude

% Analytic resolution by integration

Number of cycles

Pstat
. _ _ VVmax—|Ystat . _ _ L
| Pstar = Pc[l —exp| — f ] o pcycl( ) = Pl - [(n - 1)(fﬁstat + (V= 1)19)]1_n
Ystat
+ _ 1—
£ _ ; 1— ps_tat "
Pstat n—1 Pe
Pcycl Pcycl
]g _ VYmax— /ygyd B VYmin~ ygycl
‘/yccycl yccycl
+ +
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** IDENTIFICATION

¢ Static: 3 parameters to identify

«»  Fatigue: 4 parameters to identify

@ — 0 c
Ystat» Pstat» Pc Yeyev Yeyetr Peycty
. . e . o, SO : 0
+» RiFst manual identification < Definition of a sweeping range for y.,,; and pcy,
— . — The . . . .
pc from the experimental data, |5 teet +»+ Visualization of RMSE « valleys » and choice of a couple,
. . C . . C
025 Estimation of yg;,; and pgiqr (lg_ueﬁ'csj' < 3D sweep with yg,,
Tensile test in static on a Q1 IMAm2 lev stacking sequence [(0/45/90/-45),] 0:0 Verification Wlth RMSE minimization
.:’ ]3 % 045 Specimen 10-1 in 90°plies )t Mean
2, ®  Experimental data [(0745/30/-45).] . [ Visualization of the different possible triplets in 3D
=S(Z ot = “—I‘- ————— -0 -
o 2 N (o} 1
o =035 Q
2 0.1 E‘ II 0.9
= g o3t / 58
h 3 0.25 ’Q |
0 £°° / | os
£ o2y II 05
& _/
0. é 0.15 ?, o
g o1t / 03
= ! 02
3 0.05 | ¢ o
I S N — 800
2 0 100 200 300 400 500 600 700 8OO 900 1000

Macroscopic load ¥ applied to the laminate (MPa)

EX .. »
FRANCARE OMNERA universite AMADE 15007/22 11

THE FRENCH AEROSPACE LAB PARIS-SACLAY Universitat de Girona




Normalized mean transverse crack density p
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» RESULTS
> IMA/M21ev

45° plies
90° plies

Tensile test in static on a QI IMAm21lev stackmg sequence [[0/45/90/-45)2]3

Specimen 10-1 in all plies

(.45 -
Numerical model - 90x1 inner plies
0.4 b ©  Experimental data - 90x1 inner plies
' m— Numerical model - 45x1 inner plies
] Experimental data - 45x1 inner plies
nas b W Experimental data - 45x2 inner plies
0.3
» Description of
0.25

damage in both
02 90° and 45° plies

EXPERIMENTAL APPROACH

0.15
01
[0 k . P . :
0 100 200 300 400 500 600 T00

Macroscopic load ¥ applied to the laminate (MPa)

800

900

1000

MODELLING APPROACH

Normalized mean transverse crack density p in all 45° plies

RESULTS
@000

PERSPECTIVES

45°
90°

Fatigue test on two different QI stacking sequences of IMAm21ev
R = 0,05 and f = 5 Hz for different meva[ues

Specimen 10-2 [(0/45/90/-45),]_and 3-1[(90/-45/0/45),]_in 45° plies

0.25
s 10-2: Numerical model at me =330 MPa - 45x1 inner
E 10-2: Experimental data at £ = 330 MPa -45x1 inner
max v
Ben i 3 = 2 i
0.2 F w  10-2: Experimental data at B 330 MPa - 45x2 inner
3-1: Numerical model at Elmx =270 MPa -45x1 inner df
©  3-1: Experimental dataat EIM” = 270 MPa - 45x1 inner
-1: i 5 = s
0.15 F %7 3-1: Experimental dataat L e = 270 MPa - 45x2 inner

o1l » Description of
damage in 45° plies

0.05 |
Fatigue
o . ? : . |
1! 10! 102 107 10t 10° 10

Number of cycles N
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** RESULTS
> IMA/M21ev
Tensile test in static on two different cross-ply IMAm21ev stacking sequences in 90° plies
g, CPE1[0,/90,/0]_and CPElext [90,,/0/90]_
= 07
g - Numerical model - CPEL 90x3 @ CPElext
= ©  Experimental data - CPE1, 90x3 i
= 06 Mumerical medel - CPELext, 9052 ext frlﬁ
E & Experimental data - CPELext, 90x2 ext o -
o Numerical model - CPElext, 90x2 int : ﬂ,f v
%‘ 0.5 | W Experimental data - CPElext, 90x2 int j?’ .
g P 0
=]
-
G 04 r y
g /
E 0.3} @}
2 / Description of
B J
go2r . / damage in plies
g Static 3 ) 5 p 0
E / of different
o L .
g 01 thicknesses
Zo 1] o 200 300 400 500 G00 700 8200 900
Macroscopic load X applied to the laminate (MPa)
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%* RESULTS

> T700GC/M21

Normalized mean crack density in 90 plies
QI [45/90/-45/0/45/90/-45/0]
Fatigue test T700GC/M21 - f = 5Hz, R=10,1

Monotonic tensile test for a QI [t’-1-5,f9(])‘--’15/(]/’t’-l-S)"B(]/—45/0]s stacking sequence

Crack density in 90° plies - E34-1 045 -
04 = Numerical model - 200MPa @& Experimental data ¥ =200 MPa
Numerical model = 04 Numerical model - 275MPa @ Experimental data & =275 MPa
N ® E 5 tal data i 11 90° pli e ' Numerical model - 300 MPa © Experimental data 3 =300 MPa
=~ 035 APeimental cara’na ples LB ~——— Numerical model - 456 MPa © Experimental data & =456 MPa
I "” 0.35
:“\ 0.3 -3 W =
£ . £ 03
7] / 7
= 0.25 <) 2
= | = 0.25
§ 0.2 E 02
g 015 ¥ é 0.15
= 01 = 01
= 005 2 0.05
: /9
7‘:‘ 0 | | o 4 @ 1 | L I 0c 5 '1 vz
100 200 300 400 500 600 700 10 10 10
Applied stress (MPa) Nugiber of cycles
» Description of damage for different X,,,, (MPa) values
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%* CONCLUSION

» Originality

- Description of both static and fatigue behaviors,
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%* PERSPECTIVES

» Improvement of the incremental damage model
- Effect of damage on the material’s behavior and non linearity,

Stacking sequences Stacking sequences

[02/90/0,/90/0/90]

“ Iv laminat [90,/0/90,/0/90/0], [45,/0/—45/0/45/0/—45]5

Tossp y aminaes [0/+45] laminates (FP1-1 & FP2-1)

(CP1-1 & CP2-1) [90/0,/90,/0,],

[0/90,/0,/903]s [0/—452/45/0/45/0/45]s
QI laminates (QI-1) [0/45/90/45/0/—45,/90], [60/20/—20/—60,/—20/20/60],
. . Double-double (DD1-1)

Oriented laminates [0/90/45,/90,/—45/0/—45/90,], [30/70/—70/—30,/—70/70/30];

(01-1)
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