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Introduction: Industrial and scientific contexts

DURABILITY : FATIGUE and AGEING

Elastomeric materials )

S composites
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Introduction: Industrial context for elastomers
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Introduction: Industrial context for Short Fibers Reinforced Plastics (SFRP)

Processing Environment

Structural scale

Macro-
molecules

Gradients induced
by the process
and/or the
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Fatigue defects Semi-cristalline
population Fatigue mecanisms microstructure
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Introduction: Industrial context for Short Fibers Reinforced Plastics (SFRP)
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Outline of the presentation

o Toolbox and Evaluation of dissipation from thermal measurements

e Some answers to industrial expectations

8‘6 @ Supply data to feed or validate design computation loops

\

@ Fast screening of fatigue properties for various parameters

@ Fast diagnostic on structural samples and parts

@ Analysis based on constitutive modeling

| @ Analysis based on the evaluation of defects populations

© @ Thermomechanical evaluation at the microscopic scale

Colloque National d’Aussois, Mécamat, Janvier 2017



Outline of the presentation

0 Toolbox and Evaluation of dissipation from thermal measurements
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Thermal measurements ?

Defects detection Physical constants

Microscopic field measurements

Acoustic sollicitation, Lock-In thermography, Laser puls e, ...

Thermo elasticity and Quantitative calorimetry under mech anical loading

Taylor and Quinney A. Chrysochoos
(1934) et al.

Anthony (1942)
D. Rittel

R\ essahe | Treloar (1975)
Joule (1850)

GDR CNRS 2519 « Mesures de champs et identification  en
mécanique des solides » et « Calorimétrie quantitati  ve en
meécanique des matériaux »
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Evaluation of dissipation from thermal measurements: the toolbox
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Evaluation of dissipation from thermal measurements: the toolbox
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Evaluation of dissipation from thermal measurements: the approaches

- N cycles, o 7

é frequency fr % i % |
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Evaluation of dissipation from thermal measurements: the approaches
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Evaluation of dissipation from thermal measurements: the approaches
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Evaluation of dissipation from thermal measurements: the approaches
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Evaluation of dissipation from thermal measurements: the approaches

N cycles,
frequency fr
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Evaluation of dissipation from thermal measurements: the approaches
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Evaluation of dissipation from thermal measurements: the approaches
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Evaluation of dissipation from thermal measurements: the approaches
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Evaluation of dissipation from thermal measurements: the approaches
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Evaluation of dissipation from thermal measurements: the approaches

/ Evaluation from the transient state \ / Evaluation from the stationary state \
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Outline of the presentation

e Some answers to industrial expectations
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Overview for SFRP

Processing Environment
Characterization
on samples
R60/
20 | [I:> 10 ] Fiber direction
v - 112
-3 g
w1 i
Fiber direction : g 3
1
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Complex ,
) Cyclic
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Goal: to take into account the local microstructure
to evaluate the local mechanical properties
and to predict both the global stifness and local fati gue criterion
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Constitutive model for SFRP

@ Anisotropic model to account for the gradients induced by the process

Injection _ _ : :
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Constitutive model for SFRP: model proposal and identification

@ Phenomenological modeling

A dm \X{ m AYZARRE
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Constitutive model for SFRP: challenge on experiments on structures

@ Correlation between simulations and experiments

viscoelasticity viscoplasticity = softening

99 =l A :£ +é@2:é HA & +é:Q+AB'B

—vl =wvl =v2| |=vp =vp

contact
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10
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125 Q ] 125

@ Sources assumptions R

- Spatial distribution of S(t)

- Assumptions on the function 1
shape, based on mechanical and *
thermal_hypotheses A —_ Dz'nt dt
“© - Thermomechanical model f r Jceycle
based analysis
140
‘© 120}
2,100
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o 80
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Z 20t — Model (anisotropic)
— Elastic (anisotropic)
- |

b 05 1 15 2 25 o
Nominal strain [%] Strain fields Dissipation fields

Colloque National d’Aussois, Mécamat, Janvier 2017




Constitutive model for SFRP: challenge on experiments on structures
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Next step: inverse analysis but here more confidence is needed on the microstructure !

5 10 15 20 25 30 35 40 45
Nominal stress [MPa]
(a) zone 1

Colloque National d’Aussois, Mécamat, Janvier 2017

10 15 20 25 30 35 40 45
Nominal stress [MPa]

(b) zone 2



How to evaluate fastly the fatigue properties ???

Compounding and Processing Environment

Characterization

on samples
75

A N
d

Complex Cveli Fatigue approach
mechanical -YCIC based on a stabilized
constitutive law
tests cycle
Energy based
0\ criterion
Wohler Fatigue initiation Local strain, stress Verv f
Curves criterion and energy fields ery a.ISt
evaluation
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How to evaluate fastly the fatigue properties: Heat build-up protocols

Principle and history of heat build-up tests

Le commencement | La traversée du désert | Le renouveau La modélisation
Auto-échauffement Meéthode empirique Modélisation
8= 0(N) Structures A.E. == Fatigue
Méthode empirigue Mesures infrarouges | Identification
Multiaxial Structures
c
d
B Q & P
N N 9
v N\ O o >
& R — : : : =
[Stromeyer, 1914] [Cazaud, 1948)] [Luong, 1992] [Chrysochooseral., 2000]
[Moore and Kommers, 1921] [Galtier, 1993] [Doudard er al., 2004 ]
[Lehr, 1929] [La Rosa, 1998] [Charkaluk et al., 2006]
[Welter, 1937] [Krapez et al., 1999] [Mareau et al., 2007]

[Poncelet et al., 2007]
[Maquinet al., 2007]
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How to evaluate fastly the fatigue properties of rubber compounds ???

Compounding and Processing Environment

Characterization

on samples
75

lw

Complt_—zx Cyclic Fatigue approgf:h
mechanical constitutive law based on a stabilized
tests cycle
??\ Energy based
0\ criterion
Wohler Fatigue initiation Local strain, stress Verv f
Curves criterion and energy fields ery a.ISt
evaluation
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How to evaluate fastly the fatigue properties of rubber compounds ???

" Given )
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Heat build up protocol

Displacement  Energy
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Questions on the heat build-up curve

@ Evaluation over which volume ? @ Consistent with damage location ?

= 1.06 mm at 2Hz

@ Repeatable ? a

450
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n’ g 250 .
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L 200 | 3
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* ‘150 e
L | 0 e
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Fast identification of an energy based criterion

1- First pair
@3 No) P

Strain / energy
assumed to lead to a
108 cycles lifetime

i
Ln
=]

400 |

350

|A* (NR43-N550)
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|
|
|
200 I
|
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3 regimes 2- Second pair
150 I (A*G,106)
| |

100 (A, 106) | T o

G g Determination from a
> . '/: — : graphical evaluation

o —
ia0 100

Local maximum principal strain (%)

Energy model Two pairs ( A,N)

A* Nb=C Analytical identification of the 2 model parameters
b=0,467
C =14437
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Fast identification of an energy based criterion

= 450
E
E 400 Energy model
b |
% - |A* (NR43-N550) e Nhe G
E‘ 300 . -
L]
@ 250
- Math relation : b = 0,467
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_5 150
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-
2 =0
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w ] [ ]

10 100

Local maximum principal strain (%) N = f(E)

Colloque National d’Aussois, Mécamat, Janvier 2017




How to evaluate fastly the fatigue properties of rubber compounds ???

@ Proposal and challenge of an energy-based fatigue criterion

300 Energy model
A* .Nb=C
250 (Ag,Ng)
< b =0,467
% 200 C =14437
o
7y * b —
= 150 ‘A(S).N—C
2
(&)
e
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© G —
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50 | S&
0 ‘ |
1 000 10 000 100 000 1 000 000 10 000 000
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How to evaluate fastly the fatigue properties of rubber compounds ???

@ Proposal and challenge of an energy-based fatigue criterion

Energy model

300
A* .Nb=C
250
S @J D200
% 200 : C = 14437
o
)
< 150
-% Clear identification,
£ validation on the whole
o o0 (determiqistip) curve
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Q Very quick evaluation of
50 i the criterion
(2 days, 1 sample)
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Challenge of the approach on other compounds

Q Variation of the fillers ratio:
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@ Variation of the fillers type:

NR43-N220

100
Local maximum principal strain (%)

NR43-N375

100

Local maximum principal strain (%)
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100
Local maximum principal strain (%)

Local maximum principal strain (%)

Local maximum principal strain (%)

Local maximum principal strain (%)
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o
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300
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Mean fatigue tests
200
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Challenge of the approach on other compounds

@ Global comparison

LE+06 ® NR43-N220 | o
[ NR43-N326 A
© NR43-N375
A NR43-N550
© NR43-N772

1,E+06

1,E+05

1,E+05

1,E+04 1,E+04

1,E+03 , 1,E403 - - R
1,E403 1,E+04 1,E405 1,E406 1,E403 1,E+04 1,E405 1,E406

Cycles to initiation from fatigue tests Cycles to initiation from fatigue tests

Cycles to initiation predicted by the criterion
Cycles to initiation predicted by the criterion

- Very fast and efficient prediction of the fatigue
curves for various compounds
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How to evaluate fastly the fatigue properties of SFRP ???

Processing Environment
Characterization
on samples
20 i [I:> 10 ] Fiber direction
....4,3 g -.30_
‘L | —
Fiber direction : gl S
: 1 : ﬂ
; I
85 (80) 85 | ] | NI o
oA L U adad HTTLA AL T 0 LA
LRIV TV
a— AT A LA
5 [
Complex Cvelic Fatigue approach
mechanical Y based on a stabilized
constitutive law
tests i cycle
Energy based
\S) : criterion
Wohler Fatigue initiation Local strain, stress
Curves criterion and energy fields Very fast
evaluation
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Application to SFRP

Force

10° imaa s
@ Classical fatigue tests
o S Power law
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Application to SFRP: Dogbone samples, various orientations
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Application to SFRP: Dogbone samples, various environments (T°C, RH)

T—Tg >0

— Tg
e T23°C-RH80
® T23°C-RH50
® T60°C-RH50
® T80°C-RH50

@ Points Tamb-RH50 === Critére Tamb-RH50

T T ® Points Tamb-RH80 s Critére Tamb-RH80
80 °© | ——— ® Points T60°C-RH50 == Critére T60°C-RH50 |—
O i int T80°C- 1
S 60k ® i @ Point T80°C-RH50 1
RN o
S5 40+ ™ = =
g ol \\e e | é 10—1 -
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G) 0 | \\ ] *d :
= i |
—20 | \\
\ | | | 10—2 Lol Lol Ll Lol
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Overview for SFRP

Processing Environment

Characterization
on samples

R60/

+ ¥
20 | [I:> 10 ] Fiber direction

30
40

H
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i

|

[V KV“V'LJHI
|

¥

Complex
mechanical
tests

Cyclic
constitutive law

ﬁ,?\q

£y
4 o
@ W
. p
Wohler Fatigue initiation Local strain, stress | G\)\' Validation of the

Curves criterion and energy fields O\Q?\_‘/ prototype
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Application to SFRP: Structural samples and parts

Structural samples are designed to generate
specific microstructure and loadings,
representative of the ones met on parts
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Application to SFRP: Structural samples and parts

f=1Hz, R=0, RH50, Ambient.

¢ Essais de fatigue classique Wavy 1
® Essais de fatigue classique Dogbone 0° === Critere de fatigue Dogbone 0°

- (Critere de fatigue Wavy 1

Dogbone 0° I

Wavy 1
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Application to SFRP: Structural samples and parts
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Application to SFRP: Structural samples and parts

X+ direction Dogbone 0°

X- direction

@ Essais de fatigue classique Parts X+ —— Critere de fatigue Parts X+
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Outline of the presentation

e Questions, limits and tracks to move further

~ @ Illustration of some questions and limits

| @ Analysis based on constitutive modeling

1 v | @ Analysis based on the evaluation of defects populations

~dd

| @ Thermomechanical evaluation at the microscopic scale
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Questions, limits and tracks to move further

o Energy based criterion is good but can be improved 03| |@EssaiAE classique |
’ m  Ep.Fluagel
n’,g 0.25 |* Ep.Fluage?2 @ |
A TX7 ATD Y . = 02} ®
(AH diss T & Pmax) « N iy = ( [Amiable, Launay] S oisl . $: |
< 0al @e@e a
0.05 |- - 8
0 R=0 | u Trapéze | 0 * \*m*e)@ﬂfw L
N T T n X - 4 Sinus ‘ 0 10 20 30
e Critere R=0 || 3 - - -modgle RH50, 23 °C| ) ] )
N o - mE - . ] Amplitude de contrainte nominale [MPa]
E 107 — CritbreR=-1 | § » |
e € v AL
Ty I ' s i g » e S o
5 2" . =
% r L 1< ., < —— Critere de fatigue
10—2 il | \\H\\\r | L] . - y = - y 10-2 R U R0 I
104 105 108 10 10 10 10 10 10 102 103 10 10° 105
Unification OK for several Dependancy on the Dependancy on the loading
R> 0, but not if R<0 loading shape history (creep-+fatigue, here)

e Describe the fatigue scattering
Improve the prediction of the mean curve

Constitutive models + Probabilistic approach

Use microstructural data
Defects population
Link between dissipation and fatigue mechanisms

e Go beyond a threshold analysis for these materials exhib iting no clear fatigue limit

Validate the extrapolation over 10 ¢ cycles
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Tracks to move further: Analysis based on constitutive modeling
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Tracks to move further: Analysis based on the evaluation of defects populations

(" Given )
compound
and process

Given
geometry
Testing o . : . _ Local mechanical
. Potential sites location Inclusions size scaterring loadi
\condltlons ) oading
Fast Use microstructural data
evaluation Defects population
120 — .
100 o 1
— 80" \
=X i ) *
= Ro A* N =C
«F 60 .
L Reete
40 L o ]
o 0D_0
20 L ! I B S
10°  10*  10°  10° 107
N; [-] Energy based Map of dissipated energy Activated sites
Fatigue properties fatigue criterion (experimental or numerical) locations
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Tracks to move further: Analysis based on the evaluation of defects populations

A given volume
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Tracks to move further: Analysis based on the evaluation of defects populations

Surfacic defects density

Interrupted fatigue tests

250

Fatigue tests

. * Mean lifetimes SEM analysis for several zones
200 —>—>—>

— Wohler curve o
\ 3 percentages of life time 9 samples
. 3 level of displacement

150

= T e For each sample, 3 local max. principal strain studied

N
50

20% - 40 % - 60 % Ni —
0 S Slice 1

1000 10 000 100000 1000000 10000000

Cycles to initiation Slice 2

Evaluation of the defects surfacic density for

_-V;; Vibracoustic MJ Areas 1, (2, 2), (3, 3")

Institut de Recherche en
Génie Civil et Mécanique

Local maximum principal strain (%)
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Tracks to move further: Analysis based on the evaluation of defects populations

Hy = _[jm['&*(f)]{l’dff, NN

20
- X 200,25 _
= 00 e s Maximum local
n : .
S A 1466 strain [%0]
= 80 |
o +101,4
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E 60
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D a0 A
%) A 56,1
i}
O m 46,7
w_ 20 X
O | X
O & A

1000 10 000 100 000

Nombre de cycles [-]

Observations: ad depends bothonNandon €&
€ is the first order factor
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Tracks to move further: Analysis based on the evaluation of defects populations

Surfacic defects density

Ny
— Ep=2A() [ KE).NN=C
i dissipated 4 - D
.| s Ni
- ; Ep = A'(e).K(e) f N.dN
150 . Local
::: 1 Eﬁﬂgﬁ% 0 M(E,N) — K(E).N
10 100 1000 '2

N
Ep = a*(e).x(g).T" _C

Challenge of the approach: can E  be considered as a constant ?

90% 250 000 1.43.10*
140% 58 000 1.28.103 167.4
190% 22 000 5.79.103 277.3
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Max. Principal Strain (%)

Tracks to move further: Analysis based on the evaluation of defects populations
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Tracks to move further: Thermomechanical evaluation at the microscopic scale

(" Given )
compound
and process

[
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geometry
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. Potential sites location Inclusions size scaterring loadi
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Tracks to move further: Thermomechanical evaluation at the microscopic scale

@ Local description of initiation sites for filled rub bers: tomo and SEM views

S@ Polar cavities Cavitation between Break of fillers
Fid close inclusions agglomerates

Precious results ... but providing only a kinematic view !

Decohesion at Decohesion on Propagation on the surface and
Sy one pole the sides in the volume

Institut de Recherche en
; 2

Génie Civil ef Mécanique

/4 _Trelleborg\libracous’cic
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Tracks to move further: Thermomechanical evaluation at the microscopic scale

4 )

s

SEM with EDS

Micro tension
compression device

Institut de Recherche an
Génie Civil ot Mécanigue BRI
$ scrooo -

Wi

Infrared Camera
Lens 50mm and “G1”

~\

. Optical microscope with extension device )
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Tracks to move further: Thermomechanical evaluation at the microscopic scale

accommodation cyclic loading cooling
. 7mm \ LenS “Gl,, 12 10 cycles - 10Hz 50 cycles - 10Hz 120s
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Tracks to move further: Thermomechanical evaluation at the microscopic scale
_____________________________________________________________________________________________________________________________________________________________________|

x 22.8 22.8

22.5 225

A 22.2 22.2
e 21.9 21.9
o 21.6 21.6
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21.0 21.0
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- : 20.4 20.4

Apparition of two
hot spots localised
at the crack tips

Hole
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Tracks to move further: Thermomechanical evaluation at the microscopic scale

Geometry of the sample accommodation cyclic loading cooling
20mm 10 GVORe T A0E 2Qoveles Aoz 1205 Thermal acquisition at
A< > Lol [\ [\ ﬂ {\ A A 100Hz with reduced
observed zone.
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Tracks to move further: Thermomechanical evaluation at the microscopic scale

Cycle 1 350=

28.0
27.9
27.8
27.7
27.6
27.5
27.4
27.3
27.2
27.1
27.0

34.5
34.2
33.9
33.6
33.3
33.0
32.7
32.4
32.1

34.5
34.2
33.9
33.6
33.3
33.0
32.7
32.4
32.1

Cycle 1 3608

Cycle 1 600

Cycle 1690

Cycle 1 500

Cycle 1 692
before failure

42
41
40
39
38
37
36
35
34
33
32

Hole

35.2
34.4
33.6
32.8
32.0
31.2
30.4

Colloque National d’Aussois, Mécamat, Janvier 2017



Tracks to move further: Thermomechanical evaluation at the microscopic scale

Geometry of the sample

P 20mm R
A 'c
E
\.Q.Gmm =
@
N
o
¥ 10mm %
©

CB agglomerate

3.75mm

omparison of the geometris Ny
(R and SEM pictures

accommodation
10 cycles - 10Hz

ﬂ

cyclic loading
20cycles - 10Hz

cooling

120s Thermal acquisition at

100Hz with reduced
observed zone.

Lens “G1”

U

thermal acquisition
time [s]

Mechanical protocol

Global mean strain of
120%

AN

J/mm3

0.25

Area of
Maximum
dissipated _

energy
Decohesion

Carbon at the poles

black .
inclusion -
i

Colloque National d’Aussois, Mécamat, Janvier 2017



Tracks to move further: Thermomechanical evaluation at the microscopic scale

Temperature fields
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Tracks to move further: Thermomechanical evaluation at the microscopic scale

(" Given )
compound
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Outline of the presentation

o Evaluation of dissipation from thermal measurements and heat build-up curve

e Some answers to industrial expectations a]

8‘6 @ Supply data to feed or validate design computation loops

\

@ Fast screening of fatigue properties for various parameters

@ Fast diagnostic on structural samples and parts

@ Analysis based on constitutive modeling

| @ Analysis based on the evaluation of defects populations

© @ Thermomechanical evaluation at the microscopic scale

Colloque National d’Aussois, Mécamat, Janvier 2017



Conclusions

Thank you for your attention

Yann.marco®ensta-bretagne.fr
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