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Introduction

 Complex behavior of glassy polymers
e Rate-, pressure-, temperature-dependent
* Multi-stage:
e Viscoelastic at small strains

* Viscoplastic at large strains

* Irreversible saturation softening

 Different failure points in tension and
compression
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Introduction

* Modeling strategy:

~ Elastic+lsotropic hardening —Elastic+Hardening

Kinematic hardening ~~"Elastic+Hardening+Saturation Softening

— Elastic+Hardening+Saturation Softening+Failure

Stress

Strain

Viscoelastic regionle V|sc.:oplast|C|ty
| region
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Modeling strategy

* Finite deformation decomposition:
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Modeling strategy

* |sotropic softening model:

* Material degradation is modeled by the reduction of the load
carrying surface with a softening parameter D

S reduced

D=1-
S

« Isotropic 3D problems: P = —
o P =D

e Constitutive modeling includes:
 Undamaged constitutive law : f)(t) _P (F(1),Q(7) : 0 < 7 < 1)

* Evolution of the softening variable: D(¢) = D (F(t),Q(7) : 0 <7 <t)

(Q is avector, contains internal variables
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Modeling strategy

» Effective stress measures based on an hyperelastic approach:
* Existence of a viscoelastic potential: ¥ = ¥ (E"¢)
* Stress measures:

SO =P:0F =4k (0F -F')=7:0E"
* First Piola Kirchhoff stress tensor: P X
* Kirchhoff stress tensor: g
* Co-rotational Kirchhoff stress tensor: T Same form as small

deformation theory

* Relations between the stress measures:

. BE’UG
P =2F".T: .fop—T
(T acve)

k=P FT

- - Undamaged constitutive law is written
~ ve o ve
k=R -7-R —”in terms of the corotational stress
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Modeling strategy

e Saturation softening stage:

stress Undamaged
A constitutive A

relation I’

Dy :saturation softening variable (1— D,\P

0< D, > D, <1
Constitutive

when strains increase (1—D,)P relation with
saturated
damage variable

»
>

strain

* To avoid the problem of loss of solution uniqueness
- implicit non-local formulation (Peerlings et al. 1996)

_ 9 _ Ys,7Ys local& non-local variables
Vs = 1sVo - VoT¥s =7 associated to the

: : saturation softening stage
e Saturation damage evolution:

: _ ls saturation non-local
Dy =Fs (Dg,F,7s) s characteristic length
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Modeling strategy

* Failure stage:

Undamaged
AStreSS constitutive A
relation f

Dy : failure softening variable

Failure stage

OSDf—>1 (1 D,)P

when strains increase (- D)1 Dy)P

| -
»

. . : strain
* To avoid the problem of loss of solution uniqueness

- implicit non-local formulation (Peerlings et al. 1996)

Y~ l?‘vo - VoYr =7¢ Yf,7Y¢ local& non-local variables
associated to the

_ _ saturation softening stage
* Failure damage evolution:

_ . [+ saturation non-local
Dy =F¢ (D, F,75) Ay characteristic length
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Modeling strategy

* Rate dependent behavior:

» coupled viscoelastic/viscoplastic model for the undamaged
constitutive law

A A
stress

Strain rate
increases

>

strain
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Outline

Viscoelastic modeling

Viscoplastic modeling

Selection of local variables for implicit non-local formulation

Numerical examples

Conclusions & perspectives
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Viscoelastic modeling

* Generalized Maxwell model:
* N+1 springs governed by N+1 bi-logarithmic potentials:

K.
U, = 7 In? (J¥¢) 4+ Gidev E" : dev E*® i = 00, 1...N
* N dashpots governed by N dissipation functions:

D;, i=1..N

Ve 11}1% %% IIJN%

D, Dol Py

L L
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Viscoelastic modeling

e Corotational Kirchhoff stress:

N IV N
U=V + ) (Vs — D) %:aEve_Aoo+Z'f@
k=1 1=1
Ve
"f'oo — ({?ET == K tr EveI —+ 2G deV Eve
ov;, 0D
Fi = o — pae = Kitr BYT 4 2Gidev E" -

* Evolution of internal variables q;, 1 =1...N

: d 2G
devq; = evT “devEY® — —dev q;
gi gi g
t . tl"?A' SKZt Eve 1 "
rq,; — = I — —irq;
L= T o

Time constants: ki, i, ¢ = 1...IN
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Viscoelastic modeling

e \iscoelastic constitutive relation:
* Deviatoric part:

t
devT = / 2G(t — s) idev]i)’“e(g) ds

— OO

* Volumetric part:

cor 1’[1"3\' . /t K(t— 8) : itrE’Ue(S) s
P o 3 ' o e . dS |

N
K(t) = Ko+ Y Kiexp (—ki)
i=1 *
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Viscoplastic modeling

* Yield surface:

* A generalized version of the Drucker —Prager yield surface with an
exponent-enhanced octahedral term

* |In terms of the corotational Kirchhoff stress

. o a _ 1 «
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Viscoplastic modeling

* Yield surface:

* Influence of the yield exponent «
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Viscoplastic modeling

* Non-associated Perzyna-type viscoplastic flow rule:

1 1 Fift F>0
D”P:)\ap A=—<F>r <F>= _1 -
0if F <0

orT Uy
e Yield function: g
* Plastic flow potential: P
* Viscosity parameters: 7, p

Extended yield surface

F=F—(n\P=

~

Ifn—20
time-independent case is recovered
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Viscoplastic modeling

* Quadratic flow potential: 5 — \/gdev (4 b):dev (D)
P = 2 2
e T P9 6y = 5tr(F —b)
e Constant plastic Poisson ratio during plastic flow:
9—23
I/p =
18+ 23

B =0 — incompressible plastic flow is recovered

e Equivalent plastic strain:

oP OP
or  oF

4 = kvDv : D = k:)\\/

2

- 1
T2z B=0—=k=y/g
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Viscoplastic modeling

* Influence of the viscosity exponent in the uniaxial tests:

p
_ “—1 @ 1
Fofox™ —2p MM [, =0
2
o] m

10
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Application to epoxy resins

* Uniaxial compression tests
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Application to epoxy resins

 Local variable for saturation softening stage: s =y

e Uniaxial compression tests without considering failure damage

Saturation damage

law: Dy = HA™ (Dyoo

o DS)}YS

Denmark
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Application to epoxy resins

* Creep tests without considering failure damage :
 Saturation damage law: D, = H,37" (Dyoe — Ds) 5
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Application to epoxy resins

* Local variable for failure stage: based on a pressure-sensitive
failure criterion:

* Failure criterion: Fy = @ (%,XC,X}) —r <0

* Power failure surface:

me+1 [ 7.\ 1 —me? tre
Or = o . a7 — —1
me’ + 1 \ X, me” +me X,
3 . .
Te = \/—deVT -dev T
e Failure stresses: 2
% g Xc — Xg + Acﬁ/ﬁc

Xetr = Xe() e.g. power law: . . .
( Xy = X7 + Ay”

* Failure onset evolution: 7 >0, Fr <0, 7rFy =0

* Local variable for failure stage: {’Y ifr >0

0if r=20
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True stress (MPa)

Application to epoxy resins

e Stress/strain behavior with failure:
e Saturation damage law: D = Hy.* (Dgoo — Ds) Vs
* Failure damage law: Df — Hfr—Y?f (1 — Dy) 7y
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Application to epoxy resins

* Transition from the continuum damage to
a cohesive law (Nguyen V.P et al. 2010) o

* Voided structure made of epoxy resin

e Uniaxial traction (mode |) using the
orthotropic BC

Fr/S (MPa)

N A 0 0.1 02 03 0.4

,,,,,,,,

RVE1

Traction (MPa)

jump (um)

Damage pattern Traction/separation law
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Application to epoxy resins

 Uniaxial traction test of the carbon fiber/epoxy composite
D=1~ (1-Ds)(1 - Dy)

f = 30%
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Conclusions & future works

* The proposed model can capture:
* Rate-dependent full-range stress/strain behavior of epoxy
* Rate-dependent stress/strain behavior of composites
» Traction/separation law can be extracted on RVEs

e Future works

 Study the failure behavior of fiber/epoxy composites using the
computational homogenization method
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Thank you for your attention!
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