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Introduction

« Goal: To capture the whole ductile failure process
— A diffuse stage -
« Damage onset / nucleation, growth...

— Followed by a localized stage

- Damage coalescence
« Crack initiation and propagation

3

GeM (UMR 4183) / EC-Na

[http://radome.ec-nantes.fr/]

Diffuse damage stage Localized damage Physical
stage process
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State of art: Modeling approaches

« State-of-the-art
— 2 approaches modeling material failure:

« Continuum Damage Models (CDM)

O O
— Lemaitre-Chaboche, O O
— Gurson, O

. O

* Discontinuous: Fracture mechanics
— Cohesive zone,
— XFEM
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State of art: Continuous approaches

« Material properties degradation modelled through internal variables evolution

— Form o(&Z(t")) O

« With internal variables history Z(t") O
— Lemaitre-Chaboche model, O O
— Gurson model, O
+ Porosity evolution f, O
O 4

* Continuous Damage Model (CDM) implementation:
— Local form

* Mesh-dependency

— Non-local form needed [Bazant 1988]

 Introduction of a characteristic length [,

« In terms of Weight functions: f,(x) = fVC Wy; x, 1) fy(y)dy

. _ The numerical results change
— Implicit formulation [Peerlings et al. 1998] without convergence

« New non-local degrees of freedom f,

« New Helmholtz type equation to be solved f, — I2Af, = f;
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State of art: Comparison (1)

Continuous: O 5
O O

Continuous Damage O O

Model (CDM)

+ Capture the diffuse damage stage

+

Capture stress triaxiality and Lode
variable effects

Mesh dependency without
(implicit) non-local form

Numerical problems  with  highly
damaged elements

Cannot represent cracks
without remeshing / element deletion at
D—-1 (loss of accuracy, mesh

modification ...)

Crack initiation observed for lower damage
values

Discontinuous:
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State of art: Discontinuous approaches

Based on fracture mechanics concepts
« Characterized by
« Strength o, &

» Critical energy release rate G,

One of the most used methods:
— Cohesive Zone Model (CZM) modelling 4
the crack tip behavior
— Integrate a Traction Separation Law (TSL):
At interface elements between two elements
Using element enrichment (EFEM) [Armero et al. 2009]
Using mesh enrichment (xFEM) [Moes et al. 2002]
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State of art: Discontinuous approaches

« Cohesive elements
— Inserted between volume elements

» Zero-thickness l:'} no triaxiality accounted for

* Intrinsic Cohesive Law (ICL)
* Cohesive elements inserted from the beginning
« Efficient if a priori knowledge of the crack path
* Mesh dependency [Xu & Needelman, 1994]
« Initial slope modifies the effective elastic modulus
* This slope should tend to infinity [Klein et al. 2001]:
» Alteration of a wave propagation

» Critical time step is reduced

« Extrinsic Cohesive Law (ECL)

* Cohesive elements inserted on the fly when the failure
criterion is verified [Ortiz & Pandolfi 1999]

+ Complex implementation in 3D (parallelization)

5 o
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State of art: Discontinuous approaches

u

Hybrid framework [radovitzky et al. 2011]
— Discontinuous Galerkin (DG) framework / \

/

+ Test and shape functions discontinuous

- Consistency, convergence rate, unigueness

(a-1)(a-1)*(@) (a)* (a+1)(a+1)*

recovered though interface terms
fno P:V,6udQ +

Jyy0, [8ul - (P) - N~d9Q+

falno [u] - (C': Vyéu) - N~doQ+

falgo [u] ® N": (ﬁ;—iel) : [6u] ® N~doQ =0

* Interface terms integrated on interface elements

— Combination with extrinsic cohesive laws
* Interface elements already there
« Switch to traction separation law
« Efficient for fragmentation simulations
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State of art: Comparison (2)

Continuous: O 5
O O

Continuous Damage O O

Model (CDM)

+ Capture the diffuse damage stage

+

Capture stress triaxiality and Lode
variable effects

Mesh dependency without
(implicit) non-local form

Numerical problems  with  highly
damaged elements

Cannot represent cracks
without remeshing / element deletion at
D—-1 (loss of accuracy, mesh

modification ...)

Crack initiation observed for lower damage
values

Discontinuous:

Extrinsic Cohesive
Zone Model (CZM)

+ Multiple crack initiation and propagation
naturally managed

= Cannot capture diffuse damage
= No triaxiality effect

= Currently valid for brittle / small scale
yielding elasto-plastic materials
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Goals of research

Goal:
— Simulation of the whole ductile failure process with accuracy

Main idea:
— Combination of 2 complementary methods in a single finite element framework:

« Continuous (non-local damage model)

+ transition to ~ =) Damage to crack transition

« Discontinuous (Hybrid DG model)

— However triaxiality effects are important &%) Cohesive zone model not adequate!!!

F

A

uj

O
O
O
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Damage to crack transition — Principles

* Hybrid DG model: use of a Cohesive Band Model (CBM)
— Hypothesis
 In the last stage of failure, all damaging process occurs in an uniform thin band
— Principles
» Substitute TSL of CZM by the behavior of a uniform band of thickness hy, [Remmers et al. 2013]

— Methodology [Leclerc et al. 2018]

[u] N

1. Compute a band strain tensor F, = F + .
b

+ %VT [u]
2. Compute a band stress tensor ob(Fb; Z(r)) using the same CDM as bulk elements

3. Recover a surface traction t([u], F) = o,.n

— What is the effect of h,, (band thickness)
« A priori determined with underlying non-local damage model to ensure energy consistency
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Damage to crack transition for elastic damage — Proof of concept

« Elastic damage material model
— Constitutive equations

* Helmholtz energy: py(g,D) = %(1 —D)e:H: ¢
 Non-local maximum principal strain: é — [2Aé = e
- Damage evolution D(x) = (1 — D) (é + %_K) K withk = max é(th
— 1D non-local test
1.2 Non-local only D

‘—N—L only 1

0.5
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Damage to crack transition for elastic damage — Proof of concept

« Elastic damage material model
— Constitutive equations
« Helmholtz energy: py(g D) = %(1 —D)e:H: ¢

 Non-local maximum principal strain: & — [2Aé = e

- Damage evolution D(x) = (1 — D) (g +- a_K) K with k = max e(th

— 1D non-local test

1.2, Non-local only D
‘—N—L only 1

B B

0.5
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Damage to crack transition for elastic damage — Proof of concept

* Non-local elastic damage to Cohesive Band Model transition

— Influence of hy, (for a given [.) on response in a 1D elastic case
« Has effect on the totally dissipated energy ®
« Could be chosen to conserve energy dissipation (physically based)

192 ¢ Non-local only
— -hb =0.1 x lc

IIIII hb = 2.0 X lC
hb = 5.0 x lc
———hy, = 7.0 X I,

e N- 1, o1y

Non-local — CBM

D
\.\.
~.-JE_!_!L—.-_-l
6 8 10 . : : - \ . . . . I

0.5
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Damage to crack transition for elastic damage — Proof of concept

* Non-local elastic damage to Cohesive Band Model transition

— Influence of hy, (for a given [.) on response in a 1D elastic case [Leclerc et al. 2018]

» Has effect on the totally dissipated energy @
« Could be chosen to conserve energy dissipation (physically based)

Non-local only

— -hb =0.1 x lc
----- hb =2.0x lc

hb = 5.0 x lc
——=hy = 7.0 X I, .
e N- 1, o1y

Non-local — CBM
.~..J,_’_!.__-.-
6 8 10
ur,/(kiL) [—]
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Damage to crack transition for elastic damage — Proof of concept

* Non-local elastic damage to Cohesive Band Model transition

— Influence of hy, (for a given [.) on response in a 1D elastic case [Leclerc et al. 2018]
» Has effect on the totally dissipated energy @
« Could be chosen to conserve energy dissipation (physically based)
» For elastic damage: hy, =~ 5.4 [,

121
— -hb =0.1x lc
----- hb = 20 X lC
hb =5.0 x lc
m—==hp = 7.0 X[,
e N- 1, o1y
S
\._‘__.__.J!_’_!.__-.-
6 8 10
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Damage to crack transition for elastic damage — Proof of concept

b

) e e O

« Study of triaxiality effect on a slit-plate

— Biaxial loading
* Loading at constant F,/F, ratio

1
: .

* Plane-strain state

— Comparison between:
* Pure non-local
* Non-local + cohesive zone (CZM) €—
» Non-local + cohesive band (CBM) —
<—

) A
v ¥

(o]
xﬁ‘j

> L >

(373

= 5 z
D vy vy ddi

Non-local only Non-local - CZM Non-local - CBM
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Damage to crack transition for elastic damage — Proof of concept

by

) e e O

Study of triaxiality effect on a slit-plate

— Biaxial loading
* Loading at constant F,/F, ratio

1
: .

* Plane-strain state

— Comparison between:
* Pure non-local
* Non-local + cohesive zone (CZM) €—
» Non-local + cohesive band (CBM) le—
<

) A
v ¥

o
Voo

> L >

= 5 n'
v bV

« Vv ¥

1
Non-local only Non-local - CZM Non-local - CBM

D
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Damage to crack transition for elastic damage — Proof of concept

« Study of triaxiality effect on a slit-plate
— Reference dissipated energy @, for non-local with F, /F, =0

12 — 1.2
- - -N-L s .
R CDM/CBM ERER (
~ CDM/CZM e Ay
— | § 08} 7 0.8 | Non-Local only = =—
i >
||| 206 ‘| £ 06 5 ), Non-Local - CZM =====--
~— K = ]
= I v wedf f - -
I i =04 | < 04 ey Non-Local - CBM
<b] — At
5 g e
202t ’ £02 w2 CDM/CBM
; ! DE __________ B CDM/CZM
0F : S > ) [§ L — 7 . . . |
0 0.5 1 1.5 2 0 0.5 1 15 2 25
Displ. uy [mm] Displ. uy [mm)]
12 ¢ 12
= =N-L R
T 1t CDM/CBM = 1}t .
— | il NS e CDM/CZM =) 1
<08 | % 0.8 '
IR 2 : - -N-L
406t g - CDM/CBM
| ><||| =0 5 08 1 vy Error on total
Sl m: 0.4 T 04; i diss. energy
g 02 5402 ..,:-f/ - - CZM: ~30%
- 202r 3 .
\ é) _;g CBM. ~3%
¥ % ~ i
0 & L L L i 0 ...... L I L )
0 0.5 1 15 2 0 1 2 3 4
Displ. u, [mm] Displ. uy [mm)]
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Non-local porous plasticity model

* Hyperelastic-based formulation

— Multiplicative decomposition
F=F¢ FP, C°=F°¢ -F¢, J€= det(F°)

— Stress tensor definition
 Elastic potential ¥(C€)
» First Piola-Kirchhoff stress tensor
01 (C®)
ace
» Kirchhoff stress tensors
— In current configuration
9 (C*)

P = 2F¢. .Fp"

T

—p.fFT = ofe . W) re
k=P F' =2F == F
— In co-rotational space
t=ce F g Fe = 2ce . 2O
ace

« Logarithmic deformation
— Elastic potential y:

K G
P(C) =5 n*(%) + 7 (n(C) Y (n(C)*
— Stress tensor in co-rotational space

T =KIn(J¢) I + G(In(C®))9ev
p
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Damage to crack transition in porous elasto-plasticity

* Porous plasticity (or Gurson) approach
— Assuming a J2-(visco-)plastic matrix

J2-matrix
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Damage to crack transition in porous elasto-plasticity

* Porous plasticity (or Gurson) approach
— Assuming a J2-(visco-)plastic matrix

— Including effects of void/defect or porosity on plastic behavior
* Apparent macroscopic yield surface f(7q, p) < 0 due to microstructural state:

Void or defect
OiNe

o O O
O
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Damage to crack transition in porous elasto-plasticity

* Porous plasticity (or Gurson) approach
— Assuming a J2-(visco-)plastic matrix

— Including effects of void/defect or porosity on plastic behavior
* Apparent macroscopic yield surface f(zq, p) < 0 due to microstructural state:

» Diffuse plastic flow spreads in the matrix
» Gurson model
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Damage to crack transition in porous elasto-plasticity

* Porous plasticity (or Gurson) approach
— Assuming a J2-(visco-)plastic matrix

— Including effects of void/defect or porosity on plastic behavior
* Apparent macroscopic yield surface f(zq, p) < 0 due to microstructural state:
— Competition between two deformation modes:
» Diffuse plastic flow spreads in the matrix
» Gurson model
» Before failure: coalescence or localized plastic flow between voids
» GTN or Thomason models
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Damage to crack transition in porous elasto-plasticity

« Porous plasticity (or Gurson) approach
— Assuming a J2-(visco-)plastic matrix

Including effects of void/defect or porosity on plastic behavior
* Apparent macroscopic yield surface f (7, p) < 0 due to microstructural state:

— Competition between two deformation modes:

» Diffuse plastic flow spreads in the matrix
» Gurson model

» Before failure: coalescence or localized plastic flow between voids
» GTN or Thomason models

Including evolution of microstructure during failure process
» Void growth by diffuse plastic flow
« Apparent growth by shearing

* Nucleation / appearance of new voids
» Void coalescence until failure

22 - 27 June
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Non-local porous plasticity model
Yield surface is considered in the co-rotational space

— Non-local form f (req,p;ry,Z(t’),fV(t’)) <0
* Teq is the von Mises equivalent Kirchhoff stress and p the pressure

e Ty = ry(ﬁ, ;3) is the viscoplastic yield stress in terms of equivalent matrix plastic strain p
e fy is the porosity and fy, its non-local counterpart with f;, — I2Af, = £,
» Z is the vector of internal variables
e [.isthe non-local length
— Normal plastic flow DP
1 0f :0Teq . dp

DP=FP.FP =y—=d
y(’)t ot +qar

— Microstructure evolution (spherical voids):

« Equivalent matrix plastic strain rate : LA

A ©.DP | |
(1-fvy)Ty : :

« Porosity: : ' 1AL
| 1
| 1
| I
| |

fV - (1 - fV)tr(Dp) + fnucl + fshear
| N m ;
« Ligament ratio: I 5 V7

1= 3(x fre,2,2) |
T _~—> Microstructure parameters
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Non-local porous plasticity — Comparison with literature results

« Plane strain specimen [Besson et al. 2003]
— Only half specimen is modelled
— Three # mesh sizes

Fine mesh
(~15500 elements, [, = 0.51.)

22 - 27 June WCCM 2018, New York, USA 27 SR




Non-local porous plasticity — void growth

e Gurson model [reush et al. 2003] 2
— Particularized yield surface 1 '
Téq F qz2p 2 £2 il
fo =" +2q1fy cosh (222) =1 - q3f2 <0 Los| '
Ty 2Ty 3 I
? 06
; 04r
jeal

1
1
1
1
1
1
1
1
1
1
1
1

0

0.2t
« Verification of non-local model
0 —— —— :
1.5 -1 -0.5 0.5 1 1.5
Pressure p/7, [—]
700
600 —
y ~
S 500 %
= N
’5’400 } 1
= |
300 | :
@ 1
= oo L™ = [Besson 2003] 1
= | Coarse mesh I
100 | Medium mesh I
Fine mesh I
O 1 1 - 1 !
0.01 > 0.1 0 0.2 0.4 0.6 0.8

_ Thick. reduction Ae/ (eg) [—]
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Non-local porous plasticity — void growth

e Gurson model [reush et al. 2003] 2
— Particularized yield surface 1 '
Teq 7 azp 2 £2 il
fo =2+ 2q1fy cosh (22) — 1 - g3f2 <0 TLos| |
Ty 2Ty 3 I
;— 06
coal
o]

0.2

 Verification of non-local model

1.5 g 0.5 0.5 ! "o
Pressure p/7, [—]
700
600 ™~
X / \
~
| 500 /
> 0.1

|
|
|
|
|
|
|
|
|
|
|
1
0

= = [Besson 2003]
Coarse mesh
Medium mesh
Fine mesh

‘I

|

._ |

\
200 - 1
I

I
foo 0.01
.
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Non-local porous plasticity — void growth and coalescence

e Gurson model [reushetal. 2003y o __ _

| 1
— Phenomenological coalescence model: : : 4
« Replace fy by an effective value fy: i ¥ = X()(; fv» -l Z) i
IE* :{ fV if fV < fC : : AL
Ve +R(r - fe) i > fe . m :
| fv L |
|

1
e f from concentration factor C{ (x) [Benzerga2014] Lo F )'l

max eig(t) — C{()()TY =0

= = [Besson 2003]
Coarse mesh
Medium mesh
Fine mesh

0 0.2 0.4 0.6 0.8
Thick. reduction Ae/ (ey) [—]

fro 0.01

22 - 27 June WCCM 2018, New York, USA 30 REHERE



Non-local porous plasticity — void growth and coalescence

e Gurson model [reushetal. 2003y o __ _

| 1
— Phenomenological coalescence model: : : 4
. A i o . : ~ I
Replace fy by an effective value fy: : X = X()(, fv k4, Z) :
= = 1
vV = = o F
fe+R(fy—fe) if fy>fc : m :
! L
e f. from concentration factor C{Q{) [Benzerga2014] L -'( > \ 4
max eig(t) — C{()()TY =0 xL
700
600 ] N
=500 |/

MP

— 400

Force F/ (e
w
S
o

200 | |= = [Besson 2003]
Coarse mesh
100 Medium mesh
Fine mesh
0.01 > 0.1 % 02 0.4 06 08

_ Thick. reduction Ae/ (ey) [—]
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Non-local porous plasticity — void coalescence

Thomason model [Benzerga 2014, Besson 2009] 167
Particularized yield surface 147
2 f 127
fTZETeq+|p|_CT(X)TYSO il
A
= 1
Higher porosity to trigger coalescence ; 08 :
bt |
No lateral contraction due to plasticity ;os !
- 04r :
1
1
0.2 i
1
D L 1 L L
o ] 1.5 -0.5 0 05 1
Verification of non-local model Pressure p/7y -]
For k = 0.5;4=0.5;1, =50 um 300
250 / )
£ 200
=
E’; 150
% 100
Coarse
50 ¢ Medium
Fine
0 L L L L ]
0 5 10 15 20 25
Strain A,/ Ly [—]
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Non-local porous plasticity — void coalescence

Thomason model [Benzerga 2014, Besson 2009] 167
Particularized yield surface 147
2 f 127
fTZETeq+|p|_CT(X)TYSO il
A
= 1
Higher porosity to trigger coalescence ; 08 :
bt |
No lateral contraction due to plasticity ;os !
- 04r :
1
1
0.2 i
1
D L 1 L L
o ] 1.5 -0.5 0 05 1
Verification of non-local model Pressure p/7y -]
For k = 0.5;4=0.5;1, =50 um 300
250 / )
£ 200
=
E’; 150
% 100
Coarse
50 ¢ Medium
Fine
0 L L L L ]
0 5 10 15 20 25
Strain A,/ Ly [—]
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Non-local porous plasticity — void growth and coalescence

127y

* Coupled non-local Gurson-Thomason . [—Gurson
iti —— Thomason
— 1 L
Competition between f; and fy Elastic region
2 ~ ~ —
fo =" +2q1fycosh (22) —1-g3f2 <0 Loaf
Ty 2Ty s
2 f W
fTZETeq+|p|_CT(X)TYSO 306
e Fork=054A=0.5;,=50um Eo.a-
0.2}
0 L L L L 1l
-1.5 -1 -0.5 0 0.5 1 1.5
700 Pressure p/7 [—]
600 N
" = 500 : N
=
§400 I \
= | 1
E 300 : |
E 200 | |= = [Besson 2003] 1
| Coarse mesh 1
100 | Medium mesh I
Fine mesh I
1
0 1 1 L I
fvo 0.01 > 0.1 0 0.2 0.4 0.6 0.8

Thick. reduction Ae/ (ey) [—]
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Non-local porous plasticity — void growth and coalescence

1.2¢

° COUp|€d non-local Gurson-Thomason !  [—=Curson
. — Thomason
— 1..
COIIIpetItIOﬂ between ZG and fr Elastie reglor

2 N N —
fo ="+ 2q:fy cosh (22) —1 - g3f2 <0 Loa|
Ty 2Ty ¥
=

2
fTZETeq‘I’lpl_C{(X)TYgO 0.6}

e Fork=051=0.5;l,=50um

0.4

Eq. stress

b - e e e e e e e e e

-1.5 -1 -0.5 0 0.5 1 15
Pressure p/7 [—]

0.01 > 0.1

Thick. reduction Ae/ (ey) [—]
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Coarse mesh
Medium mesh
Fine mesh

i

|
|
1
1
i
i
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Damage to crack transition for porous plasticity

* Non-local Gurson model — CBM (arbitrary crack paths)

2 ~ ~
— Gurson material model f; = =3 + 2¢, f, cosh (M) —1-q2f} <0
(4% 2Ty

— At crack insertion: Cohesive Band Model

F,o \
Bulk

— Comparison of two coalescence models
fv if fv < fc

- Phenomenological approach:  fi :{f +R(f f) if £, > f
C v — Jc v > Jc

« Thomason model: fr = %Teq + |p| — C{Q{)TY <0
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Damage to crack transition for porous plasticity

Thomason coalescence

Non-local Gurson model — CBM
— CBM insertion at Thomason criterion

— CBM with coalescence model
« Comparison of 2 coalescence models
* Fork =054=0.5;l, =50 um

— Crack path in cup-cone shape
[Besson et al. 2001]

fv Phenomenological coalescence

> 0.1I
v CDM only

\ 9
\4¢0

‘o 0.01
M

'R

0 0.2 0.4 0.6 0.8 fo
Thick. reduction Ae/ (eg) [—] 0

\
CDM-CBM

1

= = [Besson 2003 !
100 | |===Phenom. model !
1

1

Coupled model
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Damage to crack transition for porous plasticity

* Non-local Gurson model — CBM Thomason coalescence

— CBM insertion at Thomason criterion
— CBM with coalescence model

— Crack path in cup-cone shape

» Comparison of 2 coalescence models
* Fork =054=0.5;l, =50 um

[Besson et al. 2001]

;\_

fv

Phenomenological coalescence

CDM-CBM

| [= = [Besson 2003]
Phenom. model
Coupled model

0 0.2 0.4

0.6 .
Thick. reduction Ae/ (eg) [—] fVO

22 - 27 June WCCM 2018, New York, USA 38 & LIEGE



Conclusions

Obijective:
— Simulation of material degradation and crack initiation / propagation

Methodology
— Combination of non-local Continuum Damage Model (CDM)
— Cohesive Band Model (CBM)
— Integrated in a Hybrid Discontinuous Galerkin framework

Proof of concept
— Elastic damage material model
— Cohesive band thickness controls the failure energy dissipation

Ductile materials
— Implementation of hyperelastic non-local porous-plastic model
* Coupled Gurson-Thomason model
— First results of the CDM-CBM transition
— Upcoming tasks:
» Enrichment of nucleation model and coalescence model

« Calibration of the band thickness
« Validation/Calibration with literature/experimental tests
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Damage to crack transition for elastic damage — Proof of concept

Comparison with phase field
— Single edge notched specimen

» Calibration of damage and CBM parameters with 1D case

Non-local model

Cohesive band model

Force-displacement curve

22 - 27 June

WCCM 2018, New York, USA
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CDM/CBM L
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06 F|oeeee Phase field /.f"‘ v
= fo— [
0 * ¢ .
2 £) £ l'e
€3 & i
c . :
8 g 04 /’I ‘
- 2 s i
) 4 :
L 02t 4 N
/ .
/
./o L ~ -
0 L L i 1
0 0.002 0.004 0.006 0.008
06 r
0.5 S
I
— ¥
) 04 | ; \
% & 7 \
Q8 & /
0.3 7
g = /
E b—lo 02 r l:’
2 / CDM/CBM
n 01+ / - -N-L
20 [P Phase field
0¥ 1 ' ' -
0 0.005 0.01 0.015 0.02
Displacement u [mm]
% * LIEGE

41 ‘» université



Damage to crack transition for elastic damage — Proof of concept

Comparison with phase field
— Single edge notched specimen
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Damage to crack transition for elastic damage — Proof of concept

« Validation with Compact Tension Specimen

— Better agreement with the cohesive band model than the cohesive zone model or the
non-local model alone
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Damage to crack transition for elastic damage — Proof of concept

« Validation with Compact Tension Specimen

— Better agreement with the cohesive band model than the cohesive zone model or the
non-local model alone
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Porous plasticity — Voids nucleation

« Evolution of local porosity

fV =(1- fV)tr(Dp) + fshear

— Voids nucleation £,y modifies porosity growth rate
« Linear strain-controlled growth

S Ay #0 if fy > fn
fnucl_ANp Wlth{AN=O if fVSfN

« Gaussian strain-controlled growth

f fn <_ (- EN)2> A
nucl — \/{2 N} exp 251% p

* where Ay, fn, €n, Sy @re material parameters
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Porous plasticity — Voids nucleation

« Evolution of local porosity ﬂ &
fV = (1 - fV)tr(Dp) + fnucl + & a 0
— Shearing affect voids nucleation: fipear é
. 27 det(z4¢Y)
 Includes Lode variable effect {(t) = —— 3
Teq
, 5 rdev. pp
fshear = kaw(1 - (T))
Teq

« where k,, is a material parameter
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Integration algorithm

* Predictor-corrector procedure
— Elastic predictor

1

pr -
F¢" =F-F}

— Plastic corrector (radial return-like algorithm)
« 3 equations

— Consistency equation: f (Teq,p; Ty,Z(t’),fV(t’)) =0
: i - of .07, . dp
— Plastic flow rule: DP = FP.FP ' =y L = J—294 5
v ot 0t 1 0t
— Matrix plastic strain evolution: j—__wbh
P (1-fvy)Ty
3 Unknowns Ad, Ag, Ap
» 3 linearized equations A i )
— Consistency equation: f(Teq(Ad),P(ACAI)J TY(Aﬁ),Z(Ad, Ag, Aﬁ),fv) =0
.0 d
— Plastic flow rule: Ad—f — Ag / =0
ap 0Teq

— Matrix plastic strain evolution: (1 — fVO)TYAﬁ = Tqua + pAg
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