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Solution of non linear systems

f(x) =0 rewrittenas z = g(z)

Let Us assume:
Tn, = S+ €&, resp. solution, error

Then:

(7n — 5)°9"(s)

N —

Tn1 = g(xn) = g(s) + (zn — 5)g'(s) +
e Convergencdf: |¢'| < K <1

e Order(linear, quadratic convergence ?)
*x Order 1 :g,.1 ~ ¢'(s)en,
x Order 2 :g,, 11 ~ 3¢"(s)e2 ,if ¢ =0

n
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Fixed point method
1t suchas g(x) —g(s) =¢'(t)(x — s)

20 = 8] = |g(2n1) = 5] = g'(s)|vn1 — 5]
S K’xn—l _ S‘
<...< K"z, — s
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Newton method
Residual :
R(x) =10
Taylor development :
OR
R(xp+1) = R(x, — ] A
(0rn) = Rla) + (G ) Ar+

To getR(x,.1) = 0, try

Az = — (‘%) " R(e)

n

—1
Quasi-NewtonrepIace(é;—R) by K (constant during iterations)
X

n
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Order of Newton method
Writing :

Equiv to :

@
=0 )

f/2 _ ff// _ ff//
f/2 f/2

ent1 ~ €2 ...0rder 2— guadraticconvergence

=0

g'(x)=1-

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix UTMIS Course 2003 —Stress Calculations for Fatigue



Order of Quasi-Newton method

Writing :

Lp4+1l — Tn — K
Equiv to :
g9(x) =z — %
ga)=1-L

Linear convergence if¢’(z)| < 1
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Ordinary differential equations

e Differential systems of higher order can be reduced to 1, e.qg.

dy
g
it

= z(t)

= r(t) —q(t)z(t)

Y a5 =l

e General form:

{0} ={f} @t A{v}) 5 {v}(t=t) = {v}
e Forward Euler:

Wi (t+ At) = v} (1) + At {0} (¢, 1v})
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Runge-Kautta (1)
ldea = Multiple evaluations on the same time increment
e Timeincrement — t + At
e RK21 method, two evaluations, second order accurate
e RK34 method, four evaluations, fourth order accurate

Starts from Taylor:

(v} (t+ At) = {v} (t) + {0} (H) At + O(AL?)

Let us note{dv, } = At {0} (¢)
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Runge-Kutta (2)
RK21

Mid-point evaluation:

{5@2}

At {0} (t R NGIORE {5v1})
S (OICREUI0)

(6} + 50 ) (0

The{®} (¢) term can be eliminated{®} (t) = {dv2} — {dv1}) the method is then
second order accurate:
2

fob(t+At) = {v} @)+ {0} (t)At + {0} (t)ATt + O(At?)
v} (t+ At) = {v}(t) + {dv2} + O(AL?)
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Runge-Kutta (3)

RK34
{oun} = At{o} (¢, {’U})
{ove} = At{v} (t + —,{v}+ = {51}1})
(Goa) = at{) (¢4 5 (0 + 5 6o}
{ovy} = At{o} (¢ —|— At,{v} —|— {ovs})
{v}(t+At) = {v} )+ - {5’01} + 3 {51}2} + 3 {5@3} + é {6v4} + O(AL?)
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6—methods

Two solutions for the discretization:

(Ao} { At {#} (t + OAD) type A

At ((1—0) {0} (t) + 0 {0} (t + At)) type B (1)

Solution using Newton method:

Type Residual R} = {0} JaCObia”aa{{ARv}}
- o {0}
§ (v = AT 081 T

5 (A -0 )0 40l A - Aol

t+At
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Gauss integration

r-point Gauss integration on a [-1:+1] segment:

+1

f(t)dt = Z w; f (&)

gives exact result for &r — 1) order polynom
Evaluation asampling pointg;, combined withweigthing coefficientau,

Example, order 2:

fey= 1 2 = w1 + W

fit)= t 0 =wi1T1 + wox — 2
fity= > 2/3 =wiz{+ wex — 2°
fty= ¢ 0 =wiz] +wex —2°

thenw; = wy =1, andé; = —& =1/V/3
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Global algorithm

For each loading increment, do whil¢é R} ;.|| > EPSI:
iter = 0;eter < ITERMAX ;iter + +

1. Update displacementgs{u}iieri1 = A{u}iter + 0{u}iter

2. ComputeA{e} = |B|.A{u}ierr1 thenAg for each Gauss point

L . A
3. Integrate the constitutive equatiods — Ag, Aay, A_q
E

4. Compute int and ext force$:F,,; ({u}: + A{u}tisers1)}, {Fe}
5. Compute the residual forcéR}iieri1 = { Fine} — { Fe}

6. New displacement increment{u};;c,+1 = —[K] ' {R}iters1
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Numerical implementation

e Numerical methods
e The #-method applied to constitutive equations

e Description of the material interface
* (Visco-)plastic models with isotropic hardening
* Multi-kinematic models
* Description of a material library

e Cycle jump technique
e Case studies: turbine blades, head engine
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Anatomy of constitutive equations
Definitions:
e External parametergep) imposed as input
e Integrated variablegvint )
e Auxiliary variables(vaux ), just for output
e Coefficientgcoef ), material parameters

e Primal and dual variablesprescribed variables and associated fluxes
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Primal and dual variables in various fields

problem primal dual
mechanics, small perturbation € o
mechanics, large deformation F I1
thermal pb (T, gradT) (H,q)
diffusion concentration flux
electrostatics gradV E
magnetostatics rot A H

e strain tensorF’ deformation gradient]’ temperature}l” electric
“potential, A potential vectorg Cauchy stress tensa$, second
Piola—Kirchhoff stress tensaf enthalpy,g thermal flux .E electric

field H magnetic field.
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Generic interface for any constitutive equation

For each Gauss Point...

Ag, At
Internal Variables, V;
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Time discretization

t+ At
Ao = / adtT
¢

Explicit integration Substepping, Runge-Kutta.
Implicit integration
Generalized mid-point rulé(— method A):

Aa = a(t + 0AL)At = cpAt

Trapezoidal integratiord(— method B):
Aa = ((1—0)da; + 0dyiny) At = ((1 — 0)ag + 0y ) At
e 0 <6 <1,60=0,explicit;d = 1, implicit

e 0.5< 0 <1, stable

e /= 0.5, second order accurate
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Discretization of the strain increment

t+At t+At
Agl = / eldr = / p(T)n(T)dr
t t

With 8 — method A

AeP = pgnygAt = nygAp

o full implicit case: Ae? = n Ap direction given by the final normal, this gives the popular
radial returnalgorithm
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Radial return algorithm

Trial stressfor a prescribed\e¢:

*_gt+AZA€

Q
|

Actual stresatt + At:

Tirar =g+ A (Ag — Agh)

2MAE

e The corrective term is oriented by the final
normal

O;

OtrAt = Q'* — Ap_/,} -y
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Generalized radial return algorithm

Closest point projection algorithm
For generalized normality rule:
of

of
Ael = —/—A Aoy = —A
Fluxes:
Ag = A : (Aeg — AgP)
AY[ — M[.AO{]
of
Ao A Ae A 0 (9—
~ ~ ~ ~ o
A = = — Ap
of
AY; —J
I 0 0O M oY,

UTMIS Course 2003 —Stress Calculations for Fatigue
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Generic form of the implementation

Find state variables incremem¥g® andAa;, using strain partition rule and hardening
rules.

re = Ae®+ Apng=Aec— Ae"—Ae'" ...
'y = Tp;p (geaaf)
ore or e
. . 0Ae¢  O0A«ajp
Jacobian matrix [J ~
V] T, T p,
0Aegc  O0Aaqj
Note :
or. on 1 /3
~ =] : N=—""=—_|=-J-—
dhec & 7 R T 9Ag J(Q’: "3’@"3’)

...accounts for normal rotation during the increment
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Incremental consistent tangent matrix

After convergence,

dAe dAe® dAe® dAe
~ o =[] ~ ...then ~ =[J]~ ! ~
0 dAa] dAOz] 0

H e
[3]! = ", with [m] = 225
T | x 0Ag

Consistent tangent matrix:

I — 0Ag 0Ag”
¢ 0Aec T 0Ae

= A:H
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Numerical implementation

e Numerical methods
e The 6-method applied to constitutive equations

e Description of the material interface
* (Visco-)plastic models with isotropic hardening
* Multi-kinematic models
* Description of a material library

e Cycle jump technique

e Case studies: turbine blades, head engine
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(Visco-)plastic models with isotropic hardening

flg,R)=J(g) - R—o,

J(o) = \/(3/2).5 s ; s=ag—(1/3)tracer ; o, =Inityield

e’ = pn ;zﬁ:¢@ﬁEW§p; R = (1 — exp(—bp))
Time independent (T1) behaviof. = 0

1/n
Time dependent (TD) behavigp: = <%> ,

3D 1D tension
T | J(@)—R—-0oy = o= R+ oy,
TD | J(g)—R—0, =Kp'/"|o=R+o,+K@E)"/"
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Implementation of (visco-)plastic models with isotropic hardening (1)
Unknowns =Ae®, Ap

Time—independent plasticity:

re = A&+ Apng=Aec— A" —Aeg"...

Y

rp = f(Tirar) =0

Ap is the increment of equiv (visco-)plastic strain
1y IS the normal to the yield surface@at- At

Time—dependent plasticity, replace previepdy:

r,=Ap—AtPy(J —R,...) =0
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Implementation of (visco-)plastic models with isotropic hardening (2)

Time—independent plasticity:

£+«9]yg . lr}gAp Ny

Y

1,}1 Ny —H = —dR/dp

~Y

[l =

Incremental consistent operatbg versus tangent continuous operalqr

L.= L, — 4 ApN
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Implementation of (visco-)plastic models with isotropic hardening (3)

Time—dependent plasticity, now

Tp:Ap—At(DQ(J—R,...):O

1/n
Assumecbzl((%> . then
At
0 _ . 0® K (Ap R
ONege " O0Ap  nAt \ At

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix UTMIS Course 2003 —Stress Calculations for Fatigue



6—method, TI and TD plasticity (1)

| timet+ At

Time indep plasticity

trial
trial

Time dep plasticity
Increasing rate
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6—method, TI and TD plasticity (2)

trial
trial

timet+ At

Time dep plasticity

Time indep plasticity decreasing rate
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Implementation of models with multi-kinematic hardening (1)

Constitutive equations (i=1... N kinematic variables)

& e =¢

o; =¢el —pD, :

= p — pbr
Discrete counterpart
re = Ag"+Apn—-Ac=0
To;, = A —Apn+ApD;:a;=0
r- = Ar—Ap(l—>5br)=0

r, = Ap—o¢(f,...)At=0
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Implementation of models with multi-kinematic hardening (2)

a%;e = L+0ApN:4 2)
é&t;z = AP ai?i ‘ gif; : a?;i = —0AplY 1 L (3)
= = 0 )
aai; = n 5)
T = APy e gag = PAIN A ©
gﬁ; = L+0ApD: (7)
oAy = 0 ®
oay, = mtDoe ©

(10)
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Implementation of models with multi-kinematic hardening (3)

ai;e = 0 (11)
ai;- = 0 (12)
gg« = 1+0apd (13)
(‘;92; = or (14)
aige - g? gé : g; 3 aiie = —0Atpm : A (15)
ai;i = OAtosm: G (16)
ggpr - gﬁa %f aaArr At =0Aico ¢ (17)
gg; = 1 (18)
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Presentation of the material library Zmat

e Numerous material models, pluser material

e Interface with the classical FE softwares

e Provide automatic time stepping and consistent tangent stiffness

e Coefficients presenting unlimited dependence on internal variables
e ZeBFRONT, automatic code generation

e MuLTiMaT concept, for recursive multiscale modeling
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ZeBFRONT concept

e Preprocessor, using building bricks lieasticity , flow , etc...

e Use a macrolanguage, with a limited number of keywords@kefs , StrainPart
derivative  ,implicit , etc...

e Generate C++ code
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Explicit programming with ZeBFRONT

@Class NORTON_BEHAVIOR : BASIC-NL-BEHAVIOR

{
@Name norton; Nom du comportement
@SubClass ELASTICITY elasticity; Objet matrice d'élasticite
@Coefs K, n; Coefficients de Norton
@tVarInt eel; Variable interne tensorielle : €,
@svarInt evcum; Variable interne scalaire : p

b

@StrainPart { Calcul de la contrainte aprés intégration
sig = *elasticity*eel; o —=Eg,
m-tg-matrix=*elasticity; Matrice tangente approchée (RK !)

}

@Derivative { Calcul du vecteur dérivé Y
TENSORZ sprime,norm;
double J;
sig=*elasticity*eel;
sprime=deviator (siq); Calcul du déviateur ¢’
J=sqrt (1.5* (sprime|sprime)); Calcul du deuxieme invariant
devcum=pow (J/K,n) ; Fluage de Norton : p = (%)”
norm=sprime* (1.5/J); Direction de I'écoulement
deel=deto-devcum*norm; Déformation élastique

}
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Implicit programming with ZeBFRONT

@CalcGradrF { Integration implicite
ELASTICITY& E=*elasticity;
sig = E*eel; g=’£;§e
f_vec_eel -= deto; Re =“A£5—A§
TENSOR2 sigeff = deviator(sig); Dévieteurg’
double J = sqrt(l.5*(sigeff|sigeff)); Deuxieme invariant
if (J> (double)0.0) { Sion a plastifié
TENSOR2 norm = sigeff*(1.5/J); Direction de I'écoulement n
f_vec_eel += norm*devcum; R{e=&EMe—z_’\.§-|—ApQ
f_vec_evcum -= dt*pow(J/K,n); Ap = (%‘J"L‘U
SMATRIX dn-ds = unit32;
dn_ds -= norm " norm;
dn_-ds *= theta*devcum/J; 5
iRe
deel_deel += dn_ds *E; Ffﬁ_e
deel_devcum += norm; %IE
; Ap
double dv_df = tdt*n*pow(J/K,n-1) /K;
TENSOR2 df_fs = dv_df*norm;
devcum_deel -= df_fs*E; Faf?%
) =1
D
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Multimat capabilities (1)

e Use homogenization rules
* Localization rules

* Local constitutive equations (possibly multimat)

e Macroscopic level (0)

***pehavior mori_tanaka
**material 0.65 matrice
*file matrice.mat
**material 0.35 fibre
*file elas.mat
*rota-

ton x1 0.2 03 04

x2 0.7 0.1 -0.3

***return

e Material at level (1) to be defined



Multimat capabilities (2)

e Levell
matrice.mat e Level2

: : : austenite.mat
***pehavior berveiller _zaoui

**mu 75000. **nu 0.3 ***pehavior gen_evp
**material 0.50 austenite **elasticity isotropic
*file austenite.mat young 260000. poisson 0.3
**material 0.50 ferrite **potential gen_evp ep
*file ferrite.mat *flow plasticity
**rreturn *jsotropic constant
RO 130.
fibre.mat rTetum

***pehavior linear_elastic

**g|asticity orthotropic ferrite.mat
y1111 100000. y2222 120000. *hehavior gen_evp
y3131  90000.
et ***return
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What is inside Zmat ?

Constitutive

Model

Constitutive

Model

Integration

il Methods

B Runge-Kutta
B Theta method

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

/
, [ ] [
/ Constitutive

¥ Models
Basic /’
Objects,’
J
B Elasticity
B Thermal Strain
B Isotropic Hardening
B Kinematic Hardening
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Use of the material library Zmat

USER MODE DEVELOPPER MODE

ABAQUS ABAQUS

user.c user.z
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Use of the material library Zmat

ABAQUS input file:
Z-ABA material file: steel

**k*xmaterial

sk sk ke ke ok ok ke sk sk ok ok sk ok ok ok ke sk o ok ok sk ke ok ok sk ke sk ok ok ok o ok ok ke ok ok ok ok sk sk ok xintegration theta_method_a 1.0 1.e-12 1500
** ABAQUS INPUT FILE

EEEEEEEEEEEEEEEEEE EEEEEEEEEEEELE EE L LT

*NODE. NSET=all *xgelasticity isotropic
, =

1,0.,0. young 210000.0

***xbehavior gen_evp

poisson 0.33

. **potential gen_evp ep

*SOLID SECTION,ELSET=ALL,MATERIAL=stcel *criterion mises
*MATERIAL,NAME=steel xflow plasticity
*DEPVAR *isotropic constant
13 RO 150.0
*USER MATERIAL,CONSTANTS=1
0.0 *kinematic nonlinear
*USER SUBROUTINES,INPUT=umat.f D 69.31
* C 8317.77
*¥**kreturn
Execution : > Z-aba struc
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Object oriented modular design in Zmat

Material objects Typical assembly for viscoplasticity

Isotropic hardening Elasticity
Thermal strain

. e Potential
1nematic ardaenin

=

Damage

Elasticity Isotropic hardening
Potential Thermal strain Kinematic hardening

etc .. Kinematic hardening
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Isotropic and nonlinear kinematic model in Zmat

behavior

elasticity isotropic

thermal_strain isotropic| €* = o(T — Tyef)

f=J(d-%iX) - R

= (%) & =im
R=FR+Q(—e™)
X=1Cq , 4=pn— 12X
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Example of data files in Zmat

Crystal viscoplasticity

Plasticit Viscoplasticity **¥hehavior gen_evp
M ***hehavior gen_evp **ealasticity cubic
**¥*hehavior gen evp
**alasticity isotropic 100000.
**clasticity isotropic
100000. ; 75000.
100000.
oA 0.3 yv1212  112000.
jele 1 .
” **potential gen_evp ev **potential octahedral
**potential gen_evp ep

L . *criterion mises *flow norton
*criterion mises

*flow norton K 1000. n 4.5
*flow plasticity

K 1000. n 4.5 *isotropic nonlinear
*isotropic nonlinear

RO 210. Q 50. b 10. *isotropic nonlinear RO 210. Q 50. b 10.
*kinematic nonlinear RO 210. Q 50. b 10. *kinematic nonlinear
C 20000. D 500. *kinematic nonlinear C 20000. D 500.
C 20000. D 500. *interaction slip

hl 1. h2 1.2 h3 1.4 h5 1.3 h6 1.8
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Use of the material library Zmat

== ZebFront model:

@Class ZUSER : BASIC_NL_BEHAVIOR {

@Name ser; == Compilation
@SubClass ELASTICITY E;
’ > ZebFront
@Coefs C1, C2;
@VarInt evi, eel, ...; == J,ink Z-ABA library:
@VarAux X,Y; }
@StrainPart { > MAKE

evi = eto - eel;

, == 7-ABA material file: steel
sig = *E%*eel; }

@Derivative { ***material
@CalcCoeffs; *integration theta_method_a 1.0 1.e-12 1500
devi = ..; *¥**¥hehavior
deel = ...; } *¥*eolasticity isotropic

young 210000.0

== Abaqus input file: poisson QA3

3k sk 3k 3k 3k ok 2k 3k 3k ok 3k 2k ok ok 3k ok 3K ok 2k 2k ok 9k 2k 2k ok 3k 3K 3k ok sk 2k 2K 3K 3K 2k 2k ok ok ok 2k ok ok ok K **model _coefficients

C1 100.

*SOLID SECTION,ELSET=ALL,MATERIAL=steel C2 100.
¥*¥¥paturn

*MATERIAL,NAME=steel

*USER SUBROUTINES,INPUT=umat.f
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Implementation of a Norton model in Zmat

[+ IS BN O I I

)
N = o

T
[ TN}

=
| o

18

27

28

29

30
31

Norton model with derivation of the

material tangent matrix

@Class NORTON : BASIC_NL_BEHAVIOR {

@name
@SubClass ELASTICITY elasticity;
@Coefs K, n;
@tVarInt eel;
@sVarInt evcum;
@Implicit

1]

@StrainPart {

norton;

sig = *elasticity*eel; }
@Derivative {
sig = *elasticity*eel;

TENSOR2 sprime = deviator(sig);

double J = sqrt(1.5*(sprime | sprime));
TENSOR2 norm = sprime*(1.5/J);
deveum = pow(J/K,n);
deel = deto - devcum*norm;
}

@CalcGradF {
ELASTICITY& E=*elasticity;

double J = sqrt(1.5*(sprime | sprime));
if (J>0.0) {
f_vec_eel += -deto + norm*devcum;

f_vec_eveum -= dt*pow(J/K,n);

TENSOR2 df_fs=n*pow(J/K,n-1.)/K*norm;

SMATRIX dn_ds = (unit32-norm”“norm)/J;

deel_deel += theta*devcum*dn_ds*E;

deel_devcum ~+= norm;

devcum_deel -= theta*dt*df_fs*E;

g=E¢!

f=J=4/3¢:q

_ 9 L3

B=9%0=27¢
n

s (L

i= (#)

=i on

Residual:
13'el = Agel - As—‘r Ay n
R, = Av— < ;;> At

Jacobian matrix:

9Ag,,

R _

8Av B

OR, f

dAE, = —0At%<?> n E‘

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

e Nothing else is needed

e Valid for explicit and implicit
Integration mode

e All the coefficients are known
by the code, they can depend
on external parameters and
Internal variables

e The variables are automatically
known by the code for postpro-
cessing
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Implementation of an aging model in Zmat

Modeled by a cyclic viscoplastic law, with a time and temperature dependent variable, «.

Yield stress R = R gs5ical + BF

are temperature dependent material coefficients
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Implementation of an aging model in Zmat

1 @Class AGEING_SIMUL : BASIC_NL_BEHAVIOR {
2 @SubClass PARAMETRIC_STRAIN thermal_strain;
3 @Name ageing;

4 @SubClass ELASTICITY E;

5 @Coefs RO, Q, b, RO_star, alfa;

6 @Coefs C, K, n, D, tau;

T @tObservable sig,eto;

8 @tVarlnt evi, eth, alpha;

9 @Varlnt evcum, age;

10 @VarAux R;
11 @tVarAux eel, Xj;

12} . . .

P — e Valid for explicit mode
14 eel = eto-evi-eth; =g —¢h

15 sig = *E*eel; g = ]g; €

17 berivative { e The thermal dilatation can be

18 @CalcCoeffs;

1 X = (@2/3)Craipha x=1cq customized if needed

20 double R_star = RO._star*(1. - age); R* = R{(1—a)

21 R = RO + Q*(1.-exp(-b*evcum)); R=Ry+Q(1- eb”)

22  TENSOR2 sigeff = deviator(sig) - X; g, =g —-X f d b i I d_
23 double J = sqrt(1.5*(sigeff|sigeff)) J i(1.5 Tep* gef)0‘5 o U Se 0 p re p rog ram m e u I

24 double f =J- R - R_star; f=J(0-X)-R-R* . .

25 dage = (1. - age)/tau; a= (l;a) I ng brl CkS

26 TENSOR2 deth = thermal strain->compute dstrain(); ¢'=aIT —aIT

27 if (£0.0) {

n
28 devcum = pow(f/K, n); v = (‘I%)
29 TENSOR2 norm = sigeff*(1.5/J); =579,
30 devi = devcum*norm; & =0n
31 dalpha = devi - D*alpha*devcum; a=&—-Dqgo
32}
33 else devi = dalpha = 0.0;
34 }
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FE calcul

Parallel computations

iCH

e ZeBuLoN FE code
e ...:_'i“‘: e Z-mat material library
A e Computations on a linux PC cluster

e FETI method for parallel computation
(Farhat-Roux, coll. Onera/Feyel)

Camnvnace Caillatarnid EAanla Aac Minac AaAa Darvie Cantra AacAvEadiv F1ITARIC CALIveA~ HNND CHrace alaiilatinne fAar Caticaiia O Nuiimimarieal imnlamantatiAa/m



Example of recent computations

= S/ X Vs el

s e A

e W v
R

AR ’4"‘
(SRS
DR

L AVATAVATATATATATATA"
NSRRI A
A VA AVATAVATATAVATATAT AT
LA OO AN RRRERA

RO RRK KRR

Turbine blades

Exhaust manifold
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Turbine blade: computation of several hundreds of cycles

1200 T
Cycle KB

1000

il .\.|

emperature

L 1 l l
&) 1000 2000 3000 4000 5000 B000
temps

68 incréments

81000 dofs

Single crystal model
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Post-processing for lifetime prediction

IIIIDDDIII

1.4e+04 4.3e+04 T 1e+04 1e+05
1e+05 2.98+04 578404 8.66404

IIIDDD

14e+04
2.9e+04

7.1e+04
B.6e+04

NF1  map:1.000000 time:S1210 min80. max:1.e32 NF1  map:1.000000 time:51210 min80. max:1.e32
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Performance of a PC cluster on the ’small”’ turbine blade

Temps total | Stockage matrice globale | Nombre d’itérations
Abaqus 1073 s
Sparse dscpack 1203 s 515 Mo
// 8 SDs + dscpack 91 s 41 Mo 120

The CPU time is reduced by a factor of 13 with 8 processors !
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Use of a cycle skip technique

Y (N) variables internes au cycle N

EE

e M. 'N'I" * ﬂ " zpl
‘ Y(N) =

&

- —_ -

Y(N) = (N — 1)T o) =

§p2

= —

Extrapolation — Développement de Taylor a 1’'ordre 2

AN?

Y(N+AN)=Y(N)+ ANY'(N) + 5

YH'(N)

AN ? Y'(N) ? YN 7
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Estimation of the cycle skip

AN?
2

Y(N+AN)=Y(N)+ ANY'(N) + YY(N)

Y(M)=Y(N+M—N)=Y(N)+ (M - N)Y'(N) + Ny (N

Y(K)=Y(N+K — N)=Y(N) + (K - N)Y'(N) + E=Ny 7 ()

ANz I ! Y’(N)
5 Y'(N)=nANY'(N) = AN—QT;Y”(N)

n ~ 0.05
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Skip history in the time-strain diagram

eto33
0.016

0.014

| | \H |I|| 1

| R | . |
0.012 | |||!| L P -

0.01 F

0.008 H

0.006

0.004

[
L

0.002 || [ | 1| | .

0 1 4nis S|i{1t -

. MBARINIRIE
0.002 ' | ' |
0 50000 100000 150000 200000 250000 300000
temps
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Skip history in the time-stress diagram

sig33
100 I I I I

50

M

-50

-100

g

-150

-200 & sans saut
saut eta=0.1 —&——a
| | | | |

-250
0 50000 100000 150000 200000 250000 300000

temps
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Comparison of the cycle skip technique with the direct calculation

Référence Saut écart (%)
Ul 0.5989 0.5989 0.00
S11 931.7 932.1 0.043
E1l1 7.4918E-03 | 7.493000E-03 0.016
eelll 3.50321E-03 | 3.5372E-03 0.14
evrcum | 5.4729E-02 5.478E-02 0.093
evlcum | 3.9179E-06 | 3.8936E-06 0.62
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Computation of an exhaust manifold

345000 dof, Viscoplastic constitutive equations including aging

Mesh decomposition for parallel computing
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Computation of an exhaust manifold (2)

s
T TAVAVAYAYAY %
VAN __j ¥ G |

&

Life computed after 12 cycles
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Computation of an exhaust manifold (3)

At maximal accumulated plastic strain point

chanical stleggi‘,; state
N nitial state

Stress (22)
—Jl

N

Accumulated plastic strain (22)

Sensitivity of the constitutive equations
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Numerical implementation

000000000000 00000000000 0000 0000000009000 9° 9O 90 90
e Open framework needed to implement new
constitutive equations

e With parallel computing, problems in the range
10°-10° can be solved

e Consistent lifeprediction rule
e MORE on aluminium alloys
e MORE on GS cast iron

e MORE on grey cast iron
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