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Introductive remarks

Purpose of the talk

@ Briefly present the thermodynamical framework for
unified approaches

@ Introduce multimechanism models, J> type

@ lllustrate the capabilities of the new model with
reference to a ratchetting data base on 316 Stainless
Steel
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Ingredient of classical elasto-(visco)plastic constitutive equations

State variable, hardening variables

The free energy V, used as a potential, defines stress and hardening variables
knowing elastic strain and state variables

@ Reversible part of the model v
o Elastic strain £° and stress ¢

@ Dissipative part of the model

o Strain like variables : State variables o A =ps—
o Stress like variables : Hardening variables A,
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Ingredient of classical elasto-(visco)plastic constitutive equations

Classical isotropic + kinematic hardening

W =ye L yP
@ State variables €°, a, r
@ Stress ©
@ Hardening variables X and R
e 1 e e e
\Il:Eg:/\:g o=A:¢g
v —lcaatr b0 x=2ca
3 Y T2 ~ 37"

Elastic part is then fully characterized (ge is observable)
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Ingredient of classical elasto-(visco)plastic constitutive equations

Dissipative part

@ Yield function f(c, X, R)
@ Flow potential Q(f) + normality rule
o 00 _000r
ST % s M
@ Hardening potential Q4(c, X, R)
oo M 0
S X ~ OR

@ Example 1 : linear hardening, o =€P r=p

N K K

Notation : L in n—ﬁ
otation : =5 = \x =3

G=pn F=p

1 f n+1
(o, X.R)=J(G—X)~R-0c, Q=Q,="7" <>

Generalized normality rule if Q, = Q
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Ingredient of classical elasto-(visco)plastic constitutive equations

Nonlinear hardening

@ Additional terms in the potential

n-+1 f n+1 D 2
Q= = Qp=Q+=X: X+—
K <K> =Rt A eg
3D R
0 =¢eP— —X¢ =(1— =)t
0=8"— "Xp r=(1-45)p

@ Hardening variables

2 2 . . .
X=-Ca=_0#-DXp R=bQ-R)p
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Ingredient of classical elasto-(visco)plastic constitutive equations

Evaluation of the dissipation

@ The intrinsic dissipation is the difference
between the plastic power and the power
temporarly stored by the hardening
mechanisms

D=c: e —pW
€P—X:&—Rp

00 oQp oQp

I
Q9

|
2Q

D is automatically positive
iff Q = Qp and Q is convex
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Ingredient of classical elasto-(visco)plastic constitutive equations

Facts concerning ratchetting

@ Onedimensional ratchetting
e Depends on hardening intensity
o Stopped by linear hardening (either closed or open loop
depending on stress range)
e Too large with non linear hardening
o Can be adapted by using several kinematic variables,
and/or thresholds in the kinematic variables
@ Twodimensional ratchetting
o Depends on hardening intensity and direction
Too small with linear hardening
Too large with classical non linear hardening
Can be adapted by a combination of classical non
linear hardening and radial fading memory
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Jp multimechanism models Formulation

Multimechanism versus unified models (1)

¥ = constant

Unified model
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Jp multimechanism models Formulation

Multimechanism versus unified models (1)

v = constant

¥ = constant ) g,

Unified model Multimechanism

Example of a multimechanism model with von Mises local criteria
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Jp multimechanism models Formulation

Anatomy of a multimechanism model

@ Several sets of potentials, then several components of the plastic strain rate

e Several sets of (', X, R, o, r')
do’
e Stress ¢’ for mechanism / obtained through a concentration tensor B8’ = Fre For

the initial version of the models, B’ = I has been chosen

o Each o' is involved in different yield functions ' (Q(f/(c))) (2M2C model and crystal
plast|0|ty )

€= %

/

oY/ Q! of! .
ST - =27 B several multiplyiers
z," Jf! do Zlf of! >

e Each ¢ is involved in a global criterion f (Q((c"))) (2M1C model )

Q.  IN Jf E)Q
N oI I / P
g" = TN o a =57 2 g one multiplyier

Each mechanism is either plastic or viscoplastic
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Jp multimechanism models 2M2C and 2M1C

2M2C model : state variables and flow

@ 2 mechanisms (o', 0, r', r?), two criteria (yield functions)

e Free energy, depends on o', o, r', r? :

1 1
py=z XYY cuo: o+ 3 Y biai ()
I J i

2
X'=-Ycy! R=bar
X 3 ZJ: 1JO 1 Gy
@ Potential, sum of two terms :
fl=dc-X)-R'-Ry, Q=0'(f)+%F)

Q' 0Q? of!
.p: _ 1 _ 2 i l: _—
€ PR +af2g with n 30

Each flow can be viscoplastic or plastic
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Jp multimechanism models 2M2C and 2M1C

2M1C model : state variables and flow
@ 2 mechanisms (o', o, r), one criterion (yield function)
e Free energy, depends on o, ocz r:

= cua! OL bQ
PV =2 ZZ wa' o+ - bar
= - Z C/JOCJ R =bQr
3& 7~
@ Potential, depends on one yield only :
f=(Uo—X")P+dc-X2))""* R - Ry
Ji 01 +J2L72

3s—X
and J; = J(o — X') n=>2"
~ Y2

Q=

ép_aﬁn ith n—=-—F————-
- of ~ wi ~ (J2+J2)1/2

Q(f)

Only one (visco)plastic flow

Georges Cailletaud (Mines ParisTech, PSL, CNRS) Modéles multicritéres

3 décembre 2015

15/ 44



Jp multimechanism models 2M2C and 2M1C

Comparison between 2M2C and 2M1C model features

@ Application of the normality rule
j2 Ja

@ Coupling between the hardening variables

X1\ _ (Ci1 Ciz) (O
X5 Ci2 Co /) \Q2

@ Ratchetting iff the determinant C11Cap — C2, = 0
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Jp multimechanism models 2M2C and 2M1C

2M2C model : hardening

@ Hardening rules :

a = n/,gxl LQI F= 1,El LQI
7 2cy ) of B Q) off
I Q!
@ Denote p' = 5 for plastic, and v/ = 5 for viscoplastic flow

@ Three possible models :

2M2C-VV , two viscoplastic strains gl =vin' +V2n?
2M2C-PP , two plastic strains P =p'n'+pr?
2M2C-VP , one plastic, one viscoplastic ~ ¢° = v'n' 4+ p?n?
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Jp multimechanism models 2M2C and 2M1C

2M2C-PP model

For two mechanisms :

i1 <"”22L71 1§—’V’12£'21§>
My1 Moo — My2 Mo

M1 Moo — My2 Mo
with

X2_<M11U2:§_M21U1 1§>

My=Cy— D/)N(I . Ql+b/(Q/* RI)

2 C
M,J:fC,Jn':anDJin’:XJ
3 - YT
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Jp multimechanism models 2M2C and 2M1C

2M2C-VP model (1)

Viscoplastic part (1= v) Plastic part (2 = p)
' =J(G—X")— R’ — Ry, 2 = J(G— XP) — RP — Ryp
X" =(2/3)C,a" + Cypat” X =(2/3)Co0l” + Cypt”
R" =b,Q,r" RP = b,Qpr?
@ = ¢~ (32) xvy @ —ep— (320 xeit
~r \ec, ) ” > \2G )"
. RV . RPY .
P=(1—— v P=(1——p
Qv QP
VLAY j o <6 Cpd” > P
K Hp

with Hp = Cp — DpXP : 0P 4 bp(Qp — RP)
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Jp multimechanism models 2M2C and 2M1C

2M2C-VP model (2)

Remark : consistency condition for 2M2C-VP model
;«p:gp . g_gp;w(p_,i-{p
Coupling through :

XP = Cop&™ + Cipet?

3D, . 3D .
X0 =G (1 502 ) O 07 X ) v

. RPY .
F?p:prp <1 _(Qp>p

The plastic increment p is now time dependent...
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Jp multimechanism models 2M2C and 2M1C

2M2C-VP model(3)

@ Limitation of the viscous stress for very high strain rate by the time independent
model

@ The yield limit for creep can be much lower than yield limit for inviscid plasticity
@ Full/limited coupling between plasticity and creep

@ Special coefficient sets provide inverse strain rate effect (lower stress for higher
strain rate)
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Jp multimechanism models 2M2C and 2M1C

2M1C-P : plastic multiplyier

X_<(J101+J202):§
~\ hr+hxy + hxe

with :

hg=b(Q—R)R

2 3D
hxi == (n'——=X") : (Ci1din' + Ciador®
X1 S(Q 2011~>(111U+122L7)

2 3D,
hxo == | "? = —= X% : (Ciadin' + Copdor®
X2 3(N 2022N>(121~+222~>

No ratchetting, except if C11Caa — C2, =0
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Jp multimechanism models Typical behavior of 2M2C and 2M1C models

2M2C-VP model : Balance between plastic and viscoplastic
strain

o (MPa

(MPa) ep/Ein T T T T
200 — ! o T ]
P | 10-1s-1 |
0.8 s —
150 10_58_1 ,,,,,,
0.6 10—78—1 PUSURRR
100 o4 _
so 10-le-3 ————- 0.2 | T .

rrrrrrrrrrr oL ! ! !

0 L L 0 0005 001 0015 002 0.025
0 0005 001 0015 0.02

Tensile curves at various strain rates

Amount of plasticity in inelastic strain

K =500;n = 7; Ry = 80; C, = 10000; D = 100; Ry = 140; Cp = 20000; D = 200
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Jp multimechanism models Typical behavior of 2M2C and 2M1C models

2M2C-VP model : Influence of the coupling term

250

200

150

g

100

50

(units : MPa, s)
viscosity :
K=500;n=7
isotropic viscous :
Ry=0
kinematic viscous :
C =50000; D =500
isotropic plastic :

Cvp=0 ——
Cvp=20000 —---- _ Ro = 140
Cvp=50000 ------ kinematic plastic :
IréférenceI """""" C =50000; D =500

0 0.005

0.01 0.015 0.02

=

Creep 555 h at 140 MPa, then tension at&¢ = 1045~
reference in tension at€ = 10~ 4s™"
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Jp multimechanism models Typical behavior of 2M2C and 2M1C models

2M2C-VP model : Inverse strain rate effect

o £=103s"" o £€=10"%s"
sighl (MPa) [a] siglil (MPa) {b]
250 T T 250 T T
200 200
15C 150
100 100
normal rate sensitivity inverse rate sensitivity
50 B 50 & -
0 I- i 0 ! i
0 0.5 L 1.5 0 0.5 1 1.5
etol1 (%) etoll (%)
Normal rate sensitivity if C, < C, < Cyp Inverse rate sensitivity if C, < C,p, < Cy
Cp, =10000 < C, = 20000 < C,, = 40000 Cp, =10000 < C,, = 40000 < C, = 100000 Other
D, =100, D, = 200 D, = 400,D, = 100
coefficients : K =700,n=7.2; Ry = 0; RS = 140
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Jp multimechanism models Typical behavior of 2M2C and 2M1C models

2M1C-P : Plastic shakedown

o(MPa coefficients (MPa,s)
300 - ViSCOsité
200 n=2, K=5
100 £ cinématique | :
C11 =2000;Dy=0
Or cinématique Il :
-100 Coo=200000; D>, =0
2200 isotrope :
300 Ry =350
| | | | couplage :
-400 Cy2 =-20000

-0.006 0 0.0056 0.01 0.015 0.02

=

Steady state presenting an open loop under non symmetrical loading
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Jp multimechanism models Ratchetting for 2M2C and 2M1C

Ratchetting behavior, Regular Matrix

sigl1 (MPa) 1D Ratchetting : accommodatior  etol1 (%) 2D Ratchetting : accommod:
400 T T 5 T
4 + ]
3 - -
0 - —
2 - -
) 1 F N
7/ 4
-400 : : 0 —
-1 0 1 2 -200 0 200
etol1 (%) sigl2 (MPa)

No ratchetting since the determinant Cy1 Coz — C122 #0
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Jp multimechanism models Ratchetting for 2M2C and 2M1C

Ratchetting behavior, Singular Matrix

sigl1 (MPa) 1D Ratchetting : ratchetting etoll (%) 2D Ratchetting : ratchetting
400 T T 5 T
4 + i
3 - —
0 - -
2 - —
1 — -
-400 ! ' 0 E—
-1 0 1 2 -200 0 20(
etol1 (%) sigl2 (MPa)

Ratchetting since the determinant Cy1 Coz — C122 =0
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Jp multimechanism models Ratchetting for 2M2C and 2M1C

Possible improvements

@ The ratchetting behavior in the multimechanism
models is the result of :

o The character of the hardening matrix (Regular or
Singular)

e The evolution rules of the kinematic hardening
variables (Linear or Non Linear)

@ The source of improvements are :

o The localization rules of the micro-mechanical (B—-rule)

@ The evolution rules etablished for the unified models
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Identification of the model

An identification of the model

Experimental data base of a 316 stainless steel ([Portier et al., 2000])
tests at room temperature (25°C)

@ Monotonic tensile tests,
@ Cyclic uni-axial tension-compression for three strain ranges,

@ Tension-torsion ratchetting tests with two values of tensile stress and with different
shear strain amplitude,
@ Tension-torsion out-of-phase test in the steady-state stress response.

2M1C_f and 2M2C_f have been identified
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Identification of the model

Cyclic tests

Cyclic behavior
400

300
200
100

-100
-200
-300 r
-400

Axial stress (MPa)
o

-1 -0.5 0 0.5 1
Axial strain (%)
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Identification of the model

Onedimensional ratchetting

Tension ratchetting

Exp * —

Maximum axial strain per cycle

0 20 40 60 80 100
Number of cycles
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Identification of the model

Twodimensional ratchetting (1)

2D ratchetting (axial stress = 80 MPa)

25

2M1C

2M2C

2+ Exp
1.5

1 ﬁ% .‘.’v
0.5 H:

Maximum axial strain per cycle (%)

AT
L WA ! 5’5‘?*‘(%‘ KASHAHHHHAAAATNE
ﬁigi;;ﬁ;;ﬁ;;;;;;g;g;;i NN N N S S N gy 3

0 ST 7

7

Georges Cailletaud (Mines ParisTech, PSL, CNRS)

40 60 80 100
Number of cycles

Axial stress 80 MPa
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Identification of the model

Twodimensional ratchetting (2)

2D ratchetting (axial stress = 100 MPa)

3 2
2 OMIC weeremmrees
@ 2M2C
o % N
S 15 Exp %%%W—x%%’%xx
— * %%%
8 RRITTTT
£ ﬁ ___________________
T S T,
w> |7
s |
< | [
g 05 /"“" W?}_?S- 3 SN N N NN
£ Egi
E U HFHIHKAAAKE LI F KRR REK KRR KKK KK
= 0 E— ‘
0 20 40 60 80 100

Number of cycles

Axial stress 100 MPa
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Identification of the model

2D ratchetting, increasing strain amplitude (1)

2D ratchetting increasing shear strain amplitude

4 ‘

@ TV Lo R — -
S 35 }2M2C |
o exp -+ S
= L i
§ 25 ﬁﬁ’;'
: - e
-g 1.5 ;ﬁ?

S
= Y
E :
s 05
= T — |

0 ]
0 200 400 600 800 1000 1200 1400 1600 1800
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Identification of the model

2D ratchetting, increasing strain amplitude (2)

2D ratchetting increasing shear strain amplitude

4 ‘
) OMAC eeremmrnees
S 35 (2M2C
> exp X
g 3

K

§ 25 : %yg
3 i
% 1.5 ",o"" 72{/
g 1 ,WQ
£ Q
& 05 :
2 L

0 e ‘

0 50 100 150 200 250 300 350 400
Number of cycles
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Identification of the model

Out-of-phase test

out-of-phase steady state response

600 ‘
2M1C - -
2M2C ——% e
= 400 - exp X x ¥
o jé/ ,/-\ :
2 200 = AN
o i &
5 0% 7
E 00| ¢
ey - N \ / ".'
EC/’: %\u \_/ "
2400 e e *
i R e
-600
600  -400  -200 0 200 400 600
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Concluding remarks

Concluding remarks

Other versions are possible in the nMmC model class

Fully equipped with singular and regular/singular matrices
Choices of fading memory terms, strain memory effect, etc.
High versatility wrt ratchetting behavior, additional hardening

Several groups are involved in new developments

e K. Sai (ENIS Sfax, Tunisia) [Cailletaud and Sai, 1995, Sai and Cailletaud, 2006,

Sai and Cailletaud, 2007, Cailletaud and Sai, 2008, Sai et al., 2012, Sai et al., 2014]
o L. Taleb (INSA Rouen, France) [Taleb et al., 2006, Taleb and Cailletaud, 2010,

Taleb and Cailletaud, 2011, Sai et al., 2014]
o M. Wolff (Univ. Bremen, Germany) [Wolff and Taleb, 2008]
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Bonus : extensions of the model

Alternative form of 2M1C’s criterion

2 N=oo (2M2C)

N=5
N=2 (2M1c) N=3

@ Instead of
1\2 212\1/2 2, 2\1/2
f= (o X +do-XP) 2 ~R—Ro= (S +8)"* Ry
@ Write

N _R—Ry= (N +)"N—R-R

f= (o= X)W +d(c- X))
@ Continuous transition from 2M1C (N = 2) to 2M1C (N — o)
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Bonus : extensions of the model

Influence of N on additional hardening

800 T T T T T
250
400 ~
g E 200
é 200 4 g
2
=1 T 150
5 of ] 3
2 axial loading (stabilized cycle) g
= T 100
E 200 | g 2
a 2
< 50
-400 4
0
out-of-phase loading 1 10 100
a0 ‘ ‘ ‘ ‘ ‘ N
-600 -400 -200 0 200 400 600
axial stress (MPa)
Stress response for 90°phase lag Additional hardening
in strain space versus N

Maximum for N = 3, optimum wrt experiment, N =2 (or N = 4)
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Bonus : extensions of the model

Alternative form of the fading memory term

e Instead of using X/,
3D
Y I IBVAWY!
o=|n-— X
~ <” 2C) ~ ) P

1/ Use o
/= (o - o)

(the thermodynamical aspect is then more difficult to achieve)
2/ Use (1—m)o/ +n(a’: n')n!

&' = ('~ D [(1 —m)a +n(o’: n')]) p!

(one more parameter, 1, to adjust the direction of the fading memory term)
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Bonus : extensions of the model

Warning : thermodynamics must be respected

@ General condition
C11Ca2— C2, >0

@ In case of a fading memory with 1

C122(D1 + D2)2

<1-
ns 4C11C22D1 D,

@ Example with Cy1Cop — C%, < 0

460
300 -

[/\

.p0 0.01 0.01 0.02 0.2 0.03 0.03 0.04 0.04 0.05\0.05

N
3
3

=)
=3

Axial stress
)

o

. Axial stress (MPa)

=)
=3

Axial strain

R
3
3

Axial strain
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Bonus : extensions of the model
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Bonus : extensions of the model
Int. J. of Plasticity, 26 :859-874.
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