Various unified models and their identification

e Isotropic/kinematic hardening in non-pro loading

e The most common effects in real world material
* Cyclic hardening curve
* Plastic effects: criterion, hardening rules
* Viscous effects

e Case study: identification on a GS cast iron
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Various unified models and their identification

e |sotropic/kinematic hardening in non-pro loading
MORE on  http://mms.ensmp.fr/Quizz/TTC-
BIAX/index.html (sorry, still in french only)

e The most common effects in real world material

* Cyclic hardening curve
* Plastic effects: criterion, hardening rules

* Viscous effects

e Case study: identification on a GS cast iron
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Various unified models and their identification
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Tension and shear, isotropic hardening

e Loading and mechanical responsandes path
e Tension then shear—= curvesyield surface
e Shear then tensian—< curvesyield surface

¢ In-phase tension-sheas= curvesyield surface
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Stress and plastic strain paths
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T-S Yield surface evolution

Yield surfaces, T-=S
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T-S Yield surface evolution

Yield surfaces, T-=S
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T-S Yield surface evolution

Yield surfaces, T-=S
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T-S Yield surface evolution

Yield surfaces, T-=S
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T-S Yield surface evolution

Yield surfaces, T-=S
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S-T Yield surface evolution

Yield surfaces, S->T

600 : | I . .
N 400 -
(7]
(1]
@ 200 | -
[T
g 0} -
i -
(73]
D -200 | -
+
2 -400 | i
-600 ] I ] I ]

-600 -400 -200 0 200 400 600
axial stress 11 summary

Georges Cailletaud, Ecole des Mines de Paris, Centre deséviatix UTMIS Course 2003 —Stress Calculations for Fatigue-3. Models, identification



S-T Yield surface evolution

Yield surfaces, S->T
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S-T Yield surface evolution

Yield surfaces, S->T
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S-T Yield surface evolution

Yield surfaces, S->T
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S-T Yield surface evolution

Yield surfaces, S->T
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T+S Yield surface evolution

Yield surfaces, S+T
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T+S Yield surface evolution

Yield surfaces, S+T
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T+S Yield surface evolution

Yield surfaces, S+T
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T+S Yield surface evolution

Yield surfaces, S+T
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T+S Yield surface evolution

Yield surfaces, S+T
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Tension and shear, kinematic hardening

e Loading and mechanical responsandes path
e Tension then shear—= curvesyield surface
e Shear then tensian—< curvesyield surface

¢ In-phase tension-sheas= curvesyield surface
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Stress and plastic strain paths
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T-S Stress and plastic strain paths

Equivalent curves Components, T->S
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T-S Yield surface evolution

_ summary
Yield surfaces, T->S
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T-S Yield surface evolution

_ summary
Yield surfaces, T->S
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S-T Stress and plastic strain paths

Equivalent curves Components, S->T
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S-T Yield surface evolution
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S-T Yield surface evolution
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Yield surfaces, S->T
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S-T Yield surface evolution
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Yield surfaces, S->T
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Yield surfaces, S->T
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S-T Yield surface evolution

. summary
Yield surfaces, S->T
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T+S Stress and plastic strain paths

Equivalent curves Components, T+S
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T+S Yield surface evolution

_ summary
Yield surfaces, S+T
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Yield surfaces, S+T
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T+S Yield surface evolution
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Yield surfaces, S+T
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T+S Yield surface evolution
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Yield surfaces, S+T
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T+S Yield surface evolution
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Yield surfaces, S+T
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Biaxial tension, isotropic hardening

e Loading and mechanical responsandes path
e Tension then tensiom— curvesyield surface

¢ In-phase tension-tensioen-< curvesyield surface
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Stress and plastic strain paths
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T-T Yield surface evolution

. summary
Yield surfaces, T->T
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T-T Yield surface evolution
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Yield surfaces, T->T
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T-T Yield surface evolution

. summary
Yield surfaces, T->T
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T-T Yield surface evolution

. summary
Yield surfaces, T->T
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T-T Yield surface evolution

. summary
Yield surfaces, T->T
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T+T Stress and plastic strain paths

Equivalent curves Components, T+T
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T+T Yield surface evolution

. summary
Yield surfaces, T+T

600 | T T T |

400 n

200 .

axial stress 22
(@)
|
|

-200 n

-400 | _

-600 I I I I I
-600 -400 -200 0 200 400 600

axial stress 11
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T+T Yield surface evolution

. summary
Yield surfaces, T+T

600 | T T T |

400 n

200 .

.
s

-200 n

axial stress 22
o
|
|

-400 | _

-600 I I I I I
-600 -400 -200 0 200 400 600

axial stress 11
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T+T Yield surface evolution

. summary
Yield surfaces, T+T
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400 n

.
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T+T Yield surface evolution

. summary
Yield surfaces, T+T
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T+T Yield surface evolution

. summary
Yield surfaces, T+T
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Various unified models and their identification

e Isotropic/kinematic hardening in non-pro loading

e The most common effects in real world material
* Cyclic hardening curve
* Plastic effects: criterion, hardening rules
* Viscous effects

e Case study: identification on a GS cast iron
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Modeling of the first cycle

Ao
/RT
v
A
ﬁ

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

e Initial yield Ry = o,

e Kinematic variable evolution:
dX = Cde? — DX|deP|

e Asymptotic value ofX: C/D
e Initial slope: D
e General expression for the first tension

X = 2 (1 exp (D)

UTMIS Course 2003 —Stress Calculations for Fatigue



Modeling of the hysteresis loops

e General expressiom(= +1/ — 1,

/ tension/compression branch)
C C
X = 77——|—<X0 — 775) exp (D(eP — &3))

/ | D
X / T e Initial value in each loop:
>

AeP
) e’ Xo| = %tanh (D%)

e Cyclic hardening curve:

Ao C AeP
7 = O'y + 5 tanh (DT)
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Cyclic hardening curves for several materials

1000

500 1

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

Ao 35NCD 16

: k = 980 MPa
, C, = 228 000 MPa
\k=980MPa Ti=ede
Cy = 224000 MPa
71 = 400
C, = 20000 MPa
72 =0
00— NIMONIC 90
o ¢ _a—— TAGV
e /‘
/ A
[/
— x— Aci
?/x /{x/x /C'ii”" __— VO 795 Cobalt
5{! /* +
0/
v
- | o
0.5 Ae, /2 (%)

Obtained by plotting the top of the hysteresis loops
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Multikinematic hardening

e Introduce several kine-
matic variablesX;

300 -

~Y

. 2
X; = 3 Cie? —D; X ;p

200 +
e Consider the total kine-
(1—e‘ } matic hardening as:
100 4 8/
X _-:2500 P pen—y
_ x;=40{1-¢" % ) N i
¢ 0 1 2 5 8p

Development for given values &r; (including O, for linear kinematic hardening)
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Simulation of cyclic hardening/cyclic softening

Hardening() > 0

durcissement cyclique

AA%
N

adoucissement cyclique

R = 0,+Q (1 — exp(—bp)) g
Softening,) < 0
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Comparison between monotonic and cyclic curves

/ :
cycle
stabilisé

Rapid evolution for kinematic hardenin@g0 < D < 5000
Slow variation for isotropic hardeningt < b < 50

courbe monotone

courbe cyclique
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Various unified models and their identification

e Isotropic/kinematic hardening in non-pro loading

e The most common effects in real world material
* Cyclic hardening curve
* Plastic effects: criterion, hardening rules
* Viscous effects

e Case study: identification on a GS cast iron
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Hill’s criterion

Zircalloy - 2(]) —
recristallisé
350°C

hY

essais de traction
et de compression
a0, 45 et 90°

Hill criterion for biaxial tension
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Yield in tension only

500

|
amp=0.8% ——
amp=1.2%
amp=1.6%

-500

stress

-1000

-1500

-2000 : '
-0.02 -0.015 -0.01

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

-0.005 0
strain

0.005 0.01 0.015 0.02

If Tr o > 0, Von Mises criterion; else elastic behavior
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Unsymmetrical flow

400

amp=0.8%
amp=1.2%

300 "amp=1.6%

200 -
100
0 -

-100

stress

-200

-300

-400

-500

-600 T - 4

_700 | | | | | | |
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

strain

Non associated plasticity: von Mises type flow direction; Drucker-Prager type flow intensity

flg,X)=(1-a)J(g—-X)+alr(c - X) - Ro
0, = Ry o, = (1 —2a)oy
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Non-linear-but-without-hysteresis kinematic hardening (1)

800

I
amp=0.8%
amp=1.2% -------

= 0
600 |-&mpP 1.6%

400

200

stress
o
T

-200

-400 |

600 | L 1

_800 ] ] ] ] ] ] ]
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

strain

S-shapdtype Il — Asaro model) for aluminium alloys
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Ingredients of the S-shape kinematic model

200
$4.$5+ %6
150

»+$7+$8} asaro1 tm test" usmg 1 2 ‘

100

50

X, — Otanh(D QGQ)ai
~ Daeq ~

0

- >1/2

Mg = (1.5g QL
100 a =g’

-150

oo L— 1 v i F
-0.005.004.008.002.001 0 0.000.002.008.004.005
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300 T

Cast iron (1)

amp=0.2%
amp=0.3% -------
amp=0.4% --------
200 +amp=0.6%

100

stress

-100

-200

-300 |

-400 :
-0.006 -0.004

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

-0.002 0
strain

Experiments by Hjelm (JEMT, 1994), Hjelet al (JEMT, 1995)

0.002 0.004 0.006
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Ingredients of the cast iron model

e Modified criterion :

fi=(J*+ (R, — R)Tra)""” — (R.R,)"*
fc =J — Rc

e Unsymmetric kinematic variable :

. 3D
Y= An— =X
a=\n 2CN)

Coefficient set(, D) is (D;, C}) in tension, ., C.) in compression.

e "Tension” means:
tro > oo
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200

100 -

-100 -

sig22

-300

-400

-500

-600

-200 -

T T T T
"cast_iron1_yield.test" using 1:2

-600

sig11

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

-300 200 -100 0 100

sig22

200

Cast iron: initial and subsequent yield surface

100 -

-100

-200

-300 -

-400 |

-500

T T T T T
"cast_iron1.test" using 2:3 —+—

-0.005-0.004 -0.003 -0.002 -0.001

0

eto22

0.001 0.002 0.003 0.004 0.0(
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Various unified models and their identification

e Isotropic/kinematic hardening in non-pro loading

e The most common effects in real world material
* Cyclic hardening curve
* Plastic effects: criterion, hardening rules
* Viscous effects

e Case study: identification on a GS cast iron

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



Multikinematic hardening

A
0]

‘2O
écromssaé -

fluag

relaxation

décharge

. >
Strain rate effect £

Specific tests for viscous materials
Creep, relaxation
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Classical strain rate effect

o
Ac 4 I ksi= 6.9 MPa
r £=0.0067 s~! 300 |
2 3.9% 103 5!
0.0021 s~1 i
200 |-
300 + 0.00028 s~!
0.00015 s~!
100 |- Tax10-s /]
0.00003 s~ 1.2x10%¢s71] [
200 + 1
_100 |}
0% Acier inoxydable 316 5
£
705 °C B
/Hastelloy X
871 °C
! ! ’ —300 | 1 I I 1 1
0 1.0 20  Ae/2(%) 06 04 02 0 02 04 06 €
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Strain rate jumps on an aluminium alloy

400 ! ‘ g

—_

[}

[}
T

Contrainte (MFa)
[

=200 -

=== Essai

-300}; - Calcul

400 I i | !
0 0.005 0.01 0.015 0.02

Déformation

State T7351, 173C
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Experimental evaluation of the internal stress in 1D

[r—

‘ AeP = EP'Epo

/ /‘

e Q

n Xo(10009C) X,(900 °C)

] N. / o(MPa)
0/15

200

- point neutre: 0
- augmentation de €p

— ‘ '-?
en fluage : A;, A, /
en relaxation: B,,B, _ / s /

- diminution de €p e
en fluage: A3, Ag IN 100- @ 1000°C a 800°C

en relaxation: By, B,
Result on IN100 alloy (creep after cyclic

Vari |
arious loading paths load)
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Strain recovery

to
O
O,
t I domaine
e élastiqu
gl’
s
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Experimental evaluation of the internal stress in 2D

alliage Fe Co 'V 680°C

A
1 4 /\L\ &, =188 1075
[ . e €.0=2.07 1075

\gf

e

2 I

T N

R
s >y 1
E -

s Y 1
N ,
© E___P:_ /L/,.
i |

- ‘

i

L /] 1 1 I Il
0 50

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

100 150

o, (MPa)

Test Oytana, University of Besancgon
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750

500

250

4 Ao ( MPa ) superalliage IN 100 - 1000°C

Resulting cyclic hardening curves, IN100 alloy

Hold time

controle en force :

At =0
O ¢,=20s.
A ¢t =180s.

controle en déplacement :
O t. =0

m

® ¢ =300s.

- >
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Illustration of the coupling between plasticity and creep

\C
| o
acier inoxydable 316 L - 600 °C A B,
A Gv k+RI 3
€ fluage (%) 2
02t -
o’ &

initial [:/

g D/j a/

o/ apres durczssement cyclique

/
A:“-/A

t (heures)
e

)/a -

20 30

316 stainless steel, tests by Goodall

Georges Cailletaud, Ecole des Mines de Paris, Centre deséviatix UTMIS Course 2003 —Stress Calculations for Fatigue-3. Models, identification



Hardening/recovery

0]

nouveau seuil

yeuil
hitial

oy,

Hardening

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

.
N — ®

A recristallisation...

B ‘-‘.-nuu-!"

attente 100 h.
en température

€

>

Recovery
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Change in hardening law to describe recovery

e Kinematic hardening

with J(X) = (X : X)"/?

i (1_BY,_ (BN
p— Q p M/
This meets the classical metallurgical models, like Orowan’s, using one driving, strain
dependent term, for hardening, and a time dependent term for fading memory

e |sotropic hardening
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Resulting internal stress in creep

traction rapide
239 MPa

100 1

150 s

sans restauratio

50 -

100y

contrainte de fluage :
o)

! ]
] 20 >

This allows creep for low stress levels
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Resulting internal stress in creep (2)

02¢ .

|
A
o
-
=
(=Y

D16T 200 °C

20 40

déformation plastiqu

S

>

4

temps

Modeling of two-level creep tests is improved with a recovery term

Georges Cailletaud, Ecole des Mines de Paris, Centre deséviatix UTMIS Course 2003 —Stress Calculations for Fatigue-3. Models, identification



Role of recovery term for cyclic loading

temps de maintien 0 10 min 100 min 1000 min

o 0aF)

a0
L
N =43
en cours de durcissement cyclique cycle stabilisés
First cycles Stabilized cycles

Tests on 316 stainless steel
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Role of recovery term for cyclic relaxation tests

acier inoxydable 316 SPH

effet de restauration
par le temps

cyclage continu temps de maintien

Tests on 316 stainless steel
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Equivalence Time independent plasticity—Viscoplasticity

B R* e
o= =C

Time independent plasticity Viscoplasticity
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Identification problems

. . : O —0;
N = exposant de la fonction puissance € _ = L
A K
Acier inoxydable
316L - 20°C
80
N
Nl O, =230 MPa
40 —
O, = 200 MPa
20 \
» | ¥ o
50 100 150 200

Several possible sets of internal stress and exporenrtl{)

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix
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Identification problems (2)

6—G; relaxation ©, = 200 MPa
0.015 <e,<0.030% _ = . .
00 P ’ i 0 N, =56 I Acier inoxydable
[-[—e—e—* _
80 N,=305 , - 316L - 20°C
100 __,_.—-———"—"'—"I 00 % ——I:
T e S e I S L !
gof FI T _—1—1®
em— .——‘— -
G relaxation G, =250 MPa
020<e,<0.22% 0= 0 N,= 61 S
—y——— & — ® XS
200 ) 80 0 x——%
e e—e—e—— % V00— 38X x—X
T S b b SR
S0 —" " i 50— —_—
[ ] —
604 o—a—o—"" 14 30
" 180 N
-‘.“.,——‘_./— 60 \
P e o Relaxation
20 ¢ X X Hardening | 4() -
¢ : + . t : 20 v
=1t 102 107® 1077 [4® 8’ 1073
P 0
G;
0 50 100 150 200

The problem is solved by adding time sensitive tests like relaxation
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Two-slope viscosity

O. =0 —0: n n
d o my=24 K=120 |, _(0, 1+ o, )
n,=72 K,=80 |”

1

p=(c /K)"exp(col(c /K)"*")
n= 24

40 " K=116
=2.10°
20. o \restauration v
+ par le temps
+

+ 81’ (s)

10 ! | | | | | | ) | —>
100 10° 10° 10+ 10%
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Various unified models and their identification

e Isotropic/kinematic hardening in non-pro loading

e The most common effects in real world material
* Cyclic hardening curve
* Plastic effects: criterion, hardening rules
* Viscous effects

e Case study: identification on a GS cast irdh
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Various unified models and their identification

e |sotropic and nonlinear kinematic hardening
needed for cyclic loadings

e Many models in the literature

e Much more models in the nature than in the
literature

e MORE on GS cast iron
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