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crystalline solid
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crystal lattice structures
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centered centered
cubic cubic

hexagonal
close packed
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elastic deformation of monocrystals

anisotropy of elastic stiffness
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elastic deformation of monocrystals

anisotropy of elastic stiffness




blastic deformation of monocrystals

inherently anisotropic due to underlying mechanismes:

* dislocation slip
* mechanical twinning

* displacive phase transformation



plastic deformation of monocrystals

dislocation
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plastic deformation of monocrystals

dislocation
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plastic deformation of monocrystals

dislocation
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plastic deformation of monocrystals

dislocation
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plastic deformation of monocrystals

dislocation — dislocation interaction

Multijunction |
\

/Multinodes

>
Multinode

from DOI:10.1038/nature04658 from http://www-cmls.linl.gov



plastic deformation of monocrystals

dislocation structure

Figure 5. TEM of different regions of steel drawn in 2 passes ( 87 ¢ 200%), and cyclically twisted (11.2% per

cvele, 10 cycles).

from DOI:10.1590/51516-14392006000300016



plastic deformation of monocrystals

mechanical twinning
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from S. Kibey et al., Acta Mater. 55 (2007) p. 6843




plastic deformation of monocrystals

mechanical twinning
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plastic deformation of monocrystals

mechanical twinning
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plastic deformation of monocrystals

mechanical twinning
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plastic deformation of monocrystals

mechanical twinning

from http://www.magnet.fsu.edu/education/tutorials/gallery/laoc.html


http://www.magnet.fsu.edu/education/tutorials/gallery/lao.html
http://www.magnet.fsu.edu/education/tutorials/gallery/lao.html

blastic deformation of monocrystals
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plastic deformation of crystals

polycrystalline surface 3D soap foam

from www.msm.cam.ac.uk


http://www.msm.cam.ac.uk
http://www.msm.cam.ac.uk
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plastic deformation of crystals

Macroscopic response Is iIsotropic only for random
distribution of crystallite orientations




plastic deformation of crystals

Macroscopic response Is iIsotropic only for random
distribution of crystallite orientations

texture causes anisotropy
plastic deformation alters texture

>
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basic kinematics
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basic kinematics

current
define a referential

configuration:
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basic kinematics

local expansion of deformation map:

r = P(X)+ GradyY(X)|x, (X — Xo) + o(X — Xp)
= x0+ Grad x|, (X — Xg) + o(X — Xo)
de = GradzdX 4 o(dX)
dz = FdX

deformation gradient:

F(X,t) = (Gradv)(X,t)
F~'(z,t) = (grad¥)(x,t)



basic kinematics

strain measures




basic kinematics

strain measures: change of length der = lds
dX = LdS
lds-lds = FLd4S-FLdS LdS-LdS = F llds-Flids
dS 2 dS : 1 1\ 1
2 _ . — — (F :
&) “nem (&) - e
— L-F'FL — (-FTF L)
_ , _ —1
A = (- (FFT) L)
_ 1\ —1
right Cauchy— = (I-B7)
Green tensor
left Cauchy— J
Green tensor




basic kinematics

strain measures; change of angle dy = mdu
dY = MdU
cos@ = [-m
dsS dU
= FL— - FM —
ds du
. CM dS dU

ds du



basic kinematics

polar decomposition of deformation gradient

F=RU=VR

where

R: rotation (proper orthogonal tensor) and

U, V: symmetric, positive definite (stretch)
tensor



basic kinematics

spectral decomposition of U, V

eigenvalues

A1, A2, A3

elgenvectors

p1,Dp2,p3 for U
d1,42, 43 fOI' Vv

3
U = ZAipz' X p;

1=1

3
V:Z)\i%(@%

1=1

P1 q1
\/;72
q2
q; = Rp;

Q



basic kinematics

relation between polar decomposition F = RU = VR
and Cauchy—Green tensors

C = F'F B = FF!
= (RU)'(RU) = (VR)(VR)!
= U'R'RU = VRR'V'



basic kinematics

interpretation of Cauchy—Green tensors

Cup isthe product of
stretches along
base vectors b, B3
and the scalar
product Ea * €1



basic kinematics

relation o
small strain

C

¢

F'F
(I+ Gradw) (I + Gradu)

I + (Grad u)sym
I+ 2e

' right Cauchy—Green tensor to

I+ Gradu + (Gradu)' + Gradu (Grad u)*



basic kinematics

velocity gradient

orad v

orad

(Grad ) F~*
(Grad

0

o’
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(% [Gradx]) F!
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basic kinematics

material time

derivatives (dz)

o (FdX)

OF OdX
_ X L F

o N T o
— FdX

= LFdX
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basic kinematics

material time

derivatives

0
5 (dz)

0
ot

— (L ds)

Ol ods

—ds + |

ot ot

[-lds+1-1(d

(d

s)
s)

Ldx

L/ds

L/ds

[-Lilds
[-Lilds



basic kinematics

material time
derivatives [ds+1(ds) = Llids
lds+1(1-Llds) = Llids

| = LI—(-LII



basic kinematics

material time

derivatives
%, %,
5 (cosf) = 5 (I -m)
_sinff = l-m-+1l-1m
0 = |l xm|!

{l-Li+m-Lm}(l-m)—1-{(L+L")m}]



basic kinematics

stretching and spin

F specifies changes of size and shape while
L describes the rate of those changes

addrtive decomposition of L

1 1
L = S(L+L)+5(L-L)

— D 4+ W

symmetric skew-symmetric



basic kinematics

stretching and spin

nterpretation of D and Wusing L = EF' !
F=RU=VR

L = (RUYRU)™*
= (RU + RU)UIR™D
= RRT+ RWU IRT

RR' = |
F@R-II-+RFI§IT = 0

, -, T
FQJRT+ FQIRT — O



basic kinematics

stretching and spin

nterpretation of D and Wusing L = EF' !
F=RU=VR

'L = RRT+RUW''RT

D = SR WUy RT
! 11
W = }R Ly,jU!]-! Ullw'j RT_l_R'JRT

2



basic kinematics

stretching and spin

suppose reference configuration

equals current configuration: F=R=UE=EV)=I
rate of change of stretch ...
1 - - , ,
&) D = é R WU 11 + U! 1Lyj RT — Lyjo
I 11
1 - . / .
(»W = SR Bu''! ut¥ R"+RRT = R

rate of change of rotation while passing through current configuration



basic kinematics

geometric Interpretation o

- stretc

Ning and spin

around point In current co

(dsu
ds

| aL |
| aD |

D; : rate of extension
along base vector e;

nfigura

LION



basic kinematics

geometric Interpretation o

- stretc

Ning and spin

around point In current co

u = [ m|' 1

{laLl+ mam}(ldm)" la L+ LT m

with | am 0

#" ZWU = |aDm

NI

Djj : half the rate of decrease
In angle between base vectors
ei and €;

nfigurat

10N

II#

U



basic kinematics

seometric interpretation of stretching and spin
around point in current configuration

spectral decomposition of D results in
three principal stretchings vi and their
respective (orthogonal) axes ri

rate of angular change Is zero, thus
principal axes perform (rigid) rotation



basic kinematics

geometric Interpretation o
around point In current co

- stretc

Ning and spin

nfigura

principal axes ri perform (rigid) rotation

LI (1AL )]

ilels

(D+W)r;! (riaDrj)r;
Lry + W, | (ri é!iri)ri

W r;
W # T



equilibrium

Cauchy stress tensor

— : 23
tny = 1N :13J >/
Lt




equilibrium

angular momentum balance

r 31 |
1 T = I > - 22
|




equilibrium

Inear momentum balance

tny
4 , _
I | Xidv = | bdv + da
R | R
X region R in
| t(n) da / ‘_/ current
'R . configuration



equilibrium

Inear momentum balance

tmy |
4 , _
I | Xidv = | bdv + da
R | R
X region R in
| t(n) da / current
'R . configuration

div! dv=0 )\62



Stress medasures

Cauchy ,
first Piola—Kirchhoff P = JIE'T=FS
second Piola—Kirchhoff g = JF'L1 E!'T



internal power

| :Ldv= | D dv

I:)int

P Eldv

S - Edv

A:(BC)=(B'A):C =(AC ") : B useful for derivation



finite strain plasticity

Intermediate (or relaxed) """"" .
conflguratlon NI

Reference FP e aEEs . F Current
configuration : configuration

-
_____

Infinitesimal
neighborhood ok



finite strain plasticity

multiplicative | | .
decomposition of F=FFP T F' = FEP
deformation gradient



finite strain plasticity

multiplicative | | .
decomposition of F=FFP I F' = FEP

deformation gradient

lastic velocrt , ]
Fg)radient ' LP = fEPEP 1 tP = | PEP



finite strain plasticity

multiplicative
decomposition of
deformation gradient

plastic velocrity
gradient

elastic Green’s
Lagrangian strain

A F
I P
SN

FFP *

| PEP



finite strain plasticity

multiplicative

decomposition of F=FFP T F' = FFP !
deformation gradient

plastic velocrity o _ fpep! 1 . D _ 1 pEp
gradient LP = FPF ! P = LPF
elastic Green'’s E = 1- ! T g

Lagrangian strain 92

work-conjugate 1 : T -
second Piola— S=C:E=ZC: FP'"FTEE"P *1 |
Kirchhoft stress 2



finite strain plasticity

l=t+ 11

c

fully-implicit formulation of ] EP(1Y1 EP(t
rate of change of plastic P = ( )I. (t)
deformation gradient 1

= LP(1)FP(!)




finite strain plasticity

I =t1+ 1t

c

fully-implicit formulation of ) FP(1)! FP(t)
rate of change of plastic P = I = LP(N)FP(1)
deformation gradient 1

after rearranging FPY (1)

FPEE0 Y LR
FPET) = et FPT ()



finite strain plasticity

1 ‘ | |
combination of §=C:E= >C: FPPTETEEP 11
with FPER() = FPIROO! LR
FPPl()y = 11 LtLPh () FPT ()
b g ,
S(')= =ZC:, 1! 1 tLPT(1) FM T(t)FT(!gF(!)Fp! Qo RLPe I,
2 0 % ( 6 I
$ A B

BT



finite strain plasticity

elasto-plastic
consistency

material
constitutive
law




finite strain plasticity

material
constitutive
law

depends on stress S and
internal state variables s

LP(1) = LP(S,s)
s(!) (S, s)



finite strain plasticity

two-level predictor—corrector scheme

Rn=LPI LP S

guess evolution converge elasto-plastic
of internal state loop to desired tolerance

NS

= Sn! s(t) ! ! ts(Sn,sn)



finite strain plasticity

residuum of
elasto-plastic
loop

Newton—
Raphson
correction

Rn:|l_ﬁl |_p
2, = LB




finite strain plasticity
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finite strain plasticity

| S
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finite strain plasticity
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