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Introduction: Summary!

“New” Materials “New” Features
Polymers Anisotropy
Alloys “ Damage
High strength steel Failure
Advanced composites Debonding
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Constitutive Models for Polymers




Characteristic Structure of Plastics

I

thermoset plastic (Duroplast) | thermoplastic | elastomer

Stress

strain

1 glass.hke bghawour 4 high ductility iv""‘.r'"{*-"

2 plastic or viscous flow 5 rubbery ]

3 low ductility , ;

crystalline thermoplastic amorphous therm
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Some material laws for visco-plasticity in LS-DYNA

No. Keyword Formulation Input
24,123 MAT_ PIECEWISE LINEAR_PLASTICITY | isotropic, el-pl, von LC
Mises table
strain rate
81, 82 MAT_PLASTICITY _WITH _DAMAGE isotropic, el-pl LC
damage LC
strain rate table
89 MAT_ PLASTICITY _POLYMER isotropic, el-pl LC
strain rate parameter
141 MAT_STRAIN_RATE_SENSITIVE isotropic, el-pl parameter
POLYMER strain rate parameter

193 MAT_DRUCKER_PRAGER isotropic, el-pl LC
strain-rate parameter
plastic compressibility parameter

187 MAT_SAMP-1 isotropic, el-pl LC
strain rate table
damage LC
plastic compressibility LC




MAT SAMP-1
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MAT_SAMP-1: Yield surface

s D
pre=
................. =
....................... . |
biaXia'/"'\ ' gs
tension.., :
................ ‘

i compression

|
80

It is clear, that polymers exhibit a strong strain rate sensitive behavior,
hence this curves need to be determined a different load velocities!




MAT_SAMP-1: Yield surface input

q =)
LT
=0  lshear T
Yield surface:
tension 4 X compression i f(p,O'vm,gpl)ZO'Em _AO —A1p—A2p2 <0
0 3\ O
4 1 Ll
0 p

To achieve a fast and easy calibration process, test results from tension, compression and shear
tests can be fed directly into SAMP-1 via table definitions:

o 2
°© o
Tension test data Compression test data Shear test data
| o | >

______________________________________________________________________

Therefore the yield surface coefficients A, , , are calculated directly from stresses gained from a

table lookup. [ oo ooosoosoosoossosooooooosoooooes L, !
| 2 C.—O, c,0.-30, |
A,=30; A=9c;———) A =% g )




MAT_SAMP-1: Yield surface input

£=0

Yield surface:
f(p.0,,.E")=0,,— A~ Ap—~Ap° <0

SL \ Plastic potential (optional):

compression

* A 4
|;| shear |;|
Q (o}

tension

____________________________________________________________

To achieve a fast and easy calibration process, test results from tension, compression, shear and
biaxial tests can be fed directly into SAMP-1 via table definitions:

r--~-"~"~" " T TTTTTTTTTTTTTTT TS TS TS TS T TS TS T TS TS T TS TS T TS T TS T T TS T T ST T TS TS T TSI TSI TSI T T T T T T T T 1
| o q o |
: o :
| ° o |
E Tension test data Biaxial test data Compression test data Shear test data |
! ' I — I | - :
| ! & g g g |

In this case the yield surface coefficients A, , are calculated each time step by a least
squares approach fitting the yield stress values obtained by a table-lookup




MAT_SAMP-1: Yield surface input
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MAT_SAMP-1: Yield surface input
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MAT SAMP-1: Plastic flow definition

g=+q" +ap’ <« non-associated! g=const.

_______________________________________________

w|Q
w|Q
B~

Flow parameter correlates to plastic
Poisson’s ratio:

0-2x
A<D = <0.5
?1842a Vou

0.5

Here « is the angle between hydrostatic
axis and plastic potential in p-o,, space! compression tension

The plastic Poisson’s ratio may be given as
a curve as function of the equivalent .
volumetric strain. &




MAT_ SAMP-1: Tabulated strain rate (Perzyna type)

Elasto-plastic consistency condition

f(/i,/i:()):avzm—AO ~Ap—Ap° <0

Visco-plastic constitutive law:

. (alr)

2n
rlA)-o7(24)

0

o~ (i)= 12, 4)- £(2.0)
= A4 A+ 4, (L A)p+ 4,1, A)p? = 4 (20)- 4, (2.0)p - 4,(20)p?




MAT_SAMP-1: Damage formulation

_______________________________________

= Damage allows fitting of the unloading path, cyclic Rheological model

loading paths and load paths with strain softening.
All of this are major effects for polymers.

E
= A damage variable (d or f) quantifies the part of
the material cross section that no longer transmits
forces due to cracks or pores.
o (03
= |sotropic damage is the simplest approach to this. f:

= Elastic damage affects material stiffness: Only e |
deterioration of elastic parameters.
. Stress-strain relationship

= Ductile damage affects material strength N
(deterioration of yield stress) or both material , 0 damage evolution
strength and material stiffness! '




MAT_SAMP-1: Damage behavior

——————————————————————————————————————————————————————————————————————————————————————————————————————————

_ Z 0l Z
» Oy =0, (1 ae )) =
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S
) Test
P ---- Approximated effective
/ gt modulus of elasticity
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MAT_SAMP-1: Failure

= Mesh: should be fine enough to capture localization

arising before failure! Rheological model

= Consideration of deformation history: | £
stress/strain path during manufacturing may | W # o
influence failure during crash event. | o o

= Physical material data are needed up to failure, , :
true hardening data beyond necking strain can ~ ‘trtrrtmmmmmmmmmmmmome oo !
only be obtained through reverse engineering |

fail = true

. Stress-strain relationship
= Regularization: each softening problem is inherently '

: . . | fail
mesh dependent, no material and/or failure law is oA are
meaningful unless it is regularized! |

= Damage and failure law: Verification and validation
process is needed to calibrate a damage and/or failure :
law to physical experiments. g

' s




MAT_ SAMP-1: Failure definition

= All dependencies (strain rate and state of stress) are tabulated

= |n a mathematical sense, a tabulated curve is the most general form of a continuous
function in the Euclidian manifold — so why settle for less?

= The SAMP failure criterion can be considered a tabulated generalization of the
Johnson-Cook criterion
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MAT_ SAMP-1: Damage and fading definition

= Failure onset defined by the parameter Agript
da

= Further fading of the element defined by d,

= Strain rate dependent failure by an optional input curve
d =d (")
= Regularization by an input optional curve

¢=¢()

= Triaxiality dependent failure by an optional input curve
gzg(ij
O-vm

= Finally: d, =dc(ép)-§(é)- ¢(l.)




MAT_ SAMP-1: Regularization

= Failure onset defined by the parameter d, Agript
= Further fading of the element defined by

= Strain rate dependent failure by an optional input curve
d =d (")

= Regularization by an input optional curve
¢=¢()

= Triaxiality dependent failure by an optional input curve L S

-z R -

- Finally: dc=dc(€p)°§(gfm)-§(lc) 0 L1 =Smm o,

{




MAT_SAMP-1: New features in R5!

20% Failure

Element deletion is defined via
a section percentage value of
integration points that is
flagged as failed




MAT POLYMER




Polymer material model by Boyce et al. Arruda-Boyce
. . Opg
= Currently only available for solid elements
Two parallel mechanisms to describe deformations and derive stresses

O O
Partial model A:  Neo-Hooke for elastic spring
Argon model for plastic part

Partial model B:  Arruda-Boyce for network stiffness of polymers Argon (0 2| Neo-Hooke

Part A+B
F true

T
I Part A
/ Part B
[ -~
E

true

Deformation tensor: F =F, =F, corresponding final stresses 6 =6 , + 6,




Polymer material model by Boyce et al.

Partial model A:  Neo-Hooke for elastic spring
Argon model for plastic part

Intermolecular barrier to deformations due to i
relative movements between molecules.

Multiplicative decomposition of elastic and plastic Argon O, | Neo-Hooke
part of deformation tensor: F —F.F?
A7 t4 T4

Velocity gradient: L, =F, -F,' =L, +L”,
Rate of deformation (el. & pl.): L', =D+ W =F:-(F))"
L, =Di+ W) =F{ -F - (F))" - (F)™ =F; - L7, -(F))"

elastic

Heo-Hooke for elastic part: t,=A4, InJ 1+ 4,(B5,—1) with B¢, =F¢.F¢ (left Cauchy-Green)

and Jj = ,/det Bii IJA (Jacobian)




Polymer material model by Boyce et al.

Partial model A:  Neo-Hooke for elastic spring
Argon model for plastic part

Intermolecular barrier to deformations due to i
relative movements between molecules.

Multiplicative decomposition of elastic and plastic Argon O, | Neo-Hooke
part of deformation tensor: F —F.F?
A7 t4 T4

Velocity gradient: L, =F, -F,' =L, +L”,
Rate of deformation (el. & pl.): L', =D+ W =F:-(F))"
L, =Di+ W) =F{ -F - (F))" - (F)™ =F; - L7, -(F))"

plastic

. 1 . 1 2
Flowrule I, =N, with N,=——1*. 1, =, |—tr(t™
A A A A \/ETA A A 2 ( A )

Plastic multiplier,

. | thermal activated where
and 7 =7 exp| — AG (i — 74 /S) ' shear resistance sis !
Vi =70.CXp e ' dependent on L ]

i stress triaxiality.




Polymer material model by Boyce et al. Arruda-Boyce

Partial model B:  Arruda-Boyce for network stiffness of polymers

Viscous part are neglected: F, =F;

nk@ N 1 1. =N 72
Stress-stretch relation T, 3 I [\/TJ( B vD

Chain density: n
Number of rigid links: N

. T~ N =N =N N T T re l _FE
with B =F F. B =J; . J,=detky, ﬂﬁ,:{;tng}

Rate of molecular relaxation: LFB = ygNB N. =

. 1
where the rate of relaxation is: y} = C(_—l) a8

1
with /TF :[%tr(Fg {F;}T):;Q




State of the art in flow curve generation




Flow curve generation

]F

F_FA_FL__ (1
O-true_A_/l) A /‘)Lo O-eng(1 89’79)
£ =IN— :—In(1 —geng)

true

instability, uncertainty
—_—
mesh dependency

—

>
T do
o~ o€

eng




Flow curve extrapolation: Std. equations

]F

true

true
S Voce /Swift/ |
Gosh / Hocket-
Sherby / ...
__________________ or any valid
combination!

Current engg.
practice!

Extrapolation past
uniform expansion with
SOME other method!

e o o e o e e e mm o e o mm mm o e e mm e mm mm mm mm mm e o e mm e mm e e mm e e e e = =




Flow curve extrapolation: Modified approach for std. equations

extrapolation derivative
Voce o,(e)=a—-b-e o,'(€,)=b-c-Ing, -e 7
—c-eV ' _ -c€,  _N-1
Hocket-Sherby o,()=a-b-e"” o,(€,)=b-c-N-e €,
Gosh o,(e)=k-(g,+&,)" —p o,(e)=k-N-(g+¢&)""
Swift o,(e)=k-(g+¢&,)" o,(e)=k-N-(g§+¢e )"

No free parameters for Swift!

1 . .
o, A C' — continuity
: Extrapolation past
: uniform expansion with
| standard method.
: gtrue
€61




Flow curve extrapolation: Bulge test!

- biaxial
— tensile

0,6 0,8

0,2

04
Equivalent strain / -

true 4 C' — continuity

Result from bulge test is to be converted Extrapolation past

based on energy equivalence to uni-axial ! bulge test data.
stress-strain data by: p-p 5
NPT 5
: gtrue

Keep in mind, that non-isotropic flow will
influence the deformation and introduces Eo1
uncertainties.

- Curve shift is necessary.

uniform expansion using




Flow curve extrapolation: FE piecewise optimization

Evaluation of
section force

Start of

Modification simulation run

of flow curve

C' — continuity

Extrapolation past
uniform expansion using
FE optimization method.




Flow curve extrapolation: Still an open point ?!

If we assume, that one of the previous methods was successful
indeed, we must recognize that the solution is always strongly mesh
size dependent if the part is deformed past the point of uniform
expansion!

Why is that?




Some thoughts about localization




Localization phenomena

Starting point: Load curve (or table) definition exhibits softening behavior.

Engineering stresses vs. engineering strains show non-positive gradient (green data).
But: True stress vs. true strain gradient is always positive (red data)!

! I—1, !

v Eeng = !

XY data ! /o !

A true_ory E B / 3 E

2.5 _E_;:g:ﬁ]rgd | Ene —In/—0 —In(1+geng) |

D true_stress_-1 : :

True stress vs : i 3 F FA FL |
2‘__fl‘tfe_Sﬁ‘aii"| e === : e = < = = ——— :

% K +—— Modified curves ! | A A;o A AL
B1s | E :o‘eng—:aeng(1+8eng) E
Ry um— : 2 :
& Ny m"""ﬂT S ———
?EQ / B [ ' Remedies: :

5 ! :

05+ ————= VAR “/' X ] i = modify evolution curve (positive !
! Original data ! .Stres.s vs| | gradient) but leads to hardening |

N - L At il strain i = introduce artificial visco-plasticity i

0 0.5 Strains 1 18 e e e e e e e - 1




Localization phenomena

Starting point: Load curve (or table) definition exhibits softening behavior.

Engineering stresses vs. engineering strains show non-positive gradient (green data).
But: True stress vs. true strain gradient is always positive (red data)!

»Y data
i A5 true_ory
B_ing_ory
24 L_ing_mod
D_true stress -1
A‘;
D e 1
. | Leads to hardening in tension test |
= | A\ |V epmeemeeeeee.s |
@15 — : . . ]
a For necking, negative slope (in |
L N ==y — . true stress - true strain curve) is |
n 4| I . .
1 f‘ = I needed in tension test |
B I
B
0.5 7 —=|
0 ! ' ; ; -
I 0.5 1 1.5

Strains




Why does strain-softening lead to localization?

Example: tension rod

EE l 1 l
Ty H=—"2 U = / edr = / e du + / ePldu,
. E-E_, 0 0 I—¢
| ||_Lug ~el _ E
E
5 u
l - ol _ Oy — Ok
a) b) Ea Ep £
. , u — EZX e i
= Non-unique stress state when softening occurs ou(w) = — gH | uYersagen _ oy§ :
i 1 i = |
= Failure displacement/strain depends on LA I . S
width of localization zone
= Vanishing plastic work for f —0 o 4

= Stability of deformation process 1-2:




FEM: Mesh dependency and softening material

Example: tension rod with A=1xL/n discretized with n finite elements:

imperfect
—> P2
—ppp T :
L
= Mean strain in one
element: _
_ _ c 1/0-0
Pmax 8:89+8p/:—+—( Hy]
n

= Tangent operator:

c {q 1, 1] __EHn
ban do E nH nH+ E

= Fracture energy:

1
= u G, = jO‘ du =— Egyeuwc w, = crack width
2n




FEM: Mesh dependency and softening material

Example: tension rod with A=1xL/n discretized with n finite elements and localization in m elements:

m elements localize
(_H

HNNNN NN

— P2

max

e o m(o—-0
€=€e+€pl=—+—[ y]

I -1 EH—
Emn:[d_ﬂ {Li} EHn __ ~'m
’ do

______

= Mean strain in one
element:

E n

= Tangent operator: n

E nH| nH+mE n

H+ E

= Fracture energy:
m N —
G, = du=— (E€) &g,w
= Jodu=2" (E?)




Poor man’s regularisation e :
oV TE=E |

I, = Characteristic element length D= T Wil |

. - .o I :

[, = Characteristic element length : - v - :
when real world strains and deformations v T :

! structural part RVE micro structure |

match simulation data.

Fading of stresses dependent

Localization limiter on element length

o o
lcl l lcl
c2 lc
c3 lc3 »2
E E
+ g [, [mm]
L.

Regularisation usually done by No regularisation  Regularisation usually done by element
fracture energy or nonlocal theory. necessary! size dependent input parameters.




Example: Localization of tension rod

= A tension rod will be discretized with an increasing number of elements
Softening plastic material is employed

One element is imperfect (weakened)

The load is applied via prescribed displacements

The experiment will show the effects (pros/cons) of different
possibilities for reqularization

80 elements 320 elements 1280 elements 1920 elements




Example: Tension rod non-regularized

Section
B A
1.29 B2
—_—
_r H‘_‘_C:“‘—————_._i_—__}*_b—:—t—__'———_ﬁ_! C3
D — | I m—— 5 I
14
‘ |
R —
D
0.8 |
© K
5 el
L 06
x
0.4
0.2
o 1 1 1 1 1 1 1
L] 0.3 1 1.5 2 2.5 3 3.5
Time




Example: Tension rod visco-plastic formulation

12 D
f —— ¢ |
% = —
[ ———
1
0.8 i
P [
2
S oel
L 06
*x
0.4
0.2
0
0 05 1 15 25

Time

Section

_A
B2z
<3

D4

sre=10.0

sre=10/0
WSip= 1.0

1
‘n\‘\\\»-
Wil
\l\\\
]

il

Sre=10:0




Example: Tension rod non-local formulation

Section
1.2 8 ;
T = e S B2
I ] | ——wi——|— _ |ca
D | | Da
1 D
‘ D ——
R ———
0.8 |
@
2
£ 0a]
>
0.4
0.2
0+
0 0.3 1 1.5 2 2.5 3 35

Time




Gurson model with local formulation

1 1 1

Deformation of

. \ ‘ 11 11 HH T
mesh of various | | | apens L TS
: | EEangps il
element sizes — T mEmmagpEE HEEETE
_F_i_T _1 | | ‘IJI/‘__ |l *:: t
T 11 | || sl H :
- Il—ﬂl‘ |‘ [ lj 1 HHH (
IT| T IL | | """ A __/‘;.E‘
X T A SR A A A A e it e e

. o T I B B S E
Fringe of porosity . | NSMIEIN S5:.
.;SLN_IIIIE Ba. Viax = 1 80E 01

- 1.11E-01
---:\ 1.23E-01
....‘ 1.34E-01
1.46E-01
===== 1.57E-01
1.69E-01

XPAKK

XPXPXDAA

XPADAIKIA

[Feucht et al.]




Gurson model with non-local (gradient) formulation

Deformation of [T A
mesh of various | | | | — P
. T D __hj;'ml-
element sizes | Tt mannuioysnnnnnn
T | AT

e it

— f"'\l Ht_.

| —r+‘

-

SO

|4
Fringe of porosity ::‘£ “=====

values

o
aunr | SGHE 2

[Feucht et al.]

Parosity
Min = 1.00E-01
Max = 1.80E-01

1.11E-01
1.23E-01
1.34E-01
1.46E-01
1.57E-01
1.69E-01




Softening and mesh dependency

In general: Enhance the continuum or material formulation by further information
about size of failure zone (internal length parameter). Currently the following
approaches are known:

= Use of Cosserat continuum (includes rotation degrees of freedom on
material point level) instead of Bolzmann continuum.

¢ = Making use of “time dependent” constitutive formulations, e. g. use of
viscous material formulations in dynamic simulation. But still a certain
tendency to localize within a small band may develop depending on the
mesh-size, material properties and loading velocity.

¥ = Formulations that take the size of the element into account to adjust the
softening branch of the evolution law (fracture energy approach).
Here m/n is a factor that takes the dimension of the problem (internal
length parameter) into account!!!

¢ = Non-local material formulations that take strain gradients of neighboring
elements into account to determine the constitutive evolution within the
actual element.
Here n/m is a held constant by defining a radius of influence — again a

internal length parameter!
YX available in LS-DYNA




Additive failure model
with scalar (isotropic) damage




Generalized Incremental Stress State dependent damage MOdel

GISSMO

Gurson

GISSMO

Product

on

U . S 1, G -

[ R

Failure Curve
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GISSMO

Generalized Incremental Stress State dependent damage MOdel

Evolution of Instability Material Instability

£

v,loc

— - = Johnson-Cook

—— GISSMO n=2

;D

— — Gurson

—_——

" Crash :
) i Production .
| | Material Instability
s = Simulation O‘O ’ [ E [ [ : [ |
0.0 Versuch 0:0 0.2 | 04 06 ! 0.8 1.0
0,00 v ! ! .
0,00 0,05 0,10 O- /o-
m e
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Gurson vs. GISSMO

Regularization of element size dependency
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GISSMO

= Failure Strain constant

= Fracture energy constant

= |dentification of Damage Parameters
is more straight-forward

Gurson

= Resultant Failure Strain constant

= Failure energy depending on el. size

= |dentification of damage parameters
is difficult




GISSMO: Einfluss der Belastungsgeschichte
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