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Abstract

Reliable prediction of the behavior of structures made from polymers is a topic under considerable investigation in
engineering practice. Especially, if the structure is subjected to dynamic loading, constitutive models considering
the mechanical behavior properly are still not available in commercial finite element codes yet. In our paper, we
present a new constitutive law for polymers which recovers important phenomena like necking, crazing, strain rate
dependency, unloading behavior and damage. In particular, different yield surfacesin compression and tension and
strain rate dependent failure, the latter with damage induced erosion, is taken into account. All relevant parameters
are given directly in the input as load curves, i.e. time consuming parameter identification is not necessary. More-
over, the models by von Mises and Drucker-Prager are included in the description as special cases.

With the present formulation, standard verification test can be simulated successfully: tensile and compression test,
shear test and three point bending tests.

1. Introduction

Under high velocity impact loading, thermoplastic components undergo large plastic deforma-
tions and will most likely fail. Consequently, the unloading behavior is irrelevant and thermo-
plastics can be modeled with a sufficiently good approximation as pseudo-metallic elastic-plastic
bodies. This is, however, not aways the case — even in crashworthiness applications. Nowadays
important applications in crash simulation that demand a more accurate modeling of thermoplas-
tics are ssimulation problems in pedestrian protection, e.g. head and leg impact (see [4], [7], [8])
and passenger protection. Although highly sophisticated material laws are available in commer-
cial finite element programs, there are still open questions, especialy in the aforementioned field
of application. In this paper, the main focus is set to the explicit solver of LS-DYNA [1], [2] but
clearly with some effort al results are transferabl e to other solvers. In the following, an overview
on classical models for polymers which are used for crash simulations nowadays is given. From
a practical point of view, the usually applied constitutive model is material no. 24, a classical
elastic-plastic model based on the von Mises criteria. It should be strongly emphasized though,
that thermoplastics are not incompressible during plastic flow. This leads to the conclusion that
material laws based on the von Mises criterion are not suitable in general [9], [10]. Therefore, a
new material model which has been implemented into LS-DY NA as a user defined constitutive
model will be the main focus of the present contribution. A new constitutive model, termed as
SAMP-1 (Semi-Analytical Model for Polymers with C-differentiable yield surface, see [3]) is
derived in the following. The main focus of the present project is to include all relevant experi-
mentally observed effectsin one model.
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2. Material Law Formulation
2.1. Yield surface formulation for plastics

2.1.1.Choice of a yield surface formulation

All plastics are to some degree anisotropic. The anisotropic characteristic can be due to fiber
reinforcement, to the molding process or it can be load induced in which case the materid is at
least initially isotropic. Therefore a quadratic form in the stress tensor is often used to describe
the yield surface (see Bardenheier [5]). We restrict the scope of this work to isotropic formula-
tions. However, the choice of this yield surface was made in view of later anisotropic generaliza-
tions. In the isotropic case the most general quadratic yield surface can be written as

f =6'Fo+Bo+F, <0, where (1)
O F, F, F, 0 0 O FF O 0 0 0O
o, F, F, F, 0O 0 O O F 0 00O

oo o, Fo F, F, F, 0O 0 O B 0O 0 FF 00O | 2
O, o o o F, O O O 0 0 00O
oy, o 0 0o O F, O O 0 0 00O
O, O 0 O 0 0 Fyu O 0 0 00O

Some restrictions apply to the choice of the coefficients (see [14]). The existence of a stress-free
state and the equivalence of pure shear and biaxia tension/compression require respectively

F,<0 and F, =2(F,—F,). Although four independent coefficients remain in the expres-
sion for the isotropic yield surface at this point, the yield condition is not affected if all coeffi-
cients are multiplied by a constant. Consequently only three coefficients can be freely chosen
and three experiments under different states of stress can be fitted by this formulation. Without
loss of generality the expression for the yield surface can be reformulated in terms of the first
two stress invariants: pressure and von Mises stress.

Oy +t0,+0,
3

p=-
©)

O, = \/g((axx +p) +(o, +p) +(o,+p) +20% +202 + 262)

The expression for the yield surface then becomes f =62, — A, — A p— A, p> <0. and identifi-
cation of the coefficientsleadsto A)=-F,, A=3F, and A, =9(1-F,) or equivalently

F 1
FOZ_A\)’ F]_:%, Fllzl_%! F44:3 and FlZ:Fll—?M:—(E_F%j_ (4)

Since there is no loss of generaity, the simpler formulation in invariants is adopted from this
point on. In principle the coefficients of the yield surface can now be determined from the
aforementioned three experiments. Typically one would perform uniaxial tension, uniaxial com-
pression and simple shear tests. This alows computation of the coefficients as functions of the
test results:
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Alternatively one may also compute the coefficients relating to the formulation in stress space:

- Fo(i_i]
F, +F,0, +F,02=0 e O

E
Fo—Fo. + Fllo-cz =0 = Fy=- 0 (6)
2 O-to-c
FO + F440-S = O Fo

2.1.2.Conditions for convexity of the yield surface

Introductory remarks
Usually the yield surface is required to be convey, i.e.

flc,)<0
fl6,)<0} = flao, +(1-a)s,) <0 (7)
0O<ao<l
2
The second derivative of f is computed asf =6'Fo+Bo+F, — a—];:ZF.A sufficient con-
(¢

dition for convexity in 6D stress space is then that the matrix F should be positive semidefinite.
This means all eigenvalues of F should be positive or zero. The conditions for convexity will now
be examined in physical terms for two cases. plane stress and general 3D.

The plane stress case
In the plane stress case the yield condition reduces to:

f =6'F6+Bo+F, (8)
where
O F, F, O FF 0O O
c=|o,| F=|F, F, 0| B=0 K O 9)
Oy 0O 0 F, 0 0

Furthermore convexity requires the eigenvalues of F to be non-negative:
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F.+F,20
He 40? > 0,0,
Fu-F,20,= (10)
-F =0
F.=0

Representation of the yield surface in the principal stress space allows a geometrical interpreta-
tion. Clearly aslong as o > /0,0, /2, the yield surface is elliptic and thus convex. In the case

of o,=.0,0, /2 the vyield surface degenerates into two straight lines. And

for o, <,0,0, / 2 theyield surface becomes hyperbolic and convexity is lost. A non-convex

yield surface is physically not plausible under plane stress conditions since no yielding would
occur under biaxia loading.

In the invariant plane the convexity condition for the plane stress case is easily seen to lead to the
following condition:

o > V0% = A <9 (19)
ST T4
Thus, positive values of A, are alowed and the yield curve can actually show a limited positive

curvature. Convex yield surfaces in principal stress space are guaranteed as long as the yield
curve has afinite intersection with the biaxial line, .i.e.

aim—Ao—Alp—Asz:O}gpz

— — J— 2 =
va:i@ 4 HTAP-ADPT=0. (12)
2
Thislast equation will have areal finite solution for the pressure p iff

0.0
#, (13)

A’ +4A)(%—A2j2 0= 0,2
which is equivalent to requiring a convex yield surface in principal stress space.

The 3D case

In the full 3D case, the convexity condition is generally more stringent. Again we require the
eigenvalues of F to be non-negative, where F is now the full 6 by 6 matrix:

F,+2F,=0

30?2 . J
Fu-F,20;=¢ ¢ %1% leading to o, > Y% , N9t
~F,>0 V3 2
F,=0

Note that the trivial conditionsc,>0, 0,20, 0,>0, F,<0 are aready sufficient to ensure

Faa 20, Fu 20, Fu—Fpy =2Fu 20 Apg consequently, only the first eigenvalue may be negative.
Note that the condition that the first eigenvalue must not be negative can be reformulated as

Fii+2F,= —%z 0= A,<0. In 3D principal stress space a convex quadratic yield surface corre-

sponds to an ellipsoid, a cylinder or an dlipsoidal paraboloid. It should be noted here, that con-
vexity in stress space is a sufficient condition for convexity in the invariant space spanned by the
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pressure and the von Mises stress but the reverse is not the case. Indeed consider the case of a
linear relationship between the invariants (Drucker-Prager type law). This is a limiting case for
convexity in theinvariant plane and

V3o, _ 209 =0g= Jo0: 2010 < Vo0 . (14)
0, +0, J3 o +o, V3

Thusit is shown that this yield surface is not convex in stress space if o, = o, . This corresponds

to the von Mises cylinder. In general, a Drucker-Prager type law is represented by a cone in prin-
cipal stress space. This surface is strictly spoken not convex because the cone consists of two
blades. To complete our discussion aformal derivation of the convexity condition in the invari-
ant planeisgiven by

A Ap- AP G = At AP AP, p“m<0:»as_[(2:fa)us>

2.2. Flowrule
Associated flow leads to the plastic strain rate in terms of the normal vector to the yield surface

of
: . of of of
: =jin=/96 16
Eo = AN of 86 6 Jo 10
Jo

The volumetric plastic strain rate, deviatoric plastic strain rate and equivalent plastic strain rate
are defined in the usual way:

. . A (of) . . g 2. . A [20f] of
L R e R
06 6
The associated flow for the general quadratic yield surface is defined as
Jo,, 3 S
do 20 of A +2A,p ¢ | f \/ 2 1 2
vm —:35+ 8, —|| = 60_VIT1+_ +2 18
o_ 10 [T 2 P 3(A+2AD) (18)
06 3
leading to the volumetric and deviatoric plastic strain rates respectively:
of || . of
(A+2A2p)/ H —M% (19)
do
The equivalent plastic strain rate reads:
: 2, . . 2 of : of
gp:\/ggdp'sdp :/1\/3 876 ,SPZXZO'W/BG (20)

It is instructive to derive the ratio of transversal to longitudinal plastic strain rate under uniaxial
tensile and compressive loading. This ratio will here be called the “ plastic Poisson ratio” al-
though of courseit is by no means a material constant:
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Vp=— = (21)

It will be shown that additional restrictions are placed on the shape of the yield surface in order
for the lateral behavior of the material model to be reasonable under plastic loading. We there-
fore compute the plastic Poisson ratio in function of the yield surface:

bp=(l-2v, )0
€ =1 3SXX+A1+TZAZF)]/||n|| :>Ai+2A2p:(1—2vp{—6p+Ai+sz‘2p] (22)
&p = AA +2A,p)/|n|
S, =—2p

9+ 2A, +/’/
This last expression yields v, = P and shows that the plastic Poisson ratio is de-
18- 2A, —%

pendent on the pressure and in particular that the lateral behavior of the material is different in
tension and in compression. This can be estimated further as:

3A
O-t 9+2A2_ %-t O-t2 O-C
p<0=p=-—>=v,= 3 =—L -1
18- 2A, + A/ 0: 0, +0,
O-t
3A (23)
9+2A, + / 2
O-C O-C O-C O-t
p>0=p=—"=v, = =— -1
18—2A2—3% ol o, +0,
These equations can be solved for the shear yield:
o} o, , oY O,
p<O0=v,=—"F—F—-1=o0;=
o 0, +0, 1+v, o, +0,
o’ o© o’ o, @
p>0=v, =—S——-1=0i=—F :
o; 0, +0, 1+v, o, +0,

The latter shows that reasonable values for the plastic Poisson ratio put certain requirements on
the yield surface:

p<0= 09 20, <o’< 09 30
3 o,+0, ° 3 o,+0,
p>0=> 09 _20; <o’ Sﬂ—?’ac
3 o +0, ° 3 o, +0,

02v,205= (25)

Whereas convexity required only a lower limit for the shear yield, plausible plastic flow also
imposes an upper limit with respect to tensile and compressive yield values. As it will be diffi-
cult in genera to guarantee reasonable flow behavior from three independent measurements in
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shear, tension and compression, a simplified flow rule has been implemented as the default in
SAMP-1. The generally non-associated flow surface is given as

g=0m+op’. (26)
Thisflow ruleisassociated iff A =0, A,=-« . And clearly leads to a constant value for the plas-
tic Poisson ratio if « isaconstant

9-2c 91-2v,

Vv, = So=— .

18+ 2« 2 1+v,

(27)

Pausible flow behavior just means that 0 < asgz 0<v,<05. In SAMP-1 the value of the

plastic Poisson coefficient is given by the user, either as a constant or as aload curve in function
of the uniaxial plastic strain. This alows to adjust the flow rule of the material to measurements
of transversal deformation during uniaxial tensile or compressive testing. This can be important
for plastics since often a non-isochoric behavior is measured.

The volumetric and deviatoric plastic strain rates in this case are given as

évp = /1(_ 2043)/ 879 = l(_ Zap) ) édp = /138/ = A3s
\/GO'VZm +:a2 p’ \/60'V2m +:a2 p’

06
In SAMP-1 the formulation is slightly modified and based on aflow rule g = /o2 +op® .

(28)

Jg
dJo

The plastic strain rate computation is not normalized: ¢, = /iaai . The volumetric and deviatoric
(9
plastic strain ratesin this case are given as:
) . . A(-2ap
gvp:ﬂ(—Zap)/Zg = (2 ) -
\/4avm +4ap
: (29)
A3s

¢, =A3s/2g =

4ol +4ap’

This amounts to a different definition of the plastic consistency parameter A which of course has
to be considered when equivalent plastic strain values are computed.

2.3. Hardening formulation

The hardening formulation is the attractive part of SAMP-1. The formulation is fully tabul ated
and consequently the user can directly input measurement results from uniaxial tension, uniaxial
compression and simple shear tests in terms of load curves giving the yield stress as a function of
the corresponding plastic strain. No fitting of coefficients is required. The test results that are
reflected in the load curves will be used exactly by SAMP-1 without fitting to any analytical ex-
pression. Consequently the hardening will be dependent on the state of stress and not only on the
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plastic strain. The hardening rule now requires to define the evolution of al hardening parame-
ters as afunction of the plastic consistency parameter:

.0 a )
Ay = AMAL AHAQ A2/1 _9a; (30
az
The first three equations must be rewritten as follows:
Ay =30
A do, A 0o 9y 30, aaA/IO 60 aa‘;s (31)
94 90, 04 90, 94 90, 94
20'c
A9 0t0¢ a_Ai=1 _O-C_O-t%_go-_szaﬂ+9o- 9o, (32)
0A _ 9A doy A aat 0A do; [ 94 * o0, 04 of 9L o2 9A
ol 80' oA aat oA 80' oA
A, —d 919305
0,0, oA 9 60, doy N doy N aac) (33)
0A, _ IA, dog 8A2 90, 8A2 do, | 04 0,0, 04 0't oA \oy0f) 0
oA 80' ol 80't oA 80' oA
The following conversion
doy _ doy agPS %_ doy agpt do, _ do, agPC (34)

A Oen 04 04 ey 01 A e, 04

pc

is defined to fully determine the hardening mechanism by performing three table lookups during
every iteration in each time step. The table lookups give the yield stress and the tangent as a
function of plastic strain for each experiment. From 2 we obtain:

90, e o d0, e = a0,

deps M Voey P

Eps = O,

ps
pe (35)

What remains to be done is to establish the relationship between the plastic consistency parame-
ter and the plastic strains that were measured under uniaxial tension/compression and simple
shear. To achieve this, the equivalent plastic strain rate as a function of the plastic consistency
parameter is generally used. Note that the hardening rule must be carefully considered at this
point. Furthermore, the relationship between the individual plastic strain rate values and the con-
sistency parameter is established. For the uniaxial case we get

¢ 0 0 A %m 213
) ) . TV
g,=| 0 -V é 0 |é, :‘em‘— 1+v, ‘sm‘ _ 209 3" (36)

0 0 —Vifu [n] 2a+v,)

Similarly the plastic strain rate under shear loading is obtained by
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° fm O 2 ’i%gz %
.. . . o g
€, ==& 0 O0&, =—‘£ps, &l = 2 . (37)
- 3
0 0 O \/§ ﬂ&i
2

These equations always allow determination of individual plastic strain values and thus the ab-
scissavalues for the table-lookup operations from the plastic consistency parameter.

I3 o) =[P &
‘s' PSR S 1+V T g Ay, (39)
PP oy ) ] 5 200, _ 3
D ey e R

vax/_ \/_ _ .43
‘8’ =& @— i 9 2 2 ‘Sps—/17 39
ps_pz_/lza =le jﬂ_;t >

(A

In case of non-associated flow and a constant plastic Poisson ratio the integration is easily done
analyticaly:
J3

|8pct|— v, |8pct| /1/ 1+v and ‘Eps‘— ‘Eps‘=l7 (40)

In this case the conversion of the tangent values that result from the table lookups is equally triv-
ia:

a0, :ﬁ a0, aﬂ: \/§ do, Jdo, _ \/§ dJo, (42)
04 20dg 04 [l+vy )0y’ 04 [Alev,) e

In the case of associated flow the conversion factors are not constants and must be evaluated at
each time step
Jdo, Jdo, 20,, J3 9o, _do, 20, 3 aac 80' 20,, 3

94 "de, || 2 a4 de, n| 2M+v,) 92 " de, || 2+v,) “

24. Rate effects

Pastics are usually highly rate dependent. A proper visco-plastic consideration of the rate effects
is therefore important in the numerical treatment of the material law. Data to determine the rate
dependency are based on uniaxia dynamic testing. If dynamic tests are available, then the load
curve defining the yield stress in uniaxial tension is simply replaced by atable definition. Similar
to MAT_24 this table contains multiple load curves corresponding to different values of the plas-
tic strain rate. Subsequently table lookups involve determining static yield values for tension,
compression and shear, as well as dynamic yield values in tension. Tangents with respect to the
strain rate must aso be evaluated:
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, do, do, a0,
Ey D0, = € > O
d€ de

H gpti a
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E.>0 —805
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P S 0¢e

ps

J0,
; _ t
Ex =005, —

£
H pt ’
. o€,

Furthermore it is assumed that the rate effect in compression and shear is similar to the rate ef-

fectintensile loading: o, =0, 2L, o, =02t .These tangents to the yield surface are computed
Oto Oto

consistently with the previous assumption leading to

-1 -1
_do,| 00| 00 do, do,.| do | doy
€ asps‘o 0€ agm\o ey, 8£pc‘o 0€ 8£pt‘o |

Jo

S

43
Jdo, 00, 0, J0, 00, O
a‘é‘pt O-tO

€, 0&y Oy O0€,

Although this approach is certainly questionable since rate effects may depend on the state of
stress, it isjustified by the fact that dynamic test results are not easily obtai nable under shear and
compression. A generalization involving table-type definitions for al three types of experiments
could be implemented straight forward if needed.

2.5. Damage and failure

Numerous damage models can be found in the literature. Probably the ssmplest concept is elastic
damage where the damage parameter (usually written as d) is a function of the elastic energy and
effectively reduces the elastic moduli of the material. In the case of ductile damage, d is a func-
tion of plastic straining and affects the yield stress rather than the elastic moduli. Thisis equiva
lent to plastic softening. In more sophisticated damage models, d depends on both the plastic
straining and the elastic energy (and maybe other factors) and affects yield stress as well as elas-
tic moduli, see [13]. A simple damage model was added to the SAMP-1 materia law where the
damage parameter d is a function of plastic strain only. A load curve must be provided by the
user giving d as a function of the (true) plastic strain under uniaxial tension. The value of the
critical damage Dc leading to rupture is then the only other required additional input. The imple-
mented damage model is isotropic. Furthermore the model uses the notion of the effective cross
section, which is the true cross section of the material minus the cracks that have developed. We
define the effective stress as the force divided by the effective cross section

ool ot _t _ o
AT T A, Al-d) 1-d

(44)

o
yd , see [13]. By application of the

which alows to define an effective yield stress of o, 4 =

principle of strain equivalence, stating that if the undamaged modulus is used, the effective stress
corresponds to the same elastic strain as the true stress using the damaged modulus, one can

writeg = 2, E, =2 =E@l-d). Note that the plastic strains are therefore the same:
e ge
£, =g—%ﬁ=e—g—. No damage will occur under pure elastic deformation with this model. As
d

an example we consider the case of a material that is perfectly plastic in its undamaged state.
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Experimentally it can be seen that the damage parameter effectively reduces the elastic modulus.
Consequently if unloading is performed at different strain values during the uniaxial tensile test,
the different unloading slopes allow to estimate the damage parameter for a given plastic

Eslew)

strain: d(gpt):l— dE . The damage model will thus be used essentially to fit the unloading

behavior of the material. The two stage process of determining input data from a measured true
stresg/strain curve is illustrated below. In a first step the damage curve is derived as given in
Figure 1.

O A

- !
£y 3

Figure 1: Determination of damage as a function of plastic strain

And in a second step the hardening curve is determined in terms of effective stresses. As usua
the failure strain corresponds to the point where d=0 and the rupture strain corresponds to the
point where d reaches the critical value Dc. If the damage curve is given a negative identification
number in the LS-DYNA input, then the hardening curve data are expected in terms of true
stresses and the input preparation is performed as if there were no damage. In this case the nu-
merically computed stress values will correspond to the input data and the damage model will
seem to affect only the elastic moduli and thus the unloading/rel oading behavior of the material.

2.6. Crazing

Many plastics and PP-EPDM in particular show a localized deformation process called crazing.
The material will typically change colour and turn white in the craze. From amechanica point of
view crazing can be identified with a permanent increase of volume (volumetric plastic straining)
and a low biaxial strength. To simulate crazing it may therefore be desirable to consider biaxia
test datain the numerical model. In SAMP-1 the hardening curve resulting from a biaxia tensile
test is therefore optional asinput. The curve should give yield stress as a function of plastic strain
and care must be taken to use the correct biaxial modulus when transforming from true strain to
plastic strain. In many practical cases where biaxial data are available, some other test result will
be missing. In these cases the missing data are generated internally from the biaxia test result
assuming a quadratic isotropic yield surface and the material law formulation is not changed.
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2.7. Numerical implementation

Rate-independent plasticity iterations

To solve the equations of easto-plasticity, the explicit cutting plane algorithm was selected. A
complete review of the implementation is given below and is based on works of [11]. Consider
the following set of equations defining the SAMP-1 material law:

6=2G(&,—&h)+K(&—£0)0 material law
oA,
Ab 4/1
Al ™%
g=| ." |[=4h=41 A hardening rule
A BA/ (45)
Py oA
0
7z
=ir=1%9 flow rule
tolo]
2 _A— —Ap*< ' =
f= Om~ A~ AP A2p2 =0 !quad 1 yidd surface
O-vm_Ab_A.lp_Azp <0 |quad:0
Here we can further specify the flow rule as follows:
iquad = 0/1 o _ i 200 ; 95—20p0
a=>0 }38 ' Jo 6[65m+ap2
i = L : (46)
|qua(>jol}:>ép:/1r:/13_g:;t 9s+(A1+A2p)82
o o

It should be noted that no associated flow has been implemented for the alternative yield condi-
tion (iquad=0).

The damage model

The implementation of the damage model is trivialy simple since the entire plasticity agorithm
is performed in terms of effective stresses without any modification. In case the damage load
curve has a negative identification number, the algorithm just amounts to modify the elastic mo-
dulusin each iteration:

B, = E(l-dilep,) @

pt,n

Rate effects
A constitutive law for visco-plastic materialsis given for instance in [12] as:

(@(f)

T

A= (48)
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Here f is the yield function, so in our case f =02 — A, — Ap—- A,p>. The Foppl symbol (also

known as McCauley-brackets) is used to indicate that the (visco-)plastic strain rates are zero as
long as the state of stress is elastic. It should be emphasized at this point that the coefficients of
the yield function f are not rate dependent. ® must be a dimensionless function and  isare-
laxation time. In general ® need not be dimensionless and the visco-plastic constitutive law is
given as

(00 (o)
2 2
Here n has the dimension of a viscosity if @ has the dimension of a stress. This formulation is
typically based on a constant viscosity and either a power law or exponential expression for @
and seems usually sufficient to describe the rate dependency of metals.
In the case of plastics, the rate dependency of the material is more pronounced and potentially
has a different character. Therefore a tabulated formulation was chosen which gives the user full
flexibility for fitting the model to test data. Uniaxial dynamic tensile tests allow tabulating the
dynamic stress as a function of plastic strain and plastic strain rate. In the visco-plastic regime

20i=0(f)= f = 27i) (50)

(49)

is obtained. Furthermore the congtitutive equation is solved by f(4)-®(1)=0. This shows

that the viscous overstress expressed by a positive value of the yield function f can be identified
with the inverse function of @ . In contrast to the rate independent case now the constitutive law
instead of the consistency equation is enforced. The cutting plane algorithm is applied accord-

ingly.

3. Applications

3.1. Yield surfaces of different thermoplastics

As a first example, the application of the present model due to prediction of yield for different
thermoplastics is shown. For a review of methods commonly used in crash simulation, see [7],
[8]. The results obtained by SAMP-1 are compared to the von Mises yield criterion. It must be
emphasized that this criterion is usually used in crash simulation for modeling of thermoplastics.
For a better understanding, the curves given in Figure 2 to Figure 4 are plotted in both the plane
stress plane and the invariant plane. The experimental results are taken from Bardenheier [5].
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Figure 2: Yield surface of polyvinyl chloride (PVC)

In Figure 2, test data of polyvinyl chloride (PVC) is depicted. The dotted line represents results
of the von Mises yield criterion and the solid line represents results obtained by SAMP-1. As can
be seen, the von Mises yield surface is not capable to consider the different behavior in compres-
sion, tension and shear. SAMP-1 yields to a much better agreement with the test. However, the
experimental result under biaxia tension is not fitted exactly but approximated sufficiently. A
method for further improvement of the result under biaxial tension is given by the least square fit
which will be explained subsequently.
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Figure 3: Yield surface of polystyrene (PS)

As a next example for a polymer that is widely used in engineering practice, polystyrene (PS) is
regarded. For this polymeric material, more experimental results under different loading direc-
tions are available, see

Figure 3. Again, the von Mises criterion cannot describe the challenging material response. The
results obtained by SAMP-1 are in good agreement with the experimental findings. This identi-
fies the present model as an appropriate material law for polymers. Similar results can be ob-
served for a polycarbonate (PC). Note that for polystyrene a convex yield surface is obtained in
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the p-g-plane. Three distinct points of the yield surface can be used directly to define the quad-
ratic yield function in SAMP-1. In order to take four samples into account for the quadratic yield
criterion, aleast square approximation is applied. By such a numerical treatment, the experimen-
tal data under biaxial tension as well as test data of tension, compression and shear loading can
be considered simultaneously.

In Figure 4, an acrylonitrile butadiene styrene (ABS) shows noticeable agreement. In the yield
surface, this results in a softening behavior under biaxial tension. As can be seen, using compres-
sion, tension and shear only, the yield behavior cannot be described sufficiently by the SAMP-1
criterion. If biaxia tension is considered additionally by a least square fit, the (still convex) yield
surface is much closer to the experimental data.
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Figure 4: Yield surface of acrylonitrile butadiene styrene (ABS)

3.2. Veification and validation of PP-EPDM

3.2.1.Dynamic tensile tests

The strain rate dependency of SAMP-1 isinvestigated by the simulation of dynamic tensile tests.
The experimental setup consists of a bone shaped specimen with a total length of 48.6mm, see
Figure 5. The area of uniaxial stress (8x20mm) is highlighted in the picture.
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Figure 5: Dynamic tensile tests at different strain rates
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The test data is input in the material card by defining tabulated local stress-strain curves meas-
ured at different strain rate levels. The bone shaped specimen is discretized with an element size
that is typically used in crash ssmulation. The choice of the same element size is necessary be-
cause of the well known strong mesh dependency due to strain-softening. The global force and
displacement are compared to the experimental response. The results are given in Figure 5. At
this point, it has to be emphasized again that in SAMP-1 a real visco-plastic formulation is im-
plemented, i.e. relaxation effects are taken into account as it is known from
MAT_PIECEWISE_LINEAR PLASTICITY with VP=1.

3.2.2.Quasi-static tensile tests with unloading

In the numerical simulation of thermoplastics, the prediction of the elastic rebound of structures
is an important issue, especially for pedestrian protection. The unloading behavior is dominated
by visco-elastic effects, i.e. viscosity below permanent deformation. However, visco-elasticity is
not considered within SAMP-1 so far. Nevertheless, unloading can be approximated linearly by
elastic damage, see [7], and [8] for details. For parameter identification, unloading tests at differ-
ent strain levels were performed. The unloading path can then be approximated by the damage
parameter d =d(e,) which actson the effective Y oung's modulus.

tensile tests with unloading tensile tests with unloading

500 T T T 500 T
! _experiment unloading : :

T T T
experiment unloading

110 Y P . he 4 450 PSR S S simulation with damage
: simulation no damage : :

' : simulation no damage,
400 H---N\g B A i s

..............................

force [N]

..............................

displacement [mm] displacement [mm]

Figure 6: Tensile testswith unloading at different strain levels

In SAMP-1, this damage function can be tabulated in aload curve. Since the damage model of
[13] is used, the yield function o, (¢,) is affected by damage, too. That is, softening of the

stress-strain curve may be expected. Usually, if elastic damage is to be taken into account only,
the yield stress has to be modified according to o, o,/(1-d) as it is known from

MAT_PLASTICITY_WITH_DAMAGE. To avoid such a cumbersome procedure, an additional
feature has been implemented. If LCID-d is negative in the input, the modification of the yield
stress is realized internally and the original stress-strain curve is reflected. The simulation results
of asimple tensile test in comparison with experimental results are depicted in Figure 6. As can
be seen, the reduction of the elastic parameters for increasing plastic strains considers the
unloading behavior approximately and the experimental stress-strain curve is recovered.
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3.2.3.Compression test

The different behavior of thermoplastics in compression and tension does not comply with a von
Mises type of plasticity asit isused in MAT_PIECEWISE LINEAR_PLASTICITY. In SAMP-
1, the direct input of experimental data obtained from compression tests allows a straight forward
treatment of the problem. In Figure 7, a draft of the experimental setup consisting of a bone
shape specimen with atotal length of 176.33mm is given. The area (40x60mm) of uniaxial stress
is highlighted and, additionally, the dog bone specimen is supported perpendicular to the draw-
ing plane to avoid local buckling. The specimen is again discretized with an element size used in
full car models and the material properties are validated subsequently. The global force and dis-
placement are compared to the measured response. The results given in Figure 7 show a good
agreement. Note that the local stress-strain curve obtained in the experiment is ssmply used in the
materia card for the LCID-c. However, a pure uniaxia stress state is hard to achieve in both
experiment and simulation. A certain interaction with tension and shear cannot be avoided com-
pletely. Thisis even more pronounced in the shear test of the next example.

DKI PP_EPDM compression tests : 2.5mm mesh

3 T T T T T T T
: ! ! 1 | _experiment
. simulation
. .
H

2 / -
15 |-- e R S —
1 ................................
40x60 /
05 e A S —
0 / 1 I L 1 L 1 1

0 2 4 6 8 10 12 14 16
displacement [mm]

Figure 7: Compression test

force [N]

3.2.4. Shear test

In Figure 8, a shear test has been simulated by using SAMP-1. Although a pure shear stress is
certainly not given, the test can be ssmulated at least up to yield in a satisfactory way. For larger
displacements, the model acts too stiff due to the large element size. Clearly, afurther refinement
is not advisable with regard to the time step size in a full car model. The effect is getting less
pronounced for afiner mesh, though.

15-71



Material Modeling (1) 9" International LS-DYNA Users Conference

PP_EPDM - Shear Test
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Figure 8: Shear test

3.2.5.Bending test

In Figure 9, the reaction force versus the displacement of a quasi-static three point bending test is
snown. Because of the higher yield stress under compression, it is not possible to simulate the
bending test by using a von Mises criterion solely based on the tensile test data. With SAMP-1,
where the higher yield stress taken from the experiment under compression is considered, the
bending test can be simulated with good agreement.

In conclusion it can be said that al the effects associated with thermoplastics given in the exam-
ples can be approximately considered in the present material model: necking and strain rate ef-
fects by visco-plasticity, unloading behavior by a (1-d)-damage model, different behavior under
compression and tension and thus a correct bending stiffness by the chosen yield surface.
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Figure 9: Three-point-bending test
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4. Conclusion and Outlook

Balancing the need for accuracy and respect for the actual physics with easiness of use, robust-
ness and efficiency, we have chosen a theoretical and numerical framework that is familiar, yet
reasonably general. For many plastics we are able to obtain a reasonable fit of the experimental
data; even if its rate dependency is high. The material law is equipped with special-purpose op-
tions to obtain a numerically robust response. The tabulated input will be transparent to most
users. However, the application is limited to ductile plastics that are initialy isotropic and remain
isotropic throughout the deformation process. In many cases the test data is hard to fit with a
quadratic yield surface or will lead to a concave yield surface. Moreover, non-convex yield sur-
faces potentialy generate problems in the numerical algorithm since a unique solution is no
longer guaranteed.

Future work will focus on the load-induced anisotropy which develops naturally in plastics and
on the implementation of more advanced damage and failure models. On the somewhat longer
term, a visco-elasto-visco-plastic approach is envisioned to accommodate rate effectsin the elas-
tic region. Combined with the anisotropic formulation this can result in a model suitable also for
fiber reinforced components. Furthermore, the model is not restricted to thermoplastics, it should
be emphasized that the model is aso capable to describe the behavior of structural foams and
adhesives at least phenomenologicaly. Moreover, metallic materials like steels and auminum
areincluded as special cases exhibiting zero volumetric plastic strain.
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