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1 Introduction

The numerical simulation of structural parts made from plastics is becoming increasingly important
nowadays. The fact that almost any structural requirement can be combined in a lightweight, durable
and cost effective structure is the driving force behind its widespread application. More and more
structural relevant parts are being constructed and manufactured from plastics. This on the other hand
drives the demand for reliable and robust methods to design these parts and to predict their structural
behaviour. The key ingredients that need to be available are verified, calibrated and validated constitu-
tive models for any family of plastic material. This holds not only true for crashworthiness applications
but for any other application field.

Under high velocity impact loading, thermoplastic components undergo large plastic deformations and
will most likely fail. Consequently, the unloading behaviour is irrelevant and thermoplastics can be
modelled with a sufficiently good approximation as pseudo-metallic elastic-plastic bodies. This is,
however, not always the case — even in crashworthiness applications. Nowadays important applica-
tions in crash simulation that demand a more accurate modelling of thermoplastics are simulation
problems in pedestrian protection, e.g. head and leg impact (see [6], [10], [11], [12]) and passenger
protection. Although highly sophisticated material laws are available in commercial finite element pro-
grams, there are still open questions, especially in the aforementioned field of application. In this pa-
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per, the main focus is set to the explicit solver of LS-DYNA (see [1], [2]) but clearly with some effort all
results are transferable 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 (MAT_PIECEWISE_LINEAR_PLASTICITY), a classical
elastic-plastic model based on the vonMises criteria. It should be strongly emphasised though, that
thermoplastics are not incompressible during plastic flow. This leads to the conclusion that material
laws based on the vonMises criterion are not suitable in general (compare [13], [14], [15] & [22]).
Therefore, a new material model which has been implemented into LS-DYNA as a user defined consti-
tutive model will be the main focus of the present contribution.

Based on experimental work, important phenomena like necking, strain rate dependency, unloading
behaviour and damage can be identified for certain polymer materials. A constitutive model including
all the experimental findings and phenomena is derived. In particular, different behaviour in compres-
sion, tension and shear, as well as a strong strain rate dependent failure need to be addressed. More-
over, strain dependent damaging and damage induced erosion are both noticeable properties that
need to be included in a constitutive model. The necessity of a pressure dependent formulation was
shown in [4] where a classical Drucker-Prager (see [8], [9]) formulation was used to simulate a simple
three point bending test. But for the aforementioned application in pedestrian protection, i.e. leg im-
pact, this simple model is not accurate enough. In such load cases the bumper fascia will typically
undergo only small straining and the deflection will be largely elastic while the unloading phase is of
fundamental importance for the determination of the bending angle in the leg-form. Here, the degrada-
tion of elastic parameters (damaging) and the visco-elastic response is of uttermost importance. These
key properties will be exemplified in the following discussion.

If the true stress-true strain curve of a typical thermoplastic is considered, it is well known that a rever-
sal of curvature indicating a softening phase is often followed by a hardening phase. Thus a typical
bone shaped specimen in a tension test shows necking at very low strains corresponding to the initial
softening of the material. The subsequent hardening, however, results in a stabilization of the necked
area and a redistribution of the plastic strains over the entire specimen. Unlike metals, the primary
energy-absorbing potential of the thermoplastic resides at plastic strains beyond the necking value.

This type of physical response can be modelled perfectly using standard elastic-plastic material laws
although the plastic deformation of thermoplastics is not isochoric as mentioned above. A further effect
which has to be considered, though, is the unloading behaviour of the material. Usually, this is ad-
dressed by a damage parameter. It will be shown, that an approach where a scalar damage value is
tabulated against equivalent plastic strains is a simple yet effective means to model such behaviour.

All effects associated with thermoplastics can be approximately considered in simple material models:
Necking by an elastic-plastic law, unloading behaviour by a damage model; pressure dependent be-
haviour e.g. by standard Drucker-Prager model (see [4]). A new constitutive model, termed as SAMP-
1 (Semi-Analytical Model for Polymers with C'-differentiable yield surface, see [3], [5]) is derived in the
following. The main focus of the present project is to include all relevant experimentally observed ef-
fects in one model.

2 Material law formulation

2.1 Yield surface formulation for plastics

Elastic-plastic material laws have been developed historically for the description of metallic materials
based on crystal plasticity. The most commonly used example of this type implemented in LS-DYNA is
MAT_PIECEWISE_LINEAR_PLASTICITY which is based on the vonMises criteria. The same ap-
proach can be applied to some degree to the simulation of thermoplastics. However, it should be
noted that very important differences exist between metals and thermoplastics. In particular, plastics
have no constant modulus of elasticity and the different yield criteria under tension and compression
preclude the use of a vonMises type of yield surface. Furthermore, the hardening of thermoplastics is
anisotropic and the plastic deformation does not happen at constant volume. This lack of plastic in-
compressibility requires a flow rule allowing for permanent volumetric deformation. None of these ef-
fects can be considered in a classical (metallic) elastic-plastic material law. For an overview, some
materials considering plasticity limited to materials with isotropic behaviour are listed in Table 1.
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Law |Keyword Hardening | Rate effect

3 MAT_PLASTIC_KINEMATIC Linear Cs

12 MAT_ISOTROPIC_ELASTIC_PLASTIC Linear CS

15 MAT_JOHNSON_COOK Powerlaw |JC

18 MAT_POWER_LAW_PLASTICITY Powerlaw |CS

19 MAT_STRAIN_RATE_DEPENDENT_PLASTICITY Linear load curves
24 MAT_PIECEWISE_LINEAR_PLASTICITY Load curve |CS, tabulated
81 MAT_PLASTICITY_WITH_DAMAGE Load curve |CS, tabulated
89 MAT_PLASTICITY_POLYMER Load curve |CS, tabulated
98 MAT_SIMPLIFIED_JOHNSON_COOK Powerlaw |JC

105 MAT_DAMAGE_2 (VISCO-PLASTIC) Power law | Perzyna

112 MAT_FINITE_ELASTIC_STRAIN_PLASTICITY Load curve |CS, tabulated
123 MAT_MODIFIED_PIECEWISE_LINEAR_PLASTICITY |Load curve |Load curve

Table 1: Overview of plastic materials in LS-DYNA.

2.1.1 Choice of a yield surface formulation

All plastics are to some degree anisotropic. The anisotropic characteristic can be due to fibre rein-
forcement, to the moulding process or it can be load induced in which case the material is at least
initially isotropic. Therefore a quadratic form in the stress tensor is often used to describe the yield
surface (see Bardenheier [7]). We restrict the scope of this work to isotropic formulations. However,
the choice of this yield surface was made in view of later anisotropic generalisations. In the isotropic
case the most general quadratic yield surface can be written as

f=¢"Fe+Bo+F, <0, (1)

where

o, Fy Fy Fo, 0 0 0 F 0 0 000
o, F, F, F, 0 0 0 0 F, 0 00O

G — 0. F = B, F, £, 0 0 0 B = 0 0 F 000 @)
o, o o o0 F, 0 0 0 0 0 00O
o, o o o o F, O 0 0 0 00O
o, o o0 o0 o0 0 F, 0 0 0 00O

Some restrictions apply to the choice of the coefficients (see [21]). The existence of a stress-free state
and the equivalence of pure shear and biaxial tension/compression require respectively

£, <0 and 54:2(}711_}712) (3)

Although four independent coefficients remain in the expression for the isotropic yield surface at this
point, the yield condition is not affected if all coefficients 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 re-
formulated in terms of the first two stress invariants: pressure and vonMises stress.
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o = Ea +p)V +lo.+pf+(c.+p) +202 +202 +25°
vm 2 (( o TP ) ( » p ) = TP Xy vz zx

The expression for the yield surface then becomes

f=00,—4—Ap-4,p> <0 (5)
and identification of the coefficients leads to

Ay=—F,, A =3F and A4,=9(1-F,) (6)

or equivalently

A A F, 1 4
Fy=-4, F=—, Fh:l_?z: F,=3 and Ezzﬂl_%:_(z‘kéj : (7)

Since there is no loss of generality, 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 compression and simple shear
tests as depicted in Fig 1.

O-t ﬂ o, ﬂ O-S
>

E: <] E: < E: <]

Figure 1: Recommended tests for material data in SAMP-1

This allows computation of the coefficients as functions of the test results:

307 = 4, 4, =30
2 —
02 =302 -4+ 4,70 =] 4 =952 T (8)
3 92 0.0,
2 2 o, o, —3g2
0:30+A +A _ O-co-t o-s
c K 1 3 2 9 A2 _9[TJ

Alternatively one may also compute the coefficients relating the formulation in stress space:

F :Fo[L_L]
F,+Fo,+F,0] =0 6. O,

F
F,-Fo, +F1103 =0r= F,=- ‘ 9)
2 O-to-c
F0+F44O-S :0 FO
F44 __?
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Both are easily seen to be equivalent.

2.1.2 Conditions for convexity of the yield surface

2.1.2.1 Introductory remarks

Usually the yield surface is required to be convex, i.e.

f(61)S 0
f(cz)SO :>f(0561+(1—0{)62)S0 (10)
0<a<l

The second derivative of fis computed as

2
f=6'F6+Bo+F, — Zf::zF (11)
(¢

A sufficient condition 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.

2.1.2.2 The plane stress case

In the plane stress case the yield condition reduces to:

f=6¢"F6+Bo+F, (12)
where
O-xx F'“ FiZ O FI O 0
c=\o,| F=|F, F, 0 B={0 F O (13)
- 0 0 F, 0 0

Furthermore convexity requires the eigenvalues of F to be non-negative:

FivFp20) o

F, —F,>00=]"0 =9 (14)
~F,>0

F,,>0

Representation of the yield surface in the principal stress space allows a geometrical interpretation,
see Figure 2. Clearly as long as

o, > , (15)

o, = (16)
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the yield surface degenerates into two straight lines. And for

o, <~—= (17)

the yield surface becomes hyperbolic and convexity is lost. It can be seen that a non-convex yield
surface is physically not plausible under plane stress conditions since no yielding will occur under
biaxial loading.

yield surfaces for samp iquad=1 with yt=ye

shear
A A ys 0.51
2 B i
L ys0.25
_D_ys 0.50
1
I
- 0 C.
1 =]
£
= r
@
-1
-2
3 L ! L / L L
-3 -2 -1 0 1 2 3
sigma-2

Figure 2: Representation of the yield surface in the principal stress plane

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

. 9

Thus, positive values of 4, are allowed and the yield curve can actually show a limited positive curva-
ture.

a) invariant plane b) principal stress plane

yield surface for samp iquad=1 with yt-yc yield surfaces for samp iquad=1 with ys=yc

/ shear shear
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Figure 3: Convexity of the yield surface

In Figure 3a, it is shown that convex yield surfaces in principal stress space are guaranteed as long as
the yield curve has a finite intersection with the biaxial line:
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oy~ Ay~ Ap-4,p* =0 9p> ,
4 -Ay—A4Ap—-A4,p”=0. (19)

o :i3—p

This last equation will have a real finite solution for the pressure p iff

2 9 0,0,
A +44, Z—Az 20=>o0, 2 N (20)

which is equivalent to requiring a convex yield surface in principal stress space. Examples of convex
yield surfaces are shown in Figure 3b. Some corresponding remarks are summarized in Table 2.

O-S
A4, Remarks
O-tac
1 -18 v, < 0
0.707 -4.5 v, = 0
0.57735 0 vonMises v, =0.5

0.5 2.25 No biaxial yield

0 9 No shear strength

Table 2: Remarks on yield surface parameters

2.1.2.3 The 3D case

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

Fil +2F12 2 0 3 2 >
k- F, >0 O =9 (21)
~F,>0
F,20
leading to

0,0 0,0
t~c t~c
<>

GSZT 5 <. (22)

Note that the trivial conditionso, >0, o,.20, 0,20, F,<0 are already sufficient to ensure

Fyy 20, £, 20, Fy—Fy=2F4,20. (23)

And consequently, only the first eigenvalue may be negative. Note that the condition that the first ei-
. A
genvalue must not be negative can be reformulated as Fj, +2F, = —?2 >20=>4,<0.

In 3D principal stress space a convex quadratic yield surface corresponds to an ellipsoid, a cylinder or
an ellipsoidal paraboloid. It should be noted here, that convexity in stress space is a sufficient condi-
tion for convexity in the invariant space spanned by the pressure and the vonMises stress but the re-
verse is not the case. Indeed consider the case of a linear relationship between the invariants
(Drucker-Prager type law).
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Figure 4: Drucker-Prager yield surface in invariant plane

This is a limiting case for convexity in the invariant plane and

o, - 200 L, Moo oo _Joo. (24)
o, +0, 3 oo,+o, T B3

Equation (24) shows that this yield surface is not convex in stress space if o, = o,. This corresponds

to the vonMises cylinder. In general, a Drucker-Prager type law is represented by a cone in principal
stress space. This surface is strictly spoken not convex because the cone consists of two blades. To
complete our discussion a formal derivation of the convexity condition in the invariant plane is given by

f:Uvzm -4 —All’—Asz

Oym = \ AO + Alp + A2p2 (25)

2
0o, <0=0, > 20,0,

op* x/g(Gt +o,)

2.1.2.4 Alternative formulation

Alternatively a yield surface containing a linear rather then a quadratic term was implemented in
SAMP-1.

=0y, — Ay Ap—4,p* <0 (26)

This formulation does not belong to the class of general quadratic yield surfaces that was just dis-
cussed. Coefficients are again easily identified from the uniaxial tension, compression and simple
shear tests:

O'S\/EZAO AO :Gs\/g
2
0;=GS\/§—A12+A20_I =>4, =3 % O.C_O's\/go.t Ze (27)
3 9 O-[+Uc O-to-c
2
GC:o-S‘ 3+A1&+A2 O-C A _18 1 O-S\/g
’ 3 9 2= B
o,+o,. 20,0,

This formulation may lead to some time savings if a vonMises or Drucker-Prager type yield surface is
used (obtained respectively by simply setting A1=A2=0 and A2=0). No full investigation concerning
convexity was performed in this case and in general this formulation resulted in a more difficult fit to
test results for different plastics. Convexity in invariant space requires that

A-1l1-34 © 2005 Copyright by DYNAmore GmbH



4. LS-DYNA Anwenderforum, Bamberg 2005

Keynote - Vortrage

200
4 <0= 33200
o.+o,

2.2 Flow rule

(28)

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

of
€ :Zn:Z% 1: zi :
P of os|| \ oo Oc
06

(29)

The volumetric plastic strain rate, deviatoric plastic strain rate and equivalent plastic strain rate are

defined in the usual way:

. . A (0
b =ile, )= tr(éj

(30)
06
e
e pv
€0 =8, — 3 0
. 2. . A 20 @ (31)
gp: _spdzspd = — _l :i
3 af ||\ 3 de|, Osl,
0o
The associated flow for the general quadratic yield surface is defined as
do,, 3 q
- A +2A4
o6 20, | O 4 At+24pg
o _ 1 5 oo 3
06 3
(32)
1
I \/9s is+—(4, +24,p) = \/605," +1(A1 +24,p)
0o 3 3
leading to the volumetric and deviatoric plastic strain rates respectively:
&, =A4 +24, p)/HafH
06
o (33)
édp = /135/ %
The equivalent plastic strain rate reads:
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—i —3s 3s

(34)

= /126

86
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” although of course it
is by no means a material constant:

£ £
y =_wp_ "= (35)
gxxp gxxp
It will be shown that additional restrictions are placed on the shape of the yield surface in order for the
lateral behaviour of the material model to be reasonable under plastic loading. We therefore compute
the plastic Poisson ratio in function of the yield surface:

xXxp

¢ =ZP; +fﬂéﬁﬁqmﬂ :nﬁ+2@p:@—2%{}6p+élé?££j (36)

This last expression yields

9+2A2+AV
p

Vv = , (37)
’ 18—2A2—fy/
P

and shows that the plastic Poisson ratio is dependent on the pressure and in particular that the lateral
behaviour of the material is different in tension and in compression. This can be estimated further as:

9424, —34 ,
g o, 0, O, -1

I T2
18—2A2+3§é o} o, +0,

p<0:>p=—ﬁ:>1/

' (38)
9+24, +3’7 o2
>0=>p= Te oy =9 -1
p T p 2
3 18 2A _314/ o, O, +O'
These equations can be solved for the shear yield:
2 2
(o o o} o
p<0=>v, =—tL——l=0g =— 3
o, 0,+0, l+v, o,+0,
5 ) (39)
O-L O-t 2 O-c Gt
p>0=v, =—C——-1=D0/ =———"—
o, 0,+0, l+v, o, +0,
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The latter shows that reasonable values for the plastic Poisson ratio put certain requirements on the
yield surface:

o,0, 20, SO_2<GtGC 3o,

s

p<0=

3 o, +o, 3 o, +o,
p>0= o0, 20, <o <%0 3o,
3 o,+0, ° 3 o,+o0,

0>v,>05= (40)

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 difficult in general to
guarantee reasonable flow behaviour from three independent measurements in 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:me +ap2. (41)

This flow rule is associated iff 4, =0, 4, =—a . And clearly leads to a constant value for the plastic
Poisson ratio

9-2¢ 91-2v,
vV =——— S ag==
P18+ 2 2 1+v,

(42)

9
Plausible flow behaviour just means that 0 < « SE = 0<v,<0.5. In SAMP-1 the value of the

plastic Poisson coefficient is given by the user, either as a constant or as a load curve in function of
the uniaxial plastic strain. This allows to adjust the flow rule of the material to measurements of trans-
versal deformation during uniaxial tensile or compressive testing. This can be important for plastics
since often a non-isochoric behaviour is measured. The possible values for the plastic Poisson ratio
and the resulting flow behaviour are sketched in Figure 5.

\ J;p:oo.s

Figure 5: Influence of the flow rule on the plastic Poisson ratio

The volumetric and deviatoric plastic strain rates in this case are given as
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é =/i(—2ap)/@ ___AC2ap)
é, =/i3s/ %] _ ’132
© \/6avzm+3a2p2

In SAMP-1 the formulation is slightly modified and based on a flow rule

g =yo. +op’. (44)

The plastic strain rate computation is not normalized:

=A% (@5)

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

o . A(-2
gvp:/I(—2ap)/2g = (2 ap) -

\4o, +dap
A3s

*/40'; +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.

(46)

&, =A3s/2¢ =

2.3 Hardening formulation

The hardening formulation is the attractive part of SAMP-1. The formulation is fully tabulated and con-
sequently 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 correspond-
ing 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 expression. Consequently the
hardening will be dependent on the state of stress and not only on the plastic strain. The load curves
that are expected as input are briefly described here:

A A

O, O,

Tensile hardening curve
from tensile test compressive hardening curve
from compression test

Figure 6: Hardening curve in tension and compression
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A A
O. Vi
N
shear hardening curve Plastic Poisson ratio
from shear test from uniaxial tensile test
> p 7 >
. _9 g,=¢,—— (&=In—)
gps - gs 2G ’ E IO

Figure 7: Hardening curve in shear and tabulated plastic Poisson ratio

The hardening rule now requires to define the evolution of all hardening parameters as a function of
the plastic consistency parameter:

04, ,_Oa

do=p =T oA oA

=4 i 47
oA oA 2 (47)

The first three equations must be rewritten as follows:

4y =307}
oy _ody S0, oy 00, oy 2o, (T2 65, % (48)
04 0do, 0OA 0o, OA 0o, 04
c.—0
4, =907 —<——L 2 2
0,0, %:186 o.—0, 00, _90'S oo, &60‘6, (49)
04, _ 04 9o, 04 0o, 04 Oo.| o4 ‘o0, 04 o} 04 ol 04
04 0o, 04 0o, 04 Jo, 04
4. —o| T —3GS2
2 o0, %zg _ 60, O, N 302 %Jr 307 60‘6) (50)
%_ 04, 0o, N 04, 0o, 04, 0o, | 04 0,0, 04 o'tzo'c oA o, o'c2 oA

+
oA 0o, 04 0o, 0A 0o, OA

The following conversion

do, 0o, 06, 0o, 0o, 06, 0o, 00, 0,
04 0,  0A  0A 0g, 0L 04 0g, O

ps pc

(51)

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 A we obtain:

oo oo oo
Eps = Oy—, Ep = o,,—*, Epe = o, —= (52)
o€ 0 0

ps Epe €pe

What remains to be done is to establish the relationship between the plastic consistency parameter
and the plastic strains that were measured under uniaxial tension/compression and simple shear. To
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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:

. 2.

non — associated (default) associated
. A [2de,, 60 . _ 4 200, 00
& = = vm_ . vm vm (53)
" 2g\3 0o 0o HnH 3 8(5 do
5p=i %33:33 3s3s
2g\3 HnH

g =A%
p g ‘

Furthermore, the relationship between the individual plastic strain rate values and the consistency

parameter is established. For the uniaxial case we get

¢, 0 0
g, =l 0 -v,, 0
0 0 —V,E et
. 2. . 2
€, = ESdp ey = ‘Epct §(1+Vp) (54)
ZO'W” 3
‘g =z 3 _ g 2‘1+Vp )
pet p 2(1 + Vp ’ ﬂ 2O-vm 3
21+v,

Similarly the plastic strain rate under shear loading is obtained by

0 £, 0
g, =t,=é, 0 0
0 0 0
(55)

2. 2y,
8p = Esdp .8dp :T‘gps
218

VIT[

i) g2
2 3

J 20, V3
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These equations always allow determination of individual plastic strain values and thus the abscissa
values for the table-lookup operations from the plastic consistency parameter.

.o 3

vim

) = e | = [ S i
. 3 g 2‘1+vp ) i g 2i1+vp ) (56)
_ g _

‘éw - pm_ 20 3 3
S K™ = o] = f||n||(+vp)‘”
oui_ i
R K 2—27 ‘%—17
el =651 0 ) 7
A= 2m | \ j " —d/”t

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

. O m 3 _ 3
€| = 4 P ey = epu|=4 v ] (58)
and
NE) V3
‘gps 2273‘5!” =17 (59)

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

%:ﬁ do, 00, _ 3 do, do. _ NG) oo, (60)
04 2 0g, 0 \/2(]+yp)a€pt’ oA N/2(1+Vp)agpc

In the case of associated flow the conversion factors are not constants and must be evaluated at each
time step

60—5 _ 60—5 68!” ~ ao_s 2va ﬁ
oA e, 04 de, |n

ps
do, 0o, 0¢, _0o, 20,, 3

oA 0e, o4 o, || 20+v,)

pt
oo, 0o, 9¢, 0o, 20, 3
04 0e, 0L Oe, 2(1+v,)

pc

(61)

2.4 Rate effects

Plastics 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 depend-
ency are based on uniaxial dynamic testing. If dynamic tests are available, then the load curve defin-
ing the yield stress in uniaxial tension is simply replaced by a table definition. Similar to MAT_24 this
table contains multiple load curves corresponding to different values of the plastic strain rate as illus-
trated in Figure 8.
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Figure 8: Tensile hardening curve from dynamic tensile tests

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 also be
evaluated:

oo,
gps = O-SOJ ag
Ps o
) oo,
EpsEp = 0=>0,),—
t
o (62)
NN do, Oo,
E L E o,.,——
p[ﬁ Pl to b .
oe, Oc¢,
oo,
Spc = 0,4, 7T
Pe o

Furthermore it is assumed that the rate effect in compression and shear is similar to the rate effect in
tensile loading:

o o

— t _ t

O, =0,——, 0,=0,—— (63)
O O

These tangents to the yield surface are computed consistently with the previous assumption leading to

S S

-1
do, 0Oo,| 0o, | 0o, J
0

08 g 861,80681,[ 08

C C

-1
do., Oo,| 0o, | 00, ]
0

08, 0t Oagp, 0

(64)

663 — aGt )

o€ s o< »t T10

do, _ 00, O,

0¢,, 0&, Oy

Although this approach is certainly questionable since rate effects may depend on the state of stress,
it is justified by the fact that dynamic test results are not easily obtainable under shear and compres-
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sion. A generalisation involving table-type definitions for all three types of experiments could be im-
plemented straight forward if needed.

2.5 Damage and failure

Numerous damage models can be found in the literature. Probably the simplest concept is elastic
damage where the damage parameter (usually written as d) is a function of the elastic energy and
effectively reduces the elastic modulae of the material. In the case of ductile damage, d is a function of
plastic straining and affects the yield stress rather than the elastic modulae. This is equivalent to plas-
tic 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 elastic modulae. (see [20]).
A simple damage model was added to the SAMP-1 material 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 implemented damage model is isotropic. Further-
more 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

_f _f _ f _ <
I () I (63)

which allows to define an effective yield stress of

o

o, =—, 66
v.eff l—d ( )

see [20]. By application of the 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 write:

E=29 g, =% _E(1-d) (67)
&

ge e

Note that the plastic strains are therefore the same:
e —g_d _ T (68)

No damage will occur under pure elastic deformation with this model. The case of a material that is
perfectly plastic in its undamaged state is illustrated in Figure 9.

81}/’ gp > €
Figure 9: Damage formulation
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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 strain:

d(gp,)zl— Z (69)

The damage model will thus be used essentially to fit the unloading behaviour of the material. The two
stage process of determining input data from a measured true stress/strain curve is illustrated below.
In a first step the damage curve is derived as given in Figure 10.

E i & gpl_ &

& &

Figure 11: Conversion from true stress to effective hardening curve

And in a second step the hardening curve is determined in terms of effective stresses (see Figure 11).
As usual 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 harden-

ing curve data are expected in terms of true stresses and the input preparation is performed as if there
were no damage (see Figure 12).

oA

&
gpi Ep & —

Figure 12: Conversion from true stress to hardening curve
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In this case the numerically computed stress values will correspond to the input data and the damage
model will seem to affect only the elastic modulae and thus the unloading/reloading behaviour 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 a mechanical point of view craz-
ing can be identified with a permanent increase of volume (volumetric plastic straining) and a low biax-
ial strength. To simulate crazing it may therefore be desirable to consider biaxial test data in the nu-
merical model. In SAMP-1 the hardening curve resulting from a biaxial tensile test is therefore optional
as input. The curve should give yield stress as a function of volumetric strain and care must be taken
to use the correct biaxial modulus when transforming from true strain to plastic strain. This is illustrated
in Figure 13.

A

%/

gpb = gb - (1 _V)% (gb = ln L)

Figure 13: Biaxial hardening curve
In many practical cases where biaxial data are available, some other test result will be missing. In

these cases the missing data is generated internally from the biaxial test result assuming a quadratic
isotropic yield surface and the material law formulation is not changed.

2.7 Numerical implementation

2.7.1.1 Rate-independent plasticity iterations

To solve the equations of elasto-plasticity, the explicit cutting plane algorithm was selected. A com-
plete review of the implementation is given below and is based on works of [16] and [17]. Consider the
following set of equations defining the SAMP-1 material law:

6=2G(&,- &)+ K(&,-£/)3 material law
o4,
' oA
LY
q=| ' |=ih=4 04 hardening rule
A, 8A/ (70)
G ; oA
a
Vo
& =Ar= Za—g flow rule

0o

f_{ofm—AO—Alp—AzpzSO iquad =1

ield surface
o, —A —-Ap—-Ap <0  iquad=0 4 s
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Here we can further specify the flow rule as follows:

iquad =0/1 . . . —
iqua e =/'tr=/18—g=/1 9s —2apd
a=0 oG 6 /Uvzm +ap’

Og _ ;5 9544+ A,ph (71)
do \/60'2 + (Al + Azp)2
vim 3

iquad =1

}:ép:zr:z
a>0

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

2.7.1.2 The damage model

The implementation of the damage model is trivially simple since the entire plasticity algorithm is per-
formed 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 modulus in each itera-
tion:

£}, =E1-d}e}., ) 72)

pt,n

2.7.1.3 Rate effects

A constitutive law for visco-plastic materials is given for instance in [18] as:

A= M (73)

Here f is the yield function, so in our case f = afm -4, —Alp—Azpz. 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 r is a relaxation time. In
general ® need not be dimensionless and in [19] the visco-plastic constitutive law is given as

T RC) -

Sp:

Here 1 has the dimension of a viscosity if ® has the dimension of a stress. This formulation is typi-

cally 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

mi=a(f)= f=0"(2pi) (75)

is obtained. Furthermore the constitutive equation is solved by

f(a)-o7(i)=o0. (76)

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 accordingly.
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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 thermo-
plastics is shown. The results are published in the thesis of Vogler [5]. For a review of methods com-
monly used in crash simulation, see [10], [11], [12] and the thesis of Koesters [4]. The results obtained
by SAMP-1 are compared to the vonMises yield criterion. It must be emphasized that this criterion is
usually used in crash simulation for modelling of thermoplastics. For a better understanding, the
curves given in Figure 14 to Figure 16 are plotted in both the plane stress plane and the invariant
plane, also known as p-g-plane or Burzynski-plane. The following experimental results are taken from
Bardenheier [7].
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1.6 \//tension compression
\ SAMP /
05 1.4 \ 1 ;
N 1.2,
g \\ / ;
& 0 S | Y (R 2y A B
S 0.8 "‘,‘ A\ / von Mirse‘s
Iy A I
' 06 Sy /s
R /-
1 0.4 R %
RN A
0.2 biaxial ' biaxial
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Figure 14: Yield surface of polyvinyl chloride (PVC)

In Figure 14, test data of polyvinyl chloride (PVC) is depicted. The dotted line represents results of the
vonMises yield criterion and the solid line represents results obtained by SAMP-1. As can be seen, the
vonMises yield surface is not capable to consider the different behaviour in compression, tension and
shear. SAMP-1 yields to a much better agreement with the test. However, the experimental result
under biaxial tension is not fitted exactly but approximated sufficiently. A method for further improve-
ment of the result under biaxial tension is given by the least square fit which will be explained subse-
quently.
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Figure 15: Yield surface of polystyrene (PS)
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As a next example for a polymer that is widely used in engineering practice, polystyrene (PS) is re-
garded. For this polymeric material, more experimental results under different loading directions are
available, see

Figure 15. Again, the vonMises criterion cannot describe the challenging material response. The re-
sults obtained by SAMP-1 are in good agreement with the experimental findings. This identifies the
present model as an appropriate material law for polymers. Similar results can be observed for a poly-
carbonate (PC). Note that for polystyrene a convex yield surface is obtained in the p-g-plane. Three
distinct points of the yield surface can be used directly to define the quadratic yield function in SAMP-
1. In order to take four samples into account for the quadratic yield criterion, a least square approxima-
tion is applied. By such a numerical treatment, the experimental data under biaxial tension as well as
test data of tension, compression and shear loading can be considered simultaneously.

In Figure 16, an acrylonitrile butadiene styrene (ABS) shows noticeable agreement. In the yield sur-
face, this results in a softening behaviour under biaxial tension. As can be seen, using compression,
tension and shear only, the yield behaviour cannot be described sufficiently by the SAMP-1 criterion. If
biaxial 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 16: Yield surface of acrylonitrile butadiene styrene (ABS)

3.2 Verification and validation of PP-EPDM

3.2.1 Dynamic tensile tests

The strain rate dependency of SAMP-1 is investigated 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 17.
The area of uniaxial stress (8x20mm) is highlighted in the picture. All experiments have been per-
formed, again, by [23].
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Figure 17: 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 measured at
different strain rate levels. The bone shaped specimen is discretized with an element size that is typi-
cally used in crashsimulation. The choice of the same element size is necessary because of the well
known strong mesh dependency due to strain-softening. An extension that applies to various element
sizes is described in Feucht [24]. The global force and displacement are compared to the experimental
response. The results are given in Figure 17. At this point, it has to be emphasized again that in
SAMP-1 a real visco-plastic formulation is implemented, 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 behaviour 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
[10], [11], and [12] for details. For parameter identification, unloading tests at different strain levels
were performed by the [23]. The unloading path can then be approximated by the damage parameter

d =d(&,) which acts on the effective Young's modulus.
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Figure 18: Tensile tests with unloading at different strain levels

In SAMP-1, this damage function can be tabulated in a load curve. Since the damage model of [20] is
used, the yield function O'y(é‘p) 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 accordng to o, o0, /(1-d) as it is known from

MAT_PLASTICITY_WITH_DAMAGE (material no. 81) in LS-DYNA. To avoid such a cumbersome
procedure, an additional feature has been implemented. If LCID-d is negative in the input, the modifi-
cation of the yield stress is realized internally and the original stress-strain curve is reflected. The
simulation results of a simple tensile test in comparison with experimental results are depicted in
Figure 18. As can be seen, the reduction of the elastic parameters for increasing plastic strains con-
siders the unloading behaviour approximately and the experimental stress-strain curve is recovered.

3.2.3 Compression test

The different behaviour of thermoplastics in compression and tension does not comply with a von-
Mises type of plasticity as it is used in MAT_PIECEWISE_LINEAR_PLASTICITY. In SAMP-1, the di-
rect input of experimental data obtained from compression tests allows a straight forward treatment of
the problem. In Figure 19, a draft of the experimental setup consisting of a bone shape specimen with
a total length of 176.33mm is given. The area (40x60mm) of uniaxial stress is highlighted and, addi-
tionally, the dogbone specimen is supported perpendicular to the drawing plane to avoid local buck-
ling. 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 displacement are compared to the meas-
ured response. The results given in Figure 19 show a good agreement. Note that the local stress-
strain curve obtained in the experiment is simply used in the material card for the LCID-c. However, a
pure uniaxial stress state is hard to achieve in both experiment and simulation. A certain interaction
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with tension and shear cannot be avoided completely. This is even more pronounced in the shear test
of the next example.

DKI PP_EPDM compression tests : 2.5mm mesh
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Figure 19: Compression test

3.2.4 Shear test

In Figure 20, a shear test has been simulated by using SAMP-1. Although a pure shear stress is cer-
tainly not given, the test can be simulated at least up to yield in a satisfactory way. For larger dis-
placements, the model acts too stiff due to the large element size. Clearly, a further refinement is not
advisable with regard to the time step size in a full car model. The effect is getting less pronounced for
a finer mesh, though.
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Figure 20: Shear test

3.2.5 Bending test

In Figure 21, the reaction force versus the displacement of a quasi-static three point bending test is
shown. Because of the higher yield stress under compression, it is not possible to simulate the bend-
ing test by using a vonMises 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 all the effects associated with thermoplastics given in the examples
can be approximately considered in the present material model: necking and strain rate effects by
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visco-plasticity, unloading behaviour by a (1-d)-damage model, different behaviour under compression
and tension and thus a correct bending stiffness by the chosen yield surface.
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Figure 21: Three-point-bending test

4 Conclusion and outlook

As an ever increasing percentage of the weight of an automobile is made out of plastic parts and
these parts are safety-relevant, the industrial need for a reliable simulation tool can no longer be ig-
nored. Such a tool is subject to the many constraints imposed by the context of an industrial develop-
ment process: One has to balance the need for accuracy and respect for the actual physics with easi-
ness of use, robustness and efficiency. For SAMP-1, we have therefore chosen a theoretical and nu-
merical framework that is familiar, yet reasonably general. The result is, like any numerical methodol-
ogy, a compromise.

As limitations of the current implementation we can cite the following:

— The method is completely phenomenological: No micromechanics are considered and no at-
tempt is made to take the actual physical deformation processes of the plastic into account.

— The data input is based on test results that are partly difficult to obtain. The latter is primarily
true for shear and biaxial loading but also for compressive loads and for any dynamic load in-
volving stress relaxation processes.

— The application is limited to ductile plastics that are initially isotropic and remain isotropic
throughout the deformation process. This will not be the case for most polymeric materials.

— In many cases the test data is hard to fit with a quadratic yield surface or will lead to a con-
cave yield surface. Moreover, non-convex yield surfaces potentially generate problems in the
numerical algorithm since a unique solution is no longer guaranteed. This situation can be
countered balanced partly by assuming isochoric behaviour.

As positive aspects we shall mention:

— For many plastics we were 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 options to obtain a numerically robust re-
sponse.

— The tabulated input will be transparent to most users.

— The setup of the user-subroutine is such that future extensions are easily incorporated.

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 effects in the elastic region. Com-
bined with the anisotropic formulation this can result in a model suiting also fibre reinforced compo-
nents. Furthermore, the model is not restricted to thermoplastics, it should be emphasized that the
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model is also capable to describe phenomenological the behaviour of structural foams and adhesives.
And, of course, it includes metallic materials like steels and aluminium as a special case.
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