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Talcum Particle Modified Thermoplastics
Part 1l: Computational Modeling

P. Hempel, Th. Seelig

Institute of Mechanics, Karlsruhe Institute of Technology,
Karlsruhe

Summary: A constitutive model for talc-particle modified thermoplastic polymers is presented.
Motivated by experimental observations, the model accounts for anisotropy, pressure, temper-
ature and strain rate dependence, as well as damage induced plastic dilatancy under tensile
loading. After implementation into a commercial finite element code, the model is validated by

simulation of 3-point-bending tests on injection moulded plates.

Introduction — experimental findings

Thermoplastic polymers modified with mineral (e.g. talc) particles are widely used in tech-
nical applications. Correspondingly, their mechanical behavior has been investigated in a
number of experimental studies, e.g. (Diez-Gutierrez et al., 1999a,b; Guerrica-Echevarria
et al., 1998; Hadal & Misra, 2004; Jerabek et al., 2010; Stamhuis, 1984; Vollenberg &
Heikens, 1990; Zihlif & Ragosta, 1991). However, an adequate material model that al-
lows for the reliable structural analysis of technical components in the framework of finite
element simulations so far seems to be lacking. In the present paper, a respective constitu-
tive model is presented and discussed. Its calibration is based on the recent experimental
study of a talcum-modified polypropylene (PP) discussed in detail in (Kunkel & Becker,
2011); the key findings of this work are briefly summarized below.

The deformation behavior of the material under uniaxial quasistatic tension at room
temperature is shown in Fig. la in terms of true stress vs. logarithmic strain curves
and the variation of Poisson’s ratio in the course of deformation. The curves refer to
two perpendicular directions of the material, i.e. the principal flow (“longitudinal”) di-
rection of the preceding manufacturing (injection moulding) process and the “transverse”
direction. From both, the stress and Poisson’s ratio, a pronounced anisotropy of the ma-
terial behaviour can be seen; for instancs, the yield stress is higher in the longitudinal
direction. This anisotropy may be ascribed to the anisotropic microstructure typically
observed in talc-particle modified thermoplastics with the platelet-like particles oriented
with the flow direction (Heise et al., 1982; Stamhuis, 1984; Hadal & Misra, 2004; Kunkel
& Becker, 2011), see also Fig. 1b. Poisson’s ratio (taken here as the ratio of total strains)
in both directions decreases from the initial (elastic) value of about 0.3 to significantly



lower values in the course of deformation. This indicates an overall dilatant behavior in
the plastic range whereas the PP matrix is known to be plastically incompressible. The
reason for this overall volume increase under tensile loading lies in massive particle-matrix
debonding and subsequent void growth as seen, for instance, in micrographs in (Hadal
& Misra, 2004). This damage mechanism may also be responsible for the slight soften-
ing upon the onset of yield (Fig. 1a) which is not displayed by neat PP. Moreover, the
progressive hardening of neat PP appears to be leveled off by the damage in PP-talc so
that a plateau-like stress response in the large strain regime results (Fig. 1a). Finally,
owing to the thermoplastic matrix a pronounced temperature and strain rate dependence
of PP-talc is observed (Kunkel & Becker, 2011).
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Figure 1: a) Deformation behaviour in terms of stress-strain response and Poisson’s ratio
(indicating plastic dilatancy), b) microstructure of talc-modified PP (Kunkel & Becker,
2011)

With a special focus on polymers, an anisotropic pressure dependent yield criterion
has been suggested in (Cadell et al., 1973). Such a yield criterion alone, however, does
not capture the complex softening-rehardening behavior including damage and plastic
dilatancy in the post-yield regime of the material considered in the present work.

Constitutive modeling

The material model developed here aims at describing the deformation behavior of PP-talc
at large strains. The small strain behavior therefore is for simplicity taken isotropic and

purely elastic. It is written in rate form as

o=E: (D — D") (1)

where & denotes the Jaumann rate of the Cauchy stress tensor, D is the strain rate tensor,
D? its plastic part, and E is the isotropic forth order elasticity tensor which involves the



temperature dependent Young’s modulus F(T') and the elastic Poisson’s ratio v. The

plastic strain rate tensor is computed from the flow rule

ov
D =¢, — 2
E—:P ao, ( )
with the equivalent plastic strain rate
ép = €o(@)!V" (3)

determined by the yield function

Po)=vVo:A:0 —g(T)(1—f) — c(—tro) (4)
v

in conjunction with a reference strain rate £y and a rate sensitivity parameter r. Since
only part of the yield function serves as the flow potential U(o) in the flow rule, the
(visco-) plasticity model set up here is non-associated. The so-called Macauley brackets
(...) used above have the property

x , >0
<x>_{0,x<0} | (5)
The parameter ¢ in (4) accounts for the pressure dependence of the yield strength; it is
only “active” for compressive loading (tre- < 0). The function ¢g(7") in (4) captures the

temperature dependence of the yield strength, and the damage variable f represents the

porosity which evolves according to

f=0-pupr . (6)

The forth order tensor A in (4) accounts for the anisotropic yield behavior. In the simplest
case of transverse isotropy assumed here with only one distinguished material direction
(the “longitudinal” direction) it contains five independent parameters.

Model calibration

In a cartesian coordinate system with the 1-axis aligned with the material’s “longitudinal”

direction the yield function (4) can be written as

o = [(IHO'%I + (122(0'32 + 0'§3 -+ 20'53) + 2&12 0'11(0'22 + 0'33) +

" g - f) —el-te) . (D)

2a93(092033 — 053) + aua (07, + 073)

From this representation it can be seen that the parameters a;; and asy are directly related

to the yield strengths under uniaxial tension in the 1-direction and the 2(3)-direction,



respectively, since o117 > 0 or o9, > 0 then are the only non-zero stress components.
Starting from initial values a1, and ags, at the onset of yield, the parameters a;; and ag
are taken to evolve with the accumulated plastic strain ? to capture the experimentally
observed post-yield hardening behavior at different testing temperatures according to

aii, @22,

= —_— _ =Y 8
all 1 + hl(T)Egl ) a22 1 + hQ(T)égz ( )

with exponents n; and ny. The parameter a5 is adjusted to fit Poisson’s ratio in the post-
yield regime by evaluating the flow rule (2) for uniaxial tension. Determination of the
remaining two parameters ass and ayy would require so-called off-axis tests (i.e. tension in
a direction not aligned with a principal material direction) or shear tests. Since currently
respective data are not available, the assumptions

(93 = Q19 and g = 2(az — a12) (9)

are made which correspond to a von Mises-like behavior. Tensile tests in (Kunkel &
Becker, 2011) used here have been performed at three different temperatures, i.e. —35°C,
room temperature (RT), and 80°C, and the functions g(T), hy(t), ho(T) are represented
by a bi-linear fit between respective values at the testing temperatures.

The response of the material model in comparison with experimental data is shown
in Figs. 2 and 3 for uniaxial tension tests at the three different testing temperatures and
in Fig. 4 for uniaxial compression at room temperature. The model well captures the
anisotropic and temperature dependent behavior in terms of the true stress-strain curves
as well as Poisson’s ratio in the large deformation regime. Remarkably, the amount of

45 T R T 05 30 T T T 1
---. experiment )
40 ---- experiment 0.9
—— model o x5t
5 longitudinal 04 — model 08
CEN, O LTt bl T
o 3 2 o 20t . 072
= 03 8 = longitudinal < 106 S
% 25 w & P ——————e et w
S 5 5 8 B~ 105%
3 02 A 3 transverse 1049
] kS o .
s B a = S~ J o030
5 =] . longitudinal
10 yom3a 0] ~ A"
................ 5 :
5 =
0 0 0 1 1 1 1 1 1 0
0 0.2 0.4 06 038 1 0 02 04 06 08 1 12 14
log. strain log. strain

Figure 2: Uniaxial tension at a) —35°C, b) room temperature; experimental data from
(Kunkel & Becker, 2011)

plastic dilatancy (seen from Poisson’s ratio) strongly depends on temperature. At higher
temperatures it is significantly reduced which indicates a smaller amount of particle-
matrix debonding and subsequent void growth.
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Figure 3: Uniaxial tension at 80° C; experimental data from (Kunkel & Becker, 2011)

The parameter ¢ in the yield function (4) is adjusted to fit the yield strength of
the material in uniaxial compression tests at room temperature (Fig. 4). Furthermore,
corresponding to the experimental findings from these tests, the material model is taken

to display isotropy and plastic incompressibility in the compressive regime.
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Figure 4: Uniaxial compression at RT; experimental data from (Kunkel & Becker, 2011)

Slight deviations between experimental data and the model response in Figs. 2 to 4
have to be seen in the light of the large temperature range covered and the limited number
of material parameters involved. Determination of the latter was accomplished in a rela-
tively easy manner “by hand” and did not require an advanced optimization procedure.
The material model has been implemented as a user subroutine in the commercial finite

element code LS-Dyna for solid and shell elements.

Validation — simulation of 3-point-bending tests

For validation purposes, 3-point-bending tests at room temperature have been performed
on bar-shaped specimens of the above PP-talc material; see (Kunkel & Becker, 2011) for



details. These specimens were taken from injection moulded plates in two perpendicular
directions, i.e. the “longitudinal” and the "transverse” direction. The bending tests were
simulated using the material model described above with material parameters calibrated
solely from the uniaxial tension and compression tests. The finite element model of the
experimantal set-up is shown in Fig. 5

Figure 5: Finite element model of 3-point-bending test

Experimental and numerical results are shown together in Fig. 6a and b for the two
material directions. The anisotropy of the material is present also in the bending be-
haviour, and the computational model well captures this effect.
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Figure 6: Load-displacement curves of 3-point-bending tests: a) longitudinal direction,
b) transverse direction; experimental data from (Kunkel & Becker, 2011)

Discussion and conclusions

Based on experimental data for a talc-particle modified polypropylene, a material model
has been developed that accounts for the complex mechanical behavior of thermoplastic
polymers containing stiff mineral particles. Special emphasis was laid on the processing-
induced anisotropy and the plastic dilatancy under tensile loading. While the latter can



clearly be ascribed to particle-matrix debonding and void growth, the microstructural ori-
gin of the macroscopic anisotropy is not fully understood. The overall anisotropy of the
material may be due to the anisotropic microstructure with platelet-like particles oriented
with the flow direction during injection moulding. It may, however, also result from the
crystallinity of the matrix material (PP) which is likewise known to be affected by the
preceding flow process (e.g. Fujiyama et al., 1977; Choi & Kim, 2004).
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