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1 | INTRODUCTION

| Miguel Sanchez-Soto? |

Maria Lluisa Maspoch?

Abstract

The strain-rate dependence of a commercial grade ABS copolymer has been
analyzed in both compression and tension. By measuring in two loading geom-
etries, the hydrostatic pressure-dependence on the material's deformation
behavior can be established. An alternative method to determine pressure-
dependence, based on the difference in strain-rate dependence for various
loading geometries, has been presented. It was shown to be an effective tech-
nique, both for thermorheologically simple materials such as ABS, as well as
thermorheologically complex materials, for example, PMMA. A yield criterion,
based on an Eyring-type pressure-modified rate equation, has been compared
to finite element simulations using the Eindhoven Glassy Polymer (EGP) con-
stitutive model. Although both methods give quantitatively similar results for
the yield stress prediction, only the fully 3D EGP model is able to represent the
large-strain deformation behavior.

ABS is a rubber-toughened thermoplastic. It consists
of a glassy styrene-acrylonitrile (S-AN) co-polymer

Acrylonitrile-butadiene-styrene (ABS) is an important
engineering co-polymer for industrial and consumer
applications. It is used for automotive trim compo-
nents, enclosures for electrical and electronic equip-
ment, in the construction sector as sheets and pipes,
and in household appliances and consumer goods,
such as toys, sports and leisure goods, luggage cases,
etc." Among its advantages are good mechanical prop-
erties for a relative low price compared to other engi-
neering plastics,” high surface gloss, and good impact
toughness. ABS dominates the market for engineering
polymers, accounting for +41% of the total demand in
2021."

matrix in which rubber polybutadiene (PB) particles,
grafted with styrene and acrylonitrile, are distributed.
Volume fraction, particle size, particle size distribution,
degree of grafting of the elastomer phase, as well as the
component distribution and molecular weight of the
glassy matrix can be varied, influencing mechanical prop-
erties and deformation behavior.>™**

For practical use in polymer solid mechanics, the
maximum stress in engineering stress-strain curves in
standard tensile experiments at nominal strain rate,
i.e. the Ultimate Tensile Strength (UTS), is generally con-
sidered as the yield stress. From a mechanical point of
view, it is a critical stress value for several reasons: (i) It
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is a macroscopic indication of the onset of plastic strain
localization."**” This is the moment that localization
phenomena initiate, such as necking, shear banding, or
crazing. And its known to govern the macroscopic defor-
mation and failure behavior of polymers. At the yield
point, the material loses its mechanical integrity and is
regarded to fail."® (ii) It may be considered as the “limit”
where the visco-elastic region ends and the visco-elasto-
plastic region begins. Although, it was demonstrated that
the true yield point corresponding to the beginning of
plastic deformation, as determined via residual strain
measurements after unloading, does generally not coin-
cide with the maximum stress in the stress-strain
curve.’ Nevertheless, its value was always close to the
maximum stress, and for practical reasons, in the present
paper we will consider the maximum stress as the yield
stress. (iii) It is not only associated with short-term failure
as seen in standard tensile, shear or compression tests,
but also with long-term failure in creep or fatigue experi-
ments.17’20_23

Thus, a quantitative prediction of the yield stress is an
important and significant aspect in order to be able to
correctly and safely design a polymer product. It can help
to prevent premature failure of, for example, assembly
clips, as often used in the automotive industry. In order
to obtain usable predictive results, one must therefore
consider that Acrylonitrile-Butadiene-Styrene is a time-
dependent material, similar to other polymers. Hence, its
mechanical response is influenced by strain-rate, temper-
ature, pressure, aging time, etc.,*>** manifested by a
change in yield stress. Various research groups have mea-
sured the strain-rate and temperature dependence of dif-
ferent ABS grades.>®*2>?° It was shown that it was well
captured with an Eyring-type flow equation. Further-
more, the influence of hydrostatic pressure on the
mechanical properties of ABS has also been a topic of
interest over the years. On the one hand, the effects of
superimposed high environmental pressure on the
mechanical behavior was investigated.***”-*® These publi-
cations showed that applying high pressures may result
in a change of failure mechanism and provoke a
pressure-induced brittle-to-ductile transition. On the
other hand, pressure-dependence was shown to manifest
itself also due to differences in the hydrostatic part of the
stress state under different loading geometries, i.e. planar
and uniaxial tensile, pure shear, planar and uniaxial com-
pression tests.”® By converting yield stress data as a func-
tion of strain rate into a plot of equivalent shear stress
versus equivalent shear rate, this pressure-dependence
was visualized. If pressure dependence does not play a
role, such curves for different loading geometries will
coincide. That is, there would be no difference between
the yield stresses and the strain-rate dependence would

be identical. However, for a neat epoxy resin, Govaert
et al.”® showed that the shear data (with a zero hydro-
static part) were above the extensional data (with a posi-
tive hydrostatic part) and below the compression data
(with a negative hydrostatic part). Furthermore, all cur-
ves showed different strain-rate dependence. This indeed
demonstrates the effect of the material's pressure depen-
dence.”>° This pressure-dependence under different
loading geometries (uniaxial tensile, shear, uniaxial com-
pression) was also demonstrated for ABS polymers.*** In
the present paper, we only consider pressure-dependence
due to different stress states (tensile and compression) in
which the hydrostatic pressure does not exceed 30 MPa.
This is a pressure range where the yield stress should
depend linearly on pressure.>'®

Of course, if one should only be performing tensile
tests for mechanical characterization of the material, the
pressure-dependence would not be detected. Most poly-
mer components undergo a complex stress state in ser-
vice life, though, with variations along the product.
Consequently, from a modeling point of view, it is impor-
tant to be able to accurately describe the material's
behavior in different loading conditions.

In an engineering approach, a description of the yield
stress is often sufficient. It was proven by several research
groups that an Eyring-type pressure-modified rate equa-
tion is able to quantitatively predict the yield stress of
several polymers under different loading conditions.*~**
However, in order to determine the more complex three-
dimensional stress state, there is a need for a full three-
dimensional model. Several validated models are avail-
able'***3> for numerically simulating the large-strain
mechanical response of polymer materials using, for
example, finite element methods.

In addition, simulation techniques are available to
predict the deformation behavior of heterogeneous poly-
meric systems, such as rubber-toughened thermoplastics.
These are generally based on a homogenization method
that uses the microstructural morphology to couple, in a
numerical way, the microscopic and macroscopic stress—
strain behavior. This technique is known as a multilevel
finite element method.*® It has been successfully applied
to shed light on the basics of toughness enhancement of
polymers through the addition of rubber particles or
voids.*”~*° Since the objective of the present paper is not
to determine the best combination of volume fraction,
particle size, and particle size distribution of the elasto-
mer phase, but rather a design environment for a given
or selected polymer, a continuum modeling approach is
adopted here.*

In the present paper, the focus is on a characteriza-
tion method for a commercial grade ABS. It nourishes an
engineering design environment for the development of
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polymer components. It is based on measuring the strain-
rate dependence of the material in only two different
loading geometries, i.e. uniaxial extension and uniaxial
compression, in order to take the pressure-dependence
into account. Once that pressure-dependence is deter-
mined, other loading conditions and multiaxial stress
states can be adequately simulated.**~*

As far as the authors know, different commercial or
noncommercial ABS grades have been measured over a
range of strain rates in a single loading
geometry,>>%%13252640 o i different loading geometries
(uniaxial tensile, simple shear, uniaxial compression) at a
single strain rate.**> However, the strain-rate depen-
dence in various loading geometries has not been found.
Since pressure-dependence is an important aspect to sim-
ulate multiaxial stress states in polymers, the various
methodologies to experimentally determine this aspect
will be revised. It will be shown that the method pres-
ented here can be an effective one, especially if data
under increasing superimposed hydrostatic pressure are
not available. The latter type of measurements is more
complex and has a need for special equipment.***”** As
shown previously,”>*"** the method used here is a gen-
eral one and can easily be applied to other polymers.

Furthermore, an engineering approach that is based
on the yield stress prediction, i.e. a yield criterion, is com-
pared to finite element simulation results with a full
three-dimensional constitutive model. It turns out that
qualitatively both approaches give similar predictions,
but differences do exist that may affect long-term failure
in creep or fatigue.

2 | EXPERIMENTAL

2.1 | Acrylonitrile-butadiene-styrene
A commercial injection-molding grade of ABS, ABS
Magnum™ 8434 (Styron Netherlands B.V.), was used for
the present study. It is widely used for automotive inte-
rior trim components. It has a density of 1.05gcm >
(ISO 1183/B) and a melt flow index (MFI) of 13 g
(10 min) ! (ISO 1133). The material has a Butadiene con-
tent of +10% and a S-AN ratio of 1:1, as measured with a
NMR technique. Before processing, the ABS granules
were dried at 80°C for a minimum of 4 h in a
DSN560HE dehumidifier (PIOVAN).

2.2 | Injection molding

Cylindrical tensile bars were injection molded with a Vic-
tory 110 injection molding machine (Engel GmbH), with
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FIGURE 1
dimensions in [mm]

Cylindrical tensile test specimen

a clamping force of 1100 kN. Sample dimensions are
given in Figure 1. The melt temperature was set to
250 °C, the mold temperature was 60 °C, and a flow rate
of 70 cm® s™! was used for mold filling. A holding pres-
sure of 60 MPa was applied during 10 s to minimize
shrinkage and flash. The cooling time was equal to 30 s.

2.3 | Mechanical characterization

An MTS Criterion C43.104 universal test system,
equipped with a 10 kN load cell, was used to determine
tensile stress-strain curves. All experiments were per-
formed at room temperature (23 °C). For the uniaxial
tensile tests, nominal strain rates (¢p =v/Lg) were applied
in the range from 10~* to 10 ' s~*. Three test samples
were used for every single strain rate. Yield stresses were
determined by taken the maximum stress values in the
stress-strain curves, just prior to the occurrence of sam-
ple necking. Engineering yield stresses (6, . = Fmax/Ao)
were converted to values for true yield stresses by assum-
ing that the material volume remains constant during
uniaxial tensile testing up to yield. This is standard in
polymer engineering,*** and according to Govaert
et al.*? it introduces a small error of +2% compared to a
compressible approach.

For uniaxial compression tests, cylindrical samples
with a diameter and height of 6 mm were machined from
the injection mold runners (8 mm initial diameter). The
samples were compressed between two parallel flat steel
platens, mounted in the same MTS Criterion C43-104
universal test system. To reduce friction in order to avoid
bulging or buckling of the samples, a thin PTFE skived
film tape (3M 5480) was attached to the sample ends and
the surface between steel platens and tape was lubricated
with a PTFE spray. Homogeneous deformation during
the complete compression test range was observed, indi-
cating that friction was sufficiently reduced. Nominal
strain rates (¢ =v/Lo) ranging from from 3 x 10" * to
107! s were applied at room temperature. Three test
samples were used for every single strain rate. Since
homogeneous deformation was obtained during testing,
even at large strains, true stress-strain curves can be
directly determined from the uniaxial compression tests
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TABLE 1

Definitions of the equivalent (plastic) shear rate, 7, shear stress, 7, and hydrostatic pressure, p, expressed in components of the

deformation and stress tensor. Explicit expressions are given for tension, compression, and shear

Definition

=28+ 8+ i+ 26, 268 + 268

= \/% [(o11 = 022)" + (022 = 033)" + (033 = on1)’] + 01 + 035+ 03

p=—3%(c11+on+o03)

under the assumption of incompressibility and applying a
correction for the machine set-up stiffness.

2.4 | Numerical simulations

The structural analysis simulations were performed using
the commercial finite element package MSC.Marc, ver-
sion 2005r3. The constitutive 3D elasto-viscoplastic Eind-
hoven Glassy Polymer (EGP) model (see next section)
was implemented by means of the HYPELA2 user sub-
routine. Only the part between the test set-up clamps was
meshed and analyzed in the simulations. Uniaxial com-
pression tests were simulated axi-symmetrically using a
single linear quad4 element. Uniaxial tensile tests were
also simulated in an axi-symmetric way, by meshing only
half of the part between clamps using 1357 linear quad4
elements.

3 | MODELING

In this section, two modeling methods will be presented
to describe the deformation behavior for commercial
polymer grades. The first one is an engineering approach
that basically is a yield criterion for describing yield
stresses only. The second one is a full three-dimensional
model, able to capture more complex large-strain multi-
axial stress states.

3.1 | Pressure-dependent Ree-Eyring
flow rule

The deformation kinetics of polymer materials can be
well characterized by a linear dependence of the yield
stress on the logarithm of strain rate, the temperature,
and the pressure, as has been shown over the years.**”
31:43-46 Eor polymers with a thermorheologically simple
response,™ an Eyring-type pressure-modified rate equa-
tion®® can quantitatively capture the yield stress
behavior:

Tension Compression Shear
V3é V3|e| v
% 4 f
-3 +4 0

I AU upV\ . [TV
y(T,r,p)—yOexp< RT)exp( T )Smh(kT> (1)

Here, 7 is the equivalent plastic shear rate, T the abso-
lute temperature in K, 7 the equivalent shear stress, p the
hydrostatic pressure, 7, a rate constant, AU the activation
energy (257kJmol !, as taken from literature), R the
universal gas constant (8.314472Jmol ' K™'), u a pres-
sure dependence parameter, V' the activation volume, and
k is the Boltzmann's constant (1.38054 x 10~ 2> JK ™). Def-
initions for the equivalent plastic shear rate 7 (based on
the second invariant of the rate of strain tensor), equiva-
lent shear stress 7 (based on the second invariant of the
deviatoric stress tensor), and hydrostatic pressure p are
given in Table 1. Expressions for uniaxial tension, uniax-
ial compression, and pure shear are also given in Table 1,
and show that the equivalent stress and shear rate are
equal to the values measured in a pure shear test.

The prefix y, is a rate constant that reduces with
diminished molecular mobility.*’ It depends on the ther-
modynamic state of the material and is related to the
density increase due to physical aging,>> which restricts
molecular mobility. As a consequence, yield stresses aug-
ment. The first exponential term, which includes the acti-
vation energy AU, covers the material's temperature
dependence. It is related to the potential energy barrier
that needs to be exceeded for segmental motion
(i.e. molecular conformational changes). The last term, a
hyperbolic sine function that includes the activation vol-
ume V', determines the stress dependency of the mate-
rial. The stress in combination with the activation
volume regulates the decrease of the potential energy
barrier for segmental motion in the direction of the
applied stress.*® V' can be interpreted as a volume that is
involved in a plastic deformation mechanism, and is
related to the size of several statistical random links in
the polymer chain that move simultaneously in a cooper-
ative way.’®* The second exponential term, which
includes the pressure dependence parameter u, captures
the effect of hydrostatic pressure. A negative hydrostatic
pressure, for example, as encountered in a tensile test
experiment, lowers the potential energy barrier for
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molecular conformational changes. Contrary, a positive
hydrostatic pressure (e.g., during compression tests)
increases this potential energy barrier. The higher the
parameter u, the bigger the effect of hydrostatic pressure
and the bigger the difference between tensile and com-
pression data. Therefore, Equation (1) can be used to
evaluate (in a macroscopic sense) the potential energy
barriers involved in the plastic deformation mechanisms
at the yield stress, and the effects of temperature, strain
rate, and pressure on those energy barriers.

If written in terms of the equivalent shear stress as a
function of equivalent shear rate, the equation reads:

: kKT . [7 AU v
7(T.,7.p) :Wsmh ! [%exp (ﬁ) exp (ﬂi—Tﬂ . (2

Yet, many polymers exhibit two (or even more)
molecular relaxation processes. Transitions, for example,
due to a change in temperature or deformation rate,
occur when a certain molecular relaxation process starts
to manifest itself or, on the contrary, ceases to material-
ize. These transitions can become visible in yield stress
versus logarithmic strain-rate plots and generally mani-
fest themselves by a change in the slope in these plots.*®
This behavior is termed as thermorheologically complex
behavior. In these cases, the yield behavior can be well
described by the Ree-Eyring modification® of the Eyring-
type flow rule, assuming that different molecular pro-
cesses act independently and in parallel:

5 -
_ - o kT c 1117 AUX ,uprV;
T(T.7.p) = E v sinh L,/ exp<RT )exp( T :

X=a 0,x
3)

Here, x relates to the indication of the parameters
related to each relaxation process, customarily labeled in
polymers as a, f3, v, 6, etc. with decreasing temperature.>'
Commonly, the molecular processes are related to the
main-chain segmental motion (the primary glass- or
a-transition) and a partial side-chain mobility
(a secondary or p-transition).”” Nonetheless, for a
poly(methyl methacrylate) polymer, De Deus et al.>* have
encountered even four molecular relaxation processes.

By making use of the expressions in Table 1, the
pressure-dependent Ree-Eyring flow rule (Equation (3))
can be simplified to describe the true yield stresses for
both tensile as well as compression tests. This results for
the uniaxial tensile tests in:

RT: AU
O.;EUS — - —*Sil‘lh_1 |:.—€exp ( x)] > 4)
xX=a \/§+”x VX Yox RT
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while for the uniaxial compression tests in:

5 .
| 6S°mP |= Z; k_Tsinh‘1 [\/§ ] exp (AUXH .

x=a \/§ — Hy V; Yox RT
(5)

Note that the only difference resides in the opposite
sign for the hydrostatic pressure parameter u,. This not
only accounts for a difference between the yield stress
under different loading geometries, but also for a distinct
strain-rate dependence. Note also that true stress values
are referred to in the previous equations.

3.2 | Full 3D constitutive equation

As a constitutive model for the material behavior, the
multi-mode multi-process 3D elasto-viscoplastic Eindho-
ven Glassy Polymer (EGP) model***”*>3 is given,
known to accurately capture the intrinsic large-strain
deformation characteristics of polymeric glasses. The
basis of the EGP-model is the split of the Cauchy stress
into a hardening stress, &,, and a driving stress, oy, first
proposed by Haward and Thackray*®:

6 =0+ 0y (6)

The strain hardening contribution is attributed to the
molecular orientation of the entangled polymer network
and is modeled by a Neo-Hookean elastic expression:

~d
o, =GB, (7)

consisting of the strain-hardening modulus G, and the
deviatoric part of the isochoric left Cauchy-Green strain
tensor B. The driving stress, attributed to intermolecular
interactions on a segmental scale, is decomposed into a
hydrostatic part and a deviatoric part, representing the
volumetric change and the rate-dependent plastic flow,
respectively. The deviatoric driving stress is split into con-
tributions for varios molecular processes*’ (in this case
only two, a and f), each modeled by a non-linear multi-
mode Maxwell model®>>>;

05 = 0? —l—agﬂ + aiﬁ

n ~d m ~d
=k(I—DI+Y_ GaiBy,i+ > GpByy;.
i=1 Jj=1

(8)

Here, « is the bulk modulus, J the volume change
ratio, I the unity tensor. Gy, ; is a shear modulus of the ith
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(related to the a-process) or the jth mode (related to the
p-process). The evolution equations of the volumetric (J)
and elastic strains (B, ) of the different modes are
given by:

J=1Ttr(D), (9)

B = (i _DP,a,i) ‘Begi+Boai- (ic —Dp,a,i), (10)

e,a,i

elg = (i —Dp,ﬁJ) ‘Boyj+Bey;- (ZC _Dp,/f,i>’ (11)

where L is the isochoric velocity gradient tensor, and D,
x, i is the plastic part of the rate of deformation tensor D
belonging to process x and mode i, defined as:

d
Dp,;= # (12)
an,i(T’ Tx>Pys Sx)

The viscosities 7, ; are based on an Eyring equation,
modified to take pressure (p,) and intrinsic strain soften-
ing (S,) into account:

- ex AUx l_ 1 ?x/l'()x
77x,i - 770,x,i,ref p R T Tref Sinh(?x/‘[o,x) (13)
X exp (,ux_px> exp(Sx),
To,x

where 7o, x, i, ref iS the zero viscosity of the ith relaxation
mode in the rejuvenated state at the reference tempera-
ture, AU, the activation energy for the temperature
dependence, 7, is the total equivalent stress, 7y, . is a
characteristic stress, and S, is the thermodynamic state
parameter that captures the effect of physical aging and
strain softening, all related to molecular process x. R is
the gas constant, and T the reference temperature in
K. The total equivalent stress, the characteristic stress,
and the hydrostatic pressure for process x are defined as:

_ 1 kT 1
Tx = Eo-gx :ng’ Tox :7;’ Px= 7§tr(as,x)’ (14)

where V7 is the activation volume for process x.

The thermodynamic state parameter S, is composed
of two contributions, which are assumed to be fully
decoupled:

Se(6T7px) = Sax Re (7 ) (15)

where S, , represents the current thermodynamic state
of each process, which is usually a constant for short-
term experiments. Ry (7, ) is the softening function as a
result of mechanical rejuvenation determined by the
equivalent plastic strain 7,,. The softening function
R, (7p x ) is described using a modified Carreau-Yasuda
expression that is normalized to 1 and decreases mono-
tonically to 0 with increasing (equivalent) plastic strain.
Following Van Breemen et al.,*’ the softening function
only depends on the molecular process with the longest
relaxation times, which belongs to the a-process. This
leaves the softening function to read:

Fx (rZ,x_l)/rlJf
R (_ (1 + [Vo,x -exp <7p,a>} ) (16)
}/ ,(l) = _ ’
*\'p (1 N r{)l;) (r2x—=1)/11x

where 7y, , 11, x, and r,, , are fitting parameters for pro-
cess X (x = a, ). The plastic strain evolution is coupled to
the longest relaxation time, that is, mode i = 1 of process
a, and defined as:

.64 (17)

- _ ?a,l h — _
yp,a —ni,W ere 7,1 = sa,l

d
Eo-s,a,l
a,l

Again, the previous equations use true stresses.

3.3 | Hydrostatic pressure influence

Let us assume the general case where a polymer material
demonstrates thermorheologically complex behavior.
Moreover, it is also assumed that the pressure depen-
dence y is different for the multiple molecular relaxation
processes, that is, u, for process x (x = a, f3, 7, 5).

Now, a direct method to determine the hydrostatic
pressure influence on the deformation kinetics of poly-
mer materials, is by performing experiments under
increasing superimposed hydrostatic pressure.***7*®
The main advantage is that the pressure dependence
parameter p, can be directly established from the data
displaying the yield stress as a function of superimposed
hydrostatic pressure. However, these kind of measure-
ments are rather complex and have the need of special
equipment.”**’ Furthermore, the data obtained with
these kind of measurements should be considered with
care. It was indicated, for example, by Vroom and
Westover,”’ that certain pressure media may act as a
plasticizer, affecting the data. To prevent the possible
entry of the pressure medium into the polymer, some
authors apply coating to the specimen.”®** As a
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consequence, it adds another complication to these kind
of experiments.

By lack of data from experiments under superimposed
hydrostatic pressure, another common way to determine
the pressure dependence u is via the difference in yield
stresses obtained in different loading geometries
(e.g., uniaxial tension, uniaxial compression, pure shear,
torsion, planar tension, etc.). This method has been
applied by various research groups over the
years.'?*33%31:35757 1f yniaxial tension (superscript tens)
and compression (superscript comp) tests are used, as is
the case in the present paper, the pressure dependency p,
for molecular process x then reads:

| 6§§mp otens
_ y X
\/_ | ;omp | +o tens (18)

However, this implies that the previous equation is inde-
pendent of the strain rate and, as was mentioned by Ward,®
this is generally not true. For tests with different loading
geometries, distinct sample shapes and dimensions are
required. Varying dimensions influences the thermal history
during processing, provoking a change in the thermodynamic
state of the resulting component.®®*® As a consequence, the
mechanical properties, that is, the yield stresses, also change.
This means, that for different thermodynamic states, different
values of y, will be the result. In order for Equation (18) to be
valid, it is essential to obtain test specimen with identical
states. This was pointed out by Klompen et al.*

Even so, as was shown by, for example, Bauwens-Crowet
and Bauwens® and Klompen et al.,"” sample sets with differ-
ent thermodynamic states show significantly altered yield
stresses, but an unaffected strain rate dependence. The same
holds for measuring at various temperatures, provided that
there are no changes in the molecular relaxation processes in
the strain rate range.*** This implies that the same activation
volume V73 is involved for testing samples with distinct
thermodynamic states or temperatures.”® Furthermore,
yield stresses obtained in different loading geometries,
demonstrate dissimilar strain rate dependence.?3*%*>3
Hence, a third alternative presents itself to determine the
pressure dependency p,. It is based on this difference in
slopes on the curves representing the yield stress as a
function of logarithmic strain rates (o), —log(¢)) for differ-
ent loading geometries. If uniaxial tensile (superscript
tens) and compression (superscript comp) tests are used,
the pressure dependency y, then reads:

Ttens (| C0mP| _ | comp ) _ comp ( Gtens _ Gtens)

Oyx2 Oyx,1 yx,2 yx,1
Hx = :
tens comp, | _comp comp tens __ . tens
T (| y,x2 | | y,xl |)+T ( yx2 O-y,x,l)
(19)
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Here, subscript 2 refers to the yield stress at the
highest measured strain rate equal for both loading
geometries, while subscript 1 to the lowest measured
strain rate. Note that the temperature drops out, if data is
selected at the same temperature for both tension and
compression. However, taking data at different tempera-
tures may be beneficial in case of materials with multiple
molecular relaxation processes.

As was already shown by Bauwens-Crowet,*!
Equation (19) can also be written in terms of activation
volumes, since those are related to the slope of the yield
stress as a function of logarithmic strain rate. The pres-
sure dependency 4, then reads:

ytens _ pyx.comp
X

e =V3 s
X Vx,tens + Vx,comp

(20)

Here, V2 and V3" are the activation volumes
for process x if no pressure dependence is taken into
account for the uniaxial tensile and compression data,
respectively. Compare this Equation (20) to Equations (4)
and (5), and note again that the hydrostatic pressure
parameter yu, accounts for the difference in strain-rate
dependence of the yield stress under different loading
geometries. This alternative third method has been suc-
cessfully applied previously for several polymers.**"*>

4 | RESULTS

41 | Engineering approach

The experimental results for the uniaxial compression
tests at various strain rates for this ABS Magnum™ 8434
are given in Figure 2a. The upper and lower yield
stresses, as well as the yield drop, as a function of loga-
rithmic nominal strain rate are demonstrated in
Figure 2b. At the highest strain rate, that is, é =10"' s !
the sample is affected by viscous heating at large defor-
mations. This is visible due to a strong reduction in strain
hardening at higher strains, leading to a crossover with
the curve at a lower strain rate. This effect was previously
reported by other research groups.*”®*

Following the method exposed by Van Breemen
et al.,*” a material's thermorheologically complex behav-
ior can be detected by different strain-rate dependence of
the upper and lower yield stresses. This may be the case
for the ABS used in the present study, as would suggest
the data of Figure 2b in the strain-rate range 3 x 10~* to
10~ % s~ '. Nevertheless, by revising dynamical mechanical
analysis (DMA) data from literature,>*>"®* another sce-
nario may be more plausible. The a-transition of the S-
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AN matrix, that is, the glass transition temperature T, of
ABS, is consistently measured around 115°C. The
a-transition of the rubber PolyButadiene particles is gen-
erally detected below —50°C. Occasionally, but not
always, a p-transition of the S-AN phase has been mea-
sured at around —15 °C.%® Hence, there is a rather large
temperature difference between the - and the
p-transition for it to become visible in the strain-rate
range as measured here. For such a large temperature dif-
ference, comparable to polycarbonate, generally only one
molecular relaxation process is visible.***” In order to
detect the p-transition, sufficiently low temperatures
and/or high strain rates need to be assessed.>’ Further-
more, ABS data as measured over a strain-rate range for
higher” and lower temperatures,” did not indicate any
secondary molecular relaxation mechanism.

Based on the above findings, it is therefore thought
that viscous heating is also affecting the uniaxial com-
pression data at £¢=10"2 s '. Although much more

(a) _

70 F ABS @23°C 4
. viscous heating
© L
o 60
=3
> 50 F
3
S 40F upper yield
»
g 30 F lower yield
© A 1107 [iss
% 201 _2[ 1|
2 0o 1.10™ [1/s]
2 10 o 1.107° [1/5] |
< v 3-107 [1/s]

0 n

0 0.1 0.2 0.3 0.4 0.5 0.6
Absolute true strain [-]

FIGURE 2

difficult to detect than for the highest measured strain
rate, the strain hardening at 107> s~ is slightly reduced
compared to the lowest strain rates. Besides, the strain at
which the lower yield stress is detected, is shifted toward
a higher strain: £~0.30 for é=10"2 s~ versus £~ 0.26
for both é=10"3 s and 3 x10™* s~'. This shift is
another indication of possible viscous heating.

For uniaxial tensile tests, engineering stress/strain
curves (6. = F/Ay, €« = AL/Ly) at several strain rates
are depicted in Figure 3a. This data, converted into true
yield stress as a function of logarithmic nominal strain
rate, is compared to the uniaxial compression experi-
ments in Figure 3b. These tensile results clearly show
the thermorheologically simple behavior of ABS
Magnum™ 8434 at this temperature and over the mea-
sured strain-rate range. Therefore, the pressure-
dependent Eyring flow rule using only a single molecu-
lar deformation process, that is, the a-process, is suffi-
cient to describe the data.

—
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(a) Experimental absolute true stress/strain response in compression at various strain rates. (b) Absolute true upper (/) and

lower (A\) yield stresses, and yield drop (x) as a function of decimal logarithmic strain rate. Symbols are experimental data, solid lines are
model predictions. Gray symbols are data affected by viscous heating [Color figure can be viewed at wileyonlinelibrary.com]
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function of decimal logarithmic strain rate in compression and tension. Symbols are experimental data, solid lines are model predictions
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FIGURE 4 True yield stress as a function of hydrostatic
pressure in tension. Experimental data are adopted from Biglione
et al.>* Symbols are experimental data, lines are model predictions
[Color figure can be viewed at wileyonlinelibrary.com]

To determine the pressure dependence of the mate-
rial, tensile data under superimposed hydrostatic pres-
sure was taken from Biglione et al>* Experimental
results are shown as symbols in Figure 4. The particular
ABS material used for their experiments was a commer-
cial grade from Marbon Chemical Company,** con-
taining 20% Butadiene in a S-AN matrix with ratio 2.2:1.
Since the composition of this co-polymer is different, it
may influence results.

Using the Biglione hydrostatic data, the pressure
dependence results in 4 = 0.107. The other model param-
eters are given in the left column of Table 2. The Eyring
model predictions using this parameter set are shown as
solid lines in Figures 2b and 3b, and as a dashed line in
Figure 4. Note that the rate constants for the compression
upper yield stress and the tensile yield stress are not the
same, although very similar. Hence, this indicates that
the thermodynamic state of the samples used for the two
measurements is not exactly the same, although taken
from the same injection molding sets. Possibly the
machining operation needed to obtain the compression
samples may have slightly altered experimental results.
Machining operations are believed to influence the ther-
modynamic state of a thin surface layer, thus possibly
changing yield stress values a little.”>®> With proper pre-
cautions, this effect can be minimized but never
completely eradicated.

If the pressure dependence is calculated by taking the
difference between the yield stresses in tension and com-
pression, i.e. according to Equation (18), the result ranges
from pmin = 0.123 at low strain rate to pmax = 0.134 at

Applied Polymer_wiLEy-l 2o

TABLE 2 Eyring model parameters for ABS material
Different
Superimposed  slopes
hydrostatic compression/
pressure tension
wl-] 0.107 0.15
V' [nm?] 2.76 2.84
AU [kI mol™!] 257 257
75" [s~'] (upper 5.09 - 10* 5.09 - 10**
yield)
7" [s7'] (lower 2.08 - 10* 2.08 - 10%
yield)
yiens [s7'] (tension) 9.10 - 10* 3.00 - 10*

9Data taken from Truss & Chadwick.’

high strain rate. This confirms the statement in the previ-
ous paragraph, that the thermodynamic state of the ten-
sile and compression samples are similar but not
completely equal.

Using the third method to determine pressure
dependence, i.e. based on the difference in slopes of
the o,—log(¢) curves in tension and compression
(according to Equations (19) or (20)), a value of y = 0.15
is the outcome. The rest of the model parameters are
given in the right column of Table 2. The Eyring model
now performs very similar to the method using sup-
erimposed hydrostatic pressure, resulting in the solid
lines in Figures 2b, 3b, and 4. In fact, with this second set
of parameters, the Eyring model performs slightly better
in tension and compression: a coefficient of determina-
tion R* = 0.9832 as opposed to R* = 0.9806. It is also
mentioned, that the pressure dependence determined
here is in the similar range as calculated by Chen &
Sauer.® The other model parameters are also in compara-
ble ranges as parameters previously published by other
research groups.>>*

Logically, Figure 4 gives a different description for
both methods, as this data was not used to determine the
second set of Eyring parameters. Furthermore, as men-
tioned earlier, the composition of the two ABS materials
is not the same (10% PB-particles versus 20% PB-particles,
different Styrene and Acrylonitrile contents). As was
mentioned by Klompen and Govaert,*® subtle differences
in material composition and additives could be one of the
causes for parameter value deviations. The exact nature
is, however, difficult to determine without further
research.

To resume, the third alternative proves to be an effec-
tive method, resulting in a very satisfying description of
ABS material behavior in tension and compression. Par-
ticularly considering that data under increasing
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superimposed hydrostatic pressure is not available for
this particular grade.

4.2 | Thermorheologically complex
response

In the previous subsection, the pressure dependence was
determined on an ABS polymer, with data showing
thermorheologically simple behavior. To show that the
method based on the difference in slopes of the o), —
log(¢) curves in tension and compression is not restricted
to these kind of materials, it is also applied to a material
with more than one molecular relaxation process. The
classical data of Bauwens-Crowet*' for a commercial
grade poly(methyl methacrylate) Perspex ICI (PMMA) is
adopted for that purpose, and shown in Figure 5. It is
data covering a wide range of temperatures and strain-
rates, both in tension and compression, making it an
appropriate data test set.

Evaluating closely the data, two distinct changes in
the slope of the strain-rate dependent yield stress data
can be detected. This means that even three molecular
relaxation mechanisms influence the data in the mea-
sured range. Bauwens-Crowet already mentioned this
and observed a combined peak for a secondary molecular
relaxation mechanism in mechanical damping tests (see
Figures 6 and 7 of that paper*"). Although for a different
PMMA (from Rohm and Haas Co.), Thompson®’ also
detected a third molecular process in creep compliance
measurements (see Figure 8 of that paper®”). Both
authors denominated those transitions in PMMA as a, «,
and f, which will also be adopted here.

Such a third molecular deformation process has not
been noticed in other publications regarding yield

=z

275
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200
175
150
125
100
75
50
25 1

PMMA Perspex ICI

Absolute true yield stress [MPa]

100°

10% 10* 10 102 107
Compressive nominal strain rate [1/s]

FIGURE 5

10°

stresses as a function of logarithmic strain rate for
PMMA.***"% The reason is that those measurements
generally did not reach high enough strain rates and/or
low enough temperatures for it to become clearly visible.

The strategy to adjust model parameters is similar to
what was described by other authors.*>*"*” The principal
idea is to adjust the parameters region by region,
i.e. starting with the a-regime where only a single molec-
ular process is active and ending with the regime with, in
this particular case, three processes (a, o, f). Initially,
pressure dependence is not taken into account, leading to
1. = 0. Next, for the data with the lowest strain rates and
the highest temperatures (a-regime), the activation vol-
umes V,” ®™ and V," ™ are determined from the
slopes of the strain-rate dependence (o, —log(é) curves)
for tension and compression, respectively. Then, an ade-
quate activation energy AU,"™ = AU,*™? is established,
able to describe the temperature dependence for both
tension and compression simultaneously. Last, the rate
constants for tension yg5,° and compression y, " are
fixed. Now, the pressure dependence can be determined
using Equation (20). The activation volume needs to be
recalculated to be the same for both tension and com-
pression using:

V3
\/§—|—,ux

X X

3
or Vi=ypeome. 7\@\/_ ;
Ky
(21)

V* _ V*,tens .

where x = a.

To adjust parameters for the second molecular pro-
cess (a-regime), the model response for the primary pro-
cess (a-regime) needs to be subtracted from the
experimental data. Then, the same steps as explained

PMMA Perspex ICI

50°C 60°C 70°C

True yield stress [MPa]

10°% 10% 10° 102 10 10°

Tensile nominal strain rate [1/s]

(a) Compression yield stresses as a function of decimal logarithmic strain rate at various temperatures. (b) Tensile yield

stresses as a function of decimal logarithmic strain rate at various temperatures. Symbols are experimental data for PMMA adopted from

Bauwens-Crowet*'; solid lines are multi-process model predictions, while dashed lines correspond to a single-process model [Color figure

can be viewed at wileyonlinelibrary.com]
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above are followed. For compression, data are taken at
the intermediate temperature (22°C) and the lowest
strain rates, while for tension, data are taken at 70°C and
the highest strain rates. For the last molecular process
(p-regime), the model responses for both the primary (a)
and secondary (a) processes need to be subtracted from
the experimental data. As no tensile experimental data
are available in this last regime, its pressure dependence
can not be determined and is taken as u4 = 0.

The final PMMA model parameters are given in
Table 3. Model predictions for the pressure-dependent
Ree-Eyring modification of the Eyring flow rule using
this parameter set are shown as solid lines in Figure 5.
The dashed lines in that figure represent a single-process
model. The temperature dependence of the absolute com-
pression yield stress at a single strain rate, as shown in
Figure 3 of Bauwens-Crowet's work,*! can also be excel-
lently predicted with this parameter set (not shown here).
Model parameters in Table 3 are close to and in agree-
ment with previously published research.*®***%® Fur-
thermore, they comply with the physics related to the
potential energy barriers involved in the plastic deforma-
tion mechanisms at the yield stress.

43 | EGP model

Starting with initial values as determined in the engineer-
ing approach, the parameters for the 3D elasto-
viscoplastic Eindhoven Glassy Polymer (EGP) model
were fitted to the uniaxial compression data. The
resulting parameter set is given in Table 4. The activation
volume V,, is very similar to the Ree-Eyring parameter,
although slightly different. The EGP model uniaxial com-
pression prediction using the parameter set of Table 4 is

(a) . '
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[
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2 10l © 11073 [1/5]
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FIGURE 6
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shown in Figure 6a. Since viscous heating is not
implemented in the model, that effect is not simulated.

By comparing the numerical results with the experi-
ments, however, the effect of viscous heating can be
noticed. For strain rate é=10"2 s ', the experimental
stress/strain curve drops further than the simulated one.
As a consequence, the lower yield stress occurs at a
higher strain, as mentioned previously. Furthermore, it
can also be seen that the experimental strain hardening
seems to keep on being parallel to the simulated one.
Hence, this makes it difficult to experimentally detect vis-
cous heating.

Without changing the thermodynamic state parame-
ter S,, , (which would provoke a vertical shift of the yield
stress prediction similar to a change in the rate constant
7o), the parameter set as given in Table 4 is used to simu-
late the uniaxial tensile tests. The engineering stress/
strain graphs for various strain rates are demonstrated in
Figure 6b. Surprisingly, the height of the yield stresses
are excellently predicted. This may indicate that the
machining operation to obtain the compression samples
may have a negligible effect after all.

The initial post-yield response of the tensile tests is
well predicted by the EGP model. Since no failure crite-
rion is implemented in the model, the strain and stress at
break are, logically, not captured. Moreover, without a
failure criterion, crazing can not be predicted, which is
known to be one of the principle failure mechanisms of
ABS material.® In fact, the tensile experiments demon-
strated stress whitening (an indication for crazing phe-
nomena) and hardly any necking before breaking. The
simulations, on the contrary, showed considerable neck-
ing at large strains. This shortcoming may be the reason
that strain hardening seems to be underpredicted by the
model in tensile tests. The implementation of a failure

(b) 60
ABS @23°C
E 50
=
3 10
SI_.) -
» \4
Q9 30 ¢F
g A ——EGP model, ;=0.15
5 20F A 14071 [1/8] 1
GE) O 1102 [1/g]
o 10p © 1.1073 [1/5]
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5 o \ :
0 0.05 0.1 0.15
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(a) Absolute true stress/strain response in compression at various strain rates. (b) Engineering stress/strain response in

tension at various strain rates. Symbols are experimental data; solid lines are EGP model predictions [Color figure can be viewed at

wileyonlinelibrary.com]
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criterion is, however, beyond the scope of the present
study.

The description of the EGP model for the o, —log(¢)
behavior is equal to the Eyring model predictions as dis-
played in Figures 2b and 3b. Therefore, these models are
well capable of describing the deformation behavior of
ABS material simultaneously in both compression and
tension.

An equally good description of the compression tests
could be obtained using y, = 0.107. The activation vol-
ume Va*, however, had to be adopted to describe the data
well. A value of 2.78 nm? was needed, close to the value
as determined for the Eyring flow rule. The rest of the
parameters were equal to Table 4. With this parameter
set, though, the tensile yield stresses were overpredicted.
In order to get a similar result as shown in Figure 3b, the
thermodynamic state parameter had to be decreased to
Sa, « = 4.3 for tensile tests.

5 | DISCUSSION

In an engineering approach, a description of the yield
stress is often sufficient. Then, a pressure-dependent Ree-
Eyring flow rule can be applied. Yet, for capturing more
complex three-dimensional stress states, as it occurs in a
polymer component during service life with variations
along the product including both tensile and compressive
stresses, employing the full EGP model is more appropri-
ate. Furthermore, if a product is under long-term effects,
for example, creep or fatigue, different material elements
will be at different, changing strain and stress levels.
Then, the use of a constitutive model that can describe
the stress/strain behavior over large strains becomes nec-
essary. Consequently, a yield criterion does not suffice.

5.1 | Pressure dependence

Uniaxial compression tests are an excellent tool to deter-
mine directly the true stress-strain behavior up to large
strains, since homogeneous deformation can be obtained
beyond the yield stress.'**> Of course, pressure-
dependence can not be detected if tests under a single
loading geometry are performed. In fact, for different
values of u,, various parameter sets were generated by
fitting the compression data. Most EGP model parame-
ters did not need to change (see Table 4), except for the
activation volume Va*, to describe the experimental com-
pression data equally well (see Figure 6a). With these
parameter sets, subsequently the tensile behavior was
simulated. As can be seen in Figure 7, a value for the
pressure-dependence parameter of u, = 0.15 gave the

70 | ABS @23°C -

30 f — — EGP model, ©=0.00 |-
--EGP model, 1=0.05
20 —-—-EGP model, ©=0.107 |-

——EGP model, p=0.15
10 + EGP model, 1=0.20
4 Exp. tensile data
107 1073 1072 107"
Nominal strain rate [1/s]

Engineering yield stress [MPa]

FIGURE 7 Engineering yield stresses as a function of decimal
logarithmic strain rate in uniaxial tension. Symbols are
experimental data, lines are model predictions [Color figure can be
viewed at wileyonlinelibrary.com]

best agreement with the experimental data. The rest of
the parameter sets over- or underpredicts the data. This
may be corrected for by a change in the thermodynamic
state parameter S, ,, which may be justified as different
sample geometries and machining operations may effect
sample age.’>®> However, u, = 0.15 also gave the best
slope to describe the tensile o, —log(¢) curves. Logically,
strain-rate dependence worsened as values for p, were
further away from the ideal value. Using various parame-
ter sets to determine pressure-dependence was also
applied by Van Breemen et al.®® They combined, though,
uniaxial compression data with indentation tests.

5.2 | True versus nominal strain rate

As mentioned in Subsection 2.3, both tensile and com-
pression tests were executed with nominal strain rates.
Generally, though, uniaxial compression tests are oper-
ated with a constant true strain rate.'®**>> By using nom-
inal strain rates, the true strain rate accelerates in
compression, while it decelerates in tension tests. This, of
course, causes differences in the experimental results.
However, using a constant cross-head speed during
experiments is, understandably, more straightforward
and easy to implement.

Figure 8 demonstrates, numerically, the differences
between applying a constant true strain rate (¢=1073
s 1) and a nominal one (¢ =103 s~ !). There is hardly
any influence up to the upper yield stress and well within
experimental error. This is also the case for a completely
rejuvenated sample, that is, S, = 0. On the other hand, it
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does start to affect from the yield stress on, resulting in
higher predictions of the lower yield stress and strain
hardening for a nominal strain rate. Furthermore, as can
be seen for the curves with G, = 0, that is, no strain hard-
ening, the nominal strain rate curve already intrinsically
shows some strain hardening. This makes it more diffi-
cult to determine the strain hardening parameter G,,
causing the need for iteration steps by trial-and-error.
Another clear disadvantage, also as a result of an acceler-
ating true strain rate, is that the nominal strain rate com-
pression tests are more prone to viscous heating.
Moreover, as was seen in the present study, viscous
heating will be more difficult to detect.

60 T T T T T T ——
Full model ABS @107 s
= 50 f
=
‘;‘ 40
173}
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[0}
2
P 20 H 1
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Absolute true strain [-]
FIGURE 8 Numerical absolute true stress/strain curves at

nominal or true strain rates. Model parameters as given in Table 4
[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Eyring model parameters for PMMA material
X vy AU, Tox Tox:
[-] [©m’] [kKImel '] [s7'] s
a 0238 3.80 399 6.73-10%  1.23.10%
0.428 2.8 103 5.81-102  2.68 - 10"
p 0 1.09 103 832.10"° —

TABLE 4 EGP model parameters

G K

for ABS magnum™ 8434 material [l\r/IPa] [MPa]
4 1860
Trep Ve
[X] [nm’]
296 2.86
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6 | CONCLUSIONS

A commercial grade ABS copolymer (Magnum™ 8434)
has been mechanically characterized over a range of
strain rates, both in uniaxial tensile and compression
tests. By measuring in two different loading geometries,
the influence of the hydrostatic pressure-dependence on
the deformation behavior of the material can be
established. This is an important aspect, since most poly-
mer components undergo a complex stress state in ser-
vice life, with both tensile and compressive stresses.
Hence, a quantitative prediction of the material's behav-
ior in both tension and compression is a significant
aspect to correctly and safely design a polymer product.

Various methodologies to determine hydrostatic
pressure-dependence of a polymer material have been
revised. Among others, the direct measurement of tensile
data under superimposed hydrostatic pressure. This is,
however, a rather complex procedure for which special
equipment is needed.”**”*® An alternative method to
determine pressure-dependence has been presented. It is
based on the observation that pressure-dependence mani-
fests itself due to the differences in the hydrostatic part of
the stress state under different loading geometries.®** It
takes the distinct strain-rate dependence for tension and
compression into account, i.e. the slopes of the o, —
log(&) curves. Results from the present study showed it to
be an effective technique.

Results for the ABS material showed thermo-
rheological simple behavior. A single molecular process,
represented by the a-relaxation mechanism, was suffi-
cient to capture excellently the deformation behavior
over the measured strain-rate range. The experimental
results in compression manifested viscous heating at the
two highest strain rates. A pressure-dependence parame-
ter pu, = 0.15 gives the best results to describe the experi-
mental data in tension and compression simultaneously
with a single set of model parameters.

The methodology using the different strain-rate
dependence in distinct loading geometries to determine
pressure-dependence was also successfully applied on a
material with thermorheological complex behavior. The
classical data of Bauwens-Crowet*' for a commercial

Ga, 1 'IO, a, 1, ref Ga, 2 'Io, a, 2, ref AUa 2
[MPa] [MPa s] [MPa] [MPa s] [kJ mol 1]
620 3-10° 100 3-1072 257
Ha So,a ro,nz rl,a rZ,a
[-1 [-1 [-1 [-1 [-1
0.15 5.4 0.99 50 -7

Data taken from Truss & Chadwick.’
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grade Poly(Methyl MethAcrylate) Perspex ICI (PMMA)
measured in compression and tension over a wide range
of strain-rates and temperatures could be remarkably
well described. It was illustrated that every molecular
relaxation process has its own pressure-dependence asso-
ciated with it.

Although the yield criterion (based on an Eyring-type
pressure-modified rate equation) is able to outstandingly
describe the yield stresses of ABS, it is unable to describe
the more complex three-dimensional stress state that
appear in a polymer component in service life. The fully
three-dimensional visco-elasto-plastic constitutive Eind-
hoven Glassy Polymer (EGP) model, on the other hand,
is able to quantitatively represent the large-strain defor-
mation behavior of this material. Therefore, this model is
also more appropriate to simulate a polymer component's
long-term behavior as it occurs under creep circum-
stances or due to fatigue, as was manifested by previous
research.'”*?

A methodology has been presented to mechanically
characterize a polymer material and determine model
parameters for both an engineering approach (a yield
criterion) and a full 3D constitutive model that includes
the resolution of the material's pressure-dependence.
Such measurements are a first step to conceive an ade-
quate engineering design framework able to deal with
multi-axial stress states. It will be suitable to determine
the large-strain mechanical response in Finite Element

simulations for the development of polymer
components.
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