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Résumé — Caractérisation expérimentale** et modéisation du comportement mécanique uniaxial
du polypropyléne avant striction — Des essais mécaniques ont été menés dans le domaine de la pré-
striction d'un polypropyléne (PP) afin de caractériser son comportement mécanique. Ceux-ci ont permis
de distinguer le comportement viscoélastique du comportement viscoplastique. Des outils développés
depuis longtemps pour I’ é&ude des métaux ont €té employés afin d’ examiner I’ effet des hétérogénéités sur
les différentes caractéristiques du comportement viscoplastique du polymeére. Des dével oppements parti-
culiers ont été nécessaires pour adapter ces méthodologies au PP. La partition de la contrainte macrosco-
pique initialement introduite par Cottrell a permis de distinguer la contrainte effective associée ala phase
amorphe de la contrainte interne, de sorte que les interactions entre les lamelles cristallines et la phase
amorphe soient prises en compte.

Lamodélisation du comportement viscoél astoplastique du PP est effectuée sur la base de la partition dela
déformation totale en une déformation viscoé astique et une déformation viscoplagtique. Le modél e rhéo-
logique de Zener sert de point de départ & la description du comportement viscoélastique. La modéisa
tion viscoplastique repose, quant a elle, sur la caractérisation du comportement en termes de contrainte
effective et de contrainte interne associée a des incompatibilités de déformation.

** Un article consacré a la caractérisation expérimentale du comportement mécanique uniaxial du polypropyléne a été publié
en janvier 2001 dans larevue Polymer Engineering and Science [7].

Abstract — Experimental Characterization** and Modeling of the Uniaxial Mechanical Behavior of
Polypropylene before Necking — Mechanical tests were performed in the pre-necking domain of
polypropylene (PP) to characterize its mechanical behavior. Test results have digtinctly characterized
both its viscodlastic and its viscoplagtic behavior. The usual approach to studying metals was adopted to
investigate the effect of heterogeneities on the different features of the viscoplastic behavior of the
polymer. Particular developments were necessary to adapt these methods to the semicrystalline
polypropylene. By the macroscopic approach initially introduced by Cottrell, the macroscopic stress was
split into an effective stress and a back stress so that the interactions between the crystalline lamellae and
the amor phous phase could be taken into account.
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The modeling of the viscoelastoplastic behavior of PP is described by using the partition of total strain
into a viscoelastic strain and a viscoplastic strain. The rheological model of Zener was used and
improved with the experimental observations to model the viscoelastic behavior. As for viscoplastic
behavior modeling, it's based on the characterization of the mechanical behavior in terms of effective
stress and back stress associated with incompatibilities of deformation.

** A paper entirely devoted to the experimental characterization of the uniaxial mechanical behavior of polypropylene was published in
January 2001 in Polymer Engineering and Science [7].

INTRODUCTION

Polymers are an integral part of our daily life. In areatively
recent economic analysis[1], a new classification of polymer
products according to their life span is proposed. They can be
classified into three parts:

— disposable products intended to disappear before one yesr;
— durable goods intended to last, used between one and

twenty years,

— infrastructures whose life span is superior to twenty years.

This analysis forecasts an increasing world production of
polymers in the future years as well in industrial countries as
in developing countries. In particular, the semicrystalline
polypropylene (PP), which is mainly used at present for con-
veniences, would head the list of polymers employed for
semitechnique applications in twenty years. The perfor-
mance, the cheap cost and the lightness of this thermoplastic
would be the assets of its promising future. It is therefore
important to develop congtitutive equations able to describe
the behavior of this kind of semicrystalline polymer (SCP)
under different loading paths in order to improve the struc-
tural design.

The mechanical properties of SCPs strongly depend on
their processing techniques and on the resulting microstruc-
tural morphology. Although numerous studies deal with the
mechanical behavior of these biphased materials, their mech-
anisms of deformation are not well-understood and severa
points are gtill obscure; in particular, the role of the interface
between the crystaline and the amorphous phases during the
deformation, the interactions between the two phases, the
role of the crystalline phase during the plastic deformation,
etc. Moreover, heavy and devoid of physical meaning
expressions are often necessary to take the viscosity inherent
in these materialsinto account in models. (b)

In this paper, the uniaxial mechanical behavior of PP is Figure 1
first analysed with suitable mechanical tests. Tools specific to
metals are employed to characterize the heterogeneities of the

Microstructural observations of the studied polypropylene.
(8): scanning electron micrograph showing general view of

biphased material. Based on these considerations, a mode is the spherulitic morphology in the midthickness of an unde-
then proposed to describe the mechanical behavior of PP formed PP plate, view perpendicular to extrusion direction.
under afew loadi ng paths [2] (b): a SFM image (3 x 3 um, nanoscope |11 in tapping mode)

. .. . obtained on the midthickness of an undeformed PP sample:
The studied domain in terms of deformation concernsthe observation of the crystalline structure,  : extrusion

small strain domain, and especialy the pre-necking domain. direction, z-range (amplitude-range) = 0.15 V.
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Numerous papers deal with the mechanical behavior of
highly strained SCPs whereas polymers are in most cases
subjected to small gtrains.

1 POLYPROPYLENE: A SEMICRYSTALLINE POLYMER

Plates of polypropylene were manufactured and processed by
extrusion by the MPS firm (1SOSUD): their thickness is
equal to 4 mm [2]. This thermoplastic presents a spherulitic
morphology where live together a crystalline phase and an
amorphous phase (Fig. 1a). Microstructural observations
have shown that the studied PP presents a homogeneous
spherulites size only in 60% of plate thickness: the average
spherulite size is 35 um in the core. However, no significant
distorsion of their shape possibly caused by the processing
techniques was noticed.

The degree of crystalinity of PP was evaluated at 40%
with a differential scanning calorimetry (DSC) using a
Setaram instrument operating a heating rate of 5°C minL. PP's
glass transition temperature (Tg) was determined at 281.7 K
by dynamic mechanical analysis (DMA) using a Perkin
Elmer instrument: the amorphous phase is therefore in a
rubber-like state at room temperature.

The analysis of diffraction peaks obtained by X-ray
diffraction patterns of the core sample has reveded that the
crystalline fraction of PP is composed entirely of the mono-
clinic a-form. Photo on Figure 1b achieved with scanning
force microscopy (SFM) on initially etched [3] PP sample
reveals the complex lamellar structure of the crystalline
phase: Figure 1b mainly shows the radial lamellae which
appear as bundles of lamellae, and “daughter” lamellae
joined up to radial lamellae seem to be detected.

Moreover, the examination of the crystalline texture with
a X-ray diffraction goniometer shows a very dlight initial
anisotropy caused by the orientation of (040) planes[2].

The morphology of the studied semicrystalline polypropy-
lene is consequently relatively homogeneous in spite of its
industrial origin.

2 VISCOELASTOPLASTIC BEHAVIOR
OF POLYPROPYLENE BEFORE NECKING

Viscoelastic behavior has only been admitted in the
pre-necking domain of SCPs for a long time. Occasionally,
plasticity has just been suspected to explain the difficulty of
viscoel astic models to predict the behavior of polymersin the
small strains domain [4-6].

In this study, convincing mechanical tests were therefore
performed to characterize properly the behavior of PP before
necking [7]. Tensile loading tests determined that necking
occurs at about 11 x 102 strain level.

2.1 Evidence of the Viscoelastoplastic Behavior
of Polypropylene

| so-type specimens were manufactured in extruded plates of
PP, the longitudinal axis corresponding to the direction of
extrusion (*0°” direction). The tests were performed at room
temperature with an electromechanical tensile machine
INSTRON 4505. The strain rate € used is equal to 8 x 10°
s this relatively dow strain rate was chosen because vis-
cosity expresses more itself for any slow €.

The characterization of the behavior of PP was simply
achieved from loading-unloading-recovery mechanical tests.
This kind of tests consisted in loading the material with a
congtant strain rate up to astrain level €. Then, at €, (whose
corresponding stress is g, ), reversal loading is applied up
to zero stress. As soon as the stress reaches zero, the evolu-
tion of the strain with timeisfollowed.

Three types of behavior were observed in the pre-necking
domain of PP. Hysteresis phenomenon appears at very low
grain levels (Fig. 2a). As g, rises, strain level plotted a the
end of ingtantaneous unloading, €, is different from zero,
but is completely recovered in time (Fig. 2b). For higher €,
€. ISonly partially recovered in time (Fig. 2c): the stabilized
strain level determined with a strain rate offset of 108 st is
called permanent strain (€,,q,,)-

The complete recovery in time of g, for low g, implies
that the material first presents a viscoelastic behavior. The
detection of € . shows that the materia presents a visco-
plastic behavior. The studied polypropylene therefore presents
a viscoelastic behavior (Stage 1) preceding a viscoplastic
behavior (Stage Il). The transitional strain between both
stages was accurately eveluated at €, = 1.5 + 0.3 x 102 from
severa loading-unloading-recovery tests and noted ¢,
the corresponding stress vaue, for the strain rate studied, is
16 = 2 MPa (Z). In the following sections, plastic strain
expression is employed to designate permanent strain.

2.2 Effect of Processing Techniques
on the Dimension of the Viscoelastic Stage

The effects of processing techniques on the dimension of the
viscoelastic domain were studied because of the industrial
origin of the polymer [7]. Loading-unloading-recovery tests
were then performed on specimens whose angle between
their longitudinal axis and the extrusion direction was
equal to 45° (“45°" direction ) and 90° (“90°"direction). As
illustrated in Figure 3a, thereis no significant effect of the ten-
sile axis direction on the macroscopic stress vs strain results.
The close examination of the different tests led to the
determination of the limit of viscoelagticity in terms of stress
(2 and gtrain (g,,,) in the “0°”, “45°” and “90°” directions.
Figure 3b shows that the deviation of the tensile axis from
the extrusion direction results in an important increase of the
viscodlastic strain domain. The dight initial anisotropy of the
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representation.

material may be at the origin of this result. For the following
tests, precautions were therefore taken to manufacture speci-
mensin the same “0°” direction.

Asaremark, the effect of macroscopic strain rate was also
studied [7]: it was shown that %, and €, do not appear to be
very sensitive to the macroscopic strain rate in the range
studied.

3 EFFECT OF TIME ON THE MACROSCOPIC STRESS
OF THE BIPHASED MATERIAL

The tensile behavior of polypropylene was also anaysed in
terms of thermal (or viscous) and athermal (or elastoplastic)
stresses through relaxation tests (loading and unloading strain
raeis8 x 10°s™0).

3.1 Stress Analysis Resulting from Relaxation Tests

For this sort of tegt, the strain level €, reached at the end of
forward loading is held for 24 h so that the macroscopic
stress presents a steady state (6 < 3.6 x 102 MPa h).
Reversa loading is applied after this relaxation phase.

Figure 4 shows the first decrease of stress with time
during the refaxation test then its stabilization. For a given g,
the stabilized stress level is called o, and the difference
between o, and g, corresponds to the stress that is affected
by viscosity (o,). Macroscopic stress is therefore divided into

30 True stress (MPa)

Omax [~ ===~ >

0(f) - Opmax (MPa)

€= 4.88 X 102

-12 £,= 6.77 102
-14 I L I . ) ) | £=810x102
0 40 000 80 000
Time (s)
Figure 4

Experimental results of stress relaxation tests. Tests were
conducted with loading up to &, with a strain rate equal to
8x10°5s1[7].

thermal stress g, and atherma stress @,,. The two components
first rise quickly againgt €, (Fig. 5), but with a higher slope for
0,. Then, from a strain level which corresponds to €, 0,
Stabilizes a 12.5 MPa until necking occurs, whereas o, tends
towards 16 MPa.
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True stress (MPa)
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Figure5

Athermal stress, g,, and thermal stress, o, vs €. Values
resulting from relaxation tests[7].

3.2 Evolutions of 0, vs £, and o, vs ¢, at the Root of
the Viscoelastic Modeling of Polypropylene

The partition in Stage | of the multiphased polymer’s macro-
scopic stress into an athermal stress, 0,,, and a viscous stress,
0, gives the basis of a viscoelastic model. The relaxation of
macroscopic stress can be associated with the relaxation of
the stress in the amorphous phase of the polymer whose
macromolecules are “free” to move at room temperature.
After the stabilization of the relaxed stress, the stress level
corresponds to the athermal stress associated with the crys-
talline phase of PP.

This experimental characterization therefore leads to
model the viscoelastic behavior of PP from a rheological
model where the stressin the crytalline phase (0,) is paralel
to the stress in the amorphous phase (o). The elastic behav-
ior of the hard phase and the viscous behavior of the soft
phase therefore involve to use the classical rheological model
of Zener [8] asa starting point (see Section 5).

3.3 Mechanical Behavior of PP in Stage II

When permanent strain is detected (in Stage 11), the relation
between the mechanical response of the SCP and its
microstructural morphology is more complex. In this work,
a method initially introduced for the study of metals at
T<05T, (T, corresponds to the melting temperature) is
used in an attempt to analyse in details the interactions
between the different phases at the origin of the viscoplastic
behavior of PP.

4 CHARACTERIZATION OF THE VISCOPLASTIC
BEHAVIOR OF THE MULTIPHASED MATERIAL

The notions of effective stress (0,;) and back stress associ-
ated with long-range interactions (X) are usually used in

metals to improve the understanding of their plastic strain
mechanisms[9-12].

4.1 Stresses Analysis from a Method Initially
Introduced for the Study of Metals at T<0.5 T

Inmetasat T < 0.5 T, it has been shown that the macro-
scopic stress (0,,,,,) can be divided into a macroscopic effec-
tive stress (0;) associated with short-range interactions and
macroscopic back stress (X) associated with long-range inter-
actions at the origin of the plastic strain [13-15]. In previous
works, the internal stress has been used to refer to the stress
associated with long-range interactions.

The macroscopic effective stress is the mechanical stress
locally necessary (short-range) to permit didocations to clear
the barrier of energy associated with located obstacles then to
move. As for the back stress, this macroscopic component
results from long-range interactions emerging from physical
phenomena. The local and no polarized nature of o gives
this component an isotropic character (isotropic hardening
defined by a scalar); whereas X has a tensorial definition
because of its polarized nature (kinetic hardening defined by
a tensor). In the stress space, X therefore corresponds to the
tranglation of an elastic domain which o represents the
radius of.

The determination of X and o corresponding to a plastic
strain level can be achieved with the method of Cottrell [10].
To determine the location and the size of the elastic domain,
this method requires the plagtic straining direction reversal:
the reverse yield stress (g,) is smaller than the yield stress
(o) measured during the forward loading (Bauschinger
effect). At the beginning of the plasticity reversal, the back
stress assists the applicated stress which has already been
reversed. At the maximum macroscopic stress o, back
stress associated with long-range interaction opposes to the
applicated stress. The stress level at the end of forward load-
ing can therefore be expressed as the sum of back stress and
effective stressin the following way:

1
O et :E(cmax _cr) and X = Omax ~ O @

The accurate determination of the linear elastic domain
from the apparent elasticity modulus allows therefore the
measure of o4 and X.

4.2 Stresses Analysis of Polypropylene in Terms
of Effective and Back Stresses

The previous stress partition, proposed by Cottrell [10], pro-
vides a method to measure effective stress and back stress
associated with plastic strain heterogeneities caused by the
studied material’ s multiphased structure,
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When the material first presents linear elagtic behavior, it
is easy to obtain areverse yield stress value with the help of a
plastic strain offset. However, PP initiadly behavesin a no
linear elastic way (Fig. 2). In the present work Cottrell’s
method was modified to establish the evolution of the SCP's
viscoelastic domain from the hysteresis loop of loading-
unloading tests. For a loading (up to g,)-unloading test, the
diameter a of the viscoelastic domain is obtained from the
superimposition of the corresponding unloading curve on
the viscoelastic unloading curve provided by a loading-
unloading test performed up to €, = ¢, [7]. With this method,
the apparent effective stress o, and the apparent back stress
X are defined asfollows:

a (of
ceff=5 andX:O-maX_E (2)

This modified Cottrell’s method was then applied to a set
of loading-unloading-recovery tests performed at € =
8x10°stand € = 1.6 x 103 s%. The corresponding o vs
g, and X vs €, evolutions are reported on Figure 6.

o fals at the beginning of the viscoplastic domain,
whereas X increases markedly. From g, = 6 x 1072, 04
stabilizes at a few MPa, whereas X tends towards 27 MPa
for € =8 x 10° s andtowards 32 MPafor € = 1.6 x 103s™,
The softening of o would result from an easier viscoplastic
flow in the amorphous phase of PP, while the hardening of X
could be attributed to an increase in plastic strain incompati-
bilities caused by the behavior of the different phases
(amorphous and crystalling) present in the material.

An important effect of strain rate can be noticed on the o
vsg, and X vs €, evolutions: the higher € is, the more quickly
X increases and o falls. These last results highlight the
necessity to attribute a therma component and an athermal
component to g and to X. The thermal component of
macroscopic stress depends on strain rate which is not the
case of the ahermal component. In metal alloysat T<05T,,
such a distinction between therma and athermal stress has
aready been made by Dickson and coworkers [12] who dis-
cussed Cottrell’s method in detail.

For PP, note that relaxation tests permit the evaluation of
the sum of the thermal components of o, and X from the
viscous stress relaxed during this kind of tests. Moreover, the
sum of the athermal components of o, and X can be
determined from the stabilized stress level o, at the end of
relaxation. A good estimation of o' and Xa" can therefore
be obtained from the rel axation tests.

The evolutions of the atherma components of apparent
effective stress (ogg‘) and the atherma components of back
stress (X@") against €, were obtained from the application of
the modified Cottrell’s method to a set of loading-relaxation-
unloading tests (Fig. 6).

As shown in Figure 6, no values of athermal components
of effective and back stresses are reported for small strain
values: g and X" can only be measured for low 03" (i.e.
for high €,) because there is no compression after unloading.
Consequently, for the beginning of the viscoplastic domain,
o evolution was approximated as the evolution of g, from
the loading-unloading tests performed at €= 1.6 x 103 s7[7].
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As illustrated in Figure 6, the athermal component of 0
decreases markedly and stabilizes at about 2 MPa. From the
evolution of o vsg,, X" vse, isobtained as follows:

xah =g, —gdn ©)

The athermal component of X increases from the begin-
ning of Stage 11 then tends to saturate at about 14 MPa

This analysis of the stresses evidences that macroscopic
stress mainly originates in incompatibilities of deformation
caused by the multiphased morphology. In addition, back
stressis much more strongly affected by viscosity than effec-
tive stress.

4.3 Evolutions of Back Stress and Effective Stress
vs €, at the Root of the Viscoplastic Modeling
of Polypropylene

Out of the viscoelagtic domain, the SCP presents permanent
strain during the recovery time. Tota strain can therefore be
expressed as the sum of a viscoelagtic strain (g,) and a vis-
coplagtic strain (svp):

e=g, *g, ©)

On the assumption that this strain partition is correct, the
different components of macroscopic stressin Stage |l partic-
ularly depend on their corresponding viscoplastic strain.

For €, higher than the limit of viscoelasticity ¢, the
experimental measure of the corresponding €p value can
only be performed at the end of relaxation tests when the
relaxed stress levd is stabilized (see Section 6.1).

It is unfortunately not possible to determine experimen-
taly the €p value corresponding to €, reached at the end of
forward loading tests. In this case, the evaluation of €, , corre-
sponding to a given strain level can only be achieved from
the response of a viscod astic model; hence the importance of
the development of a model able to predict the mechanical
response of PPin Stagel.

5 MODELING OF THE MECHANICAL BEHAVIOR
OF THE SEMICRYSTALLINE POLYPROPYLENE
IN STAGE |

As shown in Section 3.2, the classical rheologica model of
Zener (Fig. 7a) can be used to model the viscoelastic behav-
ior of a biphased material whose structure is divided into a
hard phase (whose corresponding stress is ¢,) and a soft
phase (whose corresponding stressis g, ).

= C2 vi (5)

do, . Ode, o,0

a - CHa n ©

The gtiffness of the spring which represents the crystalline

phase behavior of PP is directly deduced from the linear o,

Vs g, evolution provided by the relaxation tests. As for the

amorphous phase of PP, its viscous nature has led to model

its behavior from a spring in series with a dashpot
(Maxwell’s mode!).

(b)

Ci €,0,
Cy €2, 0, Ev
"], 83! 0_v

Cp, €4, XIN j £, oea#h €up
Np & X Xath
8,'0'
Figure 7

Modeling of the viscoelastoplastic behavior of polypropylene.
(a): viscoelastic unit: Zener’'s rheological model. (b):
viscoplastic unit.
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Tensile tests performed on PMMA at T = 130°C (T > T).
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5.1 Description of the Amorphous Phase
Viscous Behavior from Maxwell’s Model:
an Assumption

To check that the amorphous phase behavior of PP can be
modeled from Maxwell’s model, mechanical tests were
performed on a 100% amorphous polymer at T > Ty Tensile
tests were conducted on iso-type specimens of PMMA (poly-
methyl methacrylate) at 130°C in a crosspiece shifting rate
range contained between 5 and 10 mm/min. Figure 8 shows
that the initial dope of the load vs displacement curves are
not affected by the gtrain rate. This would tend to prove that
the rubber-like amorphous phase behavior can be modeled
from a Maxwell’s model whose spring stiffness C, does not
depend on €. Only the dashpot viscosity coefficient depends
onE.

Concerning the viscodastic modeling of PP, the value of
C, can therefore be obtained from the initiad slope (C, + C))
of the experimentd tensile tests curves (ce(p, se(p).

5.2 Material Viscosity Coefficient n of Polypropylene

The evolution of this parameter was achieved from the
experimental stress-strain results of forward loadings at
different strain rates: the n, €, and €, experimental values
were determined from (o, Eexpr €) experimental data and
the values of C,, C,. Figure 9 shows that the material’s
viscosity coefficient n does not only decrease against the
dashpot strain rate €, but depends on the total strain rate €
too. These experimental n vs €, evolutions reveal the
non-Newtonian viscosity of PP.
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Viscous stress vs true strain for a loading-unloading test
performed upto g, = 1.3 x 102withe= 1.6 x 103 s,

(a): superimposition of the response of the modified Zener's
model. (b): superimposition of the response of the modified
Zener's model where C, was revaluated at the strain reversal.
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Zener's modd is therefore able to mode the viscoelastic
behavior of the material providing that a function can
describe the material viscosity whatever the macroscopic
strain rate and the reached strain level: such a function was
established asillustrated by Equation (7). In the studied strain
rate range, the materia viscosity n can be formulated as:

g“ [&4] + 3x107° SE
&4 IZI

(& +3x107®

% [&4] +3x107° 3><10'5E
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It's important to note that all the parameters of this dual
exponential function are determined by interpolation of
n x B,0°vs @ ,E ,0with Igor Pro application program so
that the exponent ne permits the curves for the two extreme
strain rates to be superposed.

As shown in Figure 10a, the modified Zener's Model with
an elaborated n expression reproduces stress-strain curves
well for the constant loading rate condition. However, this
model is not suitable for unloading path because the pre-
dicted unloading is more rapid than the experimental curve.

5.3 Modeling under Unloading Condition

According to Popelar et al. [4], one of the most severe tests
of an anelastic material model is its ability to predict unload-
ing. It isto be presumed that modeling the unloading of SCPs
is rather difficult because of the weak number of works
which deal with this subject. Popdar et al. [4] seem to belong
to the few authors who are concerned with the unloading
modeling: their analysis generally overpredicts the stress dur-
ing the early stages of loading, then, during unloading, the
predicted stresses are less than the measured vaues and the
beginning of unloading is too tiff. Moreover, the o(€) func-
tion they employed is different according to the sign of €.

It would therefore seem that the deformation mechanisms
depend on the direction of loading path; which leads us to
consider that the loading path acts on the stiffness C, of the
amorphous phase. The origin of the C, decreasing evolution
is rather physic. Let us consider a few macromolecules in a

disturbed state in amorphous phase; it's easy to understand
that the stretch of these chains results in a stiffness decrease
of the whole. Consequently, these physical considerations
would involve the evolution of the amorphous phase stiffness
C, throughout the test.

In this paper, the revaluation of C, (C, ) is achieved at the
loading path reversal considering the elastic nature of an
equivalent material’s total deformation. The amorphous
phase gtiffness after the reversal therefore depends both on
the strain level €, and the viscous stress stored during the for-
ward loading:

Cy = o,(e) )
€t

Figure 10b better shows the prediction of unloading test
from the revaluation of the amorphous phase stiffness.

As shown in Figure 11, the viscoelastic model permits to
correctly predict the mechanical response of PP under load-
ing-unloading-recovery tests for different strain levels and
strain rates.

6 MODELING OF THE MECHANICAL BEHAVIOR
OF THE SEMICRYSTALLINE POLYPROPYLENE
IN STAGE i

In Stage 11, PP's behavior modeling is based on the stresses
analysis performed from Cottrell’s method (see Section 4).
Macroscopic stress is divided into thermal and athermal
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Figure 11

Viscoelastic model predictions.
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(a): loading-unloading-recovery tests: € = 8 x 105 st (g, = 1.3 x 10?) and € = 1.6 x 102 s (¢, = 0.8 x 102 — 1.3 x 10?). Superposing of the

corresponding response of the viscoelastic model.

(b): loading-rel axation-unloading-recovery tests: strain rates of the loading and unloading paths € = 8 x 10° s (g, = 0.5 x 0?). Superposing

of the corresponding response of the viscoelastic model.
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components of back stress and effective stress (Fig. 7b). The
thermal component of effective stress is not represented on
Figure 7b because its quantity is negligible by comparison
with the others.

6.1 Evolutions of the Athermal Components of Back
Stress and Effective Stress vs ¢,

The athermal back stress and athermal effective stress are
respectively expressed as kinetic and isotropic hardening
laws dependent on their corresponding viscoplastic strain:

dx*" =C, de, + yx(hp - Xath)|d€vp| ©

o =b (0, - q-o)|dep| (10)

This one was deduced from the stabilized relaxed stress
0,: &, = & —0,/C,. Parameters C,, y,, h, b, 0, and g of these
laws were determined from the experimental X@h vs €p and
o3 vse,, evolutions (Fig. 12a).

Figure 12a shows that the viscoelastic limit Z is the sum
of h, (from X*") and o, (from o). Values of h and o, were
obtained from a numerical way; the limit of viscoelasticity
should also be investigated in compression to conclude on
the decentring of theinitial viscoelastic domain.

6.2 Evolution of the Thermal Component
of Effective Stress vs ¢,

The evolution of the viscous part of effective stress
ogf‘f VSE,, is described from atype Norton’slaw. In thissm-
ple version of viscoplastic law, the equipotential surfaces of
stresses space are any puissance functions of the viscous part
of the stress [16]. In this paper, the viscoplastic strain rate
(evp) is expressed from asfollows:

. o — (xah + x| —gand" 1
Svp:EI ( ) of sgn(o—(xath+xth))( )
K 0
or.
. 1Un’
ol =K(&,p) (12)

The two parameters K and n' were not deduced from the
experimental data; they were evaluated with the SiDoLo
application program [17], whose main functions are to iden-
tify and optimize parameters of models.

6.3 Evolution of the Thermal Component of Back
Stressvs €,

As for the X" vs € evolution, the viscous nature of this
thermal back stress led to also use Maxwell’s model as
O, VSE,:

20
Xah=h + Ex 1 —exp(-
16 - =hyty- [1—exp(-Y,&,p]
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A Xt =G Oy (8= 1.6 x 103 571
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Figure 12
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Determination of the parameters of the viscoplastic unit. (a): determination of the parameters of the kinetic and isotropic hardening laws.

(b): Xt vs €, evolutions for £€=8x10°stand 1.6 x 103sL.
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dxth [de,, xth0
— =COo — O (13)
at PO dt Np O

By analogy with the viscoelastic unit (Section 5.3), the C,
parameter is revaluated when the viscoplastic strain rate €
becomes negative (t,, instant), that is to say at the beginning
of the reversal viscoplastic domain. The revauated CP (Cpu)
is obtained considering the elastic nature of an equivalent
material’ stotal viscoplastic strain:

_X0(t)
- sz (t pu)

6.4 Viscosity Coefficient n, of the Viscoplastic Unit

(14)

Viscosity coefficient N, of the viscoplagtic unit is expressed
asn (Eq. (7)):

[e4]+10°® 1065 % e4|+107°8
h: — hzex — heeX e
s p@ R g PH R Do)

. (tal+2079"

The different parameters of n . are determined from the ex-
perimental X" vs €y, evolutions obtained for €=16x103s?
and €= 8 x 10° s At €= 1.6 x 103 s1, X" was directly
deduced from the difference between the apparent back stress
X and the athermal part of back stress X&" because the appar-
ent effective stress values are close to the athermd effective
stress values at this strain rate [7]. However, for the lowest
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Figure 13

Viscoelastoplastic model predictions. Loading-unloading-
recovery tests: €=8x 105s? (g,=4.9 x 102-8.6 x 10?)
and€=16x10°s? (g, =3.9x 102 -6.8 x 102-95 x 102).
Superposing of the corresponding response of the visco-
elastoplastic model.

gtrain rate (8 x 10 s7), it is not possible to distinguish the
thermal components of effective and back stresses; X" was
therefore approximated by g,. As for the viscoplastic strain
values corresponding to X" values, they were evaluated from
the viscoelastic model as follows: €, = ¢, — €M, where
gmodd s the strain response of the viscoelastic modeling.

The initid common dope of X! vs € evolutions alows
the determination of the C_ parameter (Fig. 12b). The differ-
ent parameters of N, in tﬁe studied strain rate range were
obtained by |nterpolat|on ofn,x @ P vs 8, 0E Oso that
the exponent np permits the curves for thetwo extreme strain
rates to be superposed.
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Viscoelastoplastic model predictions. Loading-relaxation-
unloading-recovery tests: strain rates of the loading and
unloading paths € = 8 x 10°s?(g, =5.8 x 10281 x 1072).
(a): 0 — € experimental evolutions. Superposing of the
corresponding response of the viscoelastoplastic model.

(b): o —t experimental evolutions. Superposing of the
corresponding response of the viscoel astoplastic model.
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It can be noticed with the experimental loading-unloading
curves that loading curves are much more affected by viscos-
ity than unloading curves: which means that the viscosity
coefficient is more important during unloading. A difference
of the dlipping way between loading and unloading path may
explain this feature. The viscosity coefficient n, must there-
fore be modified for unloading path. In order not to introduce
an additiona function, the exponentia term responsible for
the quick decrease of n_ was arbitrarily removed from the N,
function for unloading test.

It is not necessary to perform this change on the ) function
of the viscoelastic unit because the evolution of viscosity
in viscoelastic domain is aways weaker than the evolution of
viscosity in the viscoplastic domain (in particular when
the strain level reached at the end of forward loading is
important).

In Figure 13 and Figure 14, the superimposition of the
response of the viscoelastoplastic model on experimental
results of loading-unlaoding-recovery tests and loading-
relaxation-unloading-recovery tests shows that the elaborated
model is able to predict this sort of tests for different strain
levels. Asfor the prediction of unloading path, improvements
could be brought to the mathematic modd to take the discon-
tinuity of deformation at the strain reversal into account: this
discontinuity is al the more important since the strain rate is
high. The parameters employed for PP are presented in
Tablel.

TABLE1
Values of the parameters employed in the viscoel astoplastic model

Values

830
790
52.60
28.10
-0.52
21.30
-0.48
0.82
23.35
16.91
-0.51
6.38
—2.61
0.94
1050
335
40
6.9

Parameters
C
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CONCLUSION

Some uniaxial mechanical tests have permitted to revea the
presence of a viscoelastic domain, then of a viscoplastic
domain in the pre-necking domain of PP. Plasticity was thus
evidenced before necking. The viscoplastic domain was more
precisely characterized from approaches devel oped in metals.
The influence of time on the mechanica behavior of the SCP
was also studied to take the viscosity of the material into
account.

An uniaxial model based on the characterization of the
viscodlastoplastic behavior of PP was developed to predict a
few loading paths before necking. The emphasis was particu-
larly placed on the unloading prediction. The proposed model
permits to correctly predict loading-unloading tests and load-
ing-relaxation-unloading tests for different strain levelsin a
range of strain rates.

In the short term, the revduation of the amorphous phase
stiffness C, is planned to be generalized throughout the
loading path, and no longer in a selective way. Moreover,
the model has to be tested under other kinds of paths:
for example, under tests with some leaps of strain rate,
under tests with several loops of loading paths as loading-
unloading paths or loading-unloading-recovery paths. In
the longer term, the uniaxial model will be extended in 2D
from a study of the SCP behavior under multiaxial
mechanical tests in order to insert it in a computer code;
the aim being to predict the behavior of composite
structures composed of a PP matrix.
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