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1 INTRODUCTION AND OBJECTIVES

Polypropylene (PP) is a highly versatile material offering a wide range for 
modification and in its performance profile and with cost advantages. PP is
available not only as homopolymers or copolymers but also in form of blends and 
compounds, being tailored to particular applications. Through physical or chemical 
blending with numerous different materials, multiphasic compounds can be 
generated. Compounding broadens the property range of the neat PP and yields
additional or enhanced properties for special applications [Karger-Kocsis, 1995;
Moore, 1996]. 

To meet the increasing requirements for material performance, diverse fillers are 
used to improve certain properties of the neat PP and consequently to enlarge its 
application extent. Typical fillers for polymeric materials are natural organic
materials such as wood, cloth and inorganic minerals like chalk or talc, and glass,
carbon and so on. Compounding is a procedure of mixing of constituents (fillers
and matrix materials) into a heterogenous or homogenous blend [Karger-Kocsis,
1995; Moore, 1996; Wypych, 1999]. The components are commonly dry-mixed,
melting processed and then followed by extrusion or moulding of the mixture.
Generally, we distinguish between physical and chemical blending. The 
convenience of physical blending in terms of both composition development and 
industrial production makes it a prominent processing approach. 

The elastomers are known as hyperelastic polymeric materials with lower stiffness 
and glass transition temperature, and are widely used as modifiers for toughening 
of polymers (commodity polymers like PS, PVC, PE, PP). A modification of PP with
elastomers improves low temperature behaviour and impact resistance, while 
maintaining the mechanical properties of PP at the same time [Moore, 1996; Van 
der Wal et al., 1998 and 1999]. 

However, PP-elastomer compounds are of great complexity because the two 
constituents are principally immiscible even in the molten state [Utracki, Dumoulin 
and Karger-Kocsis, 1995]. The component properties and the processing have to
be studied scientifically in the product design to achieve the desirable end-use
quality. Therefore coupled with experimental testing the computational simulation
has been employed instead of carrying out time or cost intensive testings and 
enables unlimited research work of material engineers and designers. 

This work is a part of the research project carried out in cooperation by the Borealis
Austria GmbH (Linz, Austria) and the Polymer Competence Center Leoben GmbH
(PCCL, Leoben, Austria), where it is attempted to predict the composite properties
by means of simulation in the software DIGIMAT [Gastl, 2008] based on 
information on the characteristic values of both constituents and compounds from 
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monotonic and dynamic mechanical experiments and study of the micro 
morphology.

In this work, experimental tests results of both constituents and compounds of an 
elastomer filled PP with two different filler volume fractions are presented and
discussed. Furthermore, some simulations were performed under simplified 
conditions, as the preliminary approach of exploring the availability and the 
constraint of the simulation and modeling in design of PP composites.
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2 BACKGROUND 

2.1 Introduction to modification of Polypropylene (PP) 
Polypropylene (PP) is a semicrystalline thermoplastic viscoelastic material.
Isotactic polypropylene (iPP) has a density, , of around 0.9 g/cm³ at 25 °C, a 
tensile modulus, E, about 1600 MPa at 25 °C, a glass transition temperature, Tg, of 
0 °C, and a melting temperature, Tm, about 165 °C [Saechtling, 1995]. Due to its 
excellent cost-performance ratio, PP has been supplied extensively as commercial 
and engineering material for decades. In addition to its conventional applications,
diverse PP based copolymers, terpolymers and composites have been developed 
to extend the useful property range of PP. Wypych introduced a variety of fillers
and their properties, effects and processing techniques [Wypych, 1999]. In the 
following sections some important and most frequent used fillers for reinforcement
of polypropylene will be briefly summarized. 

2.1.1 Deformation characteristics of neat polypropylene - the matrix
The material microstructure of PP and the load conditions, including the 
temperature, the rate, the mode and amplitude of the load, the environment and the 
specimen configuration are basic factors that influence the deformation and failure
behaviour of neat PP. Two modes of irreversible microdeformation are commonly 
observed in a polymeric material, namely the shear yielding and the craze
formation [Narisawa, 1999; Van der Wal et al., 1999]. The two mechanisms occur 
alternatively or more often simultaneously with one of them as dominant.
Depending on which of them will be promoted by the loading magnitude, loading
rate, temperature and the material composition, the material fails macroscopically
in a brittle or ductile manner. 

Crazing is generally considered to be caused by normal forces or stresses. The 
appearance of brittle breakage of material has its origin in crazing, where
molecules will be stretched in direction of local stress (Fig. 1 (a)). A craze consists
of micro fibrils and voids. The fibrils bridge the two inner surfaces of a craze, and a 
crack will be ultimately produced, if the fibrillous strands are broken with increasing
elongation parallel to the stress direction. The formation and growth of crazes
contribute to energy absorption. Once the critical size and amount of micro crazes
have been reached, the material fails in a catastrophic way. As a consequence,
brittle fracture surface of material will be shaped [Birley et al., 1992; Moore, 1996;
Strobl, 1996]. 

Another competitive deformation mechanism to crazing is the more desirable shear
yielding. Shear bands occur on a plane of maximum resolved shear stress, that is 
at 45° to the main stress (Fig. 1 (b)). Compared to craze yielding, shear yielding 
does not induce change of the material volume. Ductile deformation of unfilled 
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polymers under load corresponds usually to the formation of shear bands, thus 
shear yielding is a favorable flow of material in practice [Birley et al., 1992; Moore,
1996; Strobl, 1996]. The craze and shear yielding of polymer molecule chains are 
illustrated in Fig. 1:

Fig. 1: Deformation mechanisms in polymers: (a) craze yielding (b) shear yielding 
(with reference to [Hertzberg, 1995]). 

2.1.2 Deformation characteristics of elastomer - the filler 
A compound can be described as a multiphasic material, in which the dispersed 
phases are physically or chemically mixed in the resin material. Most of the fillers 
have a volume fraction of up to 20 % [Moore, 1996]. Roughly the filler particles can
be classified as hard and soft particles. The typical hard particles which are used to 
reinforce PP are glass fibres, minerals like talc, mica and calcium carbonates, while 
diverse elastomers are the most representative soft fillers. 

2.1.2.1 The hard fillers 
Fillers in polymeric blends have generally two functions [Karger-Kocsis, 1995;
Moore, 1996; Wypych, 1999]. Passive fillers such as clay or kaolin are incorporated
into the compounds to reduce their volume cost; in principle, the loading of passive
filler does not aim to affect the material performance. In contrast to passive fillers,
the active fillers enhance the performance of neat polymers or even introduce
certain physical properties into the resin material, and thus gain great importance. 

As to PP, talc is one of the most frequent added inorganic filler, which offers many
consistent properties like high stiffness, high yield strain, better surface-scratch
resistance and low thermal expansion coefficient, low shrinkage [Moore 1996;
Bucknall and Paul, 1999]. In the literature it is also reported that talc might be a 



Background 5

nucleating agent for PP. In some observations, a change of crystallite type from ß
to  of the processed PP has also been identified due to the existence of the talc
[Varga and Schulek-Toth, 1991]. 

Another widely used filler for PP formulation is calcium carbonate (CaCO3). The 
loading of CaCO3 in a PP composition approaches up to 40 % by weight. It is 
available in fine or coarse particles with chemical surface treatment or coupling 
agent. CaCO3 filled PP compounds exhibit well-established mechanical properties:
increased elongation at fracture, higher notched impact strength. The cost of
CaCO3 filled PP is even lower than talc filled PP at equivalent filler content [Moore,
1996; Bucknall and Paul, 1999]. 

Furthermore, possibilities of adding rigid but finer inorganic fillers, including mica, 
dolomite, wollastonite, to PP were also intensively investigated [Karger-Kocsis,
1995], because these filler particles possess higher aspect ratio and smaller size,
which cause considerable adaptations of mechanical properties of a PP 
composition due to the size effect on processing and on crystallinity of the PP resin. 

Glass fillers must be mentioned especially, because of their sufficient enhancement
to not only PP but also many other engineering polymers. Glass in itself is a rigid 
solid, whose tensile modulus is between 40000 MPa and 90000 MPa at room
temperature. Its glass transition temperature is over 400 °C. Glass filler is available
in spheric or fibrous form. Long glass fibres with high aspect ratio are compounded
into polymers to increase the elastic modulus and tensile strength to a higher
degree. With short glass fibres a relatively isotropic reinforcement can be reached. 
Due to the excellent mechanical performance and low market price of glass
reinforced PP, the glass-PP compounds replace polycarbonate (PC), 
acryl-butadiene-styrol (ABS), polyester in many applications such as automotive, 
housing, panels, etc [Moore, 1996; Bucknall and Paul, 1999; Wypych, 1999]. 

Pukanszky has reported the performance of different hard particle filled 
polypropylenes [Pukanszky, 1995]. The change of flexural modulus of PP modified
by glass fibre, talc and CaCO3 is shown in Fig. 2. The change of tensile yield stress 
of PP modified by CaCO3 with various treatments is presented in Fig. 3. Recently,
Grein has depicted the alteration of the tensile modulus and toughness of ß-PP 
filled with CaCO3 as function of filler content in weight in a three-dimensional plot, 
as shown in Fig. 4. Further, Pukanszky has presented the effect of filler particle 
size on the tensile yield stress of PP composites as shown in Fig. 5.
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Fig. 2: Flexural modulus of PP composites in function of filler volume fraction:
(o) glass fiber, ( ), talc, ( ) CaCO3 [Pukanszky, 1995]. 

Fig. 3: Tensile yield stress of PP/CaCO3 composites in function of filler volume
fraction: (o) non-treated, ( ) stearic acid treated, ( ) MA-PP modified 
[Pukanszky, 1995]. 

Fig. 4: Evolution of the tensile modulus, E, and notched impact strength of 
composites based on PP (MFI: 40 g/min) with increasing amounts of 
CaCO3. [Tjong, 1997; Grein, 2005] 
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Fig. 5: Effect of hard filler particle size on the tensile yield stress of PP composites. 
Particle diameter: (O) 0.01 μm, ( ) 0.08 μm, ( ) 3.3 μm, ( ) 58.0 μm and 
(---) theoretical prediction [Pukanszky, 1995]. 

2.1.2.2 The soft fillers 
After the brief review of hard particle fillers which improve principally the stiffness
and strength of PP, soft fillers and the toughening mechanism will be introduced in
detail. The impact strength of neat PP exhibits embrittlement at lower 
temperatures. The elastomers are added to PP to provide an enhancement in 
impact.

The simplest compound is a binary system comprised of two constituents. The 
constituent with higher content is the continuous phase, and it is called the matrix.
The second constituent dispersed in the continuous phase is the discrete phase,
the filler. The common elastomer fillers for PP are natural rubber (NR), butadiene
rubber (BR), ethylene propylene rubber (EPR), ethylene propylene diene 
copolymer (EPDM), styrene butadiene rubber (SBR) and so on. Compared to the 
hard particles the elastomers change their shape, size, orientation, dispersion, and 
distribution in greater dependence on process conditions like temperature, shear
stress, and the flow velocity. But because of the unique toughening effect of the 
elastomer phase, elastomer-modified PPs have become an interesting group of 
polypropylene based compounds. Thus a lot of investigations of the elastomer-PP 
compounds have been carried out in the past [Karger-Kocsis, 1995; Van der Wal et 
al., 1998 and 1999], and more will be performed in the future employing modern 
techniques.

There are two types of elastomer-modified PP compounds, depending on whether
the elastomeric phase is vulcanized or not [Moore, 1996]. The vulcanized
elastomers are cross-linked rubbers that stay solid after chemical cross-linking of 
molecules and will not melt under heat any more [Moore, 1996]. Since the elegant
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processing techniques have been developed, the fabrication of PP-based 
elastomer vulcanizates can be performed in one reactor; that is, in other words, to 
carry out the mixing of two phases and the cross-linking of elastomeric phase at the 
same time or in a multistep process in one set-up [Moore, 1996]. The performance 
characteristics of such a compound system are for example lower compression set, 
improved fatigue and failure behaviour, good resistance to heat, humidity and 
chemicals. The hardness of the compound with vulcanized elastomeric phase can 
even be extended to that of PP [Moore, 1996]. 

The thermoplastic elastomers are non-crosslinked; they undergo repeatable
melting and solidification procedures by variation of temperature. A thermoplastic
elastomer-modified PP composition can be manufactured by mechanical blending 
or direct polymerization in a reactor. Besides good resistance to solvents, 
chemicals, and thermal stability, compounds from PP and thermoplastic elastomers
are economically more interesting than the composition with vulcanizates
[Karger-Kocsis, 1995; Coran and Patel, 1995; Moore, 1996]. 

No matter whether vulcanized, the elastomers that are incorporated into PP lead to 
dramatically improved toughness of PP compounds at lower temperatures, at 
relatively small expense of stiffness and strength. For reference, the change of the 
tensile modulus, E, and yield stress, y, of polyisobutylene (PIB) modified PP is
demonstrated as a function of PIB percentage in Fig. 6 [Martuscelli, 1995]. In a 
three-dimensional chart by [Varga, 1994] in Fig. 7, it can be seen how the impact
strength can be enhanced by the rubber phase, regarding the temperature 
dependence.

Fig. 6: Tensile modulus, E, (left) and yield stress, y, (right) of PIB modified PP as 
a function of PIB percentage [Martuscelli, 1995]. 
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Fig. 7: Flexural impact strengths of ß-modified rubber toughened PP plotted
versus the amount of rubber content of the blends and the testing 
temperature. The arrows indicate samples that did not break [Varga, 1994;
Grein, 2005]. 

2.1.2.3 Rubber elasticity
Compared to other solid materials, elastomeric materials possess the following 
mechanical properties: (1) Elastomers undergo large reversible elastic deformation 
up to maximum of about 1000 %, whilst the reversible deformation of 
thermoplastics is under 10 % and of metal is normally only 1 %. (2) Elastomers
exhibit comparably small modulus values in the order of 10-1-10 MPa, while the
modulus of thermoplastics is in the order of 103 MPa and that of metal about 106

MPa. (3) The deformation of elastomers is exothermal and restoration 
endothermal, where the recovery of elongation or compression is a relaxation 
procedure that is time dependent [Ma et al., 1981]. The large elastic deformation 
behaviour of rubber is about 90 % entropic in its nature. 

An elastomer can be envisaged as an irregular three-dimensional network whose 
molecule chains are correlated by cross-links. The motion of the chain segment
between two cross-links can be demonstrated by the tube model in Fig. 8 that goes
back to Edwards and de Gennes [Vilgis, 2003]. In a network, the elastomer chains
are random cross-linked and entangled as shown in Fig. 8a. A chain segment
between two joint points can be considered like trapped in tube, the chain motion 
being more or less restricted by the neighbouring structure (Fig. 8b and 8c). 
Through cross-linking the micro deformation of elastomer chain segments
synchronizes with the macro deformation of the material. 
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Fig. 8: Tube model that illustrates the motion space of a chain segment between
two cross-links in an elastomer network [Vilgis, 2003]. 

The one-dimensional elongation of a polymer chain can be illustrated by Fig. 9,
where the chain deforms along the x-axis, if the chain is exposed to an external
force in the x direction. The three-dimensional description of the chain deformation 
is the affine theory, shown in Fig. 10.

Z

Y

X f
L

Fig. 9: A polymer chain whose ends are fixed by external force f in x-direction. 
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Z

Y

X

(x, y, z)

(x’, y’, z’)

Fig. 10: Affine deformation of a polymer chain. 

The statistical theory of rubber elasticity, which regards the chain of elastomers as
a Gaussian chain, is based on the following assumptions according to [Treloar,
1975]:

1. The network contains N Gaussian chains per unit volume, a chain being 
defined as the segment of molecule between successive points of 
cross-linkage.

2. The mean-square end-to-end distance for the whole ensemble of chains in 
the undeformed state is the same as for a corresponding set of free chains. 

3. The volume is constant on deformation. 

4. The junction points between chains move on deformation as if they were 
embedded in an elastic continuum. As a result the components of length of 
each chain change in the same ratio as the corresponding dimensions of the 
bulk rubber (Affine deformation assumptions). 

5. The entropy of the network is the sum of the entropies of the individual
chains.

The work of deformation, W, can be then given by [Treloar, 1975]: 

)3(
2
1 2

3
2
2

2
1NkTW                                                  (1)

where N is the number of chains per unit volume, k is Boltzmann’s constant, and T
the temperature. 
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The stretch ratio i is defined as: 

i= (1+ )                                                               (2)

W represents the work of deformation or elastically stored free energy per unit
volume of the rubber. It can be also written in the form: 

)3(
2
1 2

3
2
2

2
1GW                                                   (3)

where G is the shear modulus: 

G = NkT                                                               (4)

Obviously, the work of deformation, W, only depends on stretch ratio and the 
number of chains per unit volume, N, taking account of the influence of 
temperature. The work of deformation of elastomer in this sense does not relate to 
the chemical structure of elastomer itself. It is of significance that the statistical 
theory correlates the deformation of the molecule chain with the macro network
deformation.

The statistical theory was later amended by James and Guth (1943) who suggest
that the junction points in the elastomer network are not fixed but take part in the 
micro-Brownian motion of the associated chain elements or links [Treloar, 1975].
Only those junction points which are located on the boundary surfaces of the 
rubber are specified as fixed. A very large number of joint points are fluctuating in 
the network. In addition, regarding the existence of network imperfections like
interloping or physical entanglement between chains that exert comparably like a 
cross-link, the closed loop as a result of the linkage of two points on a single chain
and chains with a free end, Gase (1960), Scanlan (1960) and Gordon, Kucharik,
and Ward (1970) developed diverse theories to represent the network deformation 
[Treloar, 1975]. 

A breakthrough in the attempt to describe deformation behaviour of elastomer 
network should be the phenomenological theory [Treloar, 1975]. The 
phenomenological theory is an approach that is based not on the molecular or 
structural concepts but on the merely mathematical reasons. Thus it is possible to
obtain a more accurate mathematical formulation of the general properties of 
elastomers [Treloar, 1975]. 

In practice, the performance of elastomers at higher elongations is of major
interest. The large deformation behaviour of hyperelastic materials like elastomers
can be characterized by the strain energy functions; the one used in this work is the 
simplified Mooney-Rivlin strain energy function [Treloar, 1975]: 

                                                                      (5)W )3()3( 201110 ICIC

where W is the strain energy density, C10, C01 are constants and I1, I2 and I3 are
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Cauchy strain invariants, which can be expressed as: 

                                                                      (6)2
3

2
2

2
11I

                                                                      (7)2
2

2
1

2
1

2
3

2
3

2
22I

                                                                      (8)2
3

2
2

2
13I

The two basic assumptions of the Mooney-Rivlin theory are: the elastomers are 
incompressible and isotropic if not deformed; the simple shear deformation can be 
described by Hooke’s law [Treloar, 1975]. Because of the incompressibility of 
elastomer, I3 is equal to 1. 

There are different strain states a material may be submitted to during stretch. In 
general, the following three modes of strain states will be investigated in research
works to establish data set for the strain energy function: 

1
2/1

12
2/1

131.) Uniaxial tension:

1
131 122.) Pure shear:

2
133.) Equibiaxial tension: 121

The usual specimen configurations for tests in the introduced three strain states are 
illustrated in Fig. 11 and the material behaviour for each state is schematically
plotted in Fig. 12. The testing methods and corresponding results will be shown in 

Fig. 11: Illustration

the later sections. 

of specimens for uniaxial, planar, and biaxial strain conditions.

planar tensile

h

wt

uniaxial tensile

h

wt

d

t

biaxial tensile

(image copied from the script “Kunststoffeigenschaften und
Bauteilverhalten” edited by [Major, 2007]) 
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Fig. 12: Schemea of stress-strain relationship under different strain states. 

nt withMooney (1940) has devised the semiemperical formulas that are consiste
each strain state. According to Treloar the two-constant formula for uniaxial tension 
can be written in the form: 

2CCfY 1
2

12
(9)

where f is the force per unit of undeformed area. 

5) to (8) (see Section 2.1.4). The The formula (9) was deduced from the functions (
two material constants C1 and C2 are identical to the C10 and C01, respectively in the 
general formulation which is valid not only for uniaxial tension state but also for 
pure shear and biaxial tension. The plot of Y against 1/  is the so-called Mooney
plot (Fig. 13). It is a straight line in the region of larger strains. The slope of the 
Mooney plot results in the constant C2 and the intercept on the vertical axis shows
the value of C1. Generally accepted explanation proposes that the C1 = E/6 is a 
function of network structure, while C2 is associated with the flexibility of the 
network and is primarily dependent on the crosslink density [Ha-Anh and 
Vu-Khanh, 2005] 

Fig. 13: Estimation of C1 and C2 in Mooney plot. 
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2.1.3 Deformation characteristics of elastomer filled PP compounds 

ment of

voids in the elongated elastomeric domains of compounds have been found in 

ig. 14: Schemes of cavitation (- x / z ½ ) and debonding - x / z ½) formation

cavitation

insi r

In the previous sections, the deformation behaviour of each constituent of an 
elastomer-modified PP composition has been summarized. The improve
the ductility of such a toughening system has been discussed in literature based on 
the study of a rich diversity of PP compounds with different elastomers. A widely
accepted explanation of micro deformation mechanisms of elastomer toughening is
the multiple crazing theory [Bucknall and Smith, 2006]. The multiple crazing theory 
describes the impact energy dissipation during deformation in terms of the
interactive micro-mechanisms which are derived from the respective constituent
properties but show some new features in the compound. 

Beside crazing and shear bands that are introduced in the preceding Section 2.1.1, 

great quantities. If the compound is submitted to mechanical loading, the rigid PP 
matrix makes it difficult to release energy by expanding the elastomer particles; the 
energy may then be absorbed through formation of cavitations inside the elastomer
domain. According to the strength of the interfacial adhesion between the
elastomer phase and PP phase, voids that occur in the interface lead directly to 
debonding. Debonding is the disjunction of the matrix and the filler, it causes 
decrease of the effective cross section of a sample perpendicular to the loading 
direction, since the stress will be less sufficiently transported between constituents
of a compound. Debonding weakens the performance of a particle-filled compound
and should be avoided, reduced or delayed in applications. For this reason, the 
interfacial adhesion has been intensively investigated, and many surface
treatments for filler particles and coupling agents have been developed as well 
[Wool, 1995; Kimberly et al., 2000]. G’Sell et al. have studied the plastic
deformation of polypropylene/polyamide 6/polyethylene-octene elastomer (PEO) 
blends and proposed the different formation mechanisms of cavitation inside the 
elastomer particle and of interfacial debonding as in Fig. 14 [G’Sell et al., 2004]. 

F
mechanisms [G’Sell et al., 2004]. 
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Polypropy ature by crazing without large plastic

all amount. They

them may be 

g on compounds
polypropylene, one must take 

lene matrix fails at lower temper
flow. The elastomer inclusions in PP matrix play two roles in the energy absorption 
so that the impact performance can be sufficiently improved. On the one hand, they 
contribute to trigger the formation of micro-crazes in subcritical size so that the 
energy can be absorbed. Owing to the low modulus, the elastomer particles that 
are dispersed in polypropylene act as stress concentrator [McCrum et al., 1988].
On the other hand, the growth of micro-crazes stops, if the craze tip meets another 
elastomer particle, preventing the crack formation. The dimension of elastomer
particles dispersed in matrix is important for both initiation and termination of
micro-crazes. Particles should have appropriate size to provide stress
concentration that is needed to initiate micro-crazes. In turn the elastomer particles
must be able to hinder the propagation of crazes to avoid crack initiation. The
interaction between crazes and elastomer fillers is the essential toughening
mechanism. In addition the elongation and the rupture of elastomer particles 
contribute to the overall energy dissipation and absorption, too. 

Shear bands were also identified in brittle fracture though in sm
can devote to a minor part of energy dissipation. Moreover, in sense of toughening,
if placed in front of micro crazes, shear bands may also act as kicker against craze 
growth. Furthermore, it has been suggested that the local stress field introduced by
shear bands may compensate the stress concentration around filler particles or
crazes to certain degree [Yokoyama, 1998]. In fact, the closer the stress fields
around elastomer particles, PP crystallites, crazes and shear bands are, the 
stronger the interaction between these local stress fields shall be. 

Between the above mentioned deformation phenomena, one of
preponderant in most cases, depending on the individual matrix nature principally.
Since the compound is a more or less heterogenous system, the interaction
between those mechanisms must take place at different deformation stages and 
parts of a product. If taking the loading and environmental conditions into
consideration, it is not possible to bring out universal prediction of material 
behaviour. Many research works [Herbst, 2008; Jerabek, 2008] therefore employ
computer modeling and simulation to differentiate between or combine those
complicated processes selectively; this approach brings new comfort and
advantages for material engineers and designers in the investigation of elastomer
toughened polymer systems. 

2.1.4 Influence of processin
As for the performance of elastomer-toughened
account of the individual processing factors that play roles not only in the 
production but also in the application of end products. Since the elastomeric and 
the polypropylene phases are immiscible, a proper processing must be adjusted 
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carefully to achieve the intended end product properties. In this section, we are
going to have a short look of the complexity and the influencing factors of the 
processing of elastomer PP compounds. 

The elastomer and the polypropylene are blended normally in the molten state. In 

ce

f the applied strain field; 

sities of the continuous and dispersed phase; and 

Re considerable influence of:

uch as a surfactant.

some cases, elastomer phase will be polymerized in the polypropylene phase in 
the reactor. The thermodynamics of mixing of two phases can be normally
described by the Flory-Huggins theory [Strobl, 1996]. The “Gibbs free energy of 
mixing” is the change of the energy of the system that is generated through 
combination of two distinct components, and denoted G. The “Gibbs free energy
of mixing” is given by G= H-T S, where the H is the change of enthalpy, and the 

S is the change of entropy. As a necessary requirement for the occurrence of 
mixing, the “Gibbs free energy of mixing” G must be negative. For polymers, the 
change of entropy is usually small during mixing and therefore negligible. Decisive
is, whether the term H is negative or positive and whether the absolute value of 

H is smaller than that of the term T S in the case of a positive H. In most cases 
of elastomer-modified polypropylenes the elastomeric phase is immiscible with the 
polypropylene phase. Hence, many efforts have been made to obtain fine and 
quasi-uniform dispersed phase structure through adjusting processing parameters. 
As to miscibility and compatibility of the phases of a polymer blend in fluid state, 
Bucknall et al. have introduced diverse models in details [Bucknall et al., 1999]. 

As is well known, particle size and particle size distribution are of major significan
to the efficiency of toughening effect of the elastomeric phase [Karger-Kocsis,
1995]. In the pioneer work of Taylor in 1934, the break-up process of a liquid drop 
suspended in a liquid continuous phase has been discussed at first. Later, based 
on the model proposed by Taylor, Rayleigh and Tomotika have contributed to 
describe the break-up of droplet in flow field, taking account of the viscosities of 
both droplet (or thread, if largely elongated) and surrounding fluid. During the 
course of processing of polymer compounds, the particle size and particle size 
distribution are usually controlled by the following factors [Briscoe et al., 1999]: 

1. the initial particle radius; 

2. the magnitude and type o

3. the flow history; 

4. the relative visco

5. the interface tension between the two melts. 

cent research [Briscoe et al., 1999] highlighted a

6. the experimental geometry; and 

7. the influence of a third species, s
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If ocessing and blend

of

one is concerned with the relationship between pr
morphology, the viscosity ratio is one of the two main processing relevant
parameters. The viscosity ratio, r, is the ratio of the viscosity of the dispersed
phase to the viscosity of the continuous phase, defined as r= dispersed / matrix.

The Weber number, We (also called Capilary number, Ca), represents the ratio
the viscous forces that facilitate the deformation of droplet to the interfacial tension,

, which promotes the restoration of droplets. The Weber number is the second 
processing relevant parameter in terms of particle deformation in flow field, and is
given by We= * matrix*a/ , where a is the radius of the undeformed drop, the  is 
the local shear rate. The critical Weber number, Wecr, is a function of r and the 
type of flow field. If We>Wecr, droplet break-up takes place, as the deforming 
viscous force overwhelms the constraining interfacial tension. 

It is known that in injection moulding, there are shear flow and extensional flow in 
the mould. In case of simple shear flow, if > r, no droplet break-up will be 
triggered, irrespective of shear rate, . And in case of extensional flow, droplet 
break-up occurs at smaller Wecr, irrespective of r [Moore, 1996]. 

The relationship between the Weber number and viscosity ratio has been
represented by the Taylor dispersion [Moore, 1996; Briscoe et al., 1999]. This
relationship is plotted in Fig. 15, where the upper part of the chart refers to 
instability of droplet, that is to say the droplet tends to be divided into smaller ones. 
Martuscelli has introduced the Rayleigh-Taylor-Tomotika theory in his book in detail 
[Martuscelli, 1990]. According to the study of Martuscelli of PP/EPR and PA 6/ EVA 
blends, the dependence of the dispersed particle size upon the phase viscosity
ratio, r, can be illustrated as in Fig. 16, which yields good agreement with the 
prediction of Tomotika theory. 
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Fig. 15: The relationship between Weber number, We, and the viscosity ratio, r.
The solid line shows the Taylor dispersion, while the dashed line
describes the case of extensional flow [Moore, 1996]. 
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Fig. 16: Average diameter, Dm, of dispersed particles as a function of the Log r.

2.1.5 Properties of elastomer-modified polymers
heners and the diverse resin

Trend as predicted by Tomotika theory [Martuscelli and Karger-Kocsis,
1995].

There are a great number of different elastomeric toug
materials fail by different mechanisms according to their inherent structures.
Moreover, the parametric sensibility of the characteristic values like fracture
toughness, KIC, fracture energy, GIC, etc. may be changed by particular test
conditions like temperature and test rate, It is difficult to evaluate the toughening 
effect of elastomers quantitatively. Generally, the improvement of impact behaviour
is more or less at the expense of other mechanical properties like stiffness and 
tensile strength. The elastomer content in commercial polymer products does not
exceed 20 %, since greater quantities of elastomer phase in the compound result in 
an undesirable softening of the material to be toughened [Moore, 1996]. Lovell et
al. have identified a decrease of tensile modulus of PMMA from 3 GPa to 1 GPa as
the rubber volume fraction increases from 0 vol% to 30 vol%. They also reported 
that the yield strength of PMMA is reduced from less than 60 MPa to 30 MPa as the 
rubber volume fraction increases from 0 vol% to 30 vol%. But at the same time the 
PMMA with 10-15 vol% rubber modifier has trebled its fracture toughness, KIC, and 
fracture energy, GIC, compared with neat PMMA [Lovell et al., 1993]. Verchere et
al. have suggested that at rubber volume fraction of 30 vol%, the GIC of the 
diepoxide based on bisphenol A diglycidyl ether cured with a cycloaliphatic diamine 
in the presence of ETBN is almost three times as much as the GIC of the epoxy
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resin [Verchere et al., 1993]. Moore has also mentioned in his book that the 
elongation of impact modified PS reaches 40 % instead of 3 % [Moore, 1996].
Rezaifard et al. have investigated a novel rubber, poly (methyl
methacrylate)-g-natural rubber (Hevea-plus MG) as toughening agent for bisphenol 
A diglycidyl ether (BPA) and found that the GIC of the BPA can be elevated up to
more than 6000 J/m-2 at 10 phr (parts per hundred) MG content instead of 1000 
J/m-2 [Rezaifard et al., 1993]. 

In terms of the effect of elastomer particle size on the compounds performance, the 

rties of the elastomer-toughened PP are strongly related to the two 

optimum particle size for impact resistance should decrease with increasing
ductility of the plastic. It is found by Morton et al. that 1.2 μm represents the largest
particle size possible by emulsion polymerization. An optimum had been suggested 
in the rubber particle size of about 1-2 μm for high-impact PS. For PS, no
toughening exists if particle size is less than 1.2 μm. They have also concluded that
rubbers with lower Tg show stronger toughening effect [Morton et al., 1984]. To get 
an idea of the order of the effective elastomer particle size, it is recognized that the 
optimum particle size of elastomeric toughener for PVC is about 0.1-0.2 μm, for 
SAN around 0.3-0.8 μm, for PS about 1-2 μm, and for polypropylene (PP) about 0.4 
μm, based on various observations [Morton et al., 1984; Moore, 1996]. It can be 
seen that elastomer-modified polymer system is far more than complicated; a 
general statistical plot of the influence of elastomers has not been found in 
literature.

The prope
components; therefore it is helpful to keep in mind the individual material behaviour
of the elastomer and of the PP while discussing the performance of the compound.
Here we simply compare the tensile behaviour and the variation of the modulus in 
relationship to temperature of the two constituents with each other. The tensile 
stress-strain relationship of the PP and elastomer at room temperature are drawn 
in Fig. 17 approximately. Fig. 18 illustrates the modulus as a function of
temperature of PP and elastomer Schemetically. The upper and lower limits of the 
corresponding compound property range are given by the two constituents. This
will be shown by the experimental test results in the later sections. 
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Fig. 17: Scheme of the tensile stress-strain relationship of PP and elastomer. 
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In the above sections we have reviewed the reinforcements of PP. The 
fundamental deformation mechanisms of the PP, elastomer, and their compound
were interpreted in general. As shown in Fig. 19 the polymer experiences 
linear-viscoelastic deformation, yielding, post-yielding (necking), and sometimes 
hardening during stretching. In this work, the mechanical experiments and the 
simulation only focus on the small strain behaviour, where the linear viscoelasticity 
dominates. The plastic deformation and fracture behaviour of the relevant
compounds will be discussed elsewhere [Major, to be published]. 

strain

st
re

ss

post-yield

strain hardening

yield

linear visco - elastic

Fig. 19: Scheme of the deformation stages of polymer material under tension. 

The different modifying effects of hard and soft particles are schematically
illustrated in Fig. 20. Due to their rigidity, the hard particles as dispersed phase
enhance the stiffness and the strength of the PP matrix, but accompanied by
embrittlement in most cases. Hard particle modified PP fractures at comparably
smaller strain. In contrast, the soft particles contribute mainly to the toughness of
PP. Although the stiffness and strength will be accordingly affected, PP with
elastomeric phase bears large plastic deformation and fractures at higher strain. 
Either particles have merit and demerit in terms of modification of PP, some 
researchers also tried to combine the hard and soft fillers [Zebarjad et al., 2006]. 
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Fig. 20: Comparison of tensile behaviour of hard and soft particle filled PP with
neat PP. 

The material behaviour of the soft elastomer particle modified polypropylene will be 
discussed in details in later sections based on results of various mechanical 
experiments. The illustrated toughening effect of elastomer particles on the tensile 
behaviour of the PP-based compounds will be shown in Section 5.1.1, where the 
uniaxial tensile experiments show good agreement with results that are as
expected (Fig. 20).

2.2 Fundamentals of microscopic investigations of material 
structure

The microscopy techniques are systematically described in the Handbook of
Microscopy (Volumes I, II, and III) and in the Electron Microscopy. These two 
literature contributions are edited by [Amelinckx et al., 1997]. A comparison 
between the TEM and REM in terms of the investigation of modified polypropylene 
has been made by [Poelt, Ingolic, Gahleitner et al., 2000]. Below only those
aspects relevant to the present work are summarised. 

Three-dimensional micro and macro structure of a material can be investigated by 
two-dimensional microscopy, in the way of observing from at least two mutually
perpendicular angles of view. Taking the investigation of an injection moulded 
tensile specimen for example (Fig. 21), one distinguishes between three directions:
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the flow direction (FD), the transverse to flow direction (TD) and the thickness
direction (ND). Each two of the three directions constitute a cross section. If the
material is comprised of filler and polypropylene for instance, the filler and the 
spherulites of PP will be oriented due to flow field during injection and exhibit
therefore an anisotropy of morphology in the three directions. To visualize the 
three-dimensional structure of such a tensile specimen, one can take specimens 
from each cross section and make micrographs of them. On the basis of the 
two-dimensional analyses from different view angles, the steric structural 
information can then be deduced.

50 mm (effective length)

50 mm (effective length)

TD

FD

ND
10 mm4 mm

injection

Fig. 21: Three directions and three cross sections of an injection moulded tensile 
specimen.

An extra brief overview of the conventional microscopes used in material 
manufacturing factories and research institutions will be given in this section,
because the comprehensive knowledge of basic macro and micro structures of
material as well as the documentation and interpretation of the fracture surface of 
material are always required in material engineering. It is recommended to learn 
the general functions of each type of microscope, which is sometimes very helpful 
for information resourcing and morphological analyses. 

Although the types of microscope are expanding due to the association of
computation and invention of new imaging techniques, the price of 
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high-performance microscopes and the technical know-how and experiences
required for the operation restrict their widespread use. But if the advantages and 
shortcomings of popular microscopes, light microscope (LM), scanning electron 
microscope (SEM) and transmission electron microscope (TEM), are well handled,
information can be extracted successfully, too [Amelinckx et al., 1997]. 

2.2.1 Light microscopy
No matter what kind of microscope is used, there are some basic concepts one 
must know. The resolution, magnification and the depth of focus will be defined in
the following part, because they are involved in the operation of all types of 
microscope [Amelinckx et al., 1997]. 

The resolution (also called resolving power) of a microscope is defined as the 
shortest distance between two points on a surface that can still be distinguished by 
the observer or camera system as separate entities. I.e. being able to tell the 
difference between two closely positioned bright objects, or between one big object
and its surrounding is the resolution. The Fig. 22 helps to understand. 

Fig. 22: Illustration of resolution and limit of resolution. 

The resolution of a microscope is the most important feature of an optical system
and influences the ability to differentiate between fine details of a particular 
specimen. The primary factor in determining resolution is the objective numerical 
aperture, but resolution is also dependent upon the type of specimen, coherence of 
illumination and other factors such as contrast enhancing methodology either for 
the optical system of the microscope or for the specimen itself. The best resolution 
for a light optical microscope is about 0.2 μm (micrometers) = 200 nm (nanometers) 
[Amelinckx et al., 1997]. 

The magnification is not the resolution but the power of a microscope to enlarge an 
object. The power of a microscope is described with a number followed by the letter
"x". For example, if we can see something 10 times larger than actual size through 
a microscope, its magnification power is 10x. In a similar way, to get the total
magnification of an image that is viewed through the microscope, we take the 
power of the objective (4x, 10x, 40x, etc.) and multiply it by the power of the 
eyepiece, usually 10x.

In addition, the depth of focus should not be confused with the depth of field in the 
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use of light microscope. The depth of focus refers to the range over which the 
image plane can be moved while a certain accuracy is maintained. In contrast, the 
depth of field is the thickness of the sample that is acceptably accurate at a given 
focus level. One should especially be aware of this while doing stereomicroscopy. 

A light (optical) microscope uses the light as the probe and generates patterns of
the object through interaction, reflection, refraction, scattering, absorption and 
polarization of the light beam. Light microscopy, including the 3D stereo imaging 
system, is often used in the polymer material science to study the crystallinity, the 
fracture surface, surface defects etc. primarily on macroscopic scale.

2.2.2 Scanning electron microscopy
The most popular microscopy technique is the SEM (scanning electron 
microscopy), because of its relatively user-friendly operation, the simplicity of 
image interpretation and above all a lot of information that can be obtained. In an 
SEM investigation, electrons will be emitted from electrode and accelerated; they 
interact then with the sample that is placed on the stage in vacuum. The reflected 
electrons and the secondary electrons which come from the atoms of sample will 
be detected and recorded to reveal the details of sample in size between less than 
1 nm and 20 nm [Amelinckx at el., 1997]. Nowadays, the resolution ability of
high-performance SEM even rivals that of a TEM. With additional available 
analytical equipments, the SEM is really a very versatile tool for morphological 
investigations in material science. With respect to material engineering,
ductile/brittle proportions of the fracture surface, crystal morphology, micro material 
defects and etc. can be imaged by SEM. 

Depending on the object features and the intended results, specimens are to be 
prepared in different ways. The relevant preparation techniques are introduced 
here [Amelinckx at el., 1997]. Sectioning is the first step through which a small 
representative fraction will be separated from the object. Mounting is chiefly used to 
support the further handling of the specimen. Usually the specimen is embedded in 
an epoxy resin with similar abrasive properties of the specimen material. After 
mounting, the impregnated specimen can be ground and polished. Grinding and 
polishing are multistep procedures. According to single material, optimum steps of 
grinding will be applied with abrasives like silicon carbide in different particle sizes
that are bound to a paper substrate. Water is used during grounding to avoid heat
due to friction. The ground specimen may be subsequently polished using cloths
that are impregnated with fine diamond suspensions to obtain an optically flat
surface. After each step of grinding or polishing, the specimen surface must be 
cleaned thoroughly to remove the debris. 

Sometimes, etching will be carried out to visualize the microstructural features
preferentially, in the way of bringing the sample into a chemical or electrical 



Background 27

chemical environment. After selective reaction of the surface material with the 
etchant, the contrast between the coexisting phases or structures, for example,
between the fillers and matrix of a compound, can be enhanced. For individual 
material or purpose suitable etchant will be needed.

Moreover, polymeric materials are nonconductive and have to be sputtering coated 
with gold or palladium to eliminate charging in SEM. The thickness of the metal 
layer ranges between 3-30 nm [Amelinckx at el., 1997]. In some cases, carbon 
coverage will be applied to surface that should not be significantly obscured by
coating. The carbon sputtering technique can be employed to prepare sample for
back scatter electron (BSE) analysis. Back-scattered electrons form an image that
is often used in analytical SEM along with the spectra made from the characteristic
x-rays as clues to the elemental composition of the sample (www.wikipedia.com).
For instance, BSE images of a glass fibre reinforced polymer composite present
distinctly in black and white contrasted phases. Such images are called binary
images, which are convenient for example for the determination of phase
distribution. And the volume fraction of glass fibres can be evaluated by automatic 
image analysis. However the BSE technique cannot be applied to polymeric
multiphasic systems that consist of components of the same atomic composition.
The compound to be investigated in this work is one of such materials, as both of 
its two constituents the PP and the elastomer (ethylene octene copolymer) consist
of the same elements, namely C (carbon) and H (hydrogen). To solve this problem, 
TEM that is to be introduced in the coming section is an alternative approach. 

2.2.3 Transmission electron microscopy
The TEM (transmission electron microscope) is a high magnification and high 
resolution imaging instrument. The principle of image formation is the electron 
diffraction. As its name suggests, the electron beam penetrates through an ultra 
thin specimen, where interaction between electrons and specimen material takes 
place and diffraction patterns will be formed and magnified. Compared to SEM, the 
TEM can resolve details of the order of 0.1 nm. Microstructures, even atomic 
structures can be characterized by TEM [Amelinckx at el., 1997]. 

The most important step of sample preparation for TEM observation is staining. To 
contrast the phase structure of interest, the polymer samples are commonly stained 
with chemicals. The staining technique for polymers is demonstrated in detail in the 
book “Polymer blends” by Bucknall and Paul and in the cited references of this
book [Bucknall and Paul, 1999]. 

Of the available stains, osmium tetroxide OsO4 and ruthenium tetroxide RuO4 are
pre-eminent reagents used for polymeric materials. OsO4 reacts specifically with 
double bonds to form an osmate ester and leads in most cases to hardening of the 
sample. In staining, vapour or solution of OsO4 stain will be applied to the sample 
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for a certain time. Satisfactory staining was achieved by reacting with the etchant 
over a night in normal case. A raise of staining temperature to about 60°C may
enhance the uptake of stains. To remove residual stain, the sample should be 
carefully washed after staining. OsO4 staining offers successful phase contrasting 
of high-impact polystyrene (HIPS), acryl-butadien-styrol copolymere (ABS), 
rubber-modified polyvinyl chloride (PVC), EPDM-PP blends, and many other 
blends containing unsaturated rubber components [Bucknall and Paul, 1999]. 

The RuO4 staining is also frequently used to contrast polymeric components,
because of its reactivity with alcohol, ether, aromatic, or amine groups. RuO4 is less 
selective and less stable than OsO4, and diffuses less readily compared with OsO4.
But it deserves attention, since it can be used to stain multiple phases differently. 
Furthermore, a larger number of polymer components can be stained by OsO4

treatment. Samples are exposed to RuO4 vapour or solution for 10-60 seconds, in
contrast to OsO4 staining, prior to sectioning (microtomy) [Bucknall and Paul, 1999]. 

In some cases, an optimized contrast will be revealed preferentially by combination
of the two above introduced stains, sometimes also with the aid of other chemicals.
In one word, before carrying out staining of complex sample, it is recommended to 
clarify how the components react with various stains and under which conditions
(time, temperature, concentrate and composition of the solution). 

Bucknall and Paul further mentioned the discovery of possibility to develop contrast 
in microtomed thin sections of polymer by direct irradiation in the electron beam. 
This technique has been firstly applied to the PMMA-SAN blends by Thomas and 
Talmon [Thomas and Talmon, 1978; Bucknall and Paul, 1999]. This may open a 
new chapter in the contrasting technique for material engineering. 

Sectioning will be performed in specimen preparation for TEM, because the object
that is to be investigated in TEM is normally smaller than 1x1 mm. Thus the sample 
shall be microtomed into very tiny parts before given into the vacuum chamber of 
TEM. Prior to ultramicrotomy, a slab of sample is cut off and embedded in an epoxy
resin. Then the embedded sample will be contrasted by treatment with special 
stains or mixtures of stains. For TEM observation of polymeric material,
cryopreparation will be applied, where ultra thin specimens are cut by microtomy at
liquid nitrogen temperature, which is also termed cryogenic temperature (below 
–100 °C). The low-temperature microtomy is generally required for polymers to 
prevent the microstructures from melting under heat while cutting. Glass or 
diamond microtome is used to obtain (ultra) thin slices that are only 10-100 nm 
thick. The ultra thin slice will then be carried by a substrate, usually a copper mesh.
Due to the small size of the sample obtained, normally several samples will be 
needed to ensure the universality of conclusion extracted from TEM investigations. 

For further information about TEM investigation and corresponding specimen 
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preparation technique please refer to the homepage of Austrian Centre for Electron
Microscopy and Nanoanalysis, Institute for Electron Microscopy of the Graz
University of Technology, Graz Centre for Electron Microscopy
(www.felmi-zfe.tugraz.at). Bucknall and Paul have also depicted the microscopy
techniques with particular aspect to morphology characterization of polymer blends
in their book “Polymer blends” [Bucknall and Paul, 1999].

In Table 1 the general information about the LM, SEM and TEM is summarized to 
help to choose the appropriate instrument to explore the structure-property
relationship in material science. 

Table 1: List of the three types of microscopes. 

LM SEM TEM

Resolution
ability > 200 nm 1-20 nm < 0.1 nm 

Source of 
Radiation for

Image
Formation

visible light electrons electrons

Medium air vacuum vacuum

Specimen no preparation required or thin 
microtomed film 

coating,
eventually

etching
(ultra) thin slices

Costs €1500 more than
€100.000 more than €500,000

Since the limitation of SEM and TEM on one side (a good vacuum is required,
allowing no real atmosphere conditions; specimen preparation affects directly the 
results) and the limitation of LM on the other side (a lower resolution property) can 
be complementary, a combination of those methods may be more fruitful. 
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3 EXPERIMENTAL

In this work a polypropylene (PP) homopolymer from the manufacturer Borealis
Austria GmbH, Linz, Austria, was used as the resin. The PP homopolymer was
blended with an ethylene-octene copolymer, an elastomer from the DOW chemical 
company, Horgen, CH. 

The mechanical behaviour of each resin, filler and compounds have been tested to 
obtain the basic knowledge of the component-property relationship. The monotonic
tensile tests that have been made to establish the stress-strain data set were the 
uniaxial tensile tests with dumbbell specimens and the pure shear tests with FWPS 
(faint-waist pure shear) specimens. The multipurpose dumbbell tensile specimens
were delivered by Borealis Austria GmbH. The FWPS specimens were injection 
moulded from granulates by the ECONOMOS Austria GmbH, Judenburg, Austria. 
The biaxial tensile tests with special test set-up deliver information of deformation 
behaviour under biaxial strain state (see Section 2.1.3). The biaxial test specimens
are discs provided by Borealis Austria GmbH. The dynamic tensile tests, the DMA 
(dynamic mechanic analysis) determined the material response under cyclic tensile 
loading. The DMA helps to understand the material performance in realistic
application, as most of the time a material is subjected to dynamic loading
conditions. For the tensile DMA to be discussed in this work, multipurpose tensile 
specimens used were the same as those for uniaxial tensile test. 

Morphological relationship of filler and resin in a compound reflects the processing
quality and is also important for determination of the interaction property of the 
components of the compound. The microscopic investigations are important 
instruments for the study of macro- and microstructure and the examination of the 
fracture cross-sections. The TEM investigation of the compounds has been 
performed by experts at the Austrian Centre for Electron Microscopy and 
Nanoanalysis, Institute for Electron Microscopy of the Graz University of 
Technology, Graz Centre for Electron Microscopy (www.felmi-zfe.tugraz.at). 

The simulation of material behaviour has been carried out at the Institute of 
Materials Science and Testing of Plastics, University of Leoben, Austria. The 
identified stress-strain relationship of tensile tests on the constituents together with
the aspect ratio of elastomer particles were used as input signals for the simulation 
of the mechanical behaviour of the compound. The simulated and measured values
of tensile modulus and Poisson’s ratio of the compounds will then be compared. 
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3.1 Materials and test specimens 
In this section, the constituents and the compounds that were selected for the 
investigations and the various test specimens together with their preparations are 
summarized. Please note the abbreviations of materials in Table 2. In this work, 
only these abbreviations will be used. 

3.1.1 The materials
In this work polypropylene homopolymer (PP(H)) is a model material offered by 
Borealis Austria GmbH, Linz, of which the density is 0.904 g/cm³. The melt flow 
index MFI of PP(H) is 15.7 dg/min, at 190 °C/2.16kg. The Tg of PP(H) is 0 °C, and 
its Tm is 168 °C. The PP(H) is one constituent that is used as resin in the 
compounds. The second constituent is the elastomer (R(PEO)) which is the filler of 
the compounds. R(PEO) is the polyolefin elastomer Engage 8100 of DOW
chemical company. Its density is 0.870 g/cm. The MFI of R(PEO) is 1.0 dg/min at
190 °C/2.16kg. Its Tg is –52 °C and Tm is 60 °C. Please refer to the data sheet of 
DOW in the appendix for other characteristic material parameters. The compounds
RPP(3.5) and RPP(7) were loaded with 3.5 vol% and 7 vol% elastomers,
respectively. The material parameters of the compounds have been estimated by 
experiments (see experimental sections). The abbreviation, manufacturer,
description of material for constituents and compounds are listed in Table 2.

Table 2: The list of materials investigated (constituents and compounds). 

abbreviation manufacturer type remark

PP(H)
Borealis Linz,

Austria, Europe 
HH 450 SP modeling material PP homopolymer

co
ns

tit
ue

nt
s

R(PEO)
DOW chemical company,

Horgen, CH, Europe
Engage 8100

ethylene-octene

copolymer

(see appendix )

RPP(3.5)
Borealis Linz,

Austria, Europe 
PP(H)+ R(PEO) (3.5vol%) physically blended

co
m

po
un

ds

RPP(7)
Borealis Linz,

Austria, Europe 
PP(H)+ R(PEO) (7vol%) physically blended
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3.1.2 The specimens
The fabrication and the delivery of each specimen have been already introduced in 
previous sections. The tests and corresponding specimens together with the 
dimensions and processing of each specimen are summarized in Table 3.

Table 3: The specimens for each type of test. 

test specimen dimension Processing

uniaxial tensile multipurpose dumbbell 
specimen

4x10x50 (effective
length) mm 

Injection moulded
by Borealis 

planar tensile FWPS specimen see Fig. 24 Injection moulded
by Economos 

equibiaxial tensile disc thickness 1 mm,
diameter 140 mm 

Injection moulded
by Economos 

dynamic mechanical 
analysis

(DMA)

multipurpose dumbbell 
specimen

4x10x50 (effective
length) mm 

Injection moulded
by Borealis 

light microscopy

(LM)
semi thin slice thickness 3 μm *

transmission electron
microscopy

(TEM)
ultra thin slice 1x1 mm, thickness 

50-100 nm *

* Microtomed at Institute for Electron Microscopy of the Graz University of 
Technology, Graz Centre for Electron Microscopy 
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3.2 Mechanical characterizations under monotonic loading 
conditions

In the following sections, the test equipments and the process of each experiment
are described, and the testing machines used are presented, too. The fundamental 
theory of the mechanical material behaviour has been introduced in Section 2.1.5. 
The experimental results are documented and discussed in Section 5. 

3.2.1 Uniaxial tensile tests 
The uniaxial tensile tests are used to determine the stress-strain relationship and 
provide the values of tensile modulus, yield stress, yield strain, as well as the stress 
at fracture, strain at fracture. An uniaxial test was carried out at constant
temperature and loading velocity. For this work three different testing temperatures
were chosen: -30 °C/25 °C/80 °C, and the loading velocity was 0.01 mm/s. The 
standard uniaxial tensile tests (ISO 527) were performed on an Instron 5500R 
(High Wycombe, UK) test machine (Fig. 23) in the laboratory of the Institute of 
Material Science and Testing of Plastics at the University of Leoben. The 
specimens used were standard multipurpose dumbbell tensile specimens. For the 
estimation of the lateral strain of the dumbbell specimen, additional FFSA (full field
strain analysis) measurements were made with help of the ARAMIS optical 
deformation analysis system (GOM, Braunschweig, Germany). The details of such 
FFSA measurements please refer to [Feichter, Major and Lang, 2007]. 

Fig. 23: Instron testing machine, type INSTRON 5500R, (Fa. INSTRON
LIMITED; High Wycombe, UK). 
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3.2.2 Planar tensile tests 
The planar tensile tests (pure shear tests) provide deformation information of a 
sample under planar strain state. The state of pure shear exists in the specimen at
a 45° angle to the tension direction. The aspect of a FWPS specimen is shown in 
Fig. 24, it is much shorter in the direction of stretching than the width which is 200 
mm, whereas the distance between two fixtures is only 16 mm. Therefore the 
specimen is perfectly constrained in the lateral direction so that specimen thinning 
occurs only in the thickness direction if stretched. The planar tensile tests were 
performed on a servo hydraulic MTS 831.59 Polymer Test System (Fig. 25), (MTS 
System GmbH, Berlin, Germany).

Fig. 24: Illustration of a FWPS (faint-waist pure shear) specimen. 

Fig. 25: The servo hydraulic MTS 831.59 Polymer Test System of the Institute of 
Material Science and Testing of Plastics at the University of Leoben. 
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3.2.3 Equibiaxial tensile tests 
Equibiaxial tensile tests create a strain state in a sample equivalent to the pure 
compression. The equibiaxial strain state can be realized by stretching a circular
disc sample from incompressible material. Equibiaxial tensile tests can be well 
applied to characterize the elastomers of which the Poisson’s ratio is approximately
0.5, while that of most polymers is between 0.35 and 0.45 [Saechtling, 1995]. 

In this study, the equibiaxial tensile tests of the PP-elastomer compounds have 
been performed and analysed. During the experiments, the strain field of the disc
specimens was measured with the same ARAMIS optical deformation analysis
system used in the uniaxial tensile tests and in the pure shear tests. The test set-up 
with pressure measurement (Fig. 26) was developed by Feichter and Major 
[Feichter, Major and Lang, 2006]. As shown in Fig. 26, the disc specimen was
placed between a metal ring and a cylinder of the same inside diameter of 140 mm.
The specimen was blown up by air, and the non-contacting full field strain 
measurement system Aramis detected the deformation and documented the strain 
change. In Fig. 27 one sees different stages of the strain field measurement. 

Fig. 26: The equibiaxial tensile test set-up [Feichter et al., 2006; Mach et al., 2008].

a b

Fig. 27: Two stages of a strain field analysis; a low pressure – small deformation;
b high pressure – large deformation.
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3.3 Dynamic mechanical analysis
Attention must be separately paid to the dynamic loading in the application of a 
material. A material may fail in the dynamic loading with lower stress amplitude
than the stress amplitude in a monotonic loading. The tires for instance mainly
consist of elastomers are subjected to continuously changeable loading that leads
to the wear and eventual failure of the product. The dynamic mechanic properties 
of the elastomer filled PP compounds have thus been studied by means of tensile 
DMA (dynamic mechanic analysis). And the effect of the fillers on the response of
the compounds to cyclic loading will be presented in terms of the filler volume
fraction in each compound. 

The test device is a Bose Electro Force 3450 (Bose Co., Minnesota, USA) shown in 
Fig. 28. The specimens for the dynamic tensile tests are standard multipurpose
tensile dumbbell specimens that are also used in the monotonic uniaxial tensile
tests. The monotonic uniaxial tensile tests and cyclic DMA tests were thus applied
to the exactly same compounds, where the compounded material has the same 
morphology (injection moulded), so that the comparability of the test results of both 
monotonic and dynamic tests can be guaranteed. 

Fig. 28: The Bose Electro Force 3450 DMA testing machine with tempering 
chamber. (image copied from www.bose-electroforce.com)

Before performing a DMA on a polymer, it is recommended to determine the 
boundary of linear-viscoelasticity of the material (see Fig. 29). The maximum stress 
in specimen and the maximum deformation of the specimen caused by the applied 
force of a DMA experiment should not exceed this limit, since the measurements 
make sense only if the linear-viscoelasticity as prerequisite has been guaranteed 
[Ehrenstein, Riedel and Trawiel, 1998]. In the amplitude scan, the 
linear-viscoelastic limit will be determined.
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Fig. 29: Schematic illustration of the linear-viscoelastic deformation limit of 
materials in DMA measurements. 

In the temperature scan, the storage modulus and the loss tangent of the resin, the 
filler and the compounds have been measured in function of temperature with a
constant testing frequency of 1 Hz. The mechanical properties of constituents and 
compounds under the same testing conditions were compared with each other. Pilz
[Pilz, 2001] demonstrated diverse thermo dynamic analyses and discussed the 
technique of data reduction and interpretation in his dissertation. For more 
information about dynamic measurement and the data manipulation please refer to 
[Strobl, 1996; Pilz, 2001]. 
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3.4 Morphological investigation
The morphological investigations provide optical information of the material 
structure. The light microscopy (LM) can be used to study the crystallinity of the
semi crystalline polymeric materials like the PP. The scanning electron microscopy
(SEM) yields overall visual images of material microstructure and especially of the 
3D surface structure because of the depth of view, whereas the TEM with higher
resolution offers more details of micro structure of an object. 

Both elastomers and PP are composed of C (Carbon) and H (Hydrogen) and 
components of a multiphase system like the elastomer-PP compound can therefore 
not be distinguished from each other in SEM. Therefore the TEM was employed for
the microstructural study of the compound. 

In this work thin sections cut from the multipurpose tensile dumbbell specimen of 
the compound were observed in LM as well as in TEM to determine the surface 
layer thickness depending on the cooling rate on the cavity wall in processing. The 
TEM micrographs also reveal the microstructure of the compounds, and suggest
the shape, size, orientation and distribution of the elastomer fillers in the PP matrix.
The TEM experiments were carried out on a TEM Tecnai 12 (Fig. 30) at the
Institute for Electron Microscopy of the Graz University of Technology
(www.felmi-zfe.tugraz.at)

Fig. 30: TEM testing device, at the Institute for Electron Microscopy of the Graz
University of Technology. (image copied from www.felmi-zfe.tugraz.at). 

The preparation of specimen for TEM observation has been carried out as follows.
First, a cross section was taken from the middle or the edge area of the dumbbell 
tensile specimen with a saw. A small piece about 5x5x15 mm (Fig. 31) was then 
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separated from the cross section with a saw and utility knife. The slab was then
embedded into epoxy resin and sharpened to have a 1x1 mm tip like blue circled in 
Fig. 31 by glass microtome at room temperature after the solidification of the resin.
After that the tip was stained with RuO4 solution over night. Prior to staining, the 
surfaces of the piece were varnished with epoxy resin except the 1x1 mm tip, to 
avoid the overhardening of the edges of the slices that were to be microtomed next.
The contrasted sample was cryogenic microtomed using a diamond knife at about
–100 °C. The necessary low temperature was generated by liquid nitrogen so that 
the original microstructure could be maintained without melting due to heating 
during the cutting. The ultra-thin slices were placed on a copper mesh as carrier. 
The thickness of the slice varies between 10-100 nm with respect to the particular
purpose of observation. For example to investigate the PP spherulites, thicker
slices (about 100 nm) will be recommended, the thickness of a slice is about 60 nm
in the study of elastomer phase structure in an elastomer-modified PP blends. 

Fig. 31: Specimen sectioning for TEM investigation of the microstructure of the 
cross section of an injection moulded dumbbell tensile specimen
(4X10X50(effective length) mm). 



Simulation 40

4 SIMULATION
The modeling and simulation of the mechanical material behaviour of the 
compound are based on the experimentally determined characteristic material 
parameters of each constituent. In the software DIGIMAT (e-Xstream Engineering 
S.A., Louvain-la-Neuve, Belgium) one can vary the volume fraction or loading 
conditions to exam the results of the performed experiments or to predict the 
compound performance under conditions that are different from the experiments.
Gastl [Gastl, 2008] has schemed the procedure as shown in Fig. 32. For the 
polymer blends, the types of elasticity can be classified as shown in Fig. 33
according to the intrinsic property of each constituent. 

Fig. 32: The procedure of simulation with DIGIMAT [Gastl, 2008]. 

Fig. 33: The models of elasticity for the matrix material and the filler material. 
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In this work the compounded matrix material is polypropylene whose tensile 
behaviour can be modelled by elastic-plastic or elastic-elastic in the simplest
approximation, as illustrated in Fig. 34. A hyperelastic model (Mooney model) will 
be used to depict the tensile behaviour of the elastomer (Section 2.1.2.3). 

st
re

ss

strain

st
re

ss

strain

elastic-plasticelastic-elastic

Fig. 34: The models of elasticity for describing the tensile behaviour of 
polypropylene.

Regarding the chosen material model for simulation in the software, different 
material parameters will be required (Table 4) as input signals. Here in this work, 
the elastic model was used for polypropylene and elastomer and the tensile 
modulus, E, and the Poisson’s ratio, , of PP and the elastomer were used as input
data for the simulation of small-strain deformation behaviour of the compounds, 
while for the hyperelastic model for large deformation of elastomer the Mooney
energy function W ( ) will be needed. For the usage of the software DIGIMAT and
its application properties in the polymer engineering, please refer to the Bachelor
Thesis by Gastl [Gastl, 2008]. 

Table 4: Material models and corresponding simulation required input parameters. 
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5 RESULTS AND DISCUSSION

In the following part of the work, the testing results are presented and interpreted in 
terms of property relationship between the constituents and compounds.
Conventionally impact tests of notched specimens will be employed to investigate 
the toughened polymer compound, because the effectivity of toughening effect is
the objective of most research works. In this work, however, the mechanical 
behaviour together with the microstructure of elastomer-toughened PP system are 
emphasized. As indicated in the introduction (see Section 1), this work is only an 
integral part of the research project that aims to establish a simulation approach for
a systematic study and prediction of polymer compounds properties. The complete 
research activities will be reported elsewhere by Major et al. in the near future 
[Major et al., to be published]. 

5.1 Monotonic mechanical tests 
In the foregoing theoretical sections, the microdeformation mechanisms of a 
polymeric material have been depicted. Monotonic experiments are characterised 
by constant testing conditions, i.e. the testing parameters like loading magnitude,
loading rate and temperature are constant during a single experiment. The 
fundamental material parameters like stiffness and tensile strength will be derived
from monotonic measurements. With respect to this work, the uniaxial, planar, and 
biaxial tensile tests of the constituents and compounds should provide the material 
behaviour under respective strain states, i.e. stress state. 

5.1.1 Uniaxial tensile tests 
The uniaxial tensile tests on multipurpose dumbbell specimens of the constituents
and the compounds are presented in this section. There were three testing 
temperatures: -30 °C, 25 °C (RT), 80 °C. All of the uniaxial tensile tests have been 
performed at the loading rate of 0.01 mm/s. For the fundamental of uniaxial tensile
tests please refer to Section 3.1.1. 

The continuous phase of the compound is the thermoplastic PP. The nominal 
stress-strain relationship of the PP(H) in dependence on temperatures is presented 
in Fig. 35. The uniaxial tensile behaviour of the elastomer R(PEO) which
constitutes the dispersed phase of the compounds is shown in Fig. 36. The 
nominal stress-strain relationship of the compounds RPP(3.5) and RPP(7) is
revealed in Fig. 37 and Fig. 38, respectively.
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Fig. 35: Nominal stress-strain relationship of uniaxial tensile tests on PP 
homopolymer, PP(H). 

The polypropylene homopolymer PP(H) shows a temperature dependence, at a 
constant loading rate of 0.01 mm/s. Generally the yield point is defined as the point
where the d /d  of the stress-strain curve is zero. Preceding the yield point, the 
deformation behaviour of most materials can be characterized by elasticity, that is 
to say the deformation is recoverable, whereas plastic flow occurs after the yield 
point, followed by ultimately material fracture. At room temperature, the yield stress 
was about 23 MPa at a yield strain of about 10 %. After yielding at RT, the PP did 
not show significant strain softening. On the contrary, the mobility of the molecules
must be dramatically reduced at –30 °C, which leads macroscopically to an 
increase of the yield stress to about 55 MPa an d a decrease of yield strain to 3 %.
The tensile modulus rises from 1300 MPa at RT to 4000 MPa at –30 °C. Besides, 
an immediate drop of the slope of the stress-strain curve can be seen at –30 °C, 
which coincides normally with necking (cold drawing) of the specimen. Necking 
occurs, when the stress concentration localizes. The stress concentration 
localization of PP at the strain rate of 0.01 mm/s was not captured during tests at 
RT and at 80 °C until the strain reached 20 %. While a lower temperature stiffens
the material, a high temperature softens it. This effect can be proved by
comparison of the material response at the three testing temperatures. At 80 °C 
yielding occurred as the strain reached 16 %, and the yield stress was only 10 
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MPa. The tensile modulus of the PP fell at 80 °C to about 360 MPa. 

The glass transition temperature Tg of the material is the temperature, at which the 
material undergoes the transformation between the glassy and rubbery states.
Thermoplastic materials like PP are rigid and fragile in the glassy state (at below 
Tg), and otherwise soft and tough in the rubbery state (at above Tg). The Tg of the 
PP homopolymer is 0 °C. Obviously lower temperatures are critical for PP and 
restrict its application. The poor low temperature performance of neat PP derives 
from its inherent semi-crystallinity. The classical toughening agent, the elastomer, 
offers considerable improvement.

The elastomer particles were dispersed into PP and they are the second 
constituents, the so-called discrete phase. The uniaxial tensile tests of the 
elastomer R(PEO) (ethylene-octene copolymer) are presented in Fig. 36, where 
the nominal stress-strain relationship of the elastomer R(PEO) are shown at two 
temperatures.
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Fig. 36: Nominal stress-strain relationship of uniaxial tensile test on elastomer
(ethylene-octene copolymer), R(PEO). 

The dumbbell tensile specimens were injection moulded. The R(PEO) is a
thermoplastic elastomer and its specimens retract into smaller size at 80 °C due to 
the recovery of orientation that was frozen in by rapid cooling during moulding.
Therefore an uniaxial tensile test was not accomplished at 80 °C. The intrinsic
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widely meshed network structure of elastomers is beneficial for absorption of
deformation energy. The work of the force during deformation can be stored as
elastic energy and released again if the force is removed. The elastomer particles
are hyperelastic and ductile even at lower temperatures. The Tg of the elastomer 
R(PEO) is –52 °C according to data sheet information of DOW. The excellent
elasticity of the R(PEO) can be seen in Fig. 36. The elastomer can be stretched to 
large strains beyond 60 % at RT. Unlike neat polypropylene PP(H), the R(PEO)
maintains its deformation ability and toughness even at –30 °C. The tensile 
modulus of R(PEO) at RT is about 10 MPa, compared to that of PP of 1300 MPa at
RT. The modulus difference between the two materials implies a stiffness variation 
of the compounds that are comprised of these two materials. Empirically, the PP 
will be loaded with 5-20 % (by volume) elastomers without remarkable sacrifice of 
stiffness and strength. 

The behaviour of polymeric material always depends on rate and temperature. In 
most cases an increasing rate and decreasing temperature have an equivalent 
effect on material response, and vice versa. The temperature dependence of the 
elastomer can be deduced by contrasting the two stress-strain curves in Fig. 36.
The lower temperature of –30 °C results in an elevated elastic modulus and higher
stress at the comparable strain level with RT. One may analogously forecast that
modulus and tensile strength of the elastomer would decline if tested at high 
temperatures, e.g. 80 °C. 

The question is in which degree the properties of a compound will be adapted when 
it is composed of the two constituents. The PP and the elastomer are nearly 
immiscible in melts; but the modification of elastomer to PP can be only sufficient, if
the elastomer phase is well bonded to the PP phase. Other decisive factors should 
also be taken into account in design of new compounds. The average elastomer 
particle size and the content of the elastomer in particular compound are of special
importance and interest. The former can be theoretically determined by microscopy
analysis, and the latter should be fitted to the intended application. The particle size 
should be optimized by processing to perform two basic functions as mentioned in 
Section 2.1.3. On the one hand, well-dispersed elastomer particles should induce 
the necessary stress concentration to trigger minute crazes throughout the whole 
sample. On the other hand, elastomer particles must be able to inhibit the growth of
crazes to avoid premature failure. Jang et al. suggest the critical particle size of an 
elastomer toughening system to be 0.5 μm [Jang et al., 1985]. But Wu has
proposed that the critical interparticle distance is a characteristic material property 
of the matrix of an elastomer-toughened system and is the essential criterion for the
efficiency of the toughening effect [Wu, 1985]. Yet no single explanation has met 
universal acceptance so far. The results of the uniaxial tensile tests of compounds
are presented in Fig. 37 and Fig. 38.
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Fig. 37: Nominal stress-strain relationship of uniaxial tensile testson compound 
RPP(3.5) (PP(H)+3.5vol% R(PEO)).
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Fig. 38: Nominal stress-strain relationship of uniaxial tensile tests on compound 
RPP(7) (PP(H)+7vol% R(PEO)). 
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In this work the elastomer contents of both compounds are small. Nevertheless, a 
toughening effect can be perceived, if one compares the matrix behaviour under
uniaxial tension in Fig. 35 with that of the two compounds in Fig. 37 and Fig. 38. As 
temperature ascends, the tensile modulus and the yield strength of the compounds
at each temperature descend merely with increasing elastomer contents. The yield 
strain of the compounds increases at both temperatures of 25 °C and –30 °C 
coupled with decreasing yield stress. The unexpected fall of yield strain of the 
compounds at 80 °C may be the result of stress concentration caused by elastomer 
particles. As explained in the preceding part (see Section 2.1.3), elastomer particle 
induced stress concentration has been inclined to trigger the formation of
subcritical crazes, which contributes to energy absorption and hence promotes the 
yielding of matrix. This effect may be supported by higher temperature, at which the 
mobility of matrix molecules has been activated so that the crazes initiation in
matrix can readily benefit from the existence of filler particles. The nominal
stress-strain relationship of the measurements discussed above (Fig. 35 to Fig. 38)
are compared in Fig. 39 below. The solid curves are of PP(H); the dashed curves
are of RPP(3.5); and the dotted curves are of RPP(7). The three testing 
temperatures –30 °C, room temperature (RT) and 80 °C are represented by green,
red and blue, respectively. The influence of soft elastomer particles was shown in 
Fig. 20, and the composite plot of the tensile stress-strain relationship of the PP(H),
RPP(3.5) and RPP(7) in Fig. 39 is in agreement with that. 
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Fig. 39: Alteration tendency of the tensile behaviour of neat PP(H) with varying 
loading of elastomer (0vol% 3.5vol% 7vol%), at three temperatures. 
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Through the comparison of the uniaxial tensile behaviour of the neat matrix 
material PP(H) and of the two compounds, it can be deduced roughly that with 
increasing elastomer content, the stiffness and the tensile strength sink slightly.
The characteristic material parameters that are determined by uniaxial tensile tests 
are tensile modulus, yield stress and yield strain. These values of the two 
constituents and the two compounds have been summarized in the Table 5.

Table 5: Characteristic material parameters from uniaxial tensile test. 

Temperature Abbreviations
Volume
Fraction
[vol%]

Yield Stress 
[MPa]

Yield Strain 
[%]

Tensile
Modulus

[MPa]

-30°C PP(H) 0 55 3 4000

25°C PP(H) 0 23 10 1330matrix

80°C PP(H) 0 10 16 360

-30°C RPP(3.5) 3,5 52 3,6 3600

-30°C RPP(7) 7 45 3,3 3500

25°C RPP(3.5) 3,5 22 10,5 1250

25°C RPP(7) 7 20 11 1160

80°C RPP(3.5) 3,5 9 15,5 330

80°C RPP(7) 7 8 14 330

compound

filler 25°C R(PEO) 100 1,9 60 10

In the following three figures (Figs 44-46), the values of Table 5 are plotted to 
visualize the tendency of each material parameter in function of filler volume
fraction. In every plot, the three testing temperatures –30 °C, 25 °C and 80 °C are
indicated with green, red, and blue, respectively. In the legend, the abbreviation 
RPP refers to the compounds that are elastomer (R(PEO)) modified polypropylene 
PP(H). The deviation of single measurement points is integrated, too. All the 
experiments have been repeated under same testing conditions three times to 
ensure the plausibility of the results. It can be seen that the tensile modulus, E (Fig.
40), and the yield stress, y (Fig. 41), decrease while the yield strain, y (Fig. 42),
increases with increasing filler content. The accuracy of the measurement of yield
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strain of uniaxial tensile tests was low, so Fig. 42 shows no clear tendency. 

In addition, a consideration, which governs the research activities throughout this 
work, is that the matrix PP can be regarded as a virtual compound with 0 % filler,
and the elastomer filler can be considered as a virtual compound with 100 % filler. 
Keeping this consideration in mind, one may assume that the properties of the 
compounds should fall somewhere between the two extremes represented by the 
two constituents. Most important is however the sensitivity of the matrix material to 
given loading conditions in application of a compound. The influence of a filler or 
reinforcement on particular properties of a composition is usually moderate. In 
many cases an enhancement of a property is at cost of another, the design and 
engineering of polymer compounds are in this sense to find a compromise. To 
these aspects, the various experiments in this work should contribute to a better 
understanding.
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Fig. 40: The change of elastic modulus, E, in function of elastomer volume 
fraction, , at three testing temperatures. 
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Fig. 41: The change of yield stress, y, in function of volume fraction, , at three 
testing temperatures. 
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Based on the uniaxial tensile experiments, the Poisson’s ratios,  of the PP(H) and 
the R(PEO) have been estimated and documented (see Table 7 page 79). The 
values of Poisson’s ratio have been determined by FFSA with Aramis. In the 
following the temperature dependence of the Poisson’s ratio will be revealed in Fig.
43, where the Poisson’s ratio of PP(H) raises with increasing temperature, but the 
R(PEO) has a constant Poisson’s ratio of about 0.5 at all temperatures due to its 
incompressibility. The measurement of the Poisson’s ratio of the R(PEO) at room 
temperature delivers the value 0.48. The Poisson’s ratio of the R(PEO) has not
been measured at other temperatures successfully due to technical difficulties. 
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Fig. 43: Poisson’s ratio,  of PP(H) and R(PEO) in dependence on temperature, T. 

5.1.2 Planar tensile tests 
The planar strain state can be realized by stretching the FWPS specimen (Fig. 24),
as the effective part of specimen is much shorter in height (16 mm) than in width
(200 mm). During tension parallel to the axis of the height, the contraction in width 
will be inhibited and hence be negligible. This means that the thinning only appears
in the thickness. 

The pure shear tests of elastomer R(PEO) were carried out at two temperatures: 25 
°C and 80 °C. At each temperature the FWPS specimens were tested at two strain 
rates: 0.01 mm/s and 1 mm/s. The operation of the pure shear experiment was
described in Section 3.2.2. The results of pure shear tests on R(PEO) are 
documented in Fig. 44. The dashed curves refer to strain rate 1 mm/s, and the solid 
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curves to 0.01 mm/s. The red stress-strain curves correspond to a room 
temperature of 25 °C, while the blue curves to 80 °C. One sees that a higher testing 
rate leads to a stiffening of the material, because the relaxation of the molecule
chain does not have enough time to take place or only occurs of a limited level. The 
rate effect is especially pronounced at 80 °C. 
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Fig. 44: Stress-strain curves of pure shear tension on FWPS specimens of
elastomer R(PEO). 

The temperature dependence shows the same tendency at both testing rates,
namely the material is stiff at lower temperatures and soft at higher temperatures.
Moreover, the rate effect is more obvious at a temperature of 80 °C, if one 
compares the two blue stress-strain curves in Fig. 44. This observation reflects the 
thermal property of the elastomer. According to the data sheet of DOW chemical 
company in the appendix, the Tg of the elastomer R(PEO) is about –52 °C, and its
DSC melting point Tm determined at 10 °C/min is 60 °C. By contrast, the PP resin is
a very rigid material. Some research reports show that the thermo stability of PP 
could be enhanced to a certain extent by elastomeric phase [Karger-Kocsis, 1995]. 

During tension, whitening in the specimen accompanies material yielding. As
shown in Fig. 45, at room temperature and at testing rate of 0.01 mm/s, the 
whitening appears at a strain of about 50 % and implies the onset of inhomogenous
deformation of the specimen. As the elongation reaches about 100 %, a 
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remarkable void formation of material manifested. In general elastomers are tough 
in a wide temperature range and withstand large deformation. 

at elongation of 50 %

at elongation of 100 % 

Fig. 45: Whitening of R(PEO), observed in the pure shear (planar tension)
experiment at a loading rate of 0.01 mm/s and at RT. 

5.1.3 Equibiaxial tensile tests 
In Section 3.2.3 the test device together with examples of strain field analysis have 
been shown. It is worth mentioning that the practical handling of the equibiaxial 
tensile test is of particularly difficult. The fixture-induced stress concentration will
more or less affect the testing and the results. Some brittle specimens fracture 
abruptly at the clamps during loading. Another problem is, the testing device is
applicable in the strict sense only to the incompressible materials such as
elastomers. Further, the polymeric materials fail more rapidly, that is to say after 
reaching the yield point less force is needed principally in order to cause the same 
elongation of the sample as before yielding. Loading in the uniaxial and planar
tensile tests is applied under displacement controlling to guarantee the monotonic
loading conditions. In the equibiaxial tensile test, however, the loading by gas
blowing from beneath the gripped disc specimen cannot be kept constant. The 
calculated stretch rates of the equibiaxial tensile experiments with the two 
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compounds are shown in Fig. 46. In this work, the measurements of the strain field 
have been made in the centre of the disc specimens during biaxial tension. 
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Fig. 46: Calculated stretch rates of equibiaxial tensile tests with the two 
compounds.

The stress-strain relationship of the performed tests is plotted in Fig. 47. As shown
in Fig. 47, the two compounds distinguish merely from each other in the linear 
elastic region (the green circled region in Fig. 47) but do differentiate in the 
nonlinear elastic region (the black circled region in Fig. 47). Based on this 
observation, one may conclude that the matrix material governs the elastic
behaviour of the compounds, whereas the nonlinear, irreversible large deformation 
will be more strongly influenced by elastomer fillers. Hence the deviation of the two 
stress-strain curves in Fig. 47 appears at a strain of about 4 %. At larger 
deformation, the compound RPP(7) with 7 vol% elastomer fillers has a smaller
stress resistance but a better fracture behaviour; it fails at a strain of beyond 40 % 
in the biaxial tensile test. In contrary to RPP(7), the compound RPP(3.5) with 3.5 
vol% elastomer fillers fails at strain less than 20 % in the biaxial tensile test. The 
volume fraction of the elastomeric phase of a PP compound can reach normally up 
to 20 vol%, where the toughness can be further improved without loss of the 
stiffness with a higher filler content of the compounds. In this work, both 
compounds are low-loaded, but the toughening effect of elastomers can still be
identified by contrasting the two compounds (Fig. 47). Because of the brittleness of
the neat polypropylene, biaxial tensile tests on PP(H) were not carried out
successfully.
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Fig. 47: Comparison of the equibiaxial tensile behaviour of the compounds
RPP(3.5) and RPP(7), at room temperature. 

5.1.4 Comparison of material behaviour at different strain states 
In Section 2.1.3 the three fundamental strain states were explained. Results of the 
experiments at each strain state were interpreted one by one in Sections 3.2.1 to 
3.2.3. In this section, the results of the three strain states will be compared with one
another in terms of the effect of strain conditions on the material behaviour (refer to 
Fig. 12).

In Fig. 48 the material behaviour of the uniaxial tensile test and the pure shear test 
of the elastomer R(PEO) are presented. The loading of both tests was applied at
room temperature with a loading rate of 0.01 mm/s. It can be seen that the tensile 
strength of the elastomer has been approximately doubled in planar tensile (pure 
shear) state in contrast to the uniaxial tensile state. This phenomenon is called 
strain state dependence and shall be taken into account while studying the 
mechanical properties of polymeric materials. 

The distinction between the uniaxial and biaxial tensile tests provides another
evidence of the strain state dependence. The results of the two types of strain state 
that have been applied to the two compounds RPP(3.5) and RPP(7) is shown in 
Fig. 49 on the next page. The pink curves correspond to RPP(3.5) and the cyan 
curves correspond to RPP(7). The dot-line curves refer to the biaxial tension tests
and the solid curves to the uniaxial tension tests. 
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Fig. 48: Stress-strain relationship of the uniaxial tension and the pure shear 
experiments that were carried out at room temperature where the same 
loading rate 0.01 mm/s was applied. 
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was applied at room temperature. 
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The uniaxial tension refers to loading in only one direction, whereas the biaxial 
tension is a multiaxial loading procedure in which the loadings in two orthogonal
directions are of same magnitude. It can be derived from the stress-strain 
relationship in Fig. 49 that the biaxial strain state leads to upgrade in stiffness
(elastic modulus) and tensile strength (yield stress) relative to the uniaxial strain 
state. In addition, irrespective of strain state, the yield strain seems dependent
mainly on material. Different strain states do not result in different yield strain of 
single material, neither of elastomer nor of compounds as shown in Fig. 49.

5.1.5 Data extraction for simulation 
The rubber elasticity and relevant material law (the simplified Mooney-Rivlin strain 
energy function) have been generally described in the Section 2.1.2.3. Treloar has
in his book “the physics of rubber elasticity” introduced the development of the 
theories for large elastic deformation of rubber and also discussed the restraint of 
various proposals [Treloar, 1975]. 

The Mooney plot of the elastomer R(PEO) is presented in the Fig. 50 based on the 
uniaxial tensile test, where the loading velocity was 0.01 mm/s and the testing 
temperature was 25 °C. The red straight line is the linear fitting on the experimental
curve in green and yields the values of Mooney constants C1 and C2.
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Fig. 50: Mooney plot on the basis of uniaxial tensile test of elastomer R(PEO), 
the testing conditions were: room temperature and stretch rate of 0.01 
mm/s.
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According to statistics by Treloar, the empirical value of C1 ranges from 0.10 MPa 
to 0.31 MPa, whereas the C2 remains approximately constant (0.10 MPa). The 
experiment shown in Fig. 50 yields values of C1 and C2 those are unlike the 
empirical values. For the elastomer R(PEO), C1 is about –0.8 MPa and C2

approaches 2.5 MPa. The difference between the empirical and the experimental 
values may depend on the material. The empirical values have been based on 
uniaxial tension of a series of vulcanized rubbers, but the elastomer R(PEO) in this
work is a thermoplastic elastomer (see introduction in Section 2.1.2.2, pages 7 and 
8). Since C1 and C2 are material specific constants, the individual test conditions
such as temperature and stretch rate should not play a part in the deviation. The 
determination of the two constants by means of Mooney plot has been introduced 
in Section 2.1.2.3 (Fig. 13). In the later simulation, C1 and C2 are two of the inputs 
that are required by the chosen material law for the elastomeric phase. 

5.2 Dynamic mechanical analysis
For the processing and application of polymeric materials, their viscoelasticity is of 
essential importance. Depending on the particular rate and temperature, the 
viscous, anelastic (retarded elastic deformation) and elastic responses of polymeric
materials to loading have different weights in terms of deformation. The dynamic
mechanical tests of polymers deliver complementary information of material 
behaviour to monotonic mechanical tests, because they deliver important 
information of the viscosity of a material. In this work, DMA (dynamic mechanical
analysis) was employed to measure the material property dependence on variable 
frequency and on temperature. The input cyclic signals of all the DMA 
measurements in this work have been set in sinusoidal form that is generally
considered the best waveform to reveal the properties of polymeric materials which
show both viscous and elastic responses. 

5.2.1 Amplitude scan and estimation of the linear viscoelastic limit 
The amplitude scans of constituents and compounds are presented in Figs 51 to 54 
on the following pages. Fig. 51 shows the strain amplitude scan of PP(H), with a 
relatively large scattering of data points at small strain amplitudes. The tendency of 
the storage modulus, E’, in relationship of the strain amplitude, A, was evaluated 
approximately, and the amplitude limit at which the storage modulus is no more 
constant was estimated. The same procedure was repeated in the determination of 
the applicable strain amplitude of the R(PEO) in Fig. 52, RPP(3.5) in Fig. 53 and 
RPP(7) in Fig. 54. The strain amplitude limits of these materials were then plotted 
in Fig. 55. The test settings of the temperature scan (Section 5.2.2) is based on the 
estimated linear viscoelastic limits of the materials in the amplitude scan (see 
Section 3.3 and Fig. 29 ). 
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Fig. 51: Strain amplitude scan of resin PP(H), at room temperature. 
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Fig. 52: Strain amplitude scan of modifier R(PEO), at room temperature. 



Results and discussion 60

0.0 0.1 0.2 0.3 0.4
1240

1250

1260

1270

1280

strain amplitude (peak to peak)    A, %

st
or

ag
e 

m
od

ul
us

   
 E

', 
   

M
P

a

RPP(3.5)
RT

Fig. 53: Strain amplitude scan of compound RPP(3.5), at room temperature. 
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Fig. 54: Strain amplitude scan of compound RPP(7), at room temperature. 
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Fig. 55: Maximum limit of strain amplitude (peak-to-peak) for each material. 

5.2.2 The temperature dependence 
The temperature scan is a DMA measurement of one frequency, one force 
amplitude, with a temperature program. The temperature scan also offers 
information on the glass transmission temperature, Tg, that is one of the important 
parameters for the determination of the temperature application extent of a 
polymeric material. 

The temperature scans (tensile DMA in this work) of the two constituents and two 
compounds with constant frequency of 1 Hz are displayed here in Figs 56 to 60, 
where the change of the storage modulus, E’, and the loss tangent, tan , of each
material depending on the temperature will be displayed separately. The applied
force/displacement amplitude to each material has been checked to be below the 
linear-viscoelasticity limit (Figs 51 to 54). The cross section of the dumbbell 
specimens used is 40 mm2 (4x10 mm). The temperature scans of the PP(H),
RPP(3.5) and RPP(7) were under force control and have these testing conditions:
the mean value of applied axial force Fmean=50 N, the peak-to-peak amplitude of
applied axial force Fampl=50 N, test frequency f=1 Hz. The temperature scan of the 
R(PEO) was however under displacement control due to the large variation of the 
storage modulus over the test temperature range. The testing conditions for
R(PEO) are: the mean value of the axial displacement Smean=0.75 mm, the 
peak-to-peak amplitude of the axial displacement Sampl=0.5 mm, test frequency f=1 
Hz. The storage modulus variations of materials in function of temperature will be 
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then contrasted with each other in the Fig. 60 on page 64. 
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Fig. 56: Temperature scan of resin PP(H), showing storage modulus, E’, and 
the loss tangent, tan .
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Fig. 57: Temperature scan of elastomer R(PEO), showing storage modulus, E’, 
and the loss tangent, tan .
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Fig. 58: Temperature scan of compound RPP(3.5), showing storage modulus, 
E’, and the loss tangent, tan .
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Fig. 59: Temperature scan of compound RPP(7), showing storage modulus, E’, 
and the loss tangent, tan .
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Fig. 60: Comparison of the temperature dependence of the storage modulus, E’, 
of the materials. 

By comparing the two constituents (Fig. 60), it can be derived that the elastomer
R(PEO) (in magenta rhombus) reveals a dramatic drop of storage modulus as the 
temperature rises. On the contrary, the PP(H) (in red point) remains relatively rigid 
up to 100 °C. The Tg of R(PEO) at 1 Hz is about –40 °C, which is comparable with
the data (Tg of R(PEO): -52 °C) offered by DOW chemical company. The melting 
temperature, Tm of R(PEO) is 60 °C according to DOW, which is the same as 
evaluated by the temperature scan at 1 Hz. 

It is logical to infer that the dynamic mechanical properties of the compounds
RPP(3.5) and RPP(7) may be in the interval built by the two constituents. This can 
be seen in Fig. 60 where the storage modulus descends with ascending elastomer 
content, though the difference between the three materials (PP(H) in red point,
RPP(3.5) in grey triangle, and RPP(7) in royal star) is very small owing to the 
relatively low filler contents in both compounds.

In the temperature scan (Figs 56 to 59) of the materials tested in this work
compound properties are mainly determined by the matrix material PP(H) due to 
the small filler fractions. The temperature dependence of the storage modulus of 
the compounds are dominantly controlled by the matrix material PP(H) according to 
DMA experiments (Fig. 60), and so is the tensile behaviour (see Section 5.1.1). 
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5.3 Material morphology
Parallel to the mechanical experiments, the morphology of the compounds has 
been researched by means of LM (light microscopy) and TEM (transmission 
electron microscopy). The microstructure of a compound is basically determined by 
microstructures of the mixed constituents and by the process conditions along with 
the interaction between the constituents during processing. The micrographs will 
be presented in the following part and be interpreted in terms of structure-property 
relationships.

5.3.1 The microstructure of injection moulded dumbbell specimen 
The light microscopy of the semi thin microtomed films of the compound RPP(3.5) 
shows the typical skin-core structure [Strobl, 1996] of the injection moulded 
dumbbell multipurpose tensile specimen. The measured skin layer is about 
100-200 μm thick according to the size variation of the spherulites of the 
continuous phase, the PP(H) (see Fig. 61). Although there is no clear definition of
the skin layer up to date, it is obvious (left image in Fig. 61) that there is a definitive
abrupt change of the crystallite size in the material, which, for discussions in this 
work, may be defined as the boundary of the skin layer. 

core

skin100-200 μm

core

skin

Fig. 61: Images that are taken from a semi thin microtomed film of the dumbbell 
specimen of the compound RPP(3.5). 

An overview of the cross section of the dumbbell tensile multipurpose specimen of
RPP(3.5) is shown in Fig. 62. The slice has been microtomed vertically to the 
direction of the material flow of injection moulding. The dark region in the middle of
the film in Fig. 62 suggests that the microstructure of the compound does not have
a homogenous transition from skin to core. The microstructure of the core may be 
different from that of the skin and of the transition regions. The microstructure of the 
core layer is illustrated in Fig. 63, where the structureless features are presumably 
amorphous PP domain melted while sectioning of the thin slice at room
temperature. Some studies reported that the elastomeric discrete phase might 
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influence the size of the PP spherulites but not the crystallinity of the continuous
phase [Karger-Kocsis, 1995]. The TEM observations support argument this (see 
Section 5.3.2.2). 

coreskin skin

Fig. 62: Image of cross section of a dumbbell tensile multipurpose specimen of 
RPP(3.5).

Fig. 63: Illustration of microstructure in the core of a dumbbell tensile 
multipurpose specimen of RPP(3.5), by polarized light microscopy. 

5.3.2 Morphological observations of the compounds 
In this section, TEM micrographs of the two compounds have been studied in order 
to know how the two principally immiscible phases are coexistent in the compound.
The centre problem is the dispersion and the distribution of the discrete phase 
coupled with filler content and processing technique. Furthermore, the property of 
the interface (the interfacial adhesion) between the two phases in the compounds
will be briefly discussed, too because of its importance for the bonding. 
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5.3.2.1 The particle size and shape distribution 
Methods have been developed to enable the determination of the shape and size of
filler particles and their distribution in a composite; some of the theories deal with
the explanation of the three-dimensional morphology of filler particles and are
successful in many cases [Xu et al., 2003]. Anyway, the exclusive resource for 
such a study or analysis is the micrograph. The single particles will be counted and 
classified in association with their size and shape. But only particles that can be 
recognized by the analysis tools used will be counted in statistics. In most cases
the very tiny particles are neglected though the total number of small particles is
larger than the total number of large particles (Fig. 64). The elastomer particles
change their shape and size during processing which complicates the estimation. 
The accuracy and validity of such calculation of filler size and shape distribution
based on micrographs will thus be quite impaired in practice. If the same operation 
or procedure of statistical analysis can be ensured, they can be applied for instance
to compare the compounds with the same kind of filler but different filler contents.
Above all, the statistics should be made by analysing large amount of micrographs,
with careful regard of other factors like specimen preparation and operation of
microscopy etc. 
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Fig. 64: Scheme of size distribution of elastomer particles in compounds. 

By coincidence with observation by LM, the skin-core structure of the injection 
moulded dumbbell multipurpose tensile specimen finds its evidence in TEM
micrographs, too. It can be identified by the transition of the elastomer particle 
shape. This can be viewed in Fig. 65, where the TEM micrograph of the compound 
RPP(3.5) has been made by using an ultra thin slice microtomed from dumbbell 
specimen perpendicularly to the flow direction. The skin layer thickness is about 60 
μm according to the variation of the elastomer particle shape, while the skin layer 
thickness determined by the spherulite size variation is around 100-200 μm (see 
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Fig. 61 left). This phenomenon can owe to the distinct thermal properties of the two
constituents, although they are subjected to the same cooling temperature history
simultaneously in the mould. Compared with the resin PP(H), which crystallized on
the wall of the mould at a relatively higher temperature during injection moulding,
the elastomer particles remained molten until the temperature fell to below the Tg of 
the elastomer. Hence during cooling in the mould, the elastomer particles had 
enough time to relax, whereas the PP close to the wall was frozen-in in a very short 
time, so that the PP spherulites in a certain distance from the wall were not able to
grow.

surface

60 μm

10 μm

Fig. 65: Skin-core structure according to the particle size variation from surface 
layer (right) towards the core layer (left). 

The ellipsoidal configuration of the dispersed elastomer particles together with the 
three dimensions a, b and c is illustrated in Fig. 66. If a < b < c, the c represents the 
flow (injection) direction, in which the largest deformation of elastomer particles
appears, and the a and b are in the plane that is vertical to the c-axis. The a-b plane 
defines the cross section of the dumbbell specimen. The dumbbell specimens were 
injection moulded, but since the applied shear rate (injection velocity) and shear
rate gradient as well as the cooling rate and the temperature gradient in the mould 
did not block the relaxation of the elastomeric phase significantly, the filler particles 
are quasi spheric in their solid state (after cooling). This can be proven by the TEM
investigation of the samples sectioned from the dumbbell specimens of the 
compounds RPP(3.5) and RPP(7) in Figs 67 to 70. 
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a

b
c

Fig. 66: Ellipsoidal configuration of the dispersed elastomer particles in the
compound, c indicating the flow direction. 

The elastomer particles in the skin layer were oriented, that is, in other words, 
elongated parallel to the flow direction. The micrographs are two-dimensional. In 
order to reveal the three-dimensional body of the particles, ultra thin microtomed 
slices that are in the two orthogonal planes were prepared. One of the planes is
parallel to the c-axis which indicates the flow direction, and the other one is 
perpendicular to the c-axis. The aspect ratio denotes the degree of anisotropy of
the dimensions of a particle. Two aspect ratios are defined in this work. The aspect
ratio rv equals b/a, of which the subscript v refers to vertical to flow direction. For 
simplification, the b/c and a/c can be represented by the same aspect ratio rp, of 
which the subscript p means parallel to the flow direction. The orientation of filler
particles is induced primarily by flow deformation, thus the relationship rp  rv exists
generally. Conclusion can be drawn from the observation of Figs 67 to 70 that rp

rv  1 is valid in the core layer of dumbbell specimens of the two compounds
RPP(3.5) and RPP(7). This means that the elastomer particles are approximately
spheres in the core layer of the injection moulded dumbbell specimen. The 
morphology of particles in the skin layers of both compounds is shown in Figs 71 to 
74, where large elongation of particles introduced by flow can be seen. Images in 
Figs 67 to 74 are of the same magnification.
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Fig. 67: Core region of the dumbbell specimen of RPP(3.5), parallel to flow 
direction. Particle diameter about 0.1-2 μm. 

Fig. 68: Core region of the dumbbell specimen of RPP(3.5), vertical to flow
direction. Particle diameter about 0.1-2 μm. 



Results and discussion 71

Fig. 69: Core region of the dumbbell specimen of RPP(7), parallel to flow 
direction. Particle diameter about 0.1-3 μm. 

Fig. 70: Core region of the dumbbell specimen of RPP(7), vertical to flow 
direction. Particle diameter about 0.1-2 μm. 
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Fig. 71: Skin layer of the RPP(3.5), parallel to flow direction. Particle about 0.1-5 
μm in length and 0.1-0.8 μm in width. 

Fig. 72: Skin layer of the RPP(3.5), vertical to flow direction. Particle about 0.1-2 
μm in length and 0.1-0.5 μm in width. 
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Fig. 73: Skin layer of the RPP(7), parallel to flow direction. Particle about 0.1-10 
μm in length and 0.1-1 μm in width. 

Fig. 74: Skin layer of the RPP(7), vertical to flow direction. Particle about 0.1-6 
μm in length and 0.1-0.6 μm in width. 

The following observations could be found by contrasting the TEM micrographs in 
Figs 67 to 74. The first observation is that in vertical and parallel directions the 
elastomer particles are elongated in the skin layer, where the values of the two 
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aspect ratios rp and rv are small (<<1), due to relatively large deformation (high 
orientation degree). The second observation is that the rp > rv can be identified in 
the two compounds, indicating that the orientation parallel to the flow direction is
more pronounced than the orientation vertical to the flow direction. The third
observation, which can be seen in Figs 67 to 70 is, that the particle size and 
interparticle distance coincide with the filler particle volume fraction. Compared with
RPP(3.5), the deformed particles of the skin layer in RPP(7) are thicker in the 
vertical direction and longer in the parallel direction. Not only in the skin layer but 
also in the core region, the filler particles of RPP(7) are in average larger than those 
of RPP(3.5) (see Figs 67 to 74). In addition, the distance between the particles in 
RPP(7) is smaller than in RPP(3.5). 

Based on the TEM micrographs of the compounds, the aspect ratio rp of the 
elastomer particles has been roughly estimated. The distribution of the aspect ratio 
rp and the schematic illustration of the particle shape are plotted in Fig. 75. The
statistic did not distinguish between the filler volume fractions; it is only of
qualitative meaning due to the low accuracy available. One sees that the skin layer
is very thin and the particle orientation has been well recovered without annealing 
except in the skin layer that is negligible in terms of the mechanical behaviour of the 
injection moulded specimens. 

Fig. 75: Scheme of the particle shape distribution in compound, parallel to flow
direction.
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5.3.2.2 TEM observation of interface between two phases 
As remarked at the beginning of Section 5.3.2, the interfacial bond is the key factor 
for the effectivity of the elastomer modification to a PP matrix. The stress 
transportation in the bulk material, diverse micro deformation and interaction 
mechanisms depend on whether the bonding between filler and matrix works
sufficiently or not. The following figures show some interesting TEM micrographs in 
terms of interfacial bonding. 

The images in Fig. 76 should give an idea of the size ratio of the elastomer
particles to the PP spherulites. As contrasted to the PP spherulites, whose
diameters have an order of about 10-50 μm, the elastomer particles are only about
0.1-2 μm in diameter. The crystallinity won’t be altered by elastomer particles that
are too small to act as a nucleating agent or to cause a change in the spherulite
type.

Fig. 76: TEM micrographs showing the size ratio of the elastomer particles to the 
PP spherulites of the compound (RPP(3.5)). 
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At higher magnifications, the microstructure of the compounds has been detected. 
The TEM micrographs in Fig. 77 reveal some important details of the interface. Fig.
77a presents apparent lamellae of about 50-100 nm in length that coalesce the 
particle and the resin surrounding it. The interfacial lamellae play the chief role in 
linking the two phases in the compound. Even though we have not identified 
chemical bonding, entanglement between molecule chains of both phases may be 
formed and contribute to stress transportation. At the same time, the serrate 
lamellae protruding from the filler particles can gear the particle and the matrix so
that the interfacial coalescence can be enhanced. The micrographs (Fig. 77b, c, d)
are further examples which reveal the morphology of the interface. 

a b

c d

Fig. 77: TEM micrographs showing interfacial connections. The lamellae are
about 50-100 nm in length. 
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In Fig. 78, three adjacent particles have been captured. It remains open if the 
particles will combine or will be isolated. The theories introduced in Section 2.1.4 
may be used to investigate the formation and the size of an elastomer droplet in the 
melt during compounding and moulding. Nevertheless, the matter is beyond the 
scope of this work. 

Fig. 78: TEM micrographs of three adjacent elastomer particles. 

Before dealing with the next section, a brief review on the microscopic 
investigations shall be made here. The microstructures of the compounds have 
been successfully determined by means of LM and TEM. Due to lack of adequate
analysing tools the attempt of obtaining the particle size distribution failed. The 
determination of the particle size distribution is problematic (Fig. 64) and requires
adequate approach. At least, the comparison of the compounds with view to the 
effect of filler volume fractions could theoretically be carried out, if systematic or
automatic procedure of image analysis were established. The approximate aspect 
ratio rp will be used as one of the input signals in modeling and simulation. The next
section focuses on modeling and simulating the mechanical behaviour of the 
compounds based on the information extracted from the experiments of 
constituents. The results of simulation of the compound behaviour will then be
compared with the experiments on the compounds. 
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5.4 Simplified modeling and simulation of the mechanical 
behaviour of the compounds 

Gastl introduced the practical operation of modeling and simulation of polymer
materials with help of the software DIGIMAT MF in detail [Gastl, 2008]. Based on 
established concepts, the glass reinforced PP was investigated, where the glass
represented the group of hard particle fillers [Gastl, Jerabek and Major, to be 
published]. In further investigations, polyester fibre reinforced and elastomer
particles modified PP will be studied [Gastl, Jerabek and Major, to be published at
the DIGIMAT user’s meeting, Belgium, November 2008]. As mentioned in the 
introduction, the long-term objective of the research project, to which this work
belongs, is to study the property relationship between the constituents (modifier
and matrix) and the compound (a multiphase composition), and to bring out a 
modeling and simulation system for diverse applications in development of new 
compounds and for prediction of the compound performance. 

In DIGIMAT MF there are various possible elasticity models (see Table 6), of which
the simple combination for elastomer-filled PP were used in simulation of small 
deformation behaviour (see Section 4). It is assumed that the matrix is linear elastic
and the filler obeys the hyperelastic material law and the properties are isotropically
symmetric. Only the linear elastic behaviour has been simulated in this work, where
it focuses on the small strain deformation of materials (refer to Fig. 19). The 
simulation results of large strain deformation will be discussed elsewhere [Jerabek
and Major, to be published].

Table 6: Models of elasticity of constituents of the compounds. 

Matrix Filler

elastic elastic

elastic hyperelastic

elastoplatic elastic

elastoplastic hyperelastic
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The input data are: 

1.) Filler volume fraction: 

RPP(3.5)-3.5 vol % 

RPP(7)-7 vol % 

2.) Temperatures: 

-30 °C 

25 °C 

80 °C 

3.) Material law: 

Linear elasticity for PP(H) (refer to Fig. 34)

Linear elasticity for R(PEO) for small deformation 

Mooney-Rivlin model for R(PEO) for large deformation 

4.) The aspect ratio of elastomer particles: 

rp=b/c= a/c=1

(refer to Fig. 66 on page 69 for definition of rp)

5.) Experimentally determined mechanical parameters of material ( see Table 7).

6.) Mooney constants for R(PEO) (for large deformation): 

C1 :  –0.8 MPa

C2 :  2.5 MPa

Table 7

PP(H) -30 °C E = 4000 MPa  = 0.31 

25 °C E = 1300 MPa  = 0.42 

80 °C E = 360 MPa  = 0.48 

R(PEO) -30 °C E = 33 MPa 

25 °C E = 10 MPa  = 0.48 

80 °C E = 1 MPa



Results and discussion 80

The output data are the calculated mechanical parameters of the compounds.
Below the results of simulation and the experimentally determined data will be 
compared (see Figs 79 to 82). Two mechanical parameters have been calculated 
by DIGIMAT MF; they are the tensile elastic modulus, E, and Poisson’s ratio, .
Poisson’s ratio,  is the ratio of lateral strain (perpendicular to load direction)
divided by the axial strain (load direction), referring to the uniaxial tensile test. 

Comparisons of experimental and computational estimated E and  of compound 
RPP(3.5) with 3.5 vol% elastomer fillers are shown in Fig. 79 and Fig. 80.
Comparisons of experimental and computational estimated E and  of compound 
RPP(7) with 7 vol% elastomer fillers are presented in Fig. 81 and Fig. 82.

A few simplifications have been made in the simulation procedure. The properties
of the material are assumed to obey isotropic symmetry. The hyperelastic 
elastomer particles have been taken as elastic at small strain. Even the 
viscoelasticity of the resin PP has been ignored. But as E characterizes primarily
the linear elastic behaviour of the material at a very small strain, such 
simplifications are reasonable. This is supported by the quite satisfactory 
agreement between the simulated and measured values of the two mechanical 
material characteristic parameters E and  at each filler volume fraction. Only
minimal discrepancies have been observed that shall be optimized by further
adjustment of the simulation technique and the improvement of accuracy of input 
data.
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Fig. 79: Simulated and measured tensile modulus, E, of RPP(3.5) in function of
temperature.
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Fig. 80: Simulated and measured Poisson’s ratio,  of RPP(3.5) in function of
temperature.
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Fig. 81: Simulated and measured tensile modulus, E, of RPP(7) in function of 
temperature.
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Fig. 82: Simulated and measured Poisson’s ratio,  of RPP(7) in function of 
temperature.



Summary and conclusions 83

6 SUMMARY AND CONCLUSIONS

For micromechanics-based material modeling and simulation of heterogeneous
polymer compounds, adequate mechanical material data and microstructural 
parameters of the constituents are used as input data. Polymeric materials in 
general show highly non-linear, time and temperature dependent mechanical 
properties. Moreover, thermoplastic polymer and hyperelastic elastomer have 
significantly different time and temperature dependence in the reversible as well as 
in the irreversible deformation region. Therefore the mechanical behaviour of the 
polymer matrix in case of the hard-mineral-particle-filled polymer compounds and
of both elastomer filler and polymer matrix in the case of the 
soft-elastomer-particle-filled polymer compounds should be characterized for
modeling and simulation of the compound behaviour regarding their time and 
temperature dependence. To verify the results of simulation, the mechanical 
behaviour of compounds is to be characterized experimentally under conditions
that are to be used in the simulation, too. Morphological investigations are required 
to determine the microstructural characteristic for modeling and simulation of the 
compound behaviour. 

The modeling software offers various material elasticity models. The following 
material elasticity models are available in the DIGIMAT MF used for this work:

elastic material 

thermoelastic material 

viscoelastic materil 

hyperelastic material and 

elastic-plastic material 

Different material testing methods can be used to determine input data required by 
different models. For the elastic and elastic-plastic models used for thermoplasts 
like polypropylene, uniaxial tensile tests can be applied. For the hyperelastic model
used for elastomers, monotonic tensile tests including uniaxial tensile test, planar
tensile test and biaxial tensile test are normally applied to determine the large 
deformation behaviour of material under multiaxial strain states. For the 
viscoelastic material model, either experiments under static loading conditions
(creep or relaxation) or conducting cyclic experiments in a small deformation range 
can be used. Dynamic mechanical analysis (DMA) was used in this work because it 
needed shorter testing time than static methods. This work focused on the small 
deformation behaviour of the compounds, thus the simulation used the simple 
elastic model for two constituents though they had different elasticities in general. 
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For the elastic model, tensile modulus and Poisson’s ratio of the two constituents
were determined using engineering stress-strain relationships of uniaxial tensile 
tests at testing temperatures of -30 °C, 23 °C and 80°C. The testing temperatures
represent the temperature range of automotive applications where the compounds
will be mainly used. The two Mooney-Rivlin parameters were estimated based on 
the engineering stress-strain relationship of uniaxial tensile test on the elastomer at 
room temperature. They can be used for simulation of deformation (strain) up to 
25% according to the simple Ogden model. To describe the large deformation 
behaviour of the elastomer, complex models will be selected which need more than 
two parameters that can be determined by multiaxial tensile tests such as planar
and biaxial tensile tests. In the DMA experiments, the limits of linear viscoelasticity
of the two constituents and two compounds were determined by amplitude scan. In 
the temperature scan, the glass transition temperature and temperature 
dependence of storage modulus and loss tangent of materials were determined in 
temperature range of from –60 to 120 °C. 

Based on monotonic mechanical tests, the neat polypropylene matrix PP(H)
revealed a significant temperature dependence, tensile modulus and yield stress 
decreased with increasing temperature. PP(H) showed elastic-plastic characteristic 
according to uniaxial tensile tests, where necking and irreversible deformation of
the specimens were observed after the yield point. As expected, the PP(H) matrix 
showed a typical temperature-dependent dynamic mechanical behaviour according 
to DMA. Monotonic tensile tests of the elastomer were carried out successfully. The 
two Mooney-Rivlin parameters were evaluated using the stress-strain relationship 
of uniaxial tensile tests of elastomer R(PEO). The results of planar and biaxial 
tensile tests were not used in the simulation in this work but they will be used in the 
further work of the project. The temperature dependence of the storage modulus
and the loss tangent of elastomer R(PEO) was observed in DMA, too. Based on 
these results, mechanical behaviour of the two constituents can be combined in 
elastic-elastic, elastic-hyperelastic or viscoelastic-viscoelastic models for 
simulation.

Summarizing the results of the mechanical characterization of the matrix PP(H) and 
the filler R(PEO), the following conclusions may be drawn: 

PP(H) exhitbits thermoplastic mechanical behaviour and R(PEO)
exihibits hyperelastic mechanical behaviour. PP(H) has a higher stiffness
and higher strength than R(PEO). The tensile modulus and yield stress
of compounds may reduce with rising filler content, and so do the storage 
modulus of the compounds. 

The mechanical behaviour of the two constituents is time and 
temperature dependent. The compounds are supposed to have similar 
dependences in application.
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The results of the simulation of mechanical properties of compounds were 
compared with the experimental test results. As expected the two compounds
RPP(3.5) and RPP(7) had a lower modulus and yield stress in monotonic tensile 
tests when compared with PP(H). Furthermore, the comparison of the master 
curves over a wide frequency range and the comparison of the storage modulus
variation over a temperature range of the four materials showed that the elastomer 
phase reduced the storage modulus of the polypropylene matrix, but the dynamic
behaviour of compounds was controlled by the matrix material at small filler
fractions.

Particle filled polymeric materials may have a highly heterogeneous microstructure 
depending on processing and viscosities of constituents. The size distribution, 
shape, orientation of filler particles and the level of adhesion (quality of the
interface) between matrix and filler particle highly influence the mechanical
behaviour of compound. Hence, in addition to the mechanical characterization of 
the constituents, it is necessary to determine geometrical and spatial quantities of
the heterogeneity to perform modelling for particle-filled polymer compounds. The 
relevant morphological parameters can be determined by microscopy of
compounds.

Transmission electron microscopy (TEM) is a proper technique for establishing 
microstructure-property relationships. Based on the TEM investigations of injection 
moulded tensile dumbbell specimen of compounds, the following results were 
observed:

PP is the continuous phase and the elastomer particles are dispersed 
and form the discrete phase in the compounds investigated. 

Size and shape (characterised by aspect ratio rP) of the elastomer filler
particles were relatively uniform except in the skin layer of the specimen.
In most parts of the specimen, filler particles are nearly spherical (rP =1), 
ellipsoid particles with rP values of between 2 and 5 were observed in 
skin layer of specimens where all particles are oriented in flow direction. 

The filler particles are too small to affect the crystallinity of PP matrix.
The diameter of PP spherulites is about 10-50 μm, but the elastomer 
particles are only about 0.1-2 μm in diameter. 

Interfacial lamellae were seen in compounds and good adhesion can 
thus be assumed. 

In this work, the intended investigations were performed and delivered material
parameters needed. Simulation of small deformation behaviour of compounds was
carried out successfully using simple material models. Simulation showed good 
agreement with experiments. Large deformation behaviour of compounds will be 
characterized and simulated in the future work of the project. 
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