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Abstract. Polypropylene (PP) composites are used in a wide range of structural applications. Except for fiber reinforced PP,
most PP particle composites are commonly considered to be isotropic or at least quasi-isotropic. In this paper, however, the
anisotropy of several PP composites containing soft (rubber) and hard (talc) particles and glass fibers is characterized in
detail in terms of the material microstructure as well as the resulting mechanical properties in monotonic tensile and compressive experiments. The microstructural investigations showed that all composites displayed a certain surface-core layer
structure of distinctly different orientation patterns and with a higher degree of orientation in the surface layer. Also in
mechanical testing an anisotropic behavior was observed with the degree of anisotropy being more pronounced in tension
than compression. Moreover, the compression/tension asymmetry also strongly depends on filler type and orientation.
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1. Introduction

toughening via compounding [2]. The stiffness in
turn can be increased by the addition of stiff, mineral particles like talc (most widely used), mica and
calcium carbonate, which also reduce the cost of the
composite [1]. In the higher price segment, short and
long glass fibers offer the possibility of simultaneously increasing the toughness and stiffness of brittle PP. In the context of this paper the term ‘filler’ is
used to encompass all of these different constituents.
More recently, also so called ternary or hybrid composites have gained increasing attention in the scientific community, opting for a synergistic effect of
the three component materials (e.g. PP with fibers
and rubber particles or PP with hard particles and
rubber particles) on properties and/or cost reduction
[3–12].
During compounding and especially during final
part shaping in injection molding and extrusion pro-

The property profile of polypropylene homo and
hetero (multi-phase) systems can be tailored to meet
a wide range of demands with regard to processing
(e.g. dimensional stability), thermal and mechanical
properties (impact vs. stiffness). Combined with cost
advantages over other polymers, polypropylenes
(along with polyethylenes) therefore hold the highest market share among all plastics. By addition of
fillers and reinforcements, typically engineering and
specialty plastics markets, such as for example in
the automotive industry, increasingly opt for tailormade polypropylene (PP) solutions. In terms of
mechanical property optimization, the resistance
against impact and deformation (i.e. stiffness) are of
prime importance in many structural components
[1]. The impact behavior is commonly modified by
copolymerization with ethylene units or by rubber
*
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cessing, the spatial arrangement of the fillers is controlled by the local conditions of the melt flow. Differences in viscosity and/or high aspect ratios of the
filler can lead to a preferential orientation in melt
flow direction. More precisely, the resulting shape
and/or spatial distribution and the orientation of the
filler is a function of the conditions during processing (e.g. temperature and shear rate), the composition of the composite, the interface interaction and –
in the case of rubber additions – the ratio of rubber
and matrix viscosity [13–16]. Especially for discontinuous fiber reinforced polymers numerous efforts
have been undertaken to analytically and numerically investigate and describe the orientation distribution by means of melt flow analysis [17–20]. In
most shell like parts, a pronounced layer structure in
terms of preferred orientations develops during melt
injection. In this context it is well known, that typically particles and fibers in tool wall vicinity are
oriented mainly in or at small angles to the flow direction due to shear gradient effects and mostly perpendicular (again with angle variations) to the flow
direction in the core layer due to extensional flow
effects [14, 17, 18, 21, 22]. The orientation of the
filler in turn has an effect on the preferred crystallization direction due to trans-crystallization effects
on the filler surface, displaying higher values for
higher degrees of particle orientation [21, 23, 24].
Yet, for talc and calcium carbonate filled PP, Pukánszky et al. [25] showed that the anisotropy introduced
by the particle and not that of the polymer crystals
governs the mechanical behavior.
While the orientation dependent properties of fiber
reinforced polymers has been the topic of numerous
investigations [18, 26–28], rather little data has been
published for other types of particle reinforced composites typically with smaller aspect ratios. Exemplary for rubber, Wang et al. [14] found a strong
dependence of the impact properties on the orientation of the rubber. For talc, Díez-Gutiérrez et al. [29]
reported a pronounced anisotropic behavior in
dynamic mechanical analysis of PP talc composites.

Furthermore, Kunkel et al. [30] characterized the
anisotropy in tensile tests and considered this in the
material model for FEM analysis.
Thus, the focus of the research reported in this paper
was to characterize the anisotropy in tension and
compression experiments along with the resulting
compression/tension asymmetry of a variety of PP
composites. Various types of soft and hard particle
and short glass fiber composites were injection
molded with equivalent processing parameters (similar thermal history) into a specially designed tool,
which has proven to introduce a high and uniform
fiber orientation distribution (FOD) in short glass
fiber (sgf) reinforced PP. Consequently, the tensile
and compressive stress-strain behavior of these composites with filler orientation in and perpendicular
to the loading direction were characterized. Emphasis was placed on the anisotropic and asymmetric
tension/compression behavior in terms of initial
deformation behavior (E-modulus and Poisson’s
ratio), volumetric deformation evolution (Poisson’s
ratio trends) and ultimate failure properties (strength
values).

2. Experimental
2.1. Materials and specimens

In addition to the neat PP matrix, a total 5 composites with this PP matrix were studied in the present
paper. These include (1) composite filled with 32 m%
soft particle (rubber, PP-R32), (2) and (3) composites filled with soft and hard particle with two different ratios of filler content (rubber and talc platelets,
PP-R(m%)-T(m%)) and (4) and (5) short glass fiber
reinforced composites with 32 m% glass fibers with
different fiber length distributions (PP-sgf32-1 and
sgf32-2). In Table 1, details on the material designation of the PP/filler compounds along with information on the composition and the filler shape and fiber
aspect ratio after injection molding are provided.
The two sgf materials differ in their aspect ratio by
about 30%. The PP-sgf32-1 material was the commercial Fibremod™ GD301FE grade, whereas all

Table 1. Material designation of the PP based materials along with information on the composition and the filler shape and
fiber aspect ratio
Composite types: PP filled with
Material designation and filler characteristics
Rubber
content shape
Talc
Glass fibers

content shape
content aspect ratio

Rubber
PP-R32
32 w%

Rubber and talc
PP-R27-T10
PP-R12-T32
27 w%
12 w%
elliptic shape
10 w% platelet 32 w% platelet

Short glass fiber
PP-sgf32-1
PP-sgf32-2

32 w% 23
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Figure 1. Tool used for injection molding of composites
with differing particle orientation (thickness of all
specimen sections 2 mm)

other composites are experimental grades (all supplied by Borealis Polyolefine GmbH; Linz, Austria).
A novel quasi-unidirectional (UD) tool, originally
developed to obtain specimens with a wide range of
glass fiber orientations (for further details see [31])
was used for injection molding (see Figure 1). To
enhance and maximize the degree of shear-flow
induced orientation, the thickness of the tool cavity
is 2 mm. The tool thus allows to directly mill out
the specimens for 0 and 90° testing used in this
investigation.

2.2. Characterization of morphology and
microstructure
For the characterization of the microstructure, scanning electron microscopy (SEM) investigations,
wide angle X-ray scattering (WAXS) experiments
and !-CT measurements were conducted. In terms of
sample preparation for SEM, the melt flow direction (MFD) - specimen thickness (x–z) plane of the
0° specimens filled with rubber and talc were first
cut by a cryo-microtome, consequently etched by nheptane and KMnO4, respectively, and analyzed.
While the rubber particles displayed sufficient contrast in the standard imaging mode based on secondary electrons to both the matrix and also the talc
particles, backscattered electrons were detected in
order to assess the orientation of the talc particles.
The aspect ratio (major/minor length) in melt flow
direction (MFD, for the 0° specimens this corresponds to the testing direction) of the rubber particles and the orientation angle in MFD with respect
to the tool wall of the talc particles were automatically evaluated by an image processing Matlab
based software script based. As quantitative measure for the talc particle orientation, the Herman’s
orientation factor fH was calculated based on the
measured orientation angle ! according to Equation (1) [32, 33]:

(1)

with an fH value of 1 and –0.5 indicating perfect orientation in and perpendicular to the MFD (and correspondingly the testing direction), respectively.
Furthermore, WAXS was used to assess the crystalline orientation and the corresponding Herman’s
orientation factors (for details see [34]). The orientation of the glass fibers in the sgf reinforced PP material was assessed in a Nanotom (GE Phoenix|X-ray,
Wunstorf, Germany) !-CT device at a resolution of
2 !m voxel edge length. Scan parameters were set
such that contrast and data quality was optimized.
The 3D data was analyzed by an automatic software
pipeline (for further details see [31, 35]).

2.3. Mechanical testing and data reduction
All mechanical tests were conducted at a strain rate
of 0.001 s–1 and at 23°C. The tensile testing was
performed on a universal screw-driven test machine
of the type Zwick Z020 (Zwick GmbH & Co. KG;
Ulm, Germany). In compression testing of plastics
according ISO 604, the load should be introduced by
compression plates and specimen thickness should
be 4 mm. As discussed above, a high degree of crystalline, particle and fiber orientation is only achievable for specimen with smaller specimen thickness
(due to increased shear flow contribution). Thus in
this investigation compressive loads were introduced
by highly aligned clamping jaws on an Instron
ElectroPuls E10000 (Instron, Norwood, USA). The
clamping length was set to 9 mm in order to avoid
failure by buckling. Indeed, no out of plane displacement was observed and all specimens failed in a
shear mode (as also cross-checked via digital image
correlation (DIC); see below).
For all tension and compression tests, the longitudinal force, the full-field strain on the front surface (x
and y direction) and also on the side surface of the
specimen (x and z direction) were measured by
means of DIC with two cameras (ARAMIS 12M by
GOM, Gesellschaft für optische Messtechnik mbH;
Braunschweig, Germany). Both cameras were triggered at exactly the same time instances. This additional test effort was undertaken as for transversely
anisotropic materials the strains in y and z direction
differ. Further details as to the DIC test method and
data reduction including the evaluation of true
stresses and strains [36] are given elsewhere.
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3. Results and discussion

An overview of the effect of the different fillers on
the deformation and failure behavior in terms of
tensile elastic modulus versus tensile strength along
with a first indication of the variation of mechanical
properties due to particle orientation is depicted in
Figure 2. For comparison the neat PP matrix properties are also illustrated in the diagram. As discussed
above, by addition of glass fibers the modulus and
strength of PP can be significantly increased. In the
following subsections, first the crystalline and filler
orientation is assessed and described as basis for
further discussions. Subsequently, the anisotropy (as
defined by the ratio of the 0° specimen to 90° specimen properties) in terms of modulus and strength in
tension and compression and the anisotropy in the
compression/tension asymmetry (as represented by
the ratio of compressive to tensile strength) is discussed. The differences in the deformation behavior
on a micro-scale are then analyzed in terms of Poisson’s ratio trends in the final subsection.

3.1. Morphology and microstructure

On a nanoscopic fine scale, even the neat matrix
itself may be considered as a composite of rigid crystalline lamellar and soft amorphous interlamellar
regions. The orientation of the crystals was characterized by WAXS for selected specimens, and the
Herman’s orientation factors of the lamellas were
deduced and are provided in Table 2. Since the orientation of the fillers has a more pronounced effect
on the mechanical properties (as mentioned above),

Figure 2. Overall illustration of mechanical anisotropy of
all materials investigated in terms of tensile E-modulus versus tensile strength; the elliptical envelopes
for the various materials indicate the property range
covered by orientation effects as measured with 0°
(highest values), 45° and 90° (lowest values) specimens

further focus is on the orientation of (1) the rubber,
(2) the talc particles and (3) the short glass fibers.
Regarding the first, the aspect ratio of the rubber with
the major axis in melt flow direction and the minor
axis in specimen thickness direction was taken as a
parameter for the orientation, with a value of 1 (spherical) characterizing the unoriented state and values
>1 (elliptical) an orientated state with a primary orientation in MFD. In good agreement with literature
observations (e.g. [16] for rubber, [17, 18] for sgf
polymers), a five layer structure consisting of two
outer skin layers at the specimen surface, two surface
layers positioned beneath the outer skin and a central core layer was detected across the specimen
thickness direction (see Figure 3). The filler orientation reflects the local conditions of shear flow in surface near regions (higher degree of orientation) versus elongational flow in the core region (lower degree
of orientation). By adding talc, the overall viscosity
is increased. On a local scale, however, the shear rate
in the inter-particle region is increased and due to
the non-Newtonian behavior of the matrix the viscosity decreases [37]. These two effects could possibly be the cause for the higher degree of orientation of the rubber particles observed in the talc filled
PP matrix compared to the neat PP matrix.
In an analogous manner, the talc particles also display a decreasing degree of orientation towards the
specimen center, as represented by the Herman’s
orientation factor. This trend is more pronounced for
the material with the higher talc content (see Figure 4). These findings are in good agreement with
results presented by Pukánszky et al. [25], who also
reported a decreasing talc orientation with increasing filler content for PP talc composites.
Turning now to the short glass fiber reinforced materials PP-sgf32-1 and -2, the first entry of the orientation tensor A11 is shown in Figure 5a again as a
function of the specimen thickness. In this context,
values for A11 of 1 and 0, respectively, indicate perfect fiber orientation in and perpendicular to the
MFD. Apart from the skin layer (first 200 !m), only
a slightly higher degree of orientation is observed in
the surface layer than in the core layer. It should be
noted, however, that the injection molding tool used
was explicitly designed to reduce the layer structure
and to achieve a high average fiber orientation across
the entire specimen thickness (for further details see
[31]). For the same reason, the local degree of fiber
orientation (and hence the average degree of fiber
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Figure 3. Rubber particle aspect ratio (indicative of orientation effects) as a function of the distance from the specimen surface (covering half of the specimen thickness) comparing PP-R32 and PP-R27-T10 (a), and corresponding SEM
pictures taken from the surface and core layer, respectively, with dark regions representing the rubber particles (b)

Figure 4. Herman’s orientation factor of the talc particles as a function of the distance from the specimen surface (covering
half of the specimen thickness) comparing PP-R27-T10 and PP-R12-T32 (a) and corresponding SEM pictures
taken from the surface and core layer, respectively"(b); bright platelets represent talc particles

orientation; compare Table 2) also hardly depends on
the fiber aspect ratio. Moreover, in Figure 5b, a
schematic illustration of the individual fiber arrangements in a given measurement volume is provided

along with the average orientation tensor and the
graphical representation of the orientation ellipses
(for further details see [38, 39]).

Table 2. Herman’s orientation factors of the different material constituents
Composite types
Material designation and Herman’s factors
fa
WAXS (crystals)
fb
fc
SEM (talc)
f
!-CT
f

PP
0.014
–0.295
0.309

Soft particle
Soft and hard particle
PP-R32
PP-R27-T10 PP-R12-T32
0,007
0.001
–0.019
–0.188
–0.158
–0.156
0.181
0.157
0.175
0.91
0.8

Short glass fiber
PP-sgf32-1
PP-sgf32-2

0.79
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Figure 5. First entry of the orientation tensor (A11) of the sgf reinforced PP as a function of the distance from the specimen
surface (covering half of the specimen thickness) comparing PP-sgf32-1 and PP-sgf32-2 (a) and a schematic illustration of all fibers in a segment of the measurement volume and the orientation tensor and ellipses of PP-sgf32-1 (b)

Overall anisotropy in the stress-strain behavior in
tension and compression
The tensile and compressive stress-strain behavior
of PP-R32, PP-R12-T32 and PP-sgf32-2 in and perpendicular to the main melt flow direction (MFD),
which reflects the main particle orientation, is
depicted in Figure 6. Strain softening behavior is
observed for PP-R32 for the 0° compressive and the
90° tensile specimens and more pronounced for all
PP-R12-T32 specimens. In both material cases, strain

softening can possibly be attributed to debonding of
the particles [40, 41]. In tension, the PP-sgf32-2 specimens break in a brittle manner without major ductile deformation. In compression, the 0° specimens
fail in a shear mode without major ductile deformation, whereas the 90° specimens display a highly ductile behavior. For all materials an anisotropic behavior displaying higher values in direction of particle
orientation was found, both in tension and compression. In a very general sense and as expected, the

Figure 6. Stress-strain trends in compression and tension of PP-R32 (a); PP-R12-T10 (b) and PP-sgf32-2 (c)
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degree of anisotropy is seen to increase with increasing filler stiffness and filler aspect ratio. When comparing the stress-strain behavior in compression and
tension for the various materials and their orientation
states, the following is observed. Apart from the 0°
PP-32R specimens, for which the tensile and compressive behavior is rather similar, the ultimate properties (i.e. yield or failure stress) in compression are
significantly higher than in tension. Furthermore,
for all materials, the difference between compressive and tensile strength is apparently larger for the
90° specimens than for the 0° specimens.

3.2. Anisotropy in the deformation behavior:
E-modulus
The anisotropy in terms of the ratio of the tensile Emodulus of the 0° specimens and the 90° specimens
is depicted in Figure 7, a value of 1 corresponding to
isotropic behavior. Even the neat matrix, which is
typically considered to be at least quasi-isotropic,
reveals higher modulus values in MFD by about 10%
due to some molecular orientation. As expected, the
degree of anisotropy is higher for the PP composites. For soft and hard particle systems the 0° specimens exhibit a higher modulus by approximately
25% (anisotropy ratio of 1.25). Interestingly, among
the two PP-R-T composites, the specimen with higher
talc content shows a slightly lower anisotropy (22%,
anisotropy ratio of 1.22), which may be attributed to
the lower degree of talc particle orientation, as evidenced by the SEM investigations described above.
Significantly higher values for the modulus anisotropy ratio of about 2.5 were found for the PP-sgf
materials, with slightly higher values for the fibers
with higher aspect ratio, as expected. For comparison Figure 7 also contains corresponding data for the
anisotropy ratio of a perfectly oriented, continuous
fiber reinforced PP with a fiber content of 58 m%
(designated as PP-cgf58) from the literature [42].
Due to the perfect alignment, the higher fiber content
and the continuous fibers (corresponding to a quasiinfinite aspect ratio), a value of 7.5 was deduced for
the anisotropy ratio.
To analyze the effects of the two parameters degree
of fiber orientation and fiber length more quantitatively, the experimental tensile modulus values of
the PP-sgf materials are plotted in Figure 8 (top) as
a function of the length of the vector of the orientation ellipses in testing direction p0 (designated as and
corresponding to an averaged fiber orientation prob-

Figure 7. Anisotropy ratios (i.e. ratio of the 0° and 90° modulus) of tensile modulus values for the different
PP based materials (data * from [42])

ability in testing direction). The latter parameter was
used in earlier studies, in which a linear correlation
was found for the modulus (and strength) as a function of p0, thus allowing for the extrapolation of
properties to a perfect fiber orientation in the testing
direction (p0 = 1) and perpendicular to the testing
direction (p0 = 0). The anisotropy ratio of these
extrapolated modulus values in Figure 8 (top) correspond to the ideal, maximum modulus anisotropy
ratio. In a next step these ratios were plotted in Figure 8 (bottom) as a function of the weight average
fiber length and compared to theoretical modulus
calculations according to the model proposed by
Cox-Krenchel assuming a fiber content of 32 w%
(for details on this model see [43]). Two observations
may be made. First, there is rather good agreement
between our experimental based values and the CoxKrenchel prediction. Second, looking at the CoxKrenchel prediction, a value of about 6 may be
reached for the modulus anisotropy ratio with
increasing fiber length for fiber lengths approaching
continuous fibers. This actually is rather close to the
experimental value of 7.5 for PP-cgf58 depicted in
Figure 7, the difference being explicable due to the
higher fiber content in the latter case.
It should be mentioned, that in terms of the modulus
anisotropy ratio very similar results to those described
for tensile loading conditions were found for compressive loading. This is not surprising, as it is known
that in the small strain regime, in which modulus
determination takes place (i.e. 0.05–0.25%), tensile
and compressive moduli are essentially equal.
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Figure 8. Fiber orientation and fiber length dependent E-modulus (a) and fiber length dependence of anisotropy in PP with
32 m% glass fibers (b)

3.3. Anisotropy in the deformation behavior:
Poisson’s ratio
In isotropic materials, the volumetric deformation
(volume strain, "v) is directly related to the true longitudinal strain ("t,x) and a single Poisson’s ratio
value #xy. In contrast, in anisotropic materials an
effective Poisson’s ratio #eff characterizing volume
strain effects can be defined which must account for
two directional Poisson’s ratios (#xy and #xz, see
Equations (2)–(4) [44]:
$v = #eff·$t,x

(2)

#eff = 1 –"%xy –"%xz

(3)

yxy,xz 5

0e

eyz2 2 eyz1
x,2

2 ex.1

0

(4)

Therefore, increasing values for the directional Poisson’s ratio result in a decreasing effective Poisson’s
ratio, which in turn implies a decrease in volume
strain. Values for the directional Poisson’s ratio, #xy

and #xz, and the effective Poisson’s ratio in the linear-viscoelastic regime (i.e. 0.05-0.25 %) are shown
for all materials investigated in Figure 9 and Figure 10.
Starting first with the 0° specimens in Figure 9a, the
deformation behavior was found to be transversely
isotropic for all cases investigated with equivalent
values for #xy and #xz. The directional Poisson’s
ratios decrease with increasing filler content for the
PP-R and PP-R-T materials resulting in increasing
values of effective Poisson’s ratio and hence (dilatational) volume strain (see Figure 10). This observed
decrease in the Poisson’s ratio of the PP-R material
in the linear-viscoelastic region is remarkable (Figure 9a), as based on a rule-of-mixture assumption the
values should increase (Poisson’s ratio of ~0.4 and
~0.5 for the pure matrix and the rubbery phase,
respectively). In rubber materials the bulk modulus
is much larger than the E-modulus and shear modulus due to the high Poisson’s ratio. When a specimen

Figure 9. Tensile, directional Poisson’s ratios for 0° (a) and 90° (b) specimens of the different PP based materials
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is loaded in tension, the embedded elongated rubber
particles and/or the matrix/rubber interphase are
subjected to tri-axial stress and thus behavior is governed by the bulk modulus. The high bulk modulus
of the rubbery phase may thus be the reason for the
inhibited contraction in y-direction. By an increased
addition of talc, the directional Poisson’s ratio is further decreased. This can be attributed to the low Poisson’s ratio of talc (~0.27 according [45]). The highest directional Poisson’s ratio values were measured
for the PP-sgf materials. This in turn corresponds to
the lowest effective Poisson’s ratio and volume strain
values (see Figure 10), which may be caused by the
high constraint of the matrix phase imposed by the
fibers.
Regarding the 90° specimens (see Figure 9b), the two
directional Poisson’s ratio values #xy and #xz differ
significantly. For this case, the contraction in the
direction of particle orientation (y-direction) is
increasingly inhibited with increasing particle stiffness and particle aspect ratio. Therefore, the directional Poisson’s ratio #xy is lowest for PP-sgf32-2.
The inhibited deformation in y-direction is compensated by an increased deformation in z-direction
(specimen thickness), with values for the Poisson’s
ratio #xz ranging from about 0.45 to 0.6 for all materials. When combining these two directional Pois-

Figure 10. Effective tensile Poisson’s ratio for 0° and 90°
specimens of the different PP based materials

son’s ratio values to the effective Poisson’s ratio (see
Figure 10), increasing values are observed for specimens containing fillers with increasing particle
stiffness and particle aspect ratio. Interestingly, for the
soft and hard particle filled PP, the effective Poisson’s ratio and hence the (dilatational) volume strain
is larger for the 0° than for the 90° specimens, while
the opposite trend is observed for PP-sgf materials.
In Figure 11, the two Poisson’s ratio values #xy and
#xz are plotted as a function of the longitudinal strain

Figure 11. Tensile and compressive Poisson’s ratio as a function of longitudinal strain for PP-R32, PP-R12-R32 and PP-sgf32-1
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for the tensile and compressive loading, and for the
0° and 90°specimen, respectively. As expected, the
two Poisson’s ratio trends of the 0° specimens are
equivalent, due to the transverse isotropy. For the
90° specimens, however, #xz("x) is significantly larger
than #xy("x) as the transverse strain in y-direction is
hindered by the filler orientation in this direction.
Similar to observations for E-moduli (see above), in
the linear visco-elastic regime, the Poisson’s ratio
in tension and compression are essentially equivalent (within measurement inaccuracy). At higher values of tensile deformation, the Poisson’s ratio values
decrease with increasing longitudinal strain. This
trend is more pronounced for #xz("x) and 90° specimens. As discussed above, this in turn corresponds
to an increase in volume strain values which can be
correlated to the onset of void formation [44]. In
contrast, in compression the Poisson’s ratio values
increase and the volume strain decreases with
increasing longitudinal strain, corresponding to shear
governed local deformation. In terms of absolute
values, it should be noted, that #xz("x) in tension displays values above 0.5 for some 90° specimens, with
even higher values obtained in compression.

3.4. Anisotropy and compression/tension
asymmetry in the failure behavior
In terms of the anisotropy of ultimate properties
(i.e. tensile and compressive strength), similar trends,
as discussed above for the small strain regime (i.e.
E-modulus), can be observed (see Figure 12). Inter-

Figure 12. Anisotropy ratios (i.e. ratio of the 0° and 90°
strength) of tensile and compressive strength values for the different PP based materials (data *
from [42])

estingly, when comparing tension and compression,
the anisotropy ratio is always lower in compression
with larger differences for short and continuous
glass fiber reinforced materials. This phenomenon
can be related to differences in the damage evolution, especially associated with the significant formation of voids in tension vs. shear yielding governed deformation in compression of the 90°
specimens. Similar differences in the microscopic
deformation modes under tension and compression
also occur in the other PP based materials (compare
also Poisson’s ratio trends discussed above).
Turning to the compression/tension asymmetry,
values for the compressive/tensile strength ratio are
plotted for the various materials in Figure 13. Clearly,
the asymmetry of the 90° specimens is always
notably higher than of the corresponding 0° specimens. For neat PP, the difference in the compressive/
tensile strength ratio of the 0° and 90° specimen is a
consequence of the isotropic behavior in compression testing (equivalent yield stress values of 0° and
90° specimens). Apparently, differences in the molecular and crystalline orientation of 0° and 90° specimens play only a minor role in governing the compressive behavior of PP. Compared to the neat matrix,
the soft and hard particle filled PP composites exhibit
lower values of compression/tension asymmetry. As
discussed above for the Poisson’s ratio effects, this
may again possibly be a consequence of the incompressibility and the corresponding high bulk modulus of the rubber filler. Following this argument, the
decreasing rubber content may be the cause for the

Figure 13. Asymmetry as represented by the ratio of the
compressive to the tensile strength for the 0° and
90° specimens of the different composites (data
* from [42])
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observed increasing compression/tension asymmetry of the PP-R-T materials.
Finally, for glass fiber reinforced materials, the compression/tension asymmetry of the 0° specimen
decreases and of the 90° specimen increases with
increasing fiber length. With respect to the 0° specimens, longer fibers are more prone to buckling at
equivalent matrix stiffness values which results in
lower compressive strength values. Regarding the
90° specimens, and as already stated above, the significantly higher compression/tension asymmetry
may be attributed to changes in deformation mechanisms from tensile to compressive testing. In the
tensile loading mode, major void formation is likely
for particles/fiber with perpendicular orientation
and especially with increasing aspect ratio. In sharp
contrast, shear deformation and shear failure dominates the compressive loading mode.

4. Conclusions

An overall objective of the present paper was to comprehensively analyze the deformation modes of various PP based materials (including neat PP, rubber
toughened PP-R, rubber and talc filled PP-R-T, and
short glass fiber reinforced PP-sgf) as affected by the
orientation and the loading mode (tension vs. compression). Using a specially designed multi-tool for
injection molding of specimens with high soft and/or
hard particle or fiber orientation, a special focus was
on investigating mechanical anisotropy effects and
compression/tension asymmetry effects in the small
strain (visco-elastic) and ultimate failure regime.
The following results were obtained:
–"Via the novel UD tool for producing injection
molded specimens, a high degree of orientation
could be achieved in all of the materials investigated.
–"Testing of 0° and 90° specimens revealed significant but various degrees of anisotropic behavior for
all materials in terms of E-modulus, Poisson’s ratio
(incl. Poisson’s ratio evolution) and strength.
–"Anisotropic behavior was found to be more pronounced in tension than in compression.
–"The compression/tension asymmetry strongly
depends on the filler type and orientation, exhibiting higher values for 90° specimens.
–"An analysis of the evolution of Poisson’s ratio
values with increasing longitudinal strain allows for
conclusions on the volumetric deformation behav-

ior. The higher compression/tension asymmetry
of the 90° specimens is considered to be a result of
the larger scale voiding in tension, a phenomenon
which is essentially suppressed in compression.
Of paramount practical importance, these results
may serve as basis for the development of more accurate material models which not only account for the
anisotropic behavior, but also for the orientation
dependent compression/tension asymmetry.
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