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Abstract

Yield behaviour and plastic resistance of the (100)[001] chain slip system ina-crystals of isotactic polypropylene (iPP) were studied in
samples of biaxially oriented films of plain iPP and blends of iPP with hydrogenated oligo(cyclopentadiene) (HOCP). Due to the orientation
process the films investigated exhibit sharp and nearly one-component texture with the (010) plane parallel to the film surface and the chain
direction parallel to the direction of final drawing (transverse direction, TD). The films were studied in tension at various angles with respect
to the orientation direction. It was found that the yield stress obeys the Coulomb yield criterion, provided that the angle between the chain
orientation axis and tensile axis is within the range of 30–508. The results suggest that the (100)[001] chain slip is active as a single
deformation mechanism in this range of sample orientation. The critical resolved shear stress necessary to activate this slip,t c, was
determined for iPP and iPP/HOCP blend samples. It was also found that the slip process is sensitive to the stress normal to the slip
plane, similarly to the slip processes observed in linear polyethylene crystals. The value oft c determined for plain iPP was 22.6 MPa,
while for the 8:2 blend its value increased to 35.5 MPa. The increase is caused most probably by the presence of a small amount of HOCP
molecules incorporated within iPP crystals, as well as by the layers of higher concentration of HOCP located at crystal–amorphous
interfaces, which both cause immobilization of a part of dislocations and consequently an increase of the yield stress observed in the
blend samples. The third probable cause of the increase of yield stress in blends may be an increase of the glass transition temperature of the
amorphous phase of iPP in the blend, as compared with plain iPP samples.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Considerable attention has been paid in the past to the
theoretical and experimental aspects of deformation
mechanisms in semi-crystalline polymers [1–4]. The plastic
deformation of such polymers is a complex process; many
competing phenomena are likely to occur simultaneously
when a polymer is plastically deformed. Crystalline lamel-
lae, separated by amorphous layers and connected by tie
molecules, are arranged spatially to form higher level
morphological forms, e.g. spherulites. Thus, the mechan-
isms of plastic deformation of semi-crystalline polymers
have to be considered at different levels: individual lamellar
crystals, stacks of lamellae, spherulites, etc. It is particularly
interesting to study the deformation behaviour of the crys-
talline component. This can be done either on a microscopic
level in polymer single crystals or in macroscopic samples
of oriented polymer with well-defined single-component
texture. In such a material, the common spherulitic super-
structure is replaced by well aligned molecular structure
obtained through an orientation process in which crystallites

have been rearranged parallel to each other with the chain
axes aligned along the orientation direction throughout the
sample. Macromolecules within amorphous layers separat-
ing crystals are also oriented in the same direction.

Most of the investigations of the mechanisms of deforma-
tion in oriented semi-crystalline polymers have concerned
polyethylene (PE). Numerous studies have revealed the
principal deformation mechanisms of semi-crystalline PE
(see the reviews [2–4]). In the recent work the plastic resis-
tances of several known deformation mechanisms were
determined for this polymer [5]. These quantities were
used as input parameters in mathematical modeling of the
deformation process [6].

Relatively little attention was paid to the plastic deforma-
tion of other semicrystalline polymers, including isotactic
polypropylene, iPP [1,2]. In particular, there are only few
papers [7,8] describing the investigations of the yield beha-
viour and plastic resistance of oriented iPP. However, quan-
titative information on the mechanisms involved in the
plastic deformation of this polymer is needed for mathema-
tical modeling or application studies.

Easy processing, extensive applicability and the relative
low cost of iPP have resulted in very high annual world
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production and wide use of this polymer for engineering,
packaging and other purposes. The application of iPP in a
plain form, as well as in various blends and composites,
including oriented materials, is very wide and still expand-
ing. Therefore, studies of deformation behaviour as well as
main mechanisms active during plastic deformation of this
polymer seem to be of special importance.

In the preceding paper we have studied the deformation
behaviour and found active mechanisms in plain iPP and in
the blend of iPP with hydrogenated oligo(cyclopentadiene)
(HOCP) [9]. This pair of polymers is miscible in any propor-
tion and exhibits both upper and lower critical solution
temperature behaviour [10]. It is easy to obtain by an appro-
priate thermal treatment, a solid blend in which the amor-
phous phase constitutes the homogeneous mixture of both
components dispersed at the molecular level. Moreover, the
molecules of HOCP being relatively short and stiff can act
in this system as molecular reinforcements of the amor-
phous component, which leads to a considerable change
of the properties of this component itself, as well as the
properties of the entire semicrystalline material. In order
to study the influence of the properties of the amorphous
component, to which the crystalline component is inti-
mately connected, on the plastic deformation of this crystal-
line component it was decided to include this blend in the
intended investigations of deformation mechanisms of iPP.
The direct aim of the present work was to determine the
plastic resistances for one of the most important deforma-
tion mechanisms acting in the iPP crystalline component,
i.e., the (100)[001] chain slip [9,11]. In order to test the
applicability of yield criterion and to obtain accurate infor-
mation on the slip, the deformation behaviour of textured
iPP using specimens covering a wide range of angles
between the initial orientation direction and the load direc-
tion was investigated. It was decided to study also the
samples of iPP/HOCP blend with similar orientation, yet

different properties of amorphous components in order to
determine if there is any influence of that amorphous
component, connected to the crystals, on their deformation
behaviour.

2. Experimental

2.1. Oriented films

The materials used were a commercial iPP, Moplen T305
supplied by Montedison, withMw� 3.0× 105 gmol21, and a
hydrogenated oligo(cyclopentadiene) (HOCP), Escorez
5120 from Esso Chemicals Co., withMw � 630 gmol21

and Tg � 858C and densityr � 1.07 g/cm3. The films
were prepared by extrusion followed by sequential stretch-
ing: in the direction of extrusion with the extension ratio of
1:5 and in the transverse direction with the extension ratio of
1:8. The details of blending, extrusion and orientation
processes are described elsewhere [9].

2.2. Measurements

The orientation of the isotactic polypropylene crystalline
component in the deformed blend samples was studied by
means of X-ray diffraction measurements including the pole
figure technique and small-angle X-ray scattering (SAXS).
Details of the experimental procedure are described else-
where [9].

The mechanical tests of oriented samples were carried out
in a tensile mode at room temperature using an Instron
tensile testing machine. Oar-shaped tensile specimens with
a gauge length of 20 mm and a width of 4 mm (according to
DIN 53504) were cut out from the oriented films at various
angles to the transverse direction, TD (direction of the final
drawing). The initial deformation rate was 4.2× 1024 s21

for all tests (crosshead speed of 0.5 mm/min). From experi-
mentally determined load–displacement curves the yield
stress was calculated. Usually the yield point is defined as
the stress at the maximum of the load–displacement curve.
However, such a maximum was not always observed in our
load–displacement curves and the load frequently increased
continuously with increasing elongation. Therefore, an
alternative definition of yield stress was used in the reported
study: for these specimens which have not exhibited a load
drop on the load–displacement curve the yield stress was
determined as the stress calculated at the intersection of the
measured load–displacement curve and a straight line paral-
lel to the initial slope of the curve at an offset equivalent to
4% nominal strain [1]. It appeared that when the load–
displacement curve of a particular specimen exhibited a
clear load maximum, the determined offset yield stress
was usually very close to the stress observed at the maxi-
mum of the curve.

Z. Bartczak, A. Galeski / Polymer 40 (1999) 3677–36843678

Fig. 1. The pole figures of (110), (040), (130) and (11̄3) planes of the
monoclinica-form iPP crystals measured in the sample of oriented plain
iPP, plotted in stereographic projection. The machine and transverse direc-
tion denoted as MD and TD, respectively.



3. Results and discussion

Wide-angle X-ray scattering studies have demonstrated
that both plain iPP and iPP/HOCP blend oriented samples
contain exclusively the crystals of monoclinica-modifica-
tion [9]. Fig. 1 shows the pole figures of normals to (110),
(040), (130) and (11̄3) planes of monoclinica form of iPP in
the oriented sample of plain iPP, plotted in stereographic
projection. A similar set of pole figures determined for the
8:2 iPP/HOCP oriented blend is presented in Fig. 2. The
pole figures for 9:1 iPP/HOCP oriented blend, not presented
here, are almost identical to those obtained for the 8:2 blend.
For each pole figure the raw experimental data were
corrected for background scattering, sample absorption,
defocusing and other instrumental effects and then normal-
ized to the random distribution density and plotted in stereo-
graphic projection (details are described in ref. [9]). These
figures demonstrate that the oriented films show sharp and
well developed texture of the (010)[001] type, i.e. the
texture in which nearly all crystals are oriented with their
(010) planes parallel to the film surface andc axis equiva-
lent to the chain axis oriented along the direction of final
elongation, i.e. transverse direction, TD. There is an

additional weak (110)[001] component present in the
texture. This component is characterized by the clustering
of orientation of normals in the pole figures one order of
magnitude lower than those for the (010)[001] component.
There is no evidence of (100)[001] and {110} twinning
components. Therefore, the texture of iPP as well as blend
samples may be considered practically as a single-compo-
nent texture (called alsoa quasi-monocrystaltexture).

Fig. 3 presents the two-dimensional small-angle X-ray
scattering (SAXS) patterns of oriented iPP and 8:2 blend
samples. The patterns do not show the scattering character-
istic for a lamellar structure, except for the faint scattering
along the direction of the first drawing (machine direction,
MD). There is also no scattering characteristic for voids or
cracks. Such scattering patterns indicate that the lamellar
structure of the iPP and iPP/HOCP films was destroyed
almost completely during the second drawing, along TD
(although after the first drawing along MD all samples did
show a lamellar structure oriented along MD [9]). The
lamellae were fragmented into smaller crystalline blocks
due to advanced crystal slip without formation of micro-
voids. Those very small crystals in the deformed films are
arranged with no spatial correlation in the directions perpen-
dicular to the chain axis but they are all oriented in the same
way, as revealed by pole figures.

From the DSC measurements of the oriented samples
their crystallinities were determined [9]. The overall crystal-
linities are: 51% for plain iPP, 45% for 9:1 blend and 40.5%
for 8:2 blend. The decrease of the overall crystallinity
reflects only the decrease of the amount of iPP in the
blend—the crystallinity calculated for the iPP component
is nearly constant for all compositions studied [9]. The
amorphous phase present in the samples in quite large quan-
tities is also well oriented due to high strain, with the direc-
tion of molecular orientation along TD, similar to the
crystalline component [2–4].

The oriented films with a structure described above are
well suited for studies of one particular mechanism of plas-
tic deformation of iPP crystals, namely the crystallographic
slip in the (100) planes along the chain direction, i.e.
(100)[001] chain slip [5,6]. This slip system is one of the
most important deformation mechanisms of iPP crystals of
the most common monoclinica -modification. According to
theoretical predictions [11] and experimental studies [9] the
easiest slip system in iPP crystals is (010)[001] slip, while
(100)[001] and (110)[001] systems should have higher criti-
cal resolved shear stress (CRSS). The study of the above-
mentioned slip system can be made by investigation of the
yield behaviour of the specimens deformed in tension with
the tensile axis oriented in those specimens at various
angles,Q, to the orientation direction (which is equivalent
to TD). One can expect that for the certain range of this
angle only the (100)[001] slip system will be activated
due to proper orientation of crystallites providing high
shear stress on the (100) plane in the [001] direction,
while other deformation mechanisms will remain inactive
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Fig. 2. The pole figures of (110), (040), (130) and (11̄3) planes of the
monoclinic a-form iPP crystals measured in the sample of oriented 8:2
iPP/HOCP blend, plotted in stereographic projection. The machine and
transverse direction denoted as MD and TD, respectively.

Fig. 3. Two-dimensional SAXS patterns of oriented plain iPP (a) and 8:2
iPP/HOCP blend (b). The machine and transverse direction denoted as MD
and TD, respectively.



due to much smaller resolved shear stresses in appropriate
directions [5,6]. Analysis of the yield stress of such samples
would give the value of the CRSS of the (100)[001] slip, i.e.
the shear stress necessary to activate this slip [2–5]. Similar
studies for oriented iPP in tension and compression were
performed by Shinozaki and Groves [7], but the samples
they used were of uniaxially oriented iPP with a fibre
symmetry, so that the critical shear stress they determined,
t c � 25 MPa, was an average over several chain slip
mechanisms, including the easiest one, (010)[001] chain
slip. In the case of our samples with much better defined
single component texture one can expect more precise data
concerning the single mechanism. The only problem with

the blend samples investigated here could be a relatively
high amount of the amorphous component located
between crystallites and connected intimately to them
by covalent bonds. In an oriented semicrystalline poly-
mer of high crystallinity subjected to the deformation
described above the amorphous layers transmit only the
stress between crystallites and accommodate their strain.
However, when crystallinity is low there are possible
deformation paths running entirely through the amor-
phous phase and bypassing crystallites. The amorphous
phase, when in a rubbery state, has lower resistance than
the crystalline component, so that the yield stress
observed in such samples might be lowered by that
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Fig. 4. Nominal stress–strain curves for oriented iPP/HOCP films elongated at various angles (marked on the curves) with respect to the molecular direction.
For clarity of presentation the curves are shifted along the strain axis.

Fig. 5. Nominal stress–strain curves obtained for oriented films of iPP (a), 9:1 iPP/HOCP (b) and 8:2 iPP/HOCP blend (c) tested in tension. The angle between
the orientation direction and the tensile axis was 458 for each sample. The curves are shifted along the strain axis for clarity of presentation.



deformation mode. The situation is complicated when the
amorphous component becomes glassy.

A typical set of stress–strain curves (nominal values)
obtained in tensile experiments of samples of 9:1 iPP/
HOCP blends cut along directions at various angles to the
molecular orientation direction,c is shown in Fig. 4. The
curves obtained for the 8:2 blend look similar, except for a
slightly larger load drop at yield points. In contrast, the
stress–strain curves of plain iPP do not show such a load
drop at yield for any orientation of tensile axis against mole-
cular orientation direction. In every curve obtained for iPP
samples the stress increases continuously with strain, show-
ing only a change of slope near the yield point. The variation
of shape of the stress–strain curves with sample composi-
tion can be illustrated by the set of representative curves
presented in Fig. 5.

Fig. 6 shows the yield stresses of the oriented iPP, 9:1 and

8:2 iPP/HOCP blend specimens calculated from the stress–
strain curves. plotted against the initial orientation angleQ,
i.e. angle betweenc (equivalent to TD) and tensile axis.
These yield data were used to examine the applicability of
the Coulomb yield criterion for describing plastic deforma-
tion of polypropylene crystals by (100)[001] chain slip. The
Coulomb yield criterion has the following form [1]:

t � tc 2 ksn �1�
wheret is the shear stress resolved in the shear plane,sn is
the resolved stress normal to the shear plane,tc is critical
resolved shear stress required to activate the slip system in
question in simple shear and k is a constant demonstrating
the sensitivity of the shear to the normal stress. If a material
obeys the Coulomb yield criterion, the yield condition
reduces to a straight line with the slope2 k in t vs sn

coordinates. For uniaxial tension under the applied stress
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Fig. 6. Dependence of the yield stress on the initial orientation angleQo in specimens of iPP (A), 9:1 iPP/HOCP (K) and 8:2 iPP/HOCP blend (L) deformed in
tension. The curves were calculated using Eq. (1), Eq. (3), Eq. (4) and the ‘best fit’ values oftc and k.

Fig. 7. Normal stress dependence of the resolved shear stress on the (100) plane in the [001] direction for specimens of iPP (B), 9:1 iPP/HOCP (O) and 8:2 iPP/
HOCP blend (P). For clarity only the average values of stresses for each sample orientation are plotted. The solid lines indicate the range of data taken for
fitting to the Coulomb criterion.



s, the resolved shear stress is given by:

t � scosjcosw �2�
wherej is the angle between the normal to slip plane and the
loading direction andw is the angle between the slip direc-
tion and loading direction.

For the geometry employed here,j � 908 2 Q andw �
Q, whereQ is the angle between the loading direction and
the direction of the chain axisc, hence:

t � ssinucosu �3�
The normal stress can be expressed similarly as:

sn � scosjsin� ssin2u �4�
Using Eq. (3) and Eq. (4) the shear stress and normal

stress were calculated from the yield data shown in Fig. 6.
The results are presented in Fig. 7; for clarity only the aver-
age values of stresses at yield for each sample orientation
were plotted.

Fig. 7 shows that it is possible to fit a straight line to the
stress data provided that the fit is limited to the range of the
orientation angleQ of approximately 20–508 (30–608 for
plain iPP), i.e. the range in which the (100)[001] chain slip is
anticipated to be active as a single deformation mechanism.
This is highly probable because within this range ofQ the
shear stress resolved in the [001] direction in (100) planes is
relatively high (with a maximum atQ � 458) while it
remains low for any other slip system (see Appendix in
ref. [5]).

The best fit values givetc� 22.6 MPa and a normal stress
coefficient k� 0.17 for the yield data obtained for samples
of plain iPP, whereas for 9:1 and 8:2 blend samples the
values oftc � 29.7 MPa, k� 0.16 andtc � 35.5 MPa,
k � 0.09, respectively were calculated as the best fit values.
The errors involved may be estimated as 0.5 MPa and 0.01
for tc and k, respectively. It is seen that while the value of
normal stress sensitivity coefficient, k does not vary too
much with the composition, the value of critical resolved
shear stress,tc increases substantially with increasing
content of HOCP in the blend. Such large differences intc

were not expected, because for all compositions the same
(100)[001] slip system was anticipated to be a primary
deformation mechanism, so that the values oftc determined
for plain iPP and blend samples should be rather similar.
The differences in that parameter found in our studies indi-
cate that HOCP molecularly dispersed in the blend mark-
edly influences the deformation process.

The critical resolved shear stress for a particular slip
system is not an absolute material parameter. In terms of
the dislocation theory crystallographic slips occur via travel
of the system of crystallographic dislocations along the slip
plane. The critical resolved shear stress for a crystal depends
then on the number of mobile dislocations, their mobility
and ease of generation of new mobile dislocations upon
deformation. In plasticity of metals several sources of the
increase of the yield stress are distinguished [12]: (i) misor-

ientation of crystallites; (ii) lower purity of the crystalline
phase; (iii) change of crystal surface conditions; and (iv)
change in the number of movable dislocations.

3.1. Misorientation of crystallistes

If the crystallites in the material are not oriented perfectly
(i.e. there is some distribution of orientation) the deforma-
tion can proceed on other than the intended primary slip
system in those crystals which are misoriented. This, in
turn, can increase stress at the yield point. Fig. 1 and Fig.
2 show that there is some distribution of orientation in the
samples studied. The textures of all these samples are,
however, almost identical and are sharp and well developed.
An increase of the yield stress due to crystal misorientation
should, therefore, be relatively low and practically the same
for both plain iPP and iPP/HOCP blend oriented samples.

3.2. Purity of crystalline phase

The purity of the crystalline phase is known to influence
both yield stress and Stage I of strain hardening in metals
[12]. For example, the shear stress–shear strain behaviour
near yielding of niobium crystals of various purity [13]
shows high yield stress and the drop of load after yielding
for higher concentration of impurities while for highly pure
nobium crystals the yield occurs at low shear stress and no
load drop is observed after yielding. If the crystal contains
molecular impurities or small inclusions they encourage
localized slip on other than the primary slip plane, which
usually causes an increase of yield stress and eliminates the
first stage of strain hardening. These impurities can also
immobilize a part of the dislocations capable of moving
through a crystal. The slip process is realized by the move-
ment of numerous dislocations on the slip plane, so their
trapping by impurities would impede the slip process. In the
case of the iPP/HOCP blend the components are mutually
soluble in the molten state. It is highly probable that during
fast crystallization at high cooling rates (iPP crystallizes
then according to Regime III), as in the present study, a
certain number of relative small HOCP molecules can be
entrapped within crystals instead of being rejected by grow-
ing the crystal front into the amorphous phase. Such mole-
cules will act in the same way as do the impurities in metals,
which in turn, should lead to an increase of stress at the yield
point. Consequently, the critical resolved shear stress deter-
mined in the blends might be higher than that in plain iPP.

3.3. Crystal surface

The next source of an increase oftc with composition
could be the change in conditions at crystal surfaces. It
was found for metals that when the crystal surfaces were
covered with a thin oxide film the initial deformation stages
were substantially modified, which manifested in a signifi-
cant increase of the yield stress and also in the reduction of
Stage I hardening [12,14]. This is due to the obstruction for
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dislocation movement caused by the layer deposited on the
crystal surface. In an extreme case the surface layer can
prevent the dislocations from moving completely out of
the crystal and their piling-up near the crystal surface.
Such locked dislocations constitute a serious obstacle for
movement of other dislocations and therefore make the
slip process more difficult. As a consequence, an increase
of the yield stress was frequently observed. In the case of the
iPP crystallites in the iPP/HOCP blend their interfaces with
amorphous layers are substantially modified as compared
with plain iPP. The HOCP molecules, which were rejected
by growing crystallite, tend to concentrate in the amorphous
phase near the interfaces. Such layers of higher concentra-
tion of HOCP (there are additionally numerous chain loops,
cilia, tie molecules and other defects usually present in those
layers) can act in a similar way to the oxide film deposited
on the surface of metal crystals and cause locking of a large
number of dislocations which, of course, would lead to an
increase of the yield stress in the blend compared with plain
iPP.

3.4. Number of movable dislocations

Another possible reason for an increase of the yield stress
in the blend is the decrease of the number of movable dislo-
cations in the iPP crystals in the blend samples and is related
to the two previously mentioned causes. It was found for
metals that when the number of dislocations present in the
crystal and able to move across it decreases the yield stress
of such crystal increases. Moreover, this modifies also the
shape of the stress–strain curve near the yield point. If the
number of movable dislocations is high the curve does not
exhibit load drop at the yield point. When this number
decreases the load drop appears on the curve at the yield
point and moreover, becomes more pronounced with a
further decrease in the number of free dislocations. The
upper yield stress continuously increases at the same time.
The load drop results from either unlocking of the existing
dislocation or generation of new mobile dislocations, both
due to stress build-up. The yield point develops and stress
decreases as the mobile dislocations multiply. The polymer
crystals are highly imperfect and the number of dislocations
is high. Those dislocations present in the crystal prior to
deformation are immobilized mostly due to impurities and
in some cases due to crystal interfaces. According to the
above discussion this can be the case of the studied iPP/
HOCP blend in which iPP crystals are contaminated with
HOCP molecules and have interfaces modified by the
presence of HOCP chains which most probably cause lock-
ing of dislocations. Such a hypothesis may be confirmed by
the shapes of the stress–strain curves in plain iPP and in the
blend, presented in Fig. 5. Yielding in oriented plain iPP
samples is not accompanied by a load drop, but this drop
appears in the 9:1 blend and is even more pronounced in 8:2
blend samples. Such evolution of the shape of the stress–
strain curves near the yield point strongly suggests that the

number of mobile dislocations present in iPP crystals in the
plain iPP sample prior to its deformation is reasonably
higher than in the respective crystals in the blend samples.
As a result an increase of the yield stress and hence critical
resolved shear stress on the slip plane is observed in the
samples of the blend.

There is another possible reason for the increase of the
yield stress and therefore the critical resolved shear stress in
blend samples. In the blend the crystallinity is lower than in
plain iPP i.e. the amount of amorphous phase is larger than
in plain iPP. The amorphous phase participates in the defor-
mation process together with crystallites. In a semicrystal-
line polymer of high crystallinity subjected to tensile
deformation at angles near 458 to the orientation direction
the amorphous layers transmit only the stress between crys-
tallites and accommodate their strain. The lamellar structure
in the studied samples was destroyed by the orientation
process and the crystallites are arranged in space with no
correlation in directions perpendicular to the chain axis.
This makes the shear in the amorphous phase similar to
interlamellar sliding rather difficult because crystallites
constitute serious obstacles for such shear. When the crys-
tallinity of the sample is low, however, there are possible
shear deformation paths entirely through the amorphous
phase and bypassing crystallites. If the deformation experi-
ment is performed above the glass transition the amorphous
component has a lower plastic resistance than the crystalline
component, and consequently the yield stress observed in
such samples should be depressed by that secondary defor-
mation mode. On the other hand, when glass transition is
above the temperature of deformation the amorphous phase
become glassy, which makes both the accommodation of
the crystalline strain and the shear through the amorphous
component more difficult and consequently the yield stress
can increase. The glass transition of plain iPP (measured by
DMTA at 1 Hz) is 2 38C, while in the 9:1 iPP/HOCP blend
it is 188C and in the 8:2 blend 248C[15]. The deformation
experiments were all performed at room temperature
(228C), thus the amorphous phase of deformed blends was
in a glass transition region. According to the above discus-
sion this could increase the yield stress in the blend samples
as compared with plain iPP in which the amorphous phase
was in a rubbery state during the deformation process.

Summarizing, the observed increase of the critical
resolved shear stress of the (100)[001] slip system results
probably from several phenomena: HOCP molecules
entrapped in iPP crystals and other molecules concentrated
at the crystal–amorphous interface, which both cause a
decrease in the number of mobile dislocations in polypro-
pylene crystallites in the blend and possibly from the
increase of the glass transition temperature of the amor-
phous phase with the increase of HOCP concentration. On
the basis of the accessible experimental data it is difficult to
evaluate to what proportion they influence the yield beha-
viour of the blend or whether there are any other phenomena
which might influence the yield observed in blend samples.
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In any case, the values oftc � 22.6^ 0.5 MPa and k�
0.17^ 0.01, obtained for a sample of plain iPP should be
considered as close to that characteristic for (100)[001]
chain slip in polypropylene crystals, while those determined
for the blend samples are influenced by the presence of the
second component in the blend.

The value oftc � 22.6 MPa obtained in this study is
slightly lower thantc � 25 MPa reported by Shinozaki
and Groves [7], but it must be recalled that the sample of
oriented iPP they used had a fibre symmetry, so that critical
stress they determined cannot be considered as characteris-
tic of a single mechanism. It was rather a weighted average
of plastic resistances of several deformation mechanisms,
including the easiest (010)[001] slip system, as well as other
more difficult mechanisms, characterized by higher plastic
resistances.

There are no other data on the plastic resistance of iPP
crystallites available in the literature. Theoretical considera-
tions [11] verified by experimental studies [9] indicate that
the chain slip of the (010)[001] system should have signifi-
cantly lower plastic resistance than (100)[001] or any other
slip system. Sadowski et al. [16] measured the shear strength
of heavily rolled iPP sheets along the plane parallel to the
sheet surface, which in highly textured rolled iPP coincide
with the (010) crystal plane. The primary deformation
mechanism active during the deformation experiments
was most probably the (010)[001] chain slip. They obtained
values of a shear strength near 10 MPa, thus the yield stress
(not reported) had to be lower. In the shear geometry they
used the yield stress is simply equal to the plastic resistance,
tc of the (010)[001] slip. Thus,tc of this slip system may be
expected to be slightly lower than 10 MPa.

4. Conclusions

The results presented in this paper demonstrate that in the
tensile deformation experiments of highly textured iPP films
with a sharp nearly single-component texture it is possible
to activate a single deformation mechanism, provided the
angle between orientation direction and the tensile axis is
not far from 458. In this range of orientation angles the
dependence of shear stress resolved in the expected shear
plane and direction on the resolved normal stress is a
straight line, which indicates that a single deformation
mechanism operated at such conditions. This expected
mechanism was (100)[001] crystallographic slip, operating
along chain direction. The plastic resistance determined
from the yield data,tc � 22.6 MPa. This slip appears to
be sensitive to the stress normal to the slip plane with a
coefficient k� 0.17, which is similar to the behaviour

found in the studies of slip systems in linear PE [5].
Measurements of the plastic resistance of the same slip
system in samples of the iPP/HOCP give higher values of
tc, dependent on blend composition. The increase of plastic
resistance in blend is probably the result of a decrease of the
number of mobile dislocations in the crystallites due to the
presence of HOCP molecules at the interfaces between crys-
talline and amorphous phases and due to those HOCP mole-
cules entrapped within crystallites and constituting crystal
impurities, which can lock dislocations. The second possi-
ble explanation of the observed increase of plastic resistance
could be an increase of the glass transition temperature in
the blend, so that during deformation at room temperature
the amorphous phase in plain iPP remains rubbery, while it
becomes glassy in the blend samples. This change of the
properties of the amorphous phase can substantially influ-
ence the yield stress observed in the iPP/HOCP oriented
blend.
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