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Abstract

The development of the crystallinity and of the crystallographic orientation of isotactic polypropylene during rolling
deformation and subsequent heat treatment is studied. The experiments are conducted by using X-ray diVraction with an
area detector. The evolution of crystallographic orientation is tracked by calculating the pole Wgures and by applying a
quantitative 3D texture component Wt method. The rolling orientation after a true strain of ¡1.5 mainly consists of the
(0 1 0)[0 0 1], (1 3 0)[0 0 1], and [0 0 1]//RD Wber components (RD: rolling direction). The results reveal that the crystallinity
drastically decreases during rolling. We suggest that decrystallization (disaggregation) is a deformation mechanism which
takes place as a microscopic alternative to crystallographic intralamellar shear depending on the orientation of the lamellae
relative to the imposed deformation tensor. Heat treatment after rolling leads to the recrystallization of amorphous mate-
rial and to a strong enhancement of the Wber orientation component. The recrystallization orientation is explained in terms
of an oriented nucleation mechanism where amorphous material aligns along existing crystalline lamellae blocks which pre-
vailed during the preceding deformation.
©  2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The physical and mechanical properties of semi-
crystalline thermoplastic polymers depend on the
degree of crystallinity [1–3] and on the orientation
distribution of the crystalline volume portion [4–6].
Both quantities typically change when the sample is
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exposed to thermal and mechanical loads. This
means that the degree of crystallinity and the orien-
tation distribution are history-dependent properties
in such materials.

Various experimental methods have been used to
determine the degree of crystallinity of semi-crystal-
line thermoplastic polymers. These are for instance
the measurement of the density and enthalpy of
fusion; infrared and Raman spectroscopy; wide-
angle X-ray scattering (WAXS); and NMR spec-
trometry [1,7]. Methods such as the measurement of
.
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the density and enthalpy of fusion via diVerential
scanning calorimetry (DSC) and WAXS are those,
which are most frequently used for estimating the
degree of crystallinity in semi-crystalline thermo-
plastic polymers. The use of the DSC method for the
determination of the crystalline volume portion is
reliable for providing accurate values for materials
in the equilibrium state. However, it is less reliable
for materials which are in a strong non-equilibrium
state, such as severely strained iPP as in this study.
Under such conditions thermally activated relaxa-
tion processes render DSC measurements inaccurate
[1].

Therefore, the �–2� Bragg wide angle X-ray
diVraction method has been used in most previous
investigations to measure the degree of crystallinity
[1,7–9]. However, the X-ray method may also suVer
from drawbacks, namely, when the sample is crystal-
lographically oriented. In such cases, the intensity
distribution along conventional �–2� scans has no
quantitative validity except in situations where the
specimen has either a totally random or a very
strong Wber crystallographic orientation.

For the investigation of polymers with more
complex crystallographic orientations (which is the
rule and not the exception) the measurement of the
degree of crystallinity should, therefore, not be con-
ducted by conventional �–2� wide angle X-ray
scans. Instead the crystallographic orientation of the
material must be properly taken into account by an
adequate integration procedure which adds up the
total reXected intensity over the entire pole sphere.

A number of investigations have been devoted to
elucidating the relationship between the evolution of
deformation orientations in the crystalline portion
of polymers and the underlying microscopic mecha-
nisms. Possible plastic deformation mechanisms in
the crystalline phase of semi-crystalline polymers
were summarized by Peterlin [10], Bowden and
Young [11], Haudin [12], and by Lin and Argon [13].
These authors reported that the crystalline portion
of many semi-crystalline polymers, such as PET,
HDPE, Nylon-6 and PP, deform mainly by crystal-
lographic shear mechanisms. Although other mech-
anisms such as twinning and stress-induced
martensitic transformation were reported as well,
they seem to occur predominantly in highly oriented
samples. According to these publications [4,5,11–16],
microscopic deformation in the crystalline parts of
semi-crystalline polymers occurs in the form of crys-
tallographic shear predominantly on {hk0} planes.
This mechanism is often referred to as crystallo-
graphic chain slip. Considerations associated with
the anisotropy of the interfacial energy suggests that
crystalline slip along the (1 0 0), (0 1 0), and (1 1 0)
planes should occur preferentially in these materials.
Indirect experimental studies have suggested that
the two most important chain slip systems are
(1 0 0)[0 0 1] and (0 1 0)[0 0 1]. The third slip system
along the (1 1 0) plane, although widely postulated,
has not been detected experimentally. It was also
reported that transverse slip mechanisms such as,
(1 0 0)[0 1 0] and (0 1 0)[1 0 0], can occur in addition to
the chain slip process.

In this investigation, we aim to exploit speciWc
properties of the area detector for X-ray measure-
ments in terms of the integration and analysis of
diVraction diagrams with multiple Bragg cones. An
integral calculation method is used to estimate the
crystallinity evolution of iPP samples during rolling
and subsequent heat treatment based on the integra-
tion of wide angle X-ray frames obtained from an
area detector. In addition we analyze the evolution
of crystallographic orientation during rolling and
heat treatment in terms of pole Wgures and the orien-
tation distribution function derived from them by
using the texture component method. We interpret
the observed evolution of the crystallinity and crys-
tallographic orientation of iPP as a function of the
imposed rolling and heat treatment processes in
terms of the underlying microscopic deformation
and recrystallization mechanisms.

2. Experimental

2.1. Material and processing procedure

The study was conducted on a set of commercial
semi-crystalline isotactic polypropylene (iPP) sheets
with dimensions 100 mm£100 mm£ 5 mm. The iso-
tactic index amounted to 95% and the density to
0.9 g/cm3. In order to provide homogeneous starting
conditions and to reduce the inXuence of possible
microstructures inherited from the preceding manu-
facturing process all iPP sheets were heat treated
with free sample ends at 150 °C for 24 h before roll-
ing. The samples were rolled at room temperature.
Each pass exerted a thickness reduction of about
0.1 mm at a constant rolling speed. The total true
rolling strain was described by the formula: true
strainD ln (h/h0), where h0 is the original thickness of
iPP sample and h is the thickness of rolled sample.
At various logarithmic (true) strains between ¡0.4
and ¡1.5 samples were cut for X-ray analysis. After
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rolling, iPP sheets were also broadened on the trans-
verse direction. All the X-ray samples were
machined from the center part of sheets to minimize
the inXuence of broadening. Samples with a true
strain of ¡1.2 were put in the ovens with tempera-
ture of 90 °C and 120 °C, respectively, at times
between 5 min and 240 min, then were cooled in the
air.

2.2. X-ray diVraction experiments

The orientation distribution of certain crystallo-
graphic planes of the �-iPP crystallites in the
deformed and heat treated state were measured by
using an X-ray diVractometer set-up with an area
detector (CoK�1; tube current: 40 mA; tube voltage:
40 kV) [17]. For covering the entire pole sphere we
collected 119 incomplete planar X-ray diVraction
frames for each sample at an integration time of
150 s per frame. From the normalized and corrected
X-ray data the (110), (04 0), (130) and (¡1 13) pole
Wgures were reconstructed. The sample reference sys-
tem was orthorhombic owing to the symmetry
imposed by the rolling deformation and the crystal
symmetry is monoclinic (� modiWcation). The
parameters of the unit cell are aD6.65 Å, bD20.80 Å,
cD6.5 Å and �D99.8° [18].

The X-ray diVraction data were also used to cal-
culate the degree of crystallinity of the rolled and
heat treated samples. The procedure worked by Wrst
integrating each of the 119 X-ray frames into 119
corresponding intensity–2� data sets and second by
summing these curves into one intensity distribution
diagram which presents the integral and orientation-
corrected intensity distribution as a function of the
2� angle. For the ensuing analysis we adopted a two-
phase concept usually applied for polymers where
the amorphous contribution to the spectrum which
occurs as a broad diVraction band was approxi-
mated by a background curve which separates the
amorphous from the crystalline portion. The crys-
talline volume fraction for each specimen was then
obtained as the ratio between the area under the
crystalline peaks and the total area under the diVrac-
tion curve.

2.3. Calculation of the orientation distribution 
function in terms of the texture component method

The spherical distribution of crystals in polycrys-
talline aggregates is referred to as crystallographic
orientation. It is quantiWed in terms of the orienta-
tion distribution function (ODF), which provides
the orientation density as a function of the rotation
angles. It can be calculated from pole Wgures by
means of series expansion methods or by direct
inversion methods [19,20]. In this study we have cho-
sen a third approach, namely, the texture compo-
nent method [21]. The approach uses sets of
spherical Gauss functions with individual height
and full width at half maximum as a measure for the
strength and scatter of orientation component. The
ODF is approximated by a linear superposition of
such functions. A detailed description of the method
was given in [17,21,22].

3. Results and discussion

3.1. Evolution of crystallographic orientation
during rolling

Fig. 1 shows the pole Wgures of some main crys-
tallographic planes of the monoclinic polypropylene
crystals as determined for rolled samples at diVerent
strains. The pole Wgures of the (1 1 0), (0 4 0), and
(1 3 0) planes illustrate the inclination of the a and b
crystallographic axes with respect to the sample
coordinate system. The pole Wgure of the (¡1 1 3)
planes provides the best possible measure for the
orientation of the chain axis because the monoclinic
structure does not provide any reXections of the
(0 0 l) type and the normal to the (¡1 1 3) plane is
only 5.8° misoriented from the direction of the mac-
romolecular chain axis which is equivalent to the
crystallographic c axis [23].

The crystallographic orientation of the material
before rolling was practically random. At a true
strain of ¡0.4 a weak crystallographic orientation
has formed with a maximum pole density below 2.5
times random. The pole Wgures for the (1 1 0), (0 4 0),
and (¡1 1 3) planes have a similar shape at this strain
level (Fig. 1, Wrst row), while the (1 3 0) projection
shows pole clusters around the ND (sheet normal
direction). At a true strain of ¡0.8 the main maxima
of the pole Wgures are more pronounced (Fig. 1, sec-
ond row). The (0 4 0) and (1 3 0) planes cluster
around the ND, while the (¡1 1 3) poles gradually
reorient towards the RD (rolling direction). As the
true strain increases to ¡1.2 (Fig. 1, third row), all
pole Wgures change gradually except for the (¡1 1 3)
projection. The maxima of the (0 4 0) and (1 3 0)
planes are close to the ND and also begin to cluster
around TD (transverse direction), especially the
(1 3 0) planes. The (1 1 0) planes reorient towards the
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TD and the (¡1 1 3) planes form a stronger orienta-
tion cluster. At a true strain of ¡1.5 the maxima of
the (¡1 1 3) planes increased along the RD, while the
(1 1 0), (0 4 0), and (1 3 0) planes cluster around the
TD (Fig. 1, fourth row).

Comparing to the pole Wgures of iPP Wlm which
suVered uniaxial and sequential biaxial drawing [24],
rolled samples in this work have the similar orienta-
tion of uniaxial drawing iPP Wlm but totally diVerent
orientation of sequential biaxial drawing iPP Wlm.
That is to say, the eVect of broadening can be
ignored in this work.

Fig. 2 shows a typical orientation component Wt
for a sample rolled to a true strain of ¡1.5 (Fig. 2,
second row) and also provides a list of the main ori-
entation components. The approximation decom-
posed the crystallographic orientation into three
main components, namely, (0 1 0)[0 0 1], (1 3 0)[0 0 1]
and a Wber orientation component [0 0 1]//RD (Fig. 2
third, fourth and Wfth rows). Owing to the fact that
the crystal symmetry is monoclinic and not cubic the
abbreviated use of Miller triples for the orientation
components such as (0 1 0)[0 0 1] must be understood
as a preferred crystallographic plane orientation
(0 1 0) parallel to the surface of the sheet and a pre-
ferred crystallographic axis direction [0 0 1] parallel
to the rolling direction of the sheet. These preferred
indices do, however, not necessarily belong to the
same crystal.

Fig. 3 provides an overview of the evolution of
the crystallographic orientation in terms of the vol-
ume fractions and half widths of the three main ori-
entation components during rolling. The data were
calculated by use of the texture component method
from the pole Wgures shown in Fig. 1. The diagram
reveals that the volume fractions of these orienta-
tion components increase with increasing rolling
strain. This applies especially to the Wber orientation
component. The spherical half widths of the
(0 1 0)[0 0 1] and [0 0 1]//RD components become
gradually smaller after a strain of ¡1.2, which indi-
cates an increase in orientation sharpness.

The analysis reveals that the orientation distribu-
tion of the crystallites in rolled iPP leads to a multi-
components orientation including as main
components (010)[001], (130)[001], and a Wber orien-
tation component [001]//RD. This result suggests that
the dominant underlying microscopic deformation
Fig. 1. Pole Wgures of the (1 1 0), (0 4 0), (1 3 0), and (¡1 1 3) crystallographic planes of the monoclinic �-polypropylene determined for
rolled samples at various true (logarithmic) strains. The pole Wgures are plotted as stereographic projections. RD indicates the rolling
direction and TD the transverse direction.
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mechanism is crystallographic shear along the [001]
chain direction. The Wrst orientation component
developing in rolled iPP at a low strain of ¡0.4 is that
with a preferred alignment of (010) planes perpendic-
ular to ND while the chain axis distribution tends to
orient along RD. The development of such an orienta-
tion distribution is probably a result of the activity of
crystallographic slip operating on (010) planes along
the chain direction [001], i.e., the (010)[001] slip sys-
tem. This conclusion is consistent with theoretical con-
siderations, which predicted the (010)[001] slip
system as the one with the smallest shear resistance
[25].
At higher true strains, the crystallographic orien-
tation data show the development of two new orien-
tation components, namely of the (1 3 0)[0 0 1]
component and of the orientation Wber [0 0 1]//RD.
We, therefore, assume that the originally predomi-
nant microscopic shear on the (0 1 0)[0 0 1] slip sys-
tem is gradually accompanied by increasing shear
activity on the (1 1 0)[0 0 1] and (1 0 0)[0 0 1] systems.
It is likely that the chain slip systems discussed
above are supported by the transverse slip systems
which are operating in the same planes as the chain
slip systems (e.g., the (0 1 0)[1 0 0] transverse slip sys-
tem supporting the (0 1 0)[0 0 1] chain slip system).
Fig. 2. Example of the orientation component Wt from experimental pole Wgures on the basis of the approach of Helming et al. [21] using
spherical Gauss-shaped functions. The crystallographic orientation consists of three main orientation components, namely, (0 1 0)[0 0 1]
component, (1 3 0)[0 0 1] component and a Wber component [0 0 1]//RD. The true rolling strain amounts to ¡1.5.
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This co-operation would explain the observed evo-
lution of crystallographic orientation during rolling
deformation.

3.2. Evolution of the crystalline volume fraction 
during rolling

Fig. 4 exemplary shows four X-ray frames
obtained from the area detector. The Bragg peaks of
the undeformed sample (frame in Fig. 4a) are much
sharper than those observed in the rolled sample
(true strain: ¡1.5, frame in Fig. 4b) at the same
angular position. For the oriented sample (true
strain: ¡1.5, frames b, c and d) diVerent 119 frames
were taken to cover the entire pole sphere. The
diVerences in the patterns reveal how strongly
diVraction data may depend on the position of the
measurement in the pole sphere. This observation
underlines that the measurement of the crystalline
volume portion cannot be obtained by conventional
�–2� X-ray wide angle line scans but requires
instead of taking the crystallographic orientation of
the material properly into account as outlined in the
preceding chapter.

The integrated X-ray data obtained for the unde-
formed and for the deformed iPP samples at diVer-
ent true strains are shown in Fig. 5. The Wgure
reveals that the curves become gradually smoother
during rolling, i.e., the Bragg peaks are less sharp
and pronounced relative to the diVraction band

Fig. 3. Development of the crystallographic orientation in terms
of the volume fractions and spherical half widths of the three
main orientation components during rolling. The data were cal-
culated by use of the texture component method from the pole
Wgures shown in Fig. 1.
Fig. 4. Debye–Scherrer frames taken from the undeformed and
from heavily rolled samples (true strain: ¡1.5) at diVerent rota-
tions (a) undeformed sample, (b)–(d) rolled sample at diVerent
angles (b) �D 64.6°, �D 0°, (c) �D 64.6°, �D 90° and (d)
�D 18.2°, �D 0°.

Fig. 5. Orientation-corrected integrated wide angle X-ray diVrac-
tion curves as a function of the true rolling strain. Integration is
conducted over all 119 X-ray diVraction frames which were mea-
sured for each sample state.
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which is created by the amorphous phase at large
strains. The reason for this argumentation is that the
loss in the crystalline volume fraction occurs by the
gradual disintegration of the lattice cells. This means
that crystals change their lattice parameter gradu-
ally until the cells are in the end completely disinte-
grated. This may lead to the observed Bragg
broadening eVect owing to the spread in the lattice
parameter. Also the gradual disintegration of the
crystalline phase may induce internal stresses which
also modify the lattice parameter entailing similar
Bragg broadening eVects.

On the other hand, it must be underlined that this
decrease in the Bragg scatter relative to the back-
ground scatter is not due to a change in crystallo-
graphic orientation since the data are integrated
over the entire pole sphere comprising the signals of
crystals of all possible orientations, i.e., the integral
method applied in this work ensures that the overall
crystallinity of the material is being evaluated.

Fig. 6 is an example of a typical Wtting procedure
as it is used in this work for the separation of the
crystalline peaks from the amorphous halo for an
iPP sample with a true strain of ¡1.2. The dotted
line separates the crystalline component from the
amorphous phase. The separations of crystalline

Fig. 6. Typical Wtting procedure for integral WAXS results
obtained for a rolled iPP sample (true strain: ¡1.2).
part from the amorphous part were made by the
EVA program with Hermans–Weidinger method
[26]. The crystallinity for each specimen was then
obtained from the ratio between the area under the
crystalline peaks and the total area under the diVrac-
tion curve.

Fig. 7 shows the result for the relative change in
the crystallinity as a function of deformation in
terms of the true rolling strain. The crystallinity of
the iPP samples is substantially reduced with
increasing true strain, varying from an initial value
of 80.1 vol% for the undeformed sample to the Wnal
value of 35.8 vol% for the deformed sample at the
true strain of ¡1.5. Owing to the fact that the data
have been obtained by integration over the entire
pole sphere the inXuence of the crystallographic ori-
entation is fully accounted for. The degree in crystal-
linity drops particularly strong between a strain of
0.0 and ¡0.4. Since we do not have any additional
data points between these two strain levels it is con-
ceivable that the strong drop occurs not right away
at the initial stages of deformation but later between
0.3 and 0.4. However, this is speculative at the cur-
rent stage. The strong drop at the initial stages of the
deformation will hence be investigated by additional
density measurements in an ensuing study.

The strain-induced decrystallization of crystalline
material in semi-crystalline polymers has also been
referred to as disaggregation [17]. Similar observa-
tions and related conclusions were during the last
years published by the group of Strobl [27–31] on
the basis of data obtained from uniaxial tensile test-
ing. In these investigations the authors suggest that

Fig. 7. Evolution of the volume content of the crystalline phase as
a function of the magnitude of the true rolling strain as calcu-
lated from the integrated X-ray diVraction data.
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the process of tensile deformation consists of several
regimes which are characterized by the activation of
diVerent types of deformation mechanisms. At small
loads they assume that intralamellar slipping of
crystalline blocks is the prevalent mechanism of
deformation. At larger strains above the yield strain
they observe a stress-induced crystalline block dis-
aggregation-recrystallization process. In a recent
work Men et al. [27] suggested that the strain at this
transition point between the two regimes is related
to the interplay between the amorphous entangle-
ment density and the mechanical stability of the
crystal blocks. The authors furnished this two-stage
deformation model by careful experimental evidence
obtained from true stress–strain curves.

In previous investigations about rolled PET
(polyethylene terephthalate) [17,32], the present
authors suggested that deformation-induced decrys-
tallization must be regarded as a regular micro-
scopic deformation mode in semi-crystalline PET.
Decrystallization (disaggregation) is a deformation
mechanism which takes place as an alternative to
crystallographic intralamellar shear depending on
the orientation of the lamellae.

In this work, we make use of this approach to
explain the decrystallization mechanism during roll-
ing. We assume that the easiest mode of microscopic
deformation for a crystalline lamella is the crystallo-
graphic shear on the (0 1 0)[0 0 1] slip systems. At
higher stresses we anticipate that the slip systems
(1 0 0)[0 0 1] and (1 1 0)[0 0 1] are additionally acti-
vated. When stressed along a certain direction
within the Wve-dimensional stress space which does
not favor the activation of any of these shear sys-
tems, the respective crystalline portion undergoes
decrystallization as an alternative mode of deforma-
tion. In other words if the local stress tensor in an
iPP crystal portion reaches the yield surface in any
direction other than that entailing compatible crys-
tallographic slips the lamella becomes decrystallized,
i.e., it starts to disintegrate as a compatible mode of
deformation. Compatibility in context refers to the
fact that the displacement gradient Welds of neigh-
boring material portions match so that no overlap
or hole is created.

In macro-mechanical terms the decrystallization,
therefore, corresponds to the violation of the von-
Mises criterion which requires Wve independent
internal microscopic shear modes for an imposed
deformation tensor with its Wve independent compo-
nents. In this context one should note that the com-
petition between a crystallographic shear mechanism
and a decrystallization mechanism is not only a mat-
ter of stress but of the shape of the yield surface. The
anisotropic Xow stress is a six-dimensional convex
stress surface which is limited by the disintegration
stress in cases where the Schmid factor of the existing
crystallographic shear systems is zero. The authors
also suggest that both mechanisms may even occur
at the same time, however, diVerently in diVerent
crystalline lamellae, according to their respective
crystalline orientation factors. This means that while
some crystals start to disintegrate already at rather
small strains according to their unfavorable Schmid
factors for regular crystallographic slip, others may
remain mechanically stable also up to higher strains,
but they reorient according to the plastic spin result-
ing from their respective active slip or block shear
system.

3.3. Recrystallization and evolution of 
crystallographic orientation during heat treatment

The measurement of the change in crystallinity of
the rolled iPP during heat treatment is based on the
integration of the 119 X-ray diVraction frames over
the entire pole sphere as explained in Section 2.2.

Fig. 8 shows the integrated wide angle X-ray
scans of a rolled iPP sample (true strain: ¡1.2) and
of a rolled plus heat treated sample for diVerent
annealing times at 90 °C (Fig. 8a) and 120 °C
(Fig. 8b), respectively. At the beginning of the heat
treatment of the rolled specimens, the Bragg peaks
become gradually sharper and the amorphous
diVuse portion becomes quickly smaller, especially
at 120 °C, indicating a rapid increase in the crystal-
line volume fraction. At the same time, a minor shift
of the (h k l) reXections to smaller values of the 2�
angles suggests that the distance between the (h k l)
planes becomes somewhat larger. For heat treat-
ment times beyond 20 min almost no further struc-
tural changes can be observed. The data show that
both phenomena are much faster and more pro-
nounced at 120 °C than at 90 °C.

Fig. 9 shows the results for the corresponding rel-
ative changes in crystallinity of the rolled specimens
as a function of the heat treatment time at 90 °C and
120 °C, respectively. The crystalline volume fractions
of the iPP samples drastically increase particularly
at the beginning of the heat treatment, varying from
an initial value of 45.8 vol% for the rolled sample to
values of 49.6 vol% and 65.6 vol% for the heat
treated samples at 90 °C and 120 °C, respectively,
after only 10 min. For heat treatment times beyond
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10 min, the crystalline volume fractions remain
almost constant at 120 °C and slightly increase fur-
ther in the samples treated at 90 °C. This result indi-

Fig. 9. Changes in the crystallinity with the heat treatment time at
two diVerent temperatures. The data were obtained from inte-
grated X-ray diVraction data.
cates that the thermally activated recrystallization of
the decrystallized material occurs at a high rate at
the beginning of the heat treatment.

Fig. 10 shows the evolution of crystallographic
orientation of rolled iPP (true strain: ¡1.2, rolled at
room temperature) during a subsequent heat treat-
ment at 90 °C and 120 °C, respectively, in terms of
pole Wgures. When comparing the pole Wgures of the
rolled sample (Fig. 1, third row) with those taken
from the heat treated samples, it can be observed
that no main new orientation components emerge
during the heat treatment.

At the beginning of the thermally induced recrys-
tallization process, the intensities of (0 4 0) pole
Wgures slightly decrease. But the (¡1 1 3) pole Wgures
show a somewhat higher intensity than the rolled
sample after the initial 10 min of the heat treatment,
which are 4.75, 5.8 and 6.48 for rolled sample, 60 °C
and 100 °C annealing samples, separately. For
longer heat treatment times the pole Wgures do not
reveal main further changes. This observation
matches the data shown in Fig. 9 which revealed
Fig. 8. Integrated wide angle X-ray scans of rolled iPP samples (true strain: ¡1.2) as a function of the heat treatment time (a) 90 °C and (b)
120 °C.
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that the crystallinity reaches a constant level after
10 min at 120 °C. This means that the increase in
crystallinity can be mainly attributed to an increase
in intensity of the (¡1 1 3) pole Wgures.

Fig. 11 shows the evolution of crystallographic
orientation in terms of quantitative orientation data
obtained from the texture component method. The
diagrams show the changes in the volume fractions
of the three main orientation components in the
course of the heat treatment. At the beginning of the
heat treatment, all curves reveal strong changes in
their relative volume fractions. The data between
Fig. 10. Presentation of the evolution of crystallographic orientation in terms of pole Wgures of rolled (true strain: ¡1.2) and subsequently
heat treated iPP specimens (a) 90 °C and (b) 120 °C.
Fig. 11. Changes in the volume fractions of the three main orientation components during the heat treatment of the rolled samples (a)
(0 1 0)[0 0 1] component, (1 3 0)[0 0 1] component and (b) Wber component [0 0 1]//RD.
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20 min and 60 min show a transition regime in the
evolution of crystallographic orientation. For the
(0 1 0)[0 0 1] and (1 3 0)[0 0 1] orientation components
(Fig. 11a), the Wnal volume fractions are slightly
lower than for the rolled sample which is reXected
by the slightly lower intensity in the (0 4 0) pole
Wgures (Fig. 10). For the [0 0 1]//RD component
(Fig. 11b), the Wnal volume fractions of the heat
treated samples are much larger than those observed
for the rolled samples. The shape of the curve for the
evolution of the Wber component (Fig. 11b) corre-
lates well with the curve observed for the evolution
of the crystalline volume fraction during heat treat-
ment (Fig. 9).

It can be observed that both, the pole Wgures
(Fig. 10) and the quantitative orientation component
data (Fig. 11) can be consistently explained in terms
of the results obtained for the crystallinity (Fig. 9).
Heat treatment (90 °C and 120 °C) of the sample
rolled to a true strain of ¡1.2 leads Wrst, to the recrys-
tallization of the amorphous portions and second, to
an enhancement of the original Wber orientation com-
ponent during recrystallization. The results further
show that the strong recrystallization process does
obviously not lead to entirely new crystalline orienta-
tions, but merely to a sharpening of the preceding
rolling orientation. This applies in particular to the
Wber orientation component. We can, therefore, draw
the conclusion that recrystallization works in the
present case by an oriented nucleation.

The data also show that recrystallization essen-
tially happens during the Wrst 10 min of the heat
treatment. Owing to the pronounced temperature
dependence of the recrystallization kinetics we sug-
gest that there is a critical annealing time for the
onset of recrystallization. Also we observe diVerent
saturation levels for the crystallinity of iPP which
are characteristic for the diVerent heat treatment
temperatures. In this work, the critical isothermal
annealing time for iPP amounts to about 10 min and
the saturation levels for the recovery of the maxi-
mum possible crystallinity are about 51.5% and 65%
at 90 °C and 120 °C, respectively.

4. Conclusions

We conducted an experimental crystallographic
orientation study in conjunction with an integral
calculation of the crystallinity on rolled and heat
treated iPP samples. The data were discussed in
terms of several possible crystallographic shear
modes, deformation-induced decrystallization pro-
cesses, and thermally activated recrystallization. The
main conclusions are:

• The Wnal crystallographic orientation of the cold
rolled iPP sheets at a true strain of ¡1.5 is charac-
terized by three main orientation components,
namely, (0 1 0)[0 0 1], (1 3 0)[0 0 1] and [0 0 1]//RD.
These orientation components support the
assumption that the principal deformation mech-
anisms active during deformation were crystallo-
graphic slip on the (0 1 0)[0 0 1], (1 0 0)[0 0 1] and
(1 1 0)[0 0 1] systems, all propagating along the
chain direction. These slip systems are probably
supported by other slip systems acting in the
same planes in a direction transverse to the chain
direction.

• It was observed that the crystallinity of the sam-
ples continuously drops during rolling from
about 80% (undeformed) to about 35% at a true
strain of ¡1.5. The process was referred to as
decrystallization or disaggregation. We explain
this phenomenon as a deformation mechanism
which may take place as an alternative to crystal-
lographic slip depending on the crystallographic
orientation of a lamella owing to the local viola-
tion of the von-Mises criterion.

• Heat treatment (90 °C and 120 °C) of rolled sam-
ples leads to the recrystallization of amorphous
material and to an enhancement of the original
deformation orientation. This observation was
explained in terms of an oriented nucleation or
respectively relaxation mechanisms where amor-
phous material aligns along existing crystalline
lamellae or fragmented lamellae blocks.
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