
Polymer 47 (2006) 8562e8574
www.elsevier.com/locate/polymer
Plastic deformation behavior of b-phase isotactic polypropylene
in plane-strain compression at room temperature

E. Lezak, Z. Bartczak*, A. Galeski

Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, Polymer Physics, Sienkiewicza 112, 90-363 Lodz, Poland

Received 10 May 2006; received in revised form 5 October 2006; accepted 6 October 2006

Available online 13 November 2006

Abstract

Isotactic polypropylene (iPP) rich in b crystal modification (constituting 92% of crystalline phase) was deformed by the plane-strain com-
pression with constant true strain rate, at room temperature. The evolution of phase structure, morphology and orientation was studied by DSC,
X-ray and SEM.

The deformation sequence and the active deformation mechanisms were found out. The most important mechanisms were interlamellar slip
operating in the amorphous layers, resulting in numerous fine deformation bands due to localization of deformation and the crystallographic slip
systems, including the (110)[001] chain slip and (110)[110] transverse slip.

Shear within deformation bands leads to b / smectic and b / a solid state phase transformations. At room temperature the b / smectic
transformation appeared to be the primary transformation, yielding the oriented smectic phase with high concentration of 19 wt.% at the true
strain of e¼ 1.49. The b / a yields only about 4 wt.% of new a-phase at the same strain. As a result of the deformation and phase transfor-
mation within numerous fine deformation bands b-lamellae are locally destroyed and fragmented into smaller crystals.

Another deformation mechanism is the cooperative kinking of lamellae, leading to their reorientation and formation of a chevron-like lamel-
lar arrangement.

At high strains, above e¼ 1, an advanced crystallographic slip and high stretch of amorphous material due to interlamellar shear bring further
heavy fragmentation of lamellar crystals, earlier fragmented partially by deformation bands. This fragmentation is followed by fast rotation of
small unconstrained crystallites with chain axis towards the direction of flow, FD. This process leads to development of the final texture of the
highly deformed b-iPP with molecular axis of both crystalline and smectic phases oriented along FD.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Isotactic polypropylene (iPP) is a polymorphic material
which can crystallize in three crystalline forms, depicted as
a (monoclinic), b (trigonal) and g (orthorombic). At certain
conditions, e.g. under high undercooling, a mesophase usually
called ‘smectic’ is formed instead of crystalline phase. The iPP
chains in the lattices of all three crystalline forms are 31 heli-
ces with either right or left handedness.

The most common crystal modification, formed at typical
processing conditions, is the monoclinic a-form [1]. This
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structure with lattice parameters a¼ 6.65 Å, b¼ 20.96 Å,
c¼ 6.50 Å, b¼ 99.8� is characterized by a change in helical
handedness of chains and azimuth orientation of chains on suc-
cessive (040) planes. Lamellae of a-iPP reveal branching of
crystallographic origin at the angle of approx. 80�, which is
a unique feature in polymer crystallography. Such branching
leads to the formation of two populations of lamellae of radial
(mother) and tangential (daughter) orientations in spherulitic
growth [2,3] and results in the so-called ‘cross-hatched’ lamellar
morphology within spherulites. Many experimental observa-
tions demonstrated that a-modification is thermodynamically
the most stable crystalline form of iPP [1].

Another crystalline form of iPP is the b-modification [4].
Crystals of this form, thermodynamically less stable than
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a [5], can be obtained only under specific conditions: either in
the presence of specific nucleants [6e10] or by special modi-
fication of crystallization conditions, e.g. crystallization in
the presence of shear [11e13] or temperature gradient [14].
The crystal structure of b-modification of iPP was established
independently by Meille et al. [15] and Lotz et al. [16] as tri-
gonal with unit cell parameters a¼ b¼ 11.01 Å, c¼ 6.5 Å,
a¼ b¼ 90� and g¼ 60�, containing three isochiral 31 helices,
which is in contrast to the alternating helical handedness found
in a crystal form. Isochiral helices forming the unit cell show
different azimuth orientations: the chain in the corner of the
unit cell is rotated by approx. 180� with respect to the two
other chains located inside the cell. Growth of b-form lamellae
usually results in spherulitic morphology, similarly to the
a-form. However, the arrangement of lamellae in b-spherulites
is solely radial, and there is no ‘cross-hatched’ morphology,
typical for a-spherulites. This results in the formation of
well individualized negatively birefringent spherulites, which
can be easily distinguished from a-spherulites.

It was found that iPP rich in b-phase shows very interesting
mechanical properties, in many aspects advantageous over
conventional a-iPP, e.g. the impact strength, toughness or
stress-whitening under tensile deformation of b-iPP markedly
exceed those of a-iPP [5,10,17,18]. The improved mechanical
performance of b-iPP as compared to a-iPP makes this poly-
mer very attractive for numerous applications. Because of
this the mechanical response, deformation behavior and asso-
ciated structure evolution of iPP of both a- and b-modifica-
tion, have been a subject of numerous recent studies.

Texture evolution of a-iPP and related deformation
mechanisms was studied in uniaxial [19,20] and plane-strain
compression [21] modes. Deformation mechanisms of crystal-
lographic origin were found to be responsible for alignment of
the c axis normal to the load direction in both deformation
modes. The main active mechanisms found were the crystallo-
graphic slips along the chain direction: (010)[001], (110)[001]
and (100)[001], supported by the deformation of the amor-
phous component by interlamellar slip [21]. High-rate defor-
mation at room temperature also induced a / smectic phase
transformation.

The deformation-induced texture of b-form has not been
reported yet. Deformation of b-iPP was studied mostly in ten-
sile experiments, where b-form appeared unstable, transform-
ing readily either to the a-form [22e24] or to the mesophase
[22,25]. The b / a transformation was considered as the
main source for an improved toughness of b-iPP [24]. Solid-
to-solid martensitic-like transformation and partial meltinge
recrystallization processes have been proposed to describe
the b / a phase transformation. For long time the postulated
b / a martensitic transformation seemed problematic since it
would require reversal of helical handedness, which was con-
sidered impossible in solid [24]. Recently, Xu et al. [26]
demonstrated, however, that b / a transformation in iPP is
indeed the result of solid-to-solid phase transformation, which
can be accomplished by a simultaneous solid transformation
that contains a process of transverse partial slip along (110)
or (120) plane of b crystal lattice and a shear of that lattice,
all in the presence of conformational defects. The propagation
of these conformational defects along chains provides the
reversal of helical handedness required by the solid b / a
transformation.

In addition to b / a and b / smectic phase transforma-
tions the activity of crystallographic chain and transverse
slip systems (110)[001] and (110)[110], both operating in
the (110) plane, was postulated to be active during rolling of
b-iPP [27].

The goal of the present study was to investigate the plastic
deformation behavior and related evolution of the crystalline
texture and lamellar orientation of iPP samples containing
crystals of primarily b-form. On this basis we intended to
identify active deformation mechanisms characteristic for
this crystal modification and evaluate their role in the deforma-
tion process. Samples rich in b-form crystals were produced
by crystallization in the presence of a specific nucleant. The
plane-strain compression was chosen as the deformation
mode for this study. Plane-strain compression, while kinemat-
ically similar to tensile drawing and leading to plastic flow in
the direction perpendicular to compressive load, has several
advantages over other modes of deformation, especially the
most frequently used tensile mode. The two most important
are (i) the deformation process is macroscopically homoge-
neous in the entire strain range, with no instabilities like
neck usually observed in tension and (ii) deformation is virtu-
ally cavity-free, since the compressive stress component pre-
vents notable cavitation, while single accidental cavities are
quickly healed by advancing compression. During plane-strain
compression the real mechanisms involved are not obscured
by any unwanted side effects, and moreover, the progress of
deformation can be studied effectively in a wide range of the
strain. Furthermore, the true stressetrue strain curves, charac-
terizing deformation process, can be obtained in plane-strain
compression easily. It should be also mentioned that con-
straints imposed on a sample in the plane-strain compression
eliminate most of the problems which could be encountered
in uniaxial compression (which is also a cavity-free mode),
as those related to sample barreling or radial cracking at
high strains.

2. Experimental

2.1. Materials and sample preparation

The material used in this investigation was a commercial-
grade isotactic polypropylene homopolymer, Malen P, F-401
(Mw¼ 297 200, Mn¼ 56 400, melt flow index MFI (190 �C/
2.16 kg)¼ 3 g/10 min, isotacticity index> 95%), provided
by Basell Orlen Polyolefins (Poland). The polymer was stabi-
lized against oxidation and thermal degradation.

The calcium salt of pimelic acid was used as a specific
b-nucleating agent. It was synthesized from pimelic acid
(SigmaeAldrich) [28]. Powdered nucleant (0.2 wt.%) was
mixed with molten iPP resin in the Plasticorder mixer
(Brabender) at 200 �C.
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Samples for deformation experiments, in the form of
60� 60� 4.5 mm3 plates, were prepared by compression
molding at 190 �C and pressure of 5 MPa. The molded plates
were solidified by rapid cooling in a bath of ice water. All
samples were crystallized at identical conditions to avoid
any differences of supermolecular structure among them.
Specimens of the size desired for particular experiment were
machined out from these plates.

2.2. Plane-strain compression

The plane-strain compression tests were performed using
a loading frame (Instron, Model 5582) and a compression
tool, equipped with a load and strain gauges. This tool was
a deep channel-die [29,30] with the channel 3.85 mm wide
(i.e. along constrained direction, CD), 50 mm long (flow direc-
tion, FD), and 60 mm deep (loading direction, LD), allowing
samples up to 50 mm high to be compressed. Specimens and
the die were lubricated to reduce friction. Other details are
given in Ref. [29].

Specimens of a- and b-iPP of the size 3.85� 50� 40 mm
(along CD, FD and LD, respectively) were deformed with
a constant true strain rate of 0.05 min�1, at room temperature
up to the point of fracture. Additionally, a set of samples
deformed to the desired intermediate true strains were pre-
pared by deformation at the same conditions.

2.3. Characterization

2.3.1. DSC
Thermal analysis was carried out with a DSC apparatus (TA

2920, Thermal Analysis). The overall crystallinity was esti-
mated on the basis of the heat of melting recorded during heat-
ing with the rate of 10 �C/min. The heat of melting of 100%
crystalline a- and b-iPP of Dhf(a)¼ 177 J/g and Dhf(b)¼
168.5 J/g, respectively, was assumed for calculations [31].

2.3.2. WAXS
Computer controlled X-ray diffractometer equipped with a

pole figure attachment, coupled to a sealed-tube source of
filtered Cu Ka radiation, operating at 50 kV and 30 mA (Phil-
lips) was used for X-ray measurements. The Qe2Q scans
were collected with the step of 0.05�. From the obtained
diffractograms the phase composition, including content of
b-phase, was estimated. For accurate determination of phase
structure the peak separation procedure was applied. The pro-
gram OptiFit [32,33] based on multi-criteria optimization
algorithm was used for this purpose.

The texture of deformed samples was studied using the
X-ray pole figure technique (for overview of this technique
see Ref. [34]). The specimens in the form of slices approx.
2 mm thick were cut out from the deformed samples in the
plane perpendicular to the flow direction (FD). Such an orien-
tation of specimens benefited in reduction of the influence of
analytical errors resulting from defocusing of the beam when
the specimen was tilted during data collection. The (100),
(110) and (111) crystal planes of trigonal b-form of iPP were
analyzed (diffraction maxima centered around 2Q¼ 14.2�,
16.1� and 21.1�, respectively) and the respective pole figures
were constructed. For monoclinic a-crystals pole figures of
(110) and (040) planes (reflections at 2Q¼ 14.1� and 16.9�,
respectively) were measured. Additionally, the peak around
42.5� representing several planes of a- and b-crystal, all with
normals oriented close to the direction of chain, as well as the
intensity around 2Q¼ 15.0� correlated with the smectic phase,
was analyzed. Experimental diffraction data were corrected
for background scattering, sample absorption and defocusing
of the beam. Obtained pole figures were plotted with the
POD program (Los Alamos National Lab, NM). Other details
of the experimental procedure were described elsewhere [21].

2.3.3. SAXS
Lamellar structure of raw and deformed samples was

probed by 2-dimensional small angle X-ray scattering (2-D
SAXS). The 1.1 m long Kiessig-type camera was equipped
with a tapered capillary collimator (X-ray Optical Systems)
combined with additional pinholes (300 mm in diameter) form-
ing the beam, and an imaging plate as a detector (Fuji). The
camera was coupled to an X-ray source (sealed-tube, fine point
Cu Ka, Ni-filtered radiation, operating at 50 kV and 40 mA;
Philips). Exposed imaging plates were read with Phosphor
Imager SI scanner and ImageQuant software (Molecular
Dynamics). Long periods (LP) in the direction of interest
were determined from appropriate 1-dimensional sections of
2-D patterns. LP was calculated from the position of the max-
imum of background and Lorentz corrected curve using the
Bragg’s law.

2.3.4. SEM
Specimens for microscopic observations were prepared in

a two-step procedure. First, an internal surface of interest
was exposed by cutting with an ultramicrotome (Tesla BS
490A). Next, that exposed surface was etched (1e2 h at
room temperature) with a mixture containing 0.7 wt./vol.%
of KMnO4, dissolved in a 5:4:1 vol./vol. mixture of 95% sul-
furic acid, 85% phosphoric acid and distilled water, respec-
tively, according to the procedure developed originally by
Olley et al. [35]. To improve etching the mixture was placed
in an ultrasonic bath running periodically for short time
periods during the etching process. Etched, washed accord-
ingly [35] and dried specimens were coated with fine gold layer
by ion-sputtering (JEOL JFC-1200) and examined with a scan-
ning electron microscope (JEOL JSM-5500LV) operating in
high vacuum mode and accelerating voltage of 10 kV.

3. Results

3.1. Initial phase composition

Raw, undeformed samples of plain (a-rich) and nucleated
(b-rich) iPPs were characterized with DSC, WAXS and
SAXS. The overall crystallinity estimated from DSC melting
data was Xc¼ 54 wt.% and 59 wt.% for a- and b-rich sample,
respectively.
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In b-nucleated sample the overlapping melting peaks char-
acteristic for b- and a-modification were observed. A rough
estimate of the phase composition (peaks separated simply
by the vertical drop line drawn from the minimum between
respective peaks to the baseline; contribution of each phase
calculated with the values of heat of fusion appropriate for
b- and a-phase) yielded the content of b-phase of approx.
Xb¼ 26 wt.% and of a-phase of approx. Xa¼ 33 wt.%, which
gave the contribution of b-crystals kb¼ Xb/(Xbþ Xa)¼ 0.44.

The crystallinity of the b-sample calculated from X-ray
data was Xc¼ 62.7 wt.%. Using the peak separation procedure
the phase composition consisting of Xb¼ 57.7 wt.% of b crys-
talline phase, Xa¼ 5.0 wt.% of a and 37.3 wt.% of amorphous
component was determined. No mesophase was detected in
the undeformed sample. This led to an estimation of b contri-
bution to the crystalline phase Kb¼ 0.92, much higher than
kb¼ 0.44 estimated from DSC. The parameter Kb can be
calculated from the equation [36]:

Kb ¼
Ibð110Þ

Ibð110Þ þ Iað110Þ þ Iað040Þ þ Iað130Þ

where Ia(110), Ia(040) and Ia(130) are the integral intensities of
the strongest peaks of a-form attributed to the (110), (040)
and (130) planes of monoclinic cell, respectively, while
Ib(110) is the intensity of the strongest (110) diffraction peak
of the trigonal b-form1, located at 2Q¼ 16.2�. This parameter
is only an estimate of the actual phase composition, because
only the highest diffraction peaks are taken into account. How-
ever, since the other experimental peaks either contain contri-
bution from both modification or are much lower than those
considered, an error of estimation of the phase composition
using the parameter Kb is relatively low. This parameter is
commonly used in the literature.

Diffraction-based determination of phase composition
seems to be much more precise and trustworthy than that ob-
tained from DSC data. The contribution of b-phase Kb¼ 0.92
obtained from X-ray was confirmed independently by exami-
nation of several low magnification SEM micrographs, which
demonstrated about 90e93% of the sample cross-section
occupied by b-spherulites.

Long period was estimated from SAXS measurements. The
obtained values of long period were 12.6 nm and 16.4 nm for
a- and b-rich sample, respectively. Since the difference in
crystallinity is not large it can be inferred that lamellae of
b-phase are reasonably thicker than those of a.

3.2. Stressestrain behavior

Typical true stressetrue strain curves obtained for samples
of a- and b-rich material deformed by plane-strain

1 In this paper we use indexing of the crystal planes of b-crystals in accor-

dance with the 3-chain trigonal unit cell: (100), (110) and (111) giving 3

strongest diffraction peaks observed at around 2Q¼ 14.2�, 16.1� and 21.1�,
respectively. The most common in the literature is the indexing consistent

with the large 9-chain cell, leading to indices (210), (300) and (301) for the

same crystalline peaks.
compression at room temperature are shown in Fig. 1. The
arrows above the curve of b-iPP indicate the true strains
reached by b-iPP specimens taken for further structural inves-
tigations. Codes of these specimens, used in this paper, along
with applied and permanent strains (the strain left in the
sample after 12 weeks of recovery at room temperature) are
given in Table 1.

The true stressetrue strain curves of a- and b-iPP show
similar shape: no maximum near the yield point (i.e. no strain
softening), short stage of low and moderate strains hardening
followed by much stronger strain hardening prior to fracture.
The determined curves are similar to the respective curves
reported for a- and b-iPP deformed by uniaxial compression
[26]. Similarly to uniaxial tension and compression b-iPP
reveals lower elastic modulus and the stress at yield and initial
stage of plastic flow as compared to a-iPP. The Young modu-
lus of 1.13 GPa and 1.30 GPa and stress at yield (2% offset) of
about 36 MPa and 50 MPa were found for b- and a-iPP sam-
ple, respectively. Samples of b-iPP demonstrate more intense
strain hardening than a-iPP in the range of strain from 0.20
to 1.0 which results in intersection of their stressestrain curves
at the true strain around e¼ 0.85. Karger-Kocsis [37] sug-
gested that higher strain hardening in b-iPP can be attributed
to the b / a phase transformation. Another, more convincing
explanation offered by Xu et al. [26] is that b-crystals are
less constrained since they do not have interlocking second-
ary lamellae (‘cross-hatching’ morphology characteristic for
a-spherulites), which results in commencement of orientation

Fig. 1. Exemplary true stressetrue strain curves of two samples of iPP rich

in a- or b-crystal, compressed in a channel-die at room temperature with

the constant true strain rate of 0.05 min�1.

Table 1

Applied, permanent and recovered true strains of b-iPP specimens studied

Sample

code

Applied true

strain, e
Permanent plastic

true strain, epl

Recovered strain,

er¼ e� epl

B-19 0.19 0.06 0.13

B-38 0.38 0.20 0.18

B-69 0.69 0.49 0.20

B-85 0.85 0.64 0.21

B-103 1.03 0.81 0.22

B-121 1.21 0.97 0.24

B-149 1.49 1.21 0.28
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hardening of amorphous regions and crystallographic textur-
ing at lower strains in b-rich sample than in a sample. The
rate of strain hardening in the final deformation stage is sim-
ilar for both the materials, yet this stage is primarily the prop-
erty of the amorphous phase being now ultimately strained
and oriented, while the original crystals are already heavily
fragmented [38], which reduces constraints present at lower
strains in a structure. Finally, fracture occurs in b-iPP
earlier, at lower strain and stress than in a-iPP (eB¼ 1.5
and sB¼ 290 MPa while 1.76 and 440 MPa for b- and
a-iPP, respectively). While the deformation behavior of
a- and b-iPP at low and moderate strain is similar to that
reported for uniaxial compression [26] the ultimate properties
are much different: ultimate strains observed in plane-strain
compression are lower while the respective stresses are dis-
tinctly higher than in uniaxial compression, although the
difference in the ultimate strain of a and b is preserved.
This frequently observed difference between uniaxial- and
plane-strain compression is explained by the presence of
additional constraints imposed on the material when deformed
in plane-strain conditions. These constraints lead to higher
stress build-up.

Dimensions of deformed and then unloaded samples were
measured over a period of time (up to 12 weeks) to determine
the permanent plastic and recoverable strain components. It
was found that all b samples demonstrated noticeable strain
recovery, increasing slightly with an applied strain (cf. Table
1). This recovery was limited to the loading and flow direc-
tions, while the size along CD remained constant, as expected
for plane-strain deformation. The recoverable strain com-
ponent is attributed to the deformation and pseudo-elastic
recovery of the amorphous component [38,39]. Highly de-
formed samples of a-iPP demonstrated similar strain recovery
(er¼ 0.34 for e¼ 1.76) which indicates that the deformation
of the amorphous component in highly strained b-iPP contrib-
utes to the deformation process similar to that in highly
strained a-iPP samples.

3.3. Melting behavior

Fig. 2 presents DSC melting thermograms of b-iPP speci-
mens deformed to the strains listed in Table 1. Undeformed
a- and b-iPP are shown for reference. Specimens for DSC
were cut out from the central part of the deformed samples
in plane normal to CD in order to minimize the effect of
shrinkage/expansion of the deformed specimen during heating
on the measured heat flow.

The DSC curve of undeformed a-iPP exhibits a single melt-
ing peak at 164.2 �C, while the sample of undeformed b-iPP
shows two peaks in the range 143.9e149.8 �C ascribed to
melting of b-phase in addition to the peak representing melt-
ing of a-crystals at 164.1 �C. A double melting peak (b and
b0) is observed for b-phase due to lamellae perfection and
thickening within the b-phase [1,5,40]. Such behavior is
observed usually in samples exhibiting large structural insta-
bility, crystallized at higher supercooling [5], similar to sam-
ples studied here, crystallized by fast cooling to 0 �C.
The position of the melting peak of a-phase in the de-
formed b-iPP samples remains constant, near 164 �C, whereas
peaks representing melting of b-phase shift slowly to lower
temperatures with increasing strain (from 143.9 �C to
140.1 �C and from 149.8 �C to 148.4 �C for b and b0 peaks,
respectively). Simultaneously both b and b0 peaks decrease
gradually while that of the a-phase increases. Consequently,
at strains above 0.4 the b0 peak disappears in the shoulder of
a peak. The b peak can be recognized only to the true strain
of e¼ 1 and then also dissolves in the expanding shoulder
of the a peak. In any of the deformed samples no endotherm
or exotherm related to the mesophase (which could be
expected near 58 �C and 96 �C, respectively [41]) was ob-
served. Such an evolution of the melting behavior with strain
might suggest a continuous b / a transformation occurring
upon deformation.

The overall heat of melting calculated from the thermo-
grams in Fig. 2 decreases from 102.4 J/g to 98.4 J/g (ca. 4%
reduction) suggesting slow decrease of overall crystallinity
with increasing strain. From these data the contributions of
b- and a-phase to overall crystallinity were estimated, as
described in Section 3.1. Fig. 3 shows results of these rough
estimations. The estimated initial overall crystallinity of the
b-rich sample is 59 wt.%. It decreases with increasing the
strain to 56 wt.% at e¼ 1.49. The estimated partial crystallinity
of b-phase also decreases, yet much stronger, from Xb¼
26 wt.% in undeformed sample to approx. 10% in B-149 spec-
imen (e¼ 1.49), while the partial crystallinity of a-crystals
increases at the same time from Xa¼ 33 wt.% to 46 wt.%.
These results again suggest a continuous b / a transformation
advancing with an increasing strain. As suggested by the
reduction of overall crystallinity a small fraction of b-crystals
is destroyed and transformed into amorphous phase. Similar
changes of phase composition in b-rich iPP samples, inferred
from DSC data, were reported for uniaxial compression [26]
and uniaxial tension [31].

We must note, however, that an extreme caution is neces-
sary in interpretation of these (or similar) results since, as
already mentioned in Section 3.1, the phase composition

Fig. 2. Representative DSC thermograms of samples of raw a- and b-iPP and

deformed samples of b-iPP. Curves were shifted along the heat flow axis for

clarity of presentation.
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estimated for undeformed sample is very far from the X-ray
based evaluation, supported by direct morphological observa-
tions, both giving the contribution of b-phase Kb above 0.9.
Such a discrepancy is a result of large error of estimations
based on melting data, which is caused by recrystallization
of b-form to a-modification on heating. Additionally, kinetic of
that recrystallization, hence the recorded heat flow depends on
the heating rate applied. Thus, the DSC-estimated phase com-
position does not reflect at all the real phase composition of
the material, while X-ray and morphology studies carried out
at constant room temperature deliver undisturbed data. Com-
parison of kb¼ 0.44 and Kb¼ 0.92 obtained for undeformed
b-sample from DSC and X-ray, respectively, shows the magni-
tude of the error of the DSC-based estimation. For the same
reason the DSC-based evaluation of phase composition in the
deformed samples demonstrates similar low precision.

3.4. Evolution of phase composition upon deformation

Phase composition can be determined quite accurately from
X-ray diffraction data. It is relatively easy for macroscopically
isotropic samples of undeformed material. However, plastic
deformation induces development of the crystalline texture.
This results in an increase of intensity of crystalline diffraction
peaks in particular directions, while suppression in others. As
a result the area of any crystalline peak depends on the orien-
tation of the sample with respect to the incident beam. Conse-
quently, neither overall crystallinity nor contribution of the
particular phase can be determined from a single diffraction
pattern measured at any position of the sample in the diffrac-
tometer cradle. This is illustrated by Fig. 4a presenting diffrac-
tion patterns obtained for the same sample B-149 (e¼ 1.49)
oriented in 3 orthogonal directions with respect to the incident
beam. For every position of the specimen only planes of spe-
cific orientation (indicated in the plot) fulfill the Bragg’s law
and can give rise to the respective diffraction pattern. This ex-
ample shows clearly that in order to determine the phase com-
position of a sample oriented by deformation it is necessary to
measure diffraction patterns for all possible orientations of the

Fig. 3. The dependence of overall and partial crystallinities of a- and b-iPP on

the true strain applied, derived from DSC data.
sample with respect to primary beam (procedure which is sim-
ilar to data collection for pole figure), determine the phase
composition from each diffractogram and then perform spatial
averaging of these partial data. Since crystalline peaks of iPP
overlap with each other and additionally with the amorphous
halo underneath it is necessary to perform peak separation to
every diffraction curve for accurate determination of the phase
composition. That peak separation procedure, performed with
the computer program ‘OptiFit’ [32,33]), is illustrated in
Fig. 4b. Since both data collection and their evaluation,
including peak separation, are time consuming we decided
to reduce the number of collected and analyzed curves to 12
(for each specimen studied), obtained at the representative ori-
entations of the specimen in the diffractometer cradle. These
orientations were pre-selected on the basis of texture analysis
(reported later, in Section 3.7). Such a limitation was a com-
promise between accuracy of the estimation and the time
needed for measurements and calculations. Every specimen
tested was positioned in the diffractometer cradle at the polar
angle of r¼ 0�, 30�, 60� or 90� and the azimuth angle of
4¼ 0�, 45� or 90�.

Fig. 4. Diffractograms of b-iPP sample B-149 subjected to the plane-strain

compression to e¼ 1.49, collected at 3 orthogonal orientations of the sample

with respect to the primary beam, probing planes of different orientation, as

indicated (a), and an exemplary result of the peak separation applied to the

same sample (b). In (a) the curves were shifted along the ordinate axis for

clarity of presentation.
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Analysis of the collected diffraction data demonstrated that
for some sample orientations diffraction curves exhibited a sig-
nificant contribution of the smectic phase in addition to crys-
talline a and b and amorphous component, as illustrated in
Fig. 4b. Therefore, for every curve evaluated the presence of
all 4 phases had to be assumed in the initial set of fit param-
eters for peak separation. After peak separation the contribu-
tion of every phase to the diffraction curve was calculated
from the areas of respective peaks. The obtained values were
averaged spatially in order to get the phase composition of
the sample. In this way the evolution of contributions of 2
crystalline (a and b) and 2 non-crystalline (smectic and amor-
phous) components to the phase composition was estimated
for deformed samples in the strain range studied. Results are
presented in Fig. 5.

In order to check the validity of performed estimations the
sample of the highest strain, B-149 was ground into the fine
powder. The sample was immersed in liquid nitrogen during
this procedure to facilitate brittle fracture and minimize any
unwanted plastic deformation on grinding. The collected

Fig. 5. The overall crystallinity, partial crystallinities of a- and b-phase and the

contribution of the b-phase to the overall crystallinity (a) and the content of

amorphous and smectic phases (b), plotted as a function of the true strain.

Open symbols represent the results obtained for the powdered sample

(e¼ 1.49).
powder was compacted gently to obtain a powder sample of
a nearly random crystallite orientation (unfortunately, some
fraction of grains demonstrated a flake- or needle-like shape,
therefore tend to produce some crystal orientation on compac-
tion). Next, the powder diffraction curve was determined for
that sample, and its phase composition was estimated using
the same peak separation procedure. The results are presented
in Fig. 5 with open symbols. It can be seen that both methods
of phase composition evaluation (i.e. spatial averaging and
analysis of the powdered sample) led to quite similar results,
which can confirm the validity of the used averaging approach.
That approach was preferred in this study over the preparation
of a powder sample since grinding of oriented samples
appeared very difficult, required relatively large quantity of
the material to be powdered and produced frequently grains
of anisotropic shape, which could result in some unwanted
anisotropy of the compacted powder sample, and consequently
in an inaccurate estimation of the phase structure.

Data presented in Fig. 5 demonstrate that the overall crys-
tallinity, Xc, decreases from 63 wt.% to 48 wt.% when the ap-
plied true strain increases from e¼ 0 to 1.49. This decrease is
stronger than that estimated from DSC (cf. Fig. 3). Moreover,
the contributions of a and b crystal phases to the overall crys-
tallinity are quite different than those evaluated from DSC: the
content of b-phase Xb decreases from 58 wt.% to 39 wt.%
(reduction by 19%), while the content of a-crystals Xa

increases only by 4 wt.%, from the initial value of 5 wt.% to
9 wt.% at e¼ 1.49. It indicates that, in contrast to DSC results,
only a part of b-phase is replaced by a-phase during deforma-
tion. The remaining part of destroyed b-crystals is transformed
rather to the smectic phase, contribution of which increases
from 0% to nearly 19%. At the same time the amount of amor-
phous component decreases from approx. 37 wt.% to 33 wt.%,
i.e. by 4 wt.%. Comparison of the above numbers indicates
that the smectic phase is created probably during deformation
process from both transformed b-form crystals and at least
partially from the amorphous component becoming increas-
ingly oriented with advancing strain. That evolution of the
phase structure of the b-iPP with strain suggests that in defor-
mation at room temperature the b / smectic phase transfor-
mation is much more intense than b / a transformation,
postulated frequently to be the primary deformation mecha-
nism of b-crystals at both room temperature and elevated
temperatures [22e24,26].

It is also worth to note that the most intense scattering of
the smectic phase in deformed samples is observed along
CD direction, which indicates a strong orientation of the smec-
tic phase created during deformation process. The observed
variation in scattering intensity is consistent with the preferred
orientation of the direction of chain within smectic domains
along the flow direction, FD. The orientation of the smectic
component is discussed later in this section.

We believe that the phase composition and its evolution,
determined from the diffraction data and discussed above are
more precise and reliable estimation of the composition than
the estimation based on the melting data since the X-ray based
evaluation was done at the temperature of deformation,
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without heating the samples up to the recrystallization point,
which was the case of DSC measurements.

3.5. Morphological alterations

In order to reveal the evolution of morphology of b-iPP
during plane-strain compression scanning electron micro-
scopic (SEM) observations were performed. Fig. 6 shows
representative micrographs obtained for samples of deformed
b-iPP. All investigated specimens were cut out in the FDeLD
plane, i.e. viewed along CD, with FD direction set vertically.

Examination of micrographs reveals that undeformed b-iPP
shows a clear spherulitic morphology. The holes left by the
particles of nucleant can be frequently observed in centers
of b-spherulites. Another feature of the observed structure is
that spherulites of b-modification do not show the ‘cross-
hatched’ lamellar morphology, characteristic for the a-phase
[1e4]. The lamellae in b-spherulites are almost straight, grow-
ing radially from spherulite centers. Micrographs of deformed
samples demonstrate that fine deformation bands develop
shortly beyond the yield point. First bands can be observed
already in the sample B-19 (e¼ 0.19, ep¼ 0.06; cf. Fig. 6b).
These bands are probably initiated by the interlamellar slide,
i.e. the shear of amorphous layers although some bands cross-
ing the lamellae transversely can also be observed. These
transverse bands indicate the localized deformation by crystal-
lographic mechanisms. At later stages of deformation such
lamellae undergo local destruction and fragmentation by de-
veloping deformation bands. Another mechanism which can
be identified already in this sample of low strain is the coop-
erative kinking of lamella, initially limited to those lamellae
which were oriented with their normals perpendicular to the
load direction (small kink band inside a single spherulite indi-
cated with an arrow in Fig. 6b, the more advanced lamellar
kinks are clearly seen on the right-hand side of Fig. 6d).
With increasing strain the number of shear bands increases
substantially, which leads to the formation of a dense array
of crossing deformation bands in the sample (cf. Fig. 6cef).
Simultaneously, these bands, oriented initially approx. 45�

with respect to LD or FD rotate gradually towards FD. Finally,
Fig. 6. Scanning electron micrograph of raw (a) and compressed b-iPP samples: (b) B-19, (c) B-38, (d) B-69, (e) B-85, (f) B-121. All specimens were cut along the

LDeFD plane and etched. The direction of the compressive load, the same for all micrographs, is marked in (f). The 1 mm scale bar is shown on each micrograph.
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at the true strain of 1.49 the angle between shear bands and FD
decreases to approx. 18�. In Table 2 the average angle between
deformation bands and FD determined from SEM micrographs
is presented along with the angle between lamellar normals
and LD (equivalent to the angle between lamellar surfaces
and FD) derived from SAXS. Multiplication of deformation
bands, their rotation as well as lamellar kinking between bands
results in destruction of the spherulitic structure above true
strain of e¼ 0.85 (in the sample B-85, shown in Fig. 6e,
some heavily deformed remnants of the original spherulitic
structure can be still recognized, while the spherulitic structure
is lost completely in samples of higher strain, as B-121 pre-
sented in Fig. 6f). The final morphology developed in the sam-
ple B-149 deformed to the strain of e¼ 1.49 is similar to that
observed in B-121. It consists of a dense array of crossing
deformation bands heavily tilted towards FD. Between these
bands the short lamella fragments are also highly tilted or
arranged in a chevron pattern, produced by cooperative kink-
ing and associated rotations of lamellae. Apparently, that kink-
ing initially limited to only those lamellae oriented with their
normals along FD, extended at later stages of deformation also
to other lamellar stacks deviating from the ‘ideal’ orientation
parallel to FD. Development of similar kinks was observed
in b-iPP deformed in simple shear [42] and in tension [43].
Formation of a chevron morphology produced by kinks was
studied recently in detail by Krumova et al. [43].

3.6. Evolution of lamellar structure

Fig. 7 illustrates the evolution of lamellar structure of the b-
iPP. Samples were probed with 2-D SAXS in the FDeLD pro-
jection (primary beam along CD) and the FDeCD projection
(LD-view). All 2-D SAXS patterns were collected after com-
plete recovery of deformed samples (at least 2 months at room
temperature). The FDeLD patterns demonstrate the evolution
of the shape from a circle to an ellipse at the true strain
increasing from 0 to below 0.38, which can suggest the defor-
mation by simultaneous crystallographic slip mechanisms and
interlamellar shear. Around true strain of e¼ 0.38 the 4-point
signature begins to emerge in CD-view pattern, while in LD-
view an ellipse is flatten out and replaced by two arcs oriented
along FD direction. In both patterns the scattering along FD
fades away, which leads to a disappearance of long period
along FD at higher true strains. The described features develop
further with increasing strain. The 4-point signature in
CD-view patterns strengthens with advancing strain, which in-
dicates the formation of two populations of lamellae, both ori-
ented with their normals in the FDeLD plane, symmetrically

Table 2

The average angle between shear bands (S.B.) and FD, determined from SEM

micrographs and the angle between lamella normals (n) and LD determined

from 2-D SAXS patterns of deformed samples

Sample B-19 B-38 B-69 B-85 B-103 B-121 B-149

True strain 0.19 0.38 0.69 0.85 1.03 1.21 1.49

: (S.B., FD) w50 47 35 30 23 20 18

: (n, LD) 47 28 26 25 22 20
at some acute angle with respect to FD. The intensity of scat-
tering maxima in CD-view is considerably higher than those
observed in LD-view patterns. This suggests that these two
populations described above are the dominant ones in the
entire domain of lamellar orientation. The angle between nor-
mals of these lamellae and LD decreases with increasing strain
(cf. Table 2), which demonstrates their continuous rotation
towards FD upon advancing deformation. As demonstrated
in Table 2 this angle correlates well with the orientation of
shear bands which demonstrates an influence of these bands
on orientation of lamellae, which was already suggested by
SEM observations.

Another, new feature can be recognized in CD-view pattern
of the sample B-149. This is a set of two relatively weak
horizontal stripes located in the direction of flow. At the
same time the 4-point component shows weaker scattering

Fig. 7. 2-D SAXS patterns obtained for a series of b-iPP samples, deformed in

the plane-strain compression. Left-side column: CD-view, right-side column:

LD-view. Sample codes indicate the true strain applied (cf. Table 1).
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as compared to patterns for lower strains. Such features of
scattering pattern were found to be associated with heavily
fragmented lamellae, where all crystalline fragments are pro-
gressively oriented with their normals along FD, yet still
arranged in a chevron-like pattern [29,44]. Such an arrange-
ment was found to develop in deformed polyethylene due to
heavy fragmentation of already kinked lamellae, related to
advancing crystallographic slip within crystals and addition-
ally due to an exhaustion and ‘lock’ of deformation of adjacent
amorphous chains, now stretched nearly to the limit. This
ultimate stretch results in a rapid increase of the stress, which
triggers soon the fragmentation of lamella already thinned
by crystallographic slip [29,41,44]. Fragmentation relieves
partially constraints which in turn allow for more rotation of
crystallites with the normal n towards FD and finally the
formation of a new period along FD [29].

Long period (LP) determined from 2-D SAXS patterns in
Fig. 7 for lamellae populations of different orientations gener-
ally decreases with an increasing true strain. That decrease is
relatively slow (from LP¼ 16.3 nm at e¼ 0 to LP¼ 15.7 nm
at e¼ 1.49) for LP determined along CD (LD-view patterns).
The LP of lamellae oriented with normals around LD
decreases slightly faster than that along CD. Similar slow
decrease (down to 15.1 nm at e¼ 1.49) was observed for
dominating lamellae giving rise to the 4-point pattern in
CD-view. The continuously decreasing long period is a mark
of crystallographic chain slip which results in thinning of la-
mellae. A very different behavior was found for the long period
observed along FD, which shows a discontinuity: the initial
LP¼ 16.3 nm disappears completely above e¼ 0.39. The new
long period appears in this direction again in later stages of
deformation, at e> 1, yet with a much lower value of 11 nm.
This change is consistent with the hypothesis of heavy lamellae
fragmentation and rotation as outlined above. Similar behavior
was documented earlier for PE [29,44].

3.7. Evolution of crystalline texture

Fig. 8 presents a set of representative pole figures of two
main crystallographic planes of b trigonal iPP crystals, (110)
and (111), determined for deformed b-rich samples. Pole
figures determined for other strains, although not presented
here, are consistent with the set shown in Fig. 8. All presented
figures were normalized, so that intensity of 1.0 is equivalent
to the intensity expected for a randomly oriented sample. The
scale of plots was chosen in such a way that white denotes
concentration of poles lower than that of random distribution
(I< 1.0), while gray shades and black show the concentrations
of poles above it (I> 1.0). Pole figures of other crystal planes,
e.g. (100)b, (110)a or (040)a were also measured in this study.
However, due to an overlapping of diffraction peaks all these
figures were substantially influenced by the tails of very strong
(110)b peak, which made these figures useless for texture
analysis.

Another crystalline reflection analyzed by means of pole
figures was the peak located around 2Q¼ 42.5�. This peak
is a complex one and includes contributions of several planes
of both b- and a-modification. One can expect in this peak
a contribution of (103)b plane (at 2Q¼ 42.8�; due to the
hexagonal symmetry this plane is equivalent to (013)b,
(113)b, (113)b, (103)b and (013)b), perhaps (003)b plane
(2Q¼ 41.8�) as well as (113)a and (013)a2 planes
(2Q¼ 42.5�). The diffraction peak at 42.5� is the best possible
experimental measure of the molecular axis (c) in both crystal-
line phases of iPP since all contributing planes are nearly nor-
mal to the direction of chain in respective crystals (normal of
(103)b makes an angle 12.8� with the chain axis, (003)b makes
0�, and (113)a is only 5.8� away from the chain axis). Pole fig-
ures constructed for this composed peak are presented in
Fig. 9. It shows that the orientation of chain axis in crystals
starts to develop at the true strain of 0.19. Low concentration

Fig. 8. Pole figures of the crystallographic planes (110) and (111) of trigonal

b-iPP deformed in plane-strain compression to the true strain indicated.
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of poles observed initially near LD (e¼ 0.19e0.38) form soon
two clear maxima approximately 75� away from FD towards
LD (e¼ 0.69). These maxima move gradually towards LD with
increasing strain (to about 50� away from LD at e¼ 1.49).
Such rotation towards LD of the chain axis suggests the activ-
ity of the crystallographic slip along the chain as a deformation
micromechanism (note that lamella normals rotated in the
opposite direction which is a clear indication of chain slip).

The intensity of the discussed maxima increases with strain
increasing up to e¼ 1.21 and then reverses, i.e. decreases
slightly with further advance of the strain. Concurrently
(above e¼ 0.86), a new maximum develops right in the center
of pole figure, indicating a rapidly growing population of crys-
tals with chains oriented along FD. At e¼ 1.21e1.49 this ori-
entation along FD becomes a dominating component of the
molecular axis orientation distribution. Simultaneous change
of the intensity of the two texture components in opposite
directions implies that the new component oriented along
FD is created from crystals oriented already 50e60� away
from LD. Such a ‘flip’ of molecular axis cannot be a result
of crystallographic slip which produces rather progressive
reorientation. It cannot be also produced by shear bands and

Fig. 9. Pole figures constructed for the composed peak at 2Q¼ 42.5� for

samples of various strain. The last plot shows the 15� net of stereographic

projection.
related rotations of lamellae, since these should rotate the c
axis together with the lamellar normal in the opposite direc-
tion, i.e. away from LD. It can be, however, and most probably
is, a result of kinking and subsequent severe fragmentation of
lamellae, followed by their rotation which develops at high
strains, as indicated by SEM and SAXS. Alternatively, this
orientation can result from the newly created a-crystals by
the b / a transformation. These crystals are generated most
probably within shear bands, thus they should exhibit the
orientation of their molecular axis close to LD. However,
such a-crystals are produced in a rather small quantity (only
4 wt.%, cf. Fig. 5), probably too low to give such a strong tex-
ture component as observed experimentally. Secondly, if this
was the case one should observe a gradual development of
this texture component already at low strains since deforma-
tion bands, and therefore oriented a-crystals were formed
from the beginning of plastic deformation process.

The above reported evolution of orientation of molecular
axis in crystals is accompanied by the changes of orientation
of poles of (110)b and (111)b planes, illustrated in Fig. 8. At
the true strain below 1.0 the (110) normals are grouped in
maxima distributed along two great circles oriented perpendic-
ular to chain direction, as seen from Fig. 9. Number and posi-
tions of maxima along these great circles reflect the hexagonal
symmetry of the b structure. Pole figures of (111) planes seem
to agree with both chain and (110) plane orientations. At
strains above e¼ 1, along with the discussed primary chain
orientation developing along FD, the poles near the center of
(110) pole figure dissolve. That figure becomes to be domi-
nated by two maxima located near CD, both sharpening with
the increasing strain. The lack of other maxima, which could
be expected now along the equatorial circle, is probably re-
lated to an error produced by the scattering from the smectic
phase, strongly modifying the intensities measured along this
circle and causing an apparent enhancement of the intensity
along CD (see diffraction curves presented in Fig. 4). This
can lead to an artificial rise of the pole distribution along
CD while relative reduction of it in other positions along the
equator.

Poles in the (111) figure rotate simultaneously with poles of
(110) to the positions on the circle approx. 50� away from FD,
with two well developed maxima ca. 50� away from LD
towards CD, which is quite consistent with other pole figures
determined for the respective strain (e¼ 1.21e1.49).

Since X-ray phase analysis revealed the formation of the
smectic phase in relatively large quantities we attempted to
use pole figures technique to find its preferred orientation de-
veloping upon deformation. In order to do so, the pole figures
were constructed from experimental intensities collected at the
diffraction angle 2Q¼ 15�, i.e. the angle at which the maxi-
mum of the first smectic peak is located. Of course, without
separation of the contribution of amorphous component and
tails of crystalline reflections of (110)a, (100)b and (110)b

such figure is merely a crude approximation of the orientation
distribution of the smectic phase. Nevertheless, it can still pro-
vide some useful information. Fig. 10 presents the results of
this approach applied to two samples, deformed to the true
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strain of e¼ 0.85 and e¼ 1.49, respectively. Both pole figures
demonstrate the same feature: a clear orientation of smectic
(100) pseudo-planes giving rise to the maximum of distribu-
tion observed near CD, indicating the preferred orientation
of chains in the smectic domains along the direction of flow,
FD. The distribution of poles is sharper and stronger in sample
B-149 (e¼ 1.49) than B-85 (e¼ 0.85). On the other hand,
practically no rotation of the preferred orientation along CD
with increasing strain can be observed. Such a ‘texture’ and
its evolution are consistent with the molecular chain orienta-
tion around FD, which can be expected for the mesophase
created by the b / smectic phase transformation proceeding
within deformation bands.

4. Discussion

Results presented in the previous section allow to summa-
rize the deformation behavior of b-iPP in the following
sequence: above the elasticity limit the plastic deformation
starts with the deformation of the amorphous layers by their
shear (interlamellar slip) and deformation of lamellar crystals
by crystallographic chain slip, which is most probably the
(110)[001] slip, suggested earlier by Asano et al. [27]. Due to
hexagonal symmetry of the b structure this (110)[001] slip is
equivalent to two other chain slip systems (120)[001] and
(210)[001] which can operate in planes (120) and (210), equiv-
alent to (110). Slip in other planes, e.g. (100) is also probable.
Initiation of plastic deformation by these two mechanisms is
relatively easy in b-iPP as compared to a-iPP since b-crystals
do not have interlocking secondary lamellae, therefore are less
constrained from deformation than interlocked crystals of
a-form (‘cross-hatching’ morphology characteristic for a-
spherulites). This makes both interlamellar shear and crystal-
lographic slip easier than in a-iPP [21,26,45]. For the same
reason orientation hardening of amorphous regions and crys-
tallographic texturing commences at lower strains in b-rich
sample than in a sample which results in higher initial rate
of the strain hardening of b samples at low and moderate
strains, below e¼ 0.85 [26].

Interlamellar shear of amorphous layers develops relatively
easily along nearly straight and long b-lamellae, which gives
rise to localization of deformation in thin deformation bands.
These bands develop initially around 45� with respect to

Fig. 10. Pole figures constructed from the experimental intensities measured at

2Q¼ 15�, illustrating the orientation of (100) pseudo-planes in the smectic

phase in samples B-85 (e¼ 0.85) and B-149 (e¼ 1.49).
loading direction due to the highest resolved shear stress at
this orientation. As demonstrated by SEM micrographs fine
shear bands, when propagating across the sample, encounter
also lamellae oriented perpendicularly to the band. Appar-
ently, the band can propagate across those lamellae utilizing
crystallographic slip localized in the zone of the thickness
of the band. The slip system operating there can be either
(110)[001] chain slip or any transverse slip, e.g. (110)[110],
(120)[210] [26], or any other allowed slip system.

An intense, yet highly localized deformation of crystals
within deformation bands leads soon to a local destruction
of lamellae and consequently their fragmentation [29]. The
destroyed part is transformed either into smectic phase or
into new a crystal. At room temperature, however, the primary
transformation is rather the b / smectic phase transforma-
tion, while b / a transformation seems to be a secondary
one. Similar observations were reported in the past for tensile
deformation of b-rich iPP at room temperature [22,25,46]. The
b / smectic transformation brings the material locally to the
less ordered and less stable state, yet exhibiting higher chain
mobility, which allows for easier (less energy consuming) path-
way of plastic deformation [47]. Apparently, room temperature
is not high enough to allow for local chain rearrangements
resulting in the formation of the stable a-form (b / a). How-
ever, it was postulated that with an increase of the temperature
of deformation relative weights of these two transformations
change [22,25], especially at deformation temperatures above
80 �C, where smectic phase is known to turn into stable
a-crystals [47,48]. This problem is addressed in our current
investigation. Both b / smectic and b / a phase transforma-
tions are the solid-to-solid transformations e there is no indica-
tion of any melting and recrystallization process. In addition to
the above discussed transformations, about 4% of amorphous
phase is transformed to more ordered state, likely smectic.
This ordering results probably from high molecular orientation
of amorphous chains within heavily sheared amorphous inter-
lamellar layers at high local strain.

The b / a solid state phase transformation requires rever-
sal of the helical handedness. The mechanism of this was
explained by Xu et al. [26] as a simultaneous solid transforma-
tion that consists of a process of transverse partial slip along
(110) or (120) plane of b crystal lattice and a shear of that
lattice, all in the presence of conformational defects. The
propagation of these conformational defects along chains
provides the reversal of helical handedness required by the
b / a transformation.

In addition to homogeneous crystallographic slip processes
and the deformation mechanism localized in deformation
bands another deformation mechanism is activated at rela-
tively low strains. This is the cooperative kinking of lamellae,
initially limited to the lamellae oriented normally with respect
to LD and becoming more widespread in lamellae already par-
tially fragmented by fine deformation bands. That kinking and
related rotations of lamellae offer additional route of fast ori-
entation of molecular axis towards the flow direction FD and
together with the action of deformation bands produce a
chevron-like lamellar morphology.
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At large strains, well above e¼ 1, advanced slip processes
and high stretch of amorphous material in sheared interlamel-
lar layers bring further fragmentation of lamellar crystals fol-
lowed by a fast rotation of resulting unconstrained small
crystallites with their chain axis towards FD. This process
leads to the formation of the final texture of highly deformed
b-iPP material with molecular axis of both crystalline and
smectic phases oriented along the direction of flow.

5. Conclusions

Plane-strain compression experiments, reported in this study,
allowed to find out the deformation sequence in b-iPP and the
engaged deformation mechanisms. The most important were in-
terlamellar slip operating in the amorphous layers and resulting
in localization of deformation in numerous fine deformation
bands and the crystallographic slip systems, including the
(110)[001] chain slip and (110)[110] transverse slip.

Advanced deformation within deformation bands leads to
b / smectic and b / a solid state phase transformations.
At room temperature the b / smectic transformation is the
primary transformation, yielding the oriented smectic phase
with the relatively high concentration of 19 wt.% at the true
strain of e¼ 1.49. As a result of the deformation-induced
phase transformation within numerous fine deformation bands
the b-lamellae are locally destroyed and fragmented into
smaller crystals.

Another deformation mechanism is the cooperative kinking
of lamellae, leading to their reorientation and together with the
action of deformation bands producing a chevron-like lamellar
arrangement. At high strains, above e¼ 1, an advanced crys-
tallographic slip and high stretch of amorphous material due
to interlamellar shear bring further heavy fragmentation of
lamellar crystals partially fragmented earlier by deformation
bands. This fragmentation is followed by fast rotation of small
unconstrained crystallites with chain axis towards FD. This
process leads to the development of the final texture of the
highly deformed b-iPP with molecular axis of both crystalline
and smectic phases oriented along the direction of flow.
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