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ABSTRACT: Morphology and deformation behavior of samples of iPP homopolymer containing exclusively
γ-modification with only minor traces ofR-crystals, obtained by isothermal crystallization at high pressure of
200 MPa, were investigated. It was found that the growth ofγ-lamellae is initiated on “seeds” consisting of a
spine of singleR-lamella and several shorterR-lamellae branching at the angle of 80°. Epitaxial growth of
γ-lamellae on (010) faces ofR-parent and daughter lamellae of the seed leads to the formation of immature
spherulites, which eventually fill completely the sample volume. The plane-strain and uniaxial compression tests
demonstrated higher modulus, higher yield stress and flow stress, yet slightly lower ultimate strain ofγ-iPP as
compared toR-iPP. During plastic deformation numerous fine shear bands, initiated by the interlamellar shear
of the amorphous layers start to develop already at the yield point. Their propagation across the sample causes
a limited destruction ofγ-lamellae oriented perpendicularly to the direction of the band. Destroyed fragments of
crystallites transform partially into a smectic phase. Noγ-R phase transformation was detected. With increasing
strain the shear bands multiply and tilt gradually toward the flow direction. Lamellae, already fragmented within
shear bands, undergo kinking and rotation, resulting in the formation of a chevron-like lamellar morphology.
Simultaneously, a relatively weak one-component crystalline texture is developed. This texture is described by
the orientation ofc crystallographic axis along the constrained direction,b axis 10-30° away from the loading
direction toward the flow direction, anda axis 10-30° away from FD. Both crystalline texture and lamellae
orientation are developed due to the activity of the same deformation mechanismsthe interlamellar slip produced
by the shear within interlamellar amorphous layers. Activity of any crystallographic deformation mechanism
within crystalline component was not detected. The interlamellar amorphous shear appears the primary deformation
mechanism ofγ-iPP. The other identified mechanism,γ-smectic phase transformation, plays a minor, supplementary
role in the deformation sequence.

1. Introduction

Isotactic polypropylene (iPP) is a polymorphic material which
can crystallize in three crystalline forms: monoclinicR,
hexagonalâ, and orthorhombicγ. Moreover, under some
conditions, e.g. under very high undercooling, a mesophase,
usually called “smectic”, can be formed instead of a crystalline
phase. The most common crystal modification, obtained at
typical processing conditions of iPP is the monoclinicR-form.1

Many experimental observations suggest thatR-modification is
the most stable crystalline form of iPP.2 TheR-iPP reveals the
lamellar branching of crystallographic origin which is an unique
feature in polymer crystallography. Such branching leads to
formation of two population of lamellae of radial and tangential
orientation in the growing spherulite3,4 and results in so-called
“crosshatched” lamellar morphology.

Another crystalline modification of iPP,γ, though first
recognized a few decades ago,5 became studied more extensively
much later. Theγ-form is rarely observed in samples of iPP
homopolymer crystallized at typical conditions under atmo-
spheric pressure. The crystallization in theγ-form was, however,
observed in samples of “defective” polymer: either material of
very low molecular weight (1000-3000 g/mol),6-8 or PP
demonstrating relatively short isotactic sequences due to co-
polymerization with small amount of 1-olefine counits9-15 or
due to some stereo- and regioirregularities as those present in

high molecular weight iPP prepared with metalocene cata-
lyst.16,17

Samples with large content ofγ-modification were obtained
also by crystallization of highly stereoregular iPP homopolymers
under high pressure.5,18-26 At moderate pressures the crystal-
lization of iPP in bothR- andγ-forms was observed while at
crystallization pressure reaching 200 MPa theγ-phase becomes
predominant.24 Higher pressure results in crystallization exclu-
sively in theγ form.

The structure ofγ-iPP crystal is very unusual in that the chain
axes in the crystal are not aligned in one direction as in other
known polymer crystals. Instead, the orthorhombic unit cell of
the γ-modification is formed by bilayers, each composed of
parallel helices.19-21 The direction of the chain axis in adjacent
bilayers is tilted by approximately 80° against each other and
approximately 40° with respect to the crystallographicb axis,
coinciding with lamella normal.19-21 The angle between chains
in adjacent bilayers is the same angle as that observed between
mother and daughter lamella of theR-iPP.27 Such a nonparallel
chain arrangement is an unique packing arrangement for
polymers, although it is known, e.g., for fatty acids.28

While the crystallographic structure of theγ-form has been
already solved, still very little is known about mechanical
properties of crystals of this modification or the mechanical
performance of materials containingγ-modification as a major
crystalline form. Turner-Jones et al.29 suggested that upon
application of the mechanical stress theγ-phase readily trans-
forms to theR-phase; however, there are no other reports in
the literature.
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The goal of the presented study was to investigate the
mechanical properties of iPP crystallized inγ-form and to find
micromechanisms active during plastic deformation ofγ-crys-
tals. This problem seems to be very interesting due to the unique
nonparallel chain arrangement, which probably constrains or
even exclude some of mechanisms allowed in other polymer
crystals, like, e.g., the crystallographic slip in the direction of
chain, commonly very active in deformation of polymeric
crystals.

Samples containing exclusively crystals ofγ-form were
prepared by crystallization of iPP homopolymer at high pressure.
As a deformation mode, the plane-strain compression was
chosen. This mode is kinematically similar to tension, leading
to axial flow of the polymer in the direction perpendicular to a
compressive load.30 However, it has several advantages over
other modes of deformation. The two most important are that
(i) the deformation process is macroscopically homogeneous
in the entire strain range, with no instabilities like necking
usually observed in tension and (ii) deformation is virtually
cavity-free, since the compressive stress component prevents
noticeable cavitation, while existing accidental cavities are
quickly healed by advancing compression. This is owing to the
fact that the deformation process is not obscured by any
unwanted side effects and can be studied effectively in a very
wide range of strain. The true stress-true strain curves,
characterizing the deformation process, can be obtained in this
deformation mode relatively easily. Furthermore, it should be
also mentioned that constraints imposed on a sample during its
compression in the plane-strain experiment eliminate also 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. Neverthe-
less, a few uniaxial compression tests was also performed for
comparison of mechanical response in plane-strain and uniaxial
conditions.

2. Experimental Section

2.1. Materials and Sample Preparation.The material used in
this investigation was a commercial-grade isotactic polypropylene
homopolymer, MalenP, F-401 (Mw ) 297 200,Mn ) 56 400, Melt
flow index MFI (190°C/2.16 kg)) 3 g/10 min, isotactic index>
95%), provided by Basell-Orlen Polyolefins (Poland). The polymer
was stabilized properly against oxidation and thermal degradation.

Samples ofγ-phase in the form of disks or rods of 9.5 mm in
diameter and 3-20 mm high were prepared by crystallization of
iPP at high pressure using a crystallization cell consisting of a barrel
and two pistons, and a loading frame of the tensile testing machine
(Instron 1114). Details of the high-pressure cell are given else-
where.31 The computer control of the loading frame allowed to
maintain the constant hydrostatic pressure inside the cell with an
accuracy of 0.2 MPa despite the volume shrinkage due to
crystallization. The temperature of the sample in the cell was
controlled with an accuracy of 0.1°C.

The cell with the sample inside was pressurized first to
approximately 400 MPa for few seconds in order to tighten copper
seals. Then the pressure was reduced to and maintained at 200 MPa.
The pressurized cell was heated to temperature of 248°C in order
to melt the iPP sample inside (Tm° ) 242.1°C atp ) 200 MPa25)
and kept at this temperature for 3 min. Then the temperature was
reduced to the desired crystallization temperature, set within the
range 170-200 °C. Depending on the crystallization temperature
the sample was allowed to crystallize at these conditions for 1-4
h to complete transformation. Next, the cell was cooled to the room
temperature and then unloaded.

2.2. Compression Experiments.Plane-strain compression tests
were performed using an universal tensile testing machine (Instron,
model 5582) and a compression tool of the type of channel-die,32,33

equipped with a strain gauge. This compression tool was a set of
a lower die with a wide rectangular channel cut across the die and
an upper plunger fitting the channel in the lower die. The size of
the channel in the lower die was 6 mm in width (i.e., along the
constrained direction, CD), 4 mm in length (along the flow direction,
FD), and 6 mm in depth (along the loading direction, LD). This
allowed samples up to 4 mm high to be compressed in plane strain-
conditions. Details of the channel-die used is given in ref 33.

The specimens for compression experiments were prepared from
high-pressure crystallized samples ofγ-iPP by careful machining
to the form of rectangular prism 6× 4 × H mm (CD× FD × LD;
whereH ) 2-4 mm). The surfaces contacting with the die and
the plunger were lubricated to reduce friction forces during
deformation.

Supplementary uniaxial compression tests were performed using
the same testing machine equipped with flat compression platens.
Disk-shaped samples of 9 mm in diameter and 4 mm high, properly
lubricated, were used in these experiments.

Both plane-strain and uniaxial compression experiments were
performed at a constant true strain rate of 0.05 min-1 at room
temperature. For structural studies several specimens were com-
pressed in the plane-strain mode to the preselected true strains of
e ) 0, 0.07, 0.18, 0.41, 0.71, and 0.93 (true straine ) ln λ;
compression ratio up toλ ) 2.6).

2.3. Characterization. DSC.Thermal analysis was carried out
with a DSC apparatus (TA 2920, Thermal Analysis). The overall
crystallinity was estimated on the basis of the heat of melting
recorded during heating with a rate of 10°C/min. The heat of
melting of 100% crystallineR- andγ-iPP of∆hf(R) ) 209 J/g and
∆hf(γ) ) 190 J/g, respectively were assumed for calculations.34,25

WAXS. Computer-controlled X-ray diffractometer (DRON)
equipped with a pole figure attachment, coupled to a sealed-tube
source of filtered Cu KR radiation, operating at 50 kV and 30 mA
(Phillips) was used for X-ray measurements. TheΘ-2Θ scans were
collected with the step of 0.05°. From obtained diffractograms the
phase composition, including content of theγ-phase was estimated.
For accurate determination of phase structure the peak separation
procedure was applied. The program OptiFit35,36 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, e.g., ref
37). The specimens in the form of slices approximately 2 mm thick
were cut out from the deformed samples in the plane perpendicular
to the loading direction (LD). The (111), (008), and (117) crystal
planes of the orthorhombicγ-form of iPP were analyzed (diffrac-
tion maxima centered around 2Θ ) 13.84, 16.72, and 20.07°,
respectively) and the respective pole figures were constructed. These
pole figures were plotted with the POD program (Los Alamos
National Lab, NM). Other details of the experimental procedure
were described elsewhere.38

SAXS. Lamellar structure of raw, pressure crystallized as well
as 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 (300µm in diameter)
forming the beam, and an imaging plate as a detector (Fuji). The
camera was coupled to a X-ray source (sealed-tube, fine point Cu
KR, Ni-filtered radiation, operating at 50 kV and 40 mA; Philips).
The time of collection of the pattern was usually around 3 h.
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 one-
dimensional sections of 2-D patterns. LP was calculated using
Bragg’s law from the position of the maximum of background and
Lorentz corrected curves.

SEM. The specimens for microscopic observations were prepared
in 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 (1-2 h at room temperature) with
a mixture containing 0.7 w/v of KMnO4, dissolved in a 5:4:1 v/v
mixture of 95% sulfuric acid, 85% phosphoric acid and distilled
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water, respectively, according to the procedure developed originally
by Olley et al.39 To improve etching, the mixture was placed in an
ultrasonic bath running periodically for short time periods during
the etching process. Etched, washed accordingly, and dried
specimens39 were coated with fine gold layer by ion-sputtering
(JEOL JFC-1200) and examined with a scanning electron micro-
scope (JEOL JSM-5500LV) operating in the high vacuum mode
at accelerating voltage of 10 kV.

3. Results and Discussion

3.1. Phase Structure.Figure 1 presents diffraction curves
of raw iPP, crystallized under atmospheric pressure and that of
the same polymer crystallized isothermally atT ) 190 °C and
p ) 200 MPa. Since most of the peaks characteristic for both
R- and γ-phases are located at nearly the same positions20

identification and calculation of the phase structure is difficult.
The only difference between diffraction curves ofR- and
γ-crystals can be found in the range of 2θ ) 18-21°, where
two well-separated diffraction peaks of (130) plane ofR-
modification (2θ ) 18.55°) and (117) plane ofγ-modification
(2θ ) 20.07°) can be found. By comparison of the intensities
of these peaks, the actual fraction ofR- and γ-phases in the
specimen can be estimated. Turner-Jones9 proposed evaluation
of the fraction ofγ-modification in the crystalline component
of the sample containing bothR- and γ-crystals using the
following equation

where Iγ(117) and IR(130) denote integral intensities of the (117)
and (130) diffraction peaks ofγ- andR-modification, respec-
tively. The parameterKγ can vary within the range 0-1 for
samples containing from 0 to 100% contribution ofγ-modifica-
tion. As can be inferred from Figure 1 iPP sample crystallized
under atmospheric pressure does not contain any fraction of
γ-form, while that crystallized atT ) 190°C andp ) 200 MPa
shows onlyγ-phase and no trace ofR- or â-modifications
(calculated phase parameterKγ ) 0 and 1, respectively). Similar
analysis for other high-pressure samples, crystallized at lower
temperature and/or pressure demonstrated mixedγ-/R-phase
structure, with the phase parameterKγ ) 0.82-0.98.40 Samples
for further studies (morphology, deformation behavior) were
prepared at conditions producing exclusivelyγ-phase (Kγ )
1.0), i.e.,T ) 190 °C andp ) 200 MPa.

3.2. Morphology of γ-Phase. SEM observations of un-
deformed samples were performed to reveal their morphology.
The representative micrographs obtained for iPP sample con-

taining majority ofγ-modification are presented in Figure 2,
parts a and b. For comparison, the micrograph of the specimen
of R-iPP, crystallized under atmospheric pressure at similar
undercooling of 52°C asγ-iPP, is also presented in Figure 2c
(for γ-iPP, Tm° ) 242.1 °C at 200 MPa;25 hence, the under-
cooling at Tc ) 190 °C is 52 °C). Microscopic observation
demonstrated that in samples crystallized at high pressure the
γ-lamellae are organized in spherulitic-like aggregates. These
spherulites, although frequently immature, fill completely the
sample volume. Lamellae within spherulites, packed in parallel
stacks, spread radially and show only a moderate branching.
The γ-spherulites do not show the “crosshatching” feature
characteristic forR-spherulites grown under atmospheric pres-
sure. Moreover,γ-spherulites, grown at high pressure are usually
about 1 order of magnitude smaller thanR-spherulites in the
reference sample, which indicates reasonably higher rate of
primary nucleation under elevated pressure ((cf. Figure 2, parts
a and c; note that both samples were crystallized at the same
undercooling of 52°C resulting in quite similar crystallinities
of 55 and 58.6 wt % forγ- andR-specimens, respectively).

SEM micrographs revealed also that the growth ofγ-lamellae
in a spherulite is most frequently initiated on some “seeds” of
R-lamellae (cf. Figure 2b). Such a “seed” consists of a relatively
long (up to a few micrometers) and thin parent lamella and
several shorter branches growing out from this spine at angle
of approximately 80°. Such branching, unique for theR-poly-
morph, develops by homoepitaxy on the (010) plane of a parent
lamella, as schematically shown in Figure 2d. The (010) planes
of both parent and daughterR-lamellae of such a “seed”
constitute an ideal substrate for epitaxial growth ofγ-lamellaes
deposition of one layer rotated in-plane by 80°, which leads to
near orthogonal branching in theR-phase, appears as the element
of symmetry in theγ-form.6,15,25Lamellae of theγ-form branch
at an angle of 40° to the surface ofR-lamellae and the chains
within γ-crystals are tilted at 40° to the lamellae normal (cf.
Figure 2d). The orientation ofγ-branching from the parent
(spine) and transverse daughter lamellae is equivalent. Further
growth of theseγ-branches proceeds along thec axis, normal
to the chain axis inγ-crystal, as well as to the plane of the
R-seed. Such a type of epitaxial growth ofγ-lamellae on those
of theR-form was postulated to occur in crystallization of thin
films17 as well as bulk samples.15,26

Since neither X-ray phase analysis nor DSC revealed any
trace ofR-phase in samples studied it can be inferred that the
growth of R-crystals is limited to the very initial phase of
crystallization process and in the formation of seeds only.
Further crystallization proceeds exclusively by epitaxial growth
of γ crystals on theseR-seeds. This leads soon to the forma-
tion of spherulitic aggregates filled completely with stacked
γ-lamellae. Such a crystallization habit can suggest that the
primary nucleation of theR-crystals must be significantly easier
than for theγ-crystals, while further growth in theγ-form is
favored under high-pressure conditions.

From the SAXS data, a long period of samples ofγ- and
R-iPP, both crystallized at the same undercooling of 52°C, was
determined: LP(γ) ) 16.2 nm and LP(R) ) 17.7 nm. From
these and respective volumetric crystallinities, calculated from
DSC data, the average thickness of lamellae,l, was estimated.
The values ofl ) 8.5 and 9.9 nm were obtained forγ- and
R-samples, respectively.

3.3. Stress)Strain Behavior. Figure 3 presents the true
stress-true strain curves obtained for samples ofγ-iPP (Xc )
55 wt %, LP) 16.2 nm and the estimated average lamellae
thicknessl ) 8.5 nm) deformed in both plane-strain compression

Figure 1. Diffractograms ofR- andγ-crystalline modifications of iPP.

Kγ )
Iγ(117)

Iγ(117)+ IR(130)
(1)
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and uniaxial compression with constant strain rate of 0.05 min-1

at room temperature. For reference the curves ofR-iPP (samples
crystallized nonisothermally, exhibitingXc ) 43 wt %, LP)
12.6 nm, andl ) 5.2 nm) deformed at identical conditions are
presented. Mechanical properties evaluated from these compres-
sion tests are presented in Table 1.

The shape of all curves presented in Figure 3 is similar,
typical for compression tests, with neither load nor true stress
maximum near the yield and a distinct strain hardening stage.
For a given crystal structure of samples, the stresses in plane-
strain compression are higher than in uniaxial compression due

to additional constraints present in plane-strain deformation
mode. Moreover, there is an additional stress component arising
from the friction between sample and the compression tool in
the plane-strain compression test.

True stress-true strain curves ofγ-iPP determined in both
plane strain and uniaxial compression demonstrate significantly
higher stress than respective curves ofR-iPP in the entire strain
range. The Young modulus determined forγ-samples is also
higher than that ofR. Higher modulus ofγ-samples reflects
most probably their higher crystallinity as compared toR
samples: 55 vs 43 wt % forγ- andR-samples, respectively (as
estimated from DSC data). The stress at yield is controlled
primarily by the properties of the crystalline phase, including
the lamella thickness.41-45 Therefore, the higher yield and plastic
flow stresses ofγ-iPP can result from either larger thickness of
γ-lamella (l(γ) ) 8.5 nm whilel(R) ) 5.2 nm) or from high
plastic resistance (critical resolved shear stress) ofγ-crystals,
or from both. Crystals ofγ-form are expected to have higher
plastic resistance thanR-crystals because of their specific
structure with no parallel chain arrangement. This makes any
crystallographic chain slip impossible. The only allowed crystal-
lographic slip in this structure is the (001)[010] transverse slip,
i.e., operating in the (001) plane, presumably exhibiting
relatively high plastic resistance, since transverse slips show
generally higher critical shear stresses than slips along the
direction of chain38 and because of an additional energy barrier
arising from the specific structure of alternating bilayers in
γ-crystals of iPP. In contrary, inR-modification crystallo-
graphic chain slips in (100) and (010) planes can operate quite
easily.46

Another feature of the deformation behavior ofγ-samples is
the ultimate strain slightly lower than that observed inR-iPP.
This will be discussed later in this section.

3.4. Evolution of the Structure upon Deformation. To
follow the evolution of the structure and to find the operating
deformation mechanisms several samples ofγ-iPP deformed
in plane-strain compression to the true strain ofe ) 0.07, 0.18,
0.41, 0.71, and 0.93 were prepared and examined.

Figure 4 presents SEM micrographs of the samples deformed
to the indicated strain. The plane of the image is the LD-FD

Figure 2. SEM micrographs ofγ-iPP crystallized at high pressure (ab),R-iPP (c), and the schematic drawing illustrating theγ-branching from the
R-“seed” (d) (modified from ref 15). Scale bars: 5µm (a) and 1µm (b, c).

Figure 3. True stress-true strain curves determined for samples of
R- andγ-iPP deformed in uniaxial and plane-strain compression with
the constant true strain rate of 0.05 min-1 at room temperature.

Table 1. Mechanical Parameters Determined for Samples ofr- and
γ-iPP Deformed in Uniaxial and Plane-Strain Compression at Room

Temperature

sample

Young
modulus
(GPa)

yield stress
(by 2% offset)

(MPa)

ultimate
stress
(MPa)

ultimate
true

strain

R-plane strain 1.28 49 113 1.09
R-uniaxial 1.13 37 96 1.02
γ-plane strain 2.25 86 214 1.02
γ-uniaxial 2.02 63 156 0.99
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plane, with the loading direction horizontal. The micrographs
illustrate the formation of fine shear bands, appearing the
primary deformation mechanism. The first bands can be
observed on very early stages of plastic deformation (cf. Figure
4a,e ) 0.07), probably created already at the yield. Bands are
very long, crossing several adjacent spherulites and are inclined
at the beginning of the deformation process approximately 45°
with respect to the loading direction. With increasing strain the
shear bands multiply and rotate gradually toward the flow
direction. At high strains,e ) 0.7 and higher, the dense
collection of crossing shear bands fills completely the volume
of the sample, destroying entirely the initial spherulitic morphol-
ogy.

Examination of SEM micrographs indicates that shear bands
are initiated by the shear within interlamellar amorphous layers.
Propagating these bands across lamellae of other spherulites
perpendicularly, destroys lamellae locally, which results in their
fragmentation. At high strains (e > 0.5), the multiplication of
shear bands followed by their rotation toward FD leads to quite
heavy fragmentation of nearly all lamellae. The fragments
between shear bands compressed along their long axes undergo
kinking and rotation, which leads to a chevron-like morphology,
illustrated in Figure 4e. This completes the transformation of
the initial spherulitic morphology to the chevron-like arrange-
ment of fragmented lamellae. Closer examination of micrographs
revealed that the distances between lamellae, i.e., the thickness
of the amorphous layers, frequently increase within those stacks
of rotated lamellar fragments, which means that there must be

a combination of the shear and tension along FD in the
deformation of these amorphous layers.

Figure 4f shows the area of the sample deformed toe ) 0.93
in the central flow region. Along with the structure of dense
and heavily rotated shear bands one can observe here the
initiation of a crazing-like fracture of the sample. The crazes,
which develop only at high strains approachinge ) 1, are
oriented perpendicular to the direction of flow, i.e., to the
direction of the highest extension. Nucleation and fast growth
of crazes leads to relatively early fracture ofγ-samples at true
strain belowe ) 1.0 in both plane-strain and uniaxial compres-
sion, i.e., lower thanR-samples deformed in similar conditions.

A DSC melting study of the deformed samples demonstrated
that all samples exhibited a single melting peak with the
maximum around 160°C, which is characteristic forγ-modi-
fication. There was no trace of anR-peak or a high temperature
shoulder on the main melting peak. However, in samples
deformed to high strains ofe ) 0.71 and 0.93 a low endotherm
aroundT ) 50 °C can be recognized. It suggests a formation
of the smectic phase47 during plastic deformation. These features
are illustrated in Figure 5a. Figure 5b shows the evolution of
temperature of the melting peak and the crystallinity, determined
from data of Figure 5a.

It can be seen that both the onset and the peak maximum
temperatures practically do not depend on the strain applied,
while the degree of crystallinity decreases from the initial 55
wt % to about 50 wt % at the true strain approaching 1.0. This
shows that a reasonable part of theγ-crystals is destroyed during

Figure 4. SEM micrographs ofγ-iPP crystallized at high pressure and deformed in the plane-strain compression at room temperature to the true
strain of 0.07 (a), 0.18 (b), 0.41 (c), 0.71 (d, e), and 0.93 (f). The plane of each micrograph is the LD-FD plane with the loading direction horizontal.
Scale bars: 5µm (a-d), 1 µm (e), and 10µm (f).
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the plastic deformation, yet there is no formation of any new
crystals ofR-modification. Therefore, the stress-inducedγ-R
transformation, postulated long ago by Turner-Jones et al.29 does
not occur, at least in compression at room temperature. On the
other hand, an occurrence of the smectic endotherm in deformed
samples can suggest that a fraction ofγ-crystals transforms to
the mesophase upon deformation (confirmed by X-ray measure-
ments, discussed later in this paper). It is probably associated
with partial destruction of lamellae within fine shear bands
reported above. It seems feasible that the destruction of
crystalline order by advanced shear within bands leads to local
transformation of crystalline phase into smectic.

The orientation of lamellae was probed with 2-D SAXS.
Samples were illuminated by X-ray beam either from CD or
LD direction. Recorded scattering patterns are presented in
Figure 6. It can be seen that patterns observed in the CD-view
evolve from a circular (undeformed sample, not shown), through
elliptical (e) 0.07) to the 4-point pattern (e) 0.18 and above).
At the same time patterns obtained in LD-view transform from
circular to a weak and diffused 2-point pattern oriented along
CD. While the intensity of scattering in CD-view patterns
decreases slightly with increasing strain the intensity in LD-
view patterns decreases much more rapidly. The appearance of
4-point signature in CD-view and fading away 2-point pattern
observed in the LD-view can be attributed to the formation of
preferred orientation of lamellae in two populations each
oriented at some acute angle away from the direction of the
flow, FD, typical for the chevron-like lamellar morphology. The
angle between lamellar normals and FD estimated from the
patterns of Figure 6 changes gradually with increasing strain

from approximately 52° for e ) 0.18, to nearly 70° for e )
0.93. The observed changes of scattering are consistent with
microscopic observations of shear bands and formation of
chevron-like lamellar morphology, reported earlier in this
section.

The long period evaluated from LD-view 2-point patterns
(estimation along CD, where maxima were found) remains
practically constant in the entire strain range. In contrary, long
period of deformed samples calculated from 4-point CD-view
patterns, along directions set by the maxima, LP) 17-19 nm,
is larger than LP) 16.2 nm, found in the initial undeformed
material. That increase is connected apparently with an increase
of the distance between fragmented lamellae confined by
adjacent shear bands, occurring on their kinking and rotation
producing a chevron morphology, which was observed micro-
scopically (cf. Figure 4e)

DSC data reported above suggested an appearance of the
smectic phase in the deformed samples. To check that and to
estimate the amount of smectic phase formed, the phase
composition of samples deformed to various strains was
evaluated from X-ray diffraction data. Because of crystal texture
developing in deformed samples the phase analysis had to
include collection of diffraction data for various orientation of
the sample with respect to the primary beam, to take into account
contributions of different populations of oriented crystallites.
For a raw estimation of the phase structure we decided to
measure samples in 12 orientations each, preselected on the basis
of texture analysis (reported later in this section). That selection
was a compromise between accuracy of the estimation and the
time needed for measurements and calculations. Every specimen
tested was positioned in the diffractometer cradle at a polar angle

Figure 5. DSC thermograms of g-iPP samples deformed to true strain
indicated (a) and the dependencies of temperature of the onset and
maximum of the melting peak and overall crystallinity on the strain
applied (b), determined from DSC data.

Figure 6. 2-D SAXS patterns of samples ofγ-iPP deformed to the
true strain indicated, recorded with X-ray primary beam parallel to CD
(left) and to LD (right).
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of R ) 0, 30, 60, or 90° and an azimuth angle ofâ ) 0, 45, or
90°. For each position (orientation) of the specimen the
diffraction curve was measured. Next, the contributions of
crystallineγ and R, the smectic and amorphous components,
respectively, were calculated from every diffractogram using
the peak separation procedure. Finally, spatially average values
of every phase contribution to the composition phase composi-
tion were calculated from these data for all samples.

Figure 7a illustrates the variation of the diffraction curve with
the orientation of the sample with respect to the primary beam.
In addition to the variation of the intensity of crystalline peaks
one can observe here quite a large variation of the intensity
around 2θ ) 15° related primarily to the presence of oriented
smectic phase and an amorphous component. Figure 7b shows
an exemplary result of the peak separation applied to the experi-
mental data. From the calculated area of relevant peaks the phase
composition was estimated in the way described above.

The results of the estimation of the phase composition,
averaged over orientation space, are shown in Figure 8. The
estimates show that the crystalline phase consist entirely of
crystals of γ-modification, with no trace ofR-modification
regardless of the strain applied. The amount of theγ-phase,
represented by the degree of crystallinity,Xc, stays initially
constant and decreases abovee) 0.2-0.3. The decreasing trend
is similar to that observed in crystallinity estimated from the
DSC data (Figure 5), although the values obtained from X-ray
analysis are generally higher than those from DSC. Note that
similar discrepancy has been frequently reported for iPP: to
get an agreement between X-ray and DSC based crystallinity
one should use the value of the heat of melting of crystalline
phase∆Hf ) 167 J/g rather than the widely accepted value of
209 J/g forR-phase or 144.8 J/g instead of 190 J/g for the
γ-modification.25 This was also the case here: when using∆Hf

) 144.8 J/g25 for calculations an agreement between X-ray and
DSC based estimations was noticed.

Along with decreasing crystallinity a slight increase of the
amorphous fraction and formation of a new smectic component
is observed at the true strain abovee ) 0.2. This mesophase is
observed first in the sample deformed to the true strain ofe )
0.41 (smectic fraction,φsm ) 2%). In highly deformed sample
of e) 0.93 the amount of smectic modification increases, giving
the spatially averaged value of smectic content ofφsm ) 7.2%.
At the same time, an estimated amount of the amorphous phase
is about 6.7% higher than that found in the initial undeformed
material. This means that a little more than a half of the
destroyed crystals are transformed into the smectic component,
with only partially destroyed ordering, while the remaining part
is transformed into less ordered amorphous material. Interest-
ingly, the highest content of the mesophase, estimated for this
sample in the direction of CD is above 19%, while very little
smectic phase is detected in LD or FD. On this basis, the
preferred orientation of the smectic phase with the layer normal
close to CD can be anticipated.

Development of the crystalline texture in the deformed
samples was monitored with pole figures. Figure 9 presents the
set of pole figures constructed for the crystallographic planes
of (111), (008), and (117) of the orthorhombicγ-iPP in samples
deformed to the true strain of 0.18, 0.41, 0.71, and 0.93,
respectively.

It can be observed that theγ crystalline component develops
a texture with the increase of strain. This texture is relatively
weaksat the true strain ofe ) 0.93 the highest intensity
(concentration of poles in the CD direction in (008) pole figure)
slightly exceeds the doubled intensity of the random distribution.
Pole figures of samples deformed toe ) 0.18, 0.41, and 0.71
illustrate a gradual development of the final texture, seen in
the sample ofe ) 0.93. This final texture is consistent with a
weak one-element texture of the dominating crystal orientation
with thec axis oriented along CD,b axis oriented approximately
10-30° away from LD toward FD anda axis ca. 10-30° away
from FD. Such orientation is expected to give the maxima along
CD in the (008), approximately 60-80° away from LD toward
FD in the (111) and between CD and FD in the (117) pole
figures, respectively, which are in fact observed experimentally
(cf. Figure 9). In addition to those, one can notice in the
experimental pole figures, especially those for low strains, some
additional maxima located around the polar region (LD), but
these can be assigned to artifacts, produced most probably by
the sample geometry.

Figure 7. Diffractograms of the sample ofγ-iPP deformed to the strain
e ) 0.93, recorded for various angular position of the specimen in the
diffractometer, as indicated (a) and an example of the peak separation
applied to experimental data (b).

Figure 8. Dependence of average contributions of crystalline (γ),
smectic, and amorphous phases on the strain applied, determined from
diffraction data using peak separation procedures.
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The postulated texture develops by gradual rotation of
crystallites around thec axissat the strain ofe ) 0.18 the
expected direction ofb axis makes an angle with LD roughly
40° and then rotates toward LD to the position about 20° away
from LD when the true strain reaches 0.93 (both positions
derived from experimental pole figures). Since theb axis
coincides with the lamellar normal inγ-crystals it can be
concluded that the rotation of crystallites deduced from pole
figures agrees very well with that found in the analysis of SAXS
patterns, presented in Figure 6: the angle between lamellar
normal and LD changed from 37 to 22° with the strain advance
from 0.18 to 0.93. That result demonstrates also that the main
deformation mechanism giving rise to the development of both
crystal texture and lamellar orientation was the interlamellar
shear proceeding in the amorphous interlamellar layers. There
is practically no evidence of activity of any crystallographic
deformation mechanism within crystalline component, including
the (001)[010] transverse slip, which was considered earlier as
the probable mechanism for this crystal structure. It means that
the plastic resistance of that anticipated slip system is too high
to be activated during deformation by compression.

The crystalline texture ofγ samples developed in the plane-
strain compression is much weaker than the sharp two-
component texture ((010)[001] and (110)[001]), observed in
compressed samples ofR-iPP 46 or quasi-single-crystal texture
(100)[001] observed in polyethylene.30 The sharp textures in
R-iPP or PE are, however produced primarily by several highly
active crystallographic slip mechanisms along the direction of
chain,30,46which mechanisms are prohibited inγ-crystals due
to their unique structure.

4. Conclusions

The experimental work reported in this communication
allowed to obtain bulk samples of iPP homopolymer in which
the major crystalline phase was theγ-modification. Crystal-
lization under the pressure of 200 MPa and temperature of 190
°C allowed to obtain samples containing exclusivelyγ-crystal
modification with only a minor trace ofR-crystals.

It was found that the growth ofγ-lamellae is most frequently
initiated on some “seeds” consisting of a spine of single
R-lamella and several shorterR-lamellae branching at the angle
of 80° from that spine. On such anR-“seed”, many shorter
γ-lamellae start to grow normally, through epitaxy on (010)
faces ofR-parent and daughter lamellae. Further growth of these
γ-lamellae with only minor noncrystallographic branching leads
to the formation of immature spherulites, which fill completely
the volume of the sample.

Plastic deformation experiments on samples containing
exclusively γ-form crystals, performed in the plane-strain
compression, demonstrated higher elastic modulus, yield stress,
and flow stress yet slightly lower ultimate strain than the samples
containing crystals ofR modification.

During plastic deformation numerous fine shear bands,
initiated by the interlamellar shear of the amorphous layers are
formed in the compressed sample. These bands most probably
are initiated already at the yield point. Propagation of the bands
across the sample causes the local destruction of the encountered
lamellae which were not oriented parallel to the direction of
the developing band. The destroyed fragments of crystallites
transform partially into the smectic phase. This leads eventually
to the reduction of the overall crystallinity by approximately
14 wt % (at the true strain ofe ) 0.93), from which more than
a half is transformed into mesophase. Noγ-R phase transfor-
mation was detected.

With increasing strain the shear bands multiply considerably
and tilt toward the flow direction. The lamellae already
fragmented by the local destruction occurring within shear bands
undergo kinking followed by rotation due to interlamellar shear
(lamella normal equivalent to the crystallographicb axis rotates
toward the load direction), resulting in the formation of a
chevron-like lamellar arrangement. This leads to the develop-
ment of a 4-point signature in SAXS patterns of the samples
deformed abovee ) 0.2. At the same time the relatively weak
one-component crystalline texture is developed. The main
component of this texture is described by the orientation ofc
crystallographic axis along CD,b axis approximately 10-30°
away from LD toward FD anda axis 10-30° away from FD.
Both crystalline texture and lamellae orientation develop due
to the activity of the same deformation mechanism, identified
as the interlamellar slip produced by the shear within inter-
lamellar amorphous layers. That shear is relatively easy since
lamella are arranged in parallel stacks, with neither “crosshatch-
ing” characteristic for theR-structure nor any serious noncrys-
tallographic branching, which could be potential obstacles for
that slip. Any crystallographic deformation mechanism within

Figure 9. Pole figures of (111), (008), and (117) planes of ortho-
rhombic y-iPP determined for samples deformed in plane-strain
compression to true strain indicated.
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crystalline component, including the (001)[010] transverse slip,
the only slip anticipated forγ-crystals, were not detected in
deformation experiments performed within this study, which
suggests the relatively high plastic resistance of that crystal-
lographic slip mechanism.

It is concluded that the interlamellar shear of the amorphous
layers appears the easiest and therefore becomes the primary
deformation mechanism ofγ-iPP. Numerous shear bands are
initiated by that interlamellar slip. The other identified mech-
anism, theγ-to-smectic phase transformation, associated with
shear banding, plays rather a minor, supplementary role in the
deformation sequence.
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