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Abstract

Structural evolution in hot drawing process of isotactic polypropylene (iPP) films with different molecular weight distribution (MWD) and

isotacticity (IT) was investigated by in situ time-resolved measurements of synchrotron-sourced wide-angle X-ray diffraction (WAXD) and

small-angle X-ray scattering (SAXS). Any significant difference was not recognized among different molecular characteristics as for the

changes in the WAXD patterns, indicating that the deformation behavior viewed at the crystal lattice scale was almost the same among these

samples. On the other hand, the deformation behavior of lamellar stacking structure was found to be significantly dependent on the molecular

characteristics of the sample used. For iPP sample with narrower MWD and higher IT, only the lamellar stacking structure with c-axis

crystallites oriented along the drawing direction was detected at the deformation stage after necking, but the oriented fibrillar structure was

observed in addition to the lamellar stacking structure for the iPP sample with broader MWD and IT distribution. The structural deformation

models were presented for both the samples with different molecular characteristics, and these models were reasonably related with the

difference in the stress–strain curve.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Isotactic polypropylene (iPP) is extensively used in

industry to manufacture bottles, films, and fibers, etc. The

heat and draw deformation behavior of iPP is of significant

practical importance in terms of both its product perform-

ances and manufacturing processes. The mechanical proper-

ties and morphology of the product are strongly affected not

only by its molecular characteristics such as the molecular

weight (MW), molecular weight distribution (MWD) and

isotacticity (IT) [1–4] but also by its processing conditions

such as the drawing temperature, the drawing ratio, the

strain rate and the cooling rate after drawing [5–7].

Therefore, understanding the structural deformation beha-

vior during processing is essential for the quantitative
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predictions of improved product performances and the

drawing tension.

Structural deformation behavior over a wide range of

strain and temperature has been actively studied from

scientific and industrial aspects for many years, i.e.

spherulite deformation [8–12], necking behavior [13,14]

and ultradrawability [15]. It is widely recognized that, when

the semicrystalline polymers are drawn, the lamellar

crystallites in the spherulites are more or less destroyed

(decreased in size and/or reduced in perfection) by the shear

forces followed by the reformation of different morphology

depending on the temperature of drawing. According to the

microfibril model proposed by Peterlin [16] for the

structural deformation process, the thus drawn films or

fibers consist of aligned small lamellar blocks, which are

connected with each other through non-crystalline tie

molecules or crystalline bridges. But there have been

several reports that do not support such a transition scheme

of crystal lamellae into microfibrils and a longitudinal

sliding motion of these microfibrils [15,17,18]. Some papers
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describe the melt of crystalline lamellae under tension

followed by the recrystallization into oriented fibrillar

structure. At present we have no established general

model for the drawing behavior of the crystalline polymer

samples.

In order to trace the structural evolution in hot drawing

process, we need to perform time-resolved measurements of

various experimental data. For example, wide-angle X-ray

diffraction (WAXD) is useful for the investigation of

structural change in the crystal lattice. Small-angle X-ray

scattering (SAXS) is a useful tool for the study of stacked

lamellar structure. In order to collect the WAXD and SAXS

data in the drawing process in a short time interval,

synchrotron radiation is one of the most powerful tools [19–

23]. A combination of this synchrotron radiation and the

high-speed and high-sensitivity CCD detector enables us to

collect the WAXD and SAXS data in a second with a high

signal-to-noise ratio [24]. Hsiao and co-workers [19,20]

studied the structural changes of iPP under uniaxial tensile

force and discussed the deformation-induced crystalline

transformation. However, they treated the structural

deformation in narrow range of strain using a fiber of iPP

polymerized by conventional Zieglar–Natta type catalyst

system. In the actual manufacturing process of iPP film, the

material is stretched as much as possible at a high

temperature to produce the film with high tensile strength

and good transparency. Hence, it is significantly important

to investigate the structural deformation behavior of the

films during hot drawing process in much wider strain range

from the unoriented to largely deformed state where it is

broken off. Besides, as pointed out above, the morphology

and mechanical properties of the drawn films should be

affected strongly by molecular characteristics such as MW,

MWD and IT. It may be reasonably expected that the

samples with different molecular characteristics should

show different structural deformation behaviors in the hot

drawing process even under the same conditions [25]. In

other words the molecular characteristics are key factors

necessary for improving the product performances and

drawing tension. Unfortunately, there had been, however,

no report describing an effect of molecular characteristics

on the deformation behavior of iPP samples from the

microscopic point of view.

The present paper is the first trial to clarify the relation

among the molecular characteristics, the mechanical

deformation behavior and the structural change of crystal-

line lamellae during the hot drawing process for iPP films

with various types of molecular characteristics. We will

describe the mechanical deformation behavior and its

relation with the structural change in the hot drawing

process, which were revealed for the various types of iPP

samples on the basis of the measurement of the stress–strain

curves and time-resolved measurement of WAXD and

SAXS patterns with synchrotron radiation. The effect of

MWD and IT on the mechanical deformation behavior will

be discussed in detail.
2. Experiment

2.1. Materials

The characteristics of iPP samples are listed in Table 1;

the iPP polymerized by conventional Ziegler–Natta catalyst

system (zPP), the fraction of zPP insoluble in boiling n-

heptane (BHIS), the fraction of zPP insoluble in boiling

octane (BOIS), and the iPP polymerized by metallocene

catalyst system (mPP). The polymerization of mPP was

made following the procedures reported already [26]. The

BHIS and BOIS were prepared by solvent extraction of zPP

with boiling n-heptane and n-octane in a Soxhlet extractor,

respectively. Each iPP sample except BHIS and BOIS was

completely dissolved in boiling p-xylene, and then the

solution was cooled gradually to 20 8C. The precipitated

fraction was separated from the solution by filtration. The

fraction soluble in p-xylene at 20 8C (CXS) was recovered

from the filtrate by evaporation of the solvent. The isotactic

pentad fraction [mmmm] was estimated by 13C NMR with a

Bruker AVANCE-600 spectrometer at a 13C resonance

frequency of 150 MHz at 135 8C. The ortho-dichloroben-

zene solutions at 10 wt% concentration were used for 13C

NMR measurements. The analysis of [mmmm] was made

by following the procedures reported elsewhere [27–30].

The MW and MWD of iPP samples were determined at

145 8C with a Millipore Waters 150-CV gel permeation

chromatography apparatus. Three Shodex AT-806MS

columns were applied and the solvent used was ortho-

dichlorobenzene. Intrinsic viscosity [h] of iPP samples was

measured by Ubbelohde viscometer for 1,2,3,4-tetrahydro-

naphthalene solutions at the concentration of 0.1 wt% at

135 8C.

A schematic illustration of the distribution of MW and IT

of four iPP samples is shown in Fig. 1. More detailed

description was reported in the previous paper [31]. The zPP

has wide distribution of MW and IT around the averaged

values. The BHIS and BOIS samples have narrower MWD,

higher IT and narrower distribution of IT compared with

those of zPP. The mPP sample has also higher IT and

narrower distribution of MW and IT than zPP, but it does

not contain the fractions with lower and ultra-higher MW

components.

Crystallization and melting temperatures (Tc and Tm)

were determined by means of a Perkin–Elmer DSC7

instrument. The calibration of temperature was made by

checking the melting temperature of indium (156.6 8C). The

iPP samples of ca. 10 mg were first heated to 220 8C, held

there for 5 min, then cooled to 50 8C at a rate of 5 8C minK1

and reheated to 180 8C at the same rate in a nitrogen

atmosphere. In both crystallization and melting experiments

the peak temperatures were read out for Tc and Tm values.

The crystallinity of the samples was evaluated by the

density method on the basis of a two-phase model by

assuming the crystalline and amorphous densities of 0.936

and 0.853 g cmK3, respectively [32]. Density measurements



Table 1

Characteristics of iPP samples

Sample Mw
a Mw/Mn

a CXS frac-

tionb (wt%)

[mmmm]c [h]d Tm
e (8C) Tc

e (8C) Density

(g/cm3)

Crystallinity

(wt%)

zPP 435,600 5.1 4.0 0.91 2.10 160.9 117.6 0.901 59

BHIS 417,100 3.5 – 0.95 2.12 161.9 119.6 0.904 63

BOIS 726,000 2.3 – O0.99 2.76 164.2 122.1 0.909 68

mPP 364,300 1.9 0.1 O0.99 2.20 160.1 118.8 0.905 64

a Determined by GPC (Waters, 145 8C).
b Fraction soluble in p-xylene at 20 8C.
c Isotactic pentad fraction determined by 13C NMR (Bruker, 150 MHz at 135 8C).
d Intrinsic viscosity determined by Ubbelohde viscometer.
e Crystallization and melting temperatures determined by DSC.
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were carried out at 30 8C with a density gradient

column consisting of the mixtures of propan-2-ol and

diethylene glycol to give a density range from 0.860 to

0.925 g cmK3.
2.2. Drawing

The iPP specimens were cut out into the shape

shown in Fig. 2 from the sheets prepared by pressing at

230 8C, held there for 5 min, then cooled to 30 8C in

water bath. Semicircular notches were cut at the center

of the specimen so that the necking phenomenon started

to occur at the center of the specimen and then the

necked area propagated along the edge sides. The

specimen was set in a tensile tester installed in the path

of synchrotron X-ray beam (Fig. 2). It was kept at

120 8C for 5 min and was drawn uniaxially at a strain

rate of 20 mm/min at 120 8C. The stress was estimated

from the tensile force divided by the initial cross-

sectional area. The draw ratio (DR) was determined

from the distance between marks printed on the

specimen. The DR was estimated from the draw strain

in the stress/strain curve as DRZ%strain/100C1.
Fig. 1. The schematic illustration of distribution of molecular weight
2.3. Time-resolved measurements

Synchrotron WAXD and SAXS measurements were

carried out at BL-15A of Photon Factory, High Energy

Accelerator Research Organization, Japan. The wavelength

used was 1.504 Å. For tracing the structural change in the

specimen during hot drawing process, time-resolved two-

dimensional (2D) WAXD and SAXS patterns were

measured at the center of the stretching film (beam size

1.0!1.0 mm2) with a 1 s time slice by using a CCD X-ray

detector [33,34]. The sample-to-detector distances for the

WAXD and SAXS measurements were 100 and 2250 mm,

respectively. From the thus measured 2DWAXD and SAXS

patterns, the WAXD and SAXS intensity profiles along and

perpendicular to the drawing direction were evaluated. Long

period along the drawing axis was also evaluated from the

2D SAXS data.
3. Results and discussion

3.1. Mechanical properties

Fig. 3 shows the stress–strain curves of zPP and mPP
and isotacticity estimated for the various types of iPP samples.



 

Fig. 2. The schematic illustration of experimental assembly and tensile machine.
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samples measured at a strain rate of 20 mm/min at 120 8C.

The samples gave a well-defined yield point followed by a

steep drop in stress when the necking phenomenon

occurred. Then the gradual increase of tensile stress was

observed in the further drawing region. The characteristic

features of the stress–strain curves obtained for the other

types of iPP samples were similar with those of zPP and

mPP samples. The whitely opaque parts were slightly

recognized for the BOIS sample in the hot drawing process.

Neither fracture nor opaqueness was observed for the other

iPP samples, suggesting that the formation of craze and/or

crack did not occur in the hot drawing process. In Table 2

are listed the yielding stress and the rate of stress increment

in the draw region beyond the necking. The mPP and BOIS
Fig. 3. The stress–strain curves of mPP and zPP samples. Dashed line is a

guide helpful to speculate the rate of stress increment in the draw region

beyond necking. The strain rate was 20 mm/min and the drawing

temperature was 120 8C.
samples showed higher yielding stress and the rate of stress

increment than zPP and BHIS.

Fig. 4 shows the crystallinity dependence of yielding

stress evaluated for the iPP samples that have nearly the

same molecular characteristics as those used in the

experiments except for MW. It was confirmed that

the yielding stress increased with an increase in the degree

of crystallinity. This relation is almost common to all the

types of iPP samples used in the experiments. In Fig. 5 is

plotted the crystallinity and intrinsic viscosity dependence

of the rate of stress increment in the draw region beyond the

necking. Fig. 5(a) shows that the rate of stress increment

does not seem to have correlation with the degree of

crystallinity. On the other hand, the rate of the stress

increment seems to decrease with lowering intrinsic

viscosity (with the lowering MW), as shown in Fig. 5(b).

Both zPP and mPP samples show almost linear relation

between the stress increment rate and the intrinsic viscosity.

But the value of the rate of the stress increment itself is

significantly different between these two samples. This

difference is considered to come from the difference in

morphology as will be discussed in a later section.
Table 2

Yielding stress and rate of stress increment

Sample Yielding stress (MPa) Rate of stress increment (kPa/mm)

zPP 7.7 58

BHIS 10.3 72

BOIS 11.7 78

mPP 10.5 80

Estimated from stress–strain curve (Fig. 3).



Fig. 4. The relationship between yielding stress and crystallinity. (C), iPP

polymerized by Ziegler–Natta catalyst system; (B), iPP polymerized by

metallocene catalyst system; (6), BHIS; (:), BOIS.
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3.2. WAXD measurements

2D WAXD patterns of zPP and mPP observed in hot

drawing process are shown in Fig. 6. The 2DWAXD pattern

before drawing (DRZ1.0) exhibited the Debye–Scherrer

rings. These rings were changed into the arcs at the onset of

necking in the stress–strain curve, and the azimuthal spread

of the reflections became narrower with increasing DR,
Fig. 5. The relationship between stress increment and (a) crystallinity and

(b) intrinsic viscosity. (C), iPP polymerized by Ziegler–Natta catalyst

system; (B), iPP polymerized by metallocene catalyst system; (6), BHIS;

(:), BOIS.
indicating an enhancement of c-axis crystallites oriented

along the drawing direction. The three intense peaks on the

equatorial direction, which are characteristic of the a-crystal
form, are indexed as 110, 040 and 130 reflections,

respectively [35].

Fig. 7 shows the DR dependence of intensity profiles of

zPP and mPP extracted along the equatorial direction of the

WAXD patterns shown in Fig. 6. The positions of the three

intense peaks are almost constant during hot drawing

process, but their widths become broader with increasing

DR. The diffraction peaks of 110, 040 and 130 remain only

on the equatorial lines in the DR region beyond necking,

indicating that the c-axis crystallites orient along the

drawing direction. The DR dependence of the full width

at half maximum (FWHM) of the diffraction profile is

evaluated for the 110, 040 and 130 reflections as shown in

Fig. 8. The increment of the FWHM means that the

crystallites become smaller in size and/or disordered

remarkably in the draw region before necking. After

necking, FWHM increased gradually. In Fig. 8 any

significant difference was not recognized among the four

types of iPP samples as for the changes in 2D pattern and 1D

profile of the WAXD.

3.3. SAXS measurements

Fig. 9 shows the time dependence of the 2D SAXS

patterns of zPP and mPP in hot drawing process. The 2D

SAXS pattern of zPP before drawing showed a broad ring. It

transformed to elliptical pattern around yielding point

(DRZ1.2). In the draw region beyond the yielding point,

the 2D SAXS pattern showed a two-bar pattern with the

scattering maximum on the meridional direction (DRR1.3)

and the streak-like pattern along the equatorial direction

(DRR1.4). The two-bar pattern gradually shifted toward the

lower scattering angle side, and the intensity became

gradually weaker with increasing DR. In the case of mPP,

the two-bar pattern was also obtained in the necking region

but the scattering intensity decreased more rapidly with

increasing DR than the case of zPP. The 2D SAXS patterns

of four types of iPP at DRZ6 are compared in Fig. 10.

Different from the cases of zPP and BHIS, mPP and BOIS

did not have an appreciable streak on the equatorial

direction, where the streak on the equatorial direction

observed for BOIS was attributed to the scattering due to

crazing.

Fig. 11 shows the DR dependence of SAXS intensity

profiles obtained from Fig. 9 along the equatorial and

meridional directions. As for the SAXS intensity profile

along the meridional direction shown in Fig. 11(a) and (c),

there are at least two significant experimental tendencies.

One is about the peak position and intensity due to the long

period. As the drawing ratio increased from DRZ1.0 to 1.2,

the peak position shifted to lower scattering angle, being

accompanied with the decrease in peak intensity. In the

draw region beyond necking (DRZ1.3–1.5) the peak



Fig. 6. The 2D WAXD patterns of zPP and mPP observed in the hot drawing process.
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shifted back to higher angle, though only slightly, and then

it shifted again toward the lower scattering angle (DRO
1.5). The peak intensity became gradually weaker with

increasing DR. The other is about the FWHM and intensity

of SAXS intensity profile during necking. The FWHM

becomes narrower and the peak intensity increases during

necking. The quantitative analysis of the long period,

FWHM and the peak intensity changes is described in the

following.

On the other hand, as to the SAXS intensity profile in the

equatorial direction, the intensity due to long period became

weaker during necking. After DRO1.5, a streak, which had

a broad maximum, started to appear in the case of zPP, but

not in the case of mPP as shown in Fig. 11(b) and (d). This

suggests an existence of periodical array of some crystalline

entities in the zPP sample along the equatorial direction.

There may be another possibility that such a maximum is

related with the shape of a crystallite or aggregated

crystallites, but the detailed discussion is not made here.

This peak on the streak was not detected in the DR region
beyond DRZ2.0. To the contrary, any clear peak was not

detected in the SAXS profile of mPP on the equator.

Fig. 12 shows the change in peak intensity of zPP and

mPP as a function of DR. The peak intensity decreased in

necking regions, increased drastically after necking and

again decreased gradually with further increasing DR. The

mPP showed higher rate of the decrease in the peak intensity

before and during necking. The DR dependence of FWHM

of SAXS profile on the meridian is shown in Fig. 13, where

the FWHM was estimated as a twice of HWHM of the

higher scattering angle of the profile. The FWHM decreased

drastically in the draw region before necking, kept the

constant value for a while after necking and increased

slightly with further increasing DR. The decrement of the

FWHM means that the distribution of the long period of

stacked lamellar structure becomes narrower. Fig. 14 shows

the change of long period as a function of DR. As shown in

Fig. 14(a) the long period before drawing is found to be

related with the MW of the iPP samples: the long period is

longer for the sample with higher MW. At the first stage of



Fig. 7. The DR dependence of WAXD profile of zPP and mPP samples obtained along the equator of the WAXD pattern given in Fig. 6.
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drawing, the long period increased steeply. After necking

the long period decreased slightly (DRZ1.3–1.5) and then it

increased again nearby linearly with increasing DR in the

draw region beyond necking (DRO1.5). In order to

compare more clearly the long period change in the draw

region beyond necking, the long period at each DR was

normalized by dividing it by the long period Lo obtained at

the point just beyond necking (DRZ1.3). Fig. 14(b) shows

the thus normalized long period plotted against the DR. The

slope of the straight line or the increasing rate of the long

period was in the order of zPP!BHIS!BOIS!mPP. That

is to say, the iPP sample with narrower MWD and higher IT

shows the higher rate of long period change when stretched

in the region after necking.
3.4. Structural interpretation of WAXD and SAXS patterns

Synchrotron WAXD and SAXS data tell us deformation

of lamellar stacking structure and disorder in crystallites. In

the necking region the crystallites are considered to become
disordered remarkably as known from the increasing

FWHM of the WAXD data. Besides the tilting and sliding

of chains in the lamellae should occur at the same time [23].

The complicated change of the long period and the decrease

in the SAXS intensity are considered to reflect such a

remarkable change in the lamellar arrangement and a

structural change in the lamellar crystallites. As implied in

the FWHM change of Fig. 13, the distribution of the long

period of the stacked lamellae before drawing seems to

become narrower through the necking. After necking (DRO
1.5), the crystallites are considered to reduce structural

perfection and become disordered gradually as estimated

from the FWHM of the WAXD data (Fig. 8). Slower change

of the long period and the decrease in the SAXS intensity

suggest that the lamellar structure aligned along the drawing

direction is gradually fragmentized [20]. This tendency is

more remarkable for mPP sample.

In addition to the commonly-observed two-bar pattern

with the scattering maximum on the meridional direction,

the 2D SAXS pattern of zPP shows the streak-like pattern on



 

Fig. 8. The DR dependence of full width at half maximum intensity

(FWHM) of the diffraction profile along the equator estimated for 110, 040

and 130 reflections, respectively.
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the equatorial direction. This streak is clear for the zPP

sample but is hard to observe for mPP sample. As shown in

Fig. 10, the scattering intensity of the streak is weaker for

the iPP samples (BOIS and mPP) with narrower MWD,

higher IT and narrower distribution of IT (Fig. 1). As an

origin of the streak, we may imagine an existence of a group

of fibrils that lack axial register of crystalline regions. It is

noted here in Fig. 9 that the streak observed in the region of

DRZ1.4–2.0 is not perfectly directed in the equatorial

direction but splits into two directions deviated slightly from

it, probably reflecting a slight tilt of the fibrillar structures.
Another point to note is that the streak has a maximal

intensity on the way along the streak direction as shown in

Figs. 9 and 11(b) (DRZ1.4–2.0), suggesting that these

fibrillar structures form some periodical array. As another

possible origin of the intensity maximum along the streak

direction we might consider an existence of the lamellae

stacked along the direction perpendicular to the draw axis.

But such a possibility may be low because no WAXD spots

corresponding to such perpendicularly-oriented lamellae

were observed in Fig. 6. By drawing the sample further the

streak is observed along the equatorial direction.

3.5. Relationship between structural deformation and

mechanical properties

3.5.1. Stacked lamellar structure before drawing

As known from the preparation conditions described in

the experimental section, the samples used here commonly

consist of the a-crystal form crystallites in the spherulites.

But, FWHM in SAXS intensity profile of zPP before

drawing is wider than that of mPP as shown in Fig. 13,

suggesting that the zPP has broader distribution of long

period of the stacked lamellae than the mPP. As seen in

Fig. 1, the zPP has broader MWD and broader distribution

of IT and it is considered to contain molecular components

of different characters. Therefore, we may say that the

lamellar structure in the spherulites of zPP is highly

heterogeneous. It is considered that some of the stacked

lamellae may be broken into fibrillar structure that lacks

axial register of crystalline regions as mentioned before,

while the other lamellae are not deformed very much. Such

a heterogeneous deformation of the lamellae gives both a

two-bar pattern with the scattering maximum on the

meridional direction and the streak-like pattern along the

equatorial direction as seen in Fig. 9. On the other hand,

the lamellar structure of mPP is considered to be relatively

homogeneous because of the relatively narrow MWD and

IT distribution. The stacked lamellae are oriented regularly

along the drawing direction, giving relatively simple SAXS

pattern compared with zPP case. That is to say, the fibrillar

structure without any axial register of crystallites as

detected for the zPP sample, is not observed for mPP after

necking.

3.5.2. Deformation model during hot drawing process

A structural deformation model in hot drawing process is

given schematically in Fig. 15. The marks a, b, c, etc.

located near the stacked lamellar models are helpful for

tracing the structural change in a series of pictures. The

lamellae of mPP with narrower MWD, higher IT and

narrower distribution of IT are deformed in more

homogeneous manner. Before drawing (DRZ1.0) the

stacked lamellae are oriented randomly in the spherulite

as is indicated by the WAXD and SAXS patterns consisting

of rings. By drawing this spherulite (DRZ1.2) the large

lamellae are broken and the broken lamellae start to reorient



Fig. 9. The 2D SAXS patterns of zPP and mPP taken in the hot drawing process.
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along the draw direction by tilting and sliding motions (a/
a 0). The WAXD pattern changes into the arcs and the SAXS

gives an elliptical pattern. At DRZ2.0 the lamellar

structures with c-axis crystallites oriented along the drawing

direction are formed (a 0/a 00). The WAXD pattern shows

the c-axis crystallites oriented along the drawing direction

and SAXS pattern changes to the two-bar pattern. By

drawing further (DRZ6.0), the fragmentation process

proceeds in the lamellar structures formed along the

drawing direction (a 00/a 000). The WAXD gives c-axis

crystallites highly oriented along the drawing direction

and the SAXS intensity decreases with the shift toward the

lower scattering angle side.

On the other hand, the zPP sample is speculated to

contain the lamellae of various sizes because it has wide

distribution of MW and IT (a, b, c). The deformation of

lamellae in the necking region is more complicated than the

case of the mPP sample. At DRZ1.2, the large lamellae in

the spherulite are broken and start to reorient along the draw
direction by tilting and sliding motions (a, b, c/a 0, b 0 c 0).

The WAXD pattern changes into the arcs and the SAXS

pattern gives an elliptical pattern. At DRZ2.0, the lamellar

structures with c-axis crystallites oriented along the drawing

direction are formed (a 0 and b 0/a 00 and b 00). In some

regions, the lamellae are deformed further to change into

fibrillar structure and the stretched chains are gathered

together to form the crystalline region that lacks axial

register of crystalline regions (c 0/c 00). In this way, in the

draw region after necking, the disordered fibrillar structure

and the stacked lamellar structure are considered to coexist

in the zPP sample. The WAXD pattern corresponds to the c-

axis crystallites oriented along the drawing direction and the

SAXS gives the two-bar pattern and the streak-like pattern.

As the drawing ratio increases (DRZ6.0), the fibrillar

structure seems to be stretched along the drawing direction

furthermore (c 00/c 000). The streak shifts to the equatorial

direction. On the other hand the lamellae a 00 and b 00 are

gradually fragmentized into smaller ones and the SAXS



Fig. 10. Comparison of 2D SAXS patterns at DRZ6.0 between the various

types of iPP samples.

Fig. 12. The change of peak intensity on the meridian as a function of DR.
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intensity decreases gradually (a 00/a 000 and b 00/b 000). This

results in the apparently smaller change of long period in the

drawing process. The WAXD gives the pattern of the c-axis

crystallites highly oriented along the drawing direction. The
 

Fig. 11. The DR dependence of SAXS intensity profile obtained from SAXS patter

direction. (b) The SAXS intensity profile of zPP along the equatorial direction. (c)

SAXS intensity profile of mPP along the equatorial direction.
lamellar structure of the thus oriented zPP sample is

inhomogeneous, and it should give the inhomogeneous

stress distribution in the sample when it is subjected to an

external force.
3.5.3. Structure–property relationship

In this way the WAXD and SAXS data reveal a large

difference in the deformation behavior between the zPP and

mPP samples. The deformation is speculated to occur
n given in Fig. 9. (a) The SAXS intensity profile of zPP along the meridional

The SAXS intensity profile of mPP along the meridional direction. (d) The



 

Fig. 13. The DR dependence of FWHM of SAXS intensity profile on the

meridian.
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cooperatively for the mPP sample. The necking region

detected in the stress–strain curve is relatively narrow

(Fig. 3) and the SAXS intensity profile change is

comparatively simple. The higher stress increment in the

drawing region may be interpreted also on the basis of such

a homogenous deformation mechanism of mPP (Figs. 3 and

5 and Table 2). The cooperative and homogeneous

deformation of the whole lamellae is considered to need

relatively higher stress, resulting in the higher stress of the
 

Fig. 14. (a) The changes of the long period as a function of DR. (b) The

normalized long period plotted against the DR in the region after necking

point.
mPP sample compared with that of the zPP sample. On the

other hand, the zPP sample containing wider distribution of

MW and IT behaves in a heterogeneous manner. In the draw

region after necking, the disordered fibrillar structure and

the stacked lamellar structure are considered to coexist in

the zPP sample. The former structure would give the lower

tensile stress because of the lower chain entanglement and

the easier slippage in the hot drawing process. This

inhomogeneous stress distribution may be evaluated

concretely by analyzing the infrared spectral change caused

by an application of tensile force, as will be reported

elsewhere.

The relationship between the lamellar deformation

behavior and the molecular characteristics revealed for the

mPP and zPP samples can be applied reasonably to the

deformation processes observed for the other samples such

as BOIS and BHIS. The BOIS sample has relatively

narrower distribution of MW and IT and it shows the

deformation behavior similar to that of mPP, while the

BHIS sample has broader distribution of MW and IT and

behaves similarly to the zPP sample. In fact, all the

observations including the long period change in Fig. 14, the

SAXS pattern at DRZ6.0, and so on are similar between

zPP and BHIS and between mPP and BOIS. In other words,

the iPP with narrower distribution of MW and higher IT

shows more homogeneous structural change of lamellae in

the hot drawing process.
4. Conclusions

In the present paper we have investigated the structural

change and mechanical behavior during hot drawing

process of iPP samples with various molecular character-

istics on the basis of time-resolved synchrotron WAXD and

SAXS measurements. We have found out for the first time

that the difference in MW, MWD and IT gives quite large

difference in the mechanical deformation behavior of iPP

samples. The mPP sample with narrower MW and IT

distributions exhibits more homogeneous lamellar stacking

structure and the deformation of lamellae occurs coopera-

tively. The zPP sample prepared by Ziegler–Natta-type

catalytic system and containing wider distribution of MW

and IT behaves in a heterogeneous manner. The BOIS and

BHIS samples behave in intermediate manner between

these two samples.

In this way the iPP samples synthesized with different

catalytic systems or different MW, MWD and IT

distribution were found to behave in quite different manner

when the samples were drawn at high temperature: they

show different deformation behavior, different mechanical

property, different morphology and different stress distri-

bution. This finding is quite important in such a point that

the mechanical property of iPP sample is affected

sensitively not only by the external condition of drawing

temperature, annealing temperature, etc. but also by the



Fig. 15. A schematic illustration of deformation models drawn for mPP and zPP samples, where the meridional direction is the drawing direction. (i) DRZ1.0;

unoriented distribution of the regularly stacked lamellar structure. The lamellae of mPP are homogeneous (only the lamellae labeled as a) but those of zPP are

heterogeneous (the lamellae with a–c labels). (ii) DRZ1.2; the tilting and sliding of lamellar crystallites occur (a, b, c/a 0, b 0, c 0). (iii) DRZ2.0; the blocks of

lamellar structure orient along the drawing direction (a 00, b 00). The disordered fibrillar structure without any axial register of crystallites (c 00) is formed in zPP.

(iv) DRZ6.0; the fragmentation of the stacked lamellar structure is developed in mPP (a 00/a 000). In case of zPP, the lamellar structure labeled as a 00 is gradually

fragmentized (a 00/a 000) and the fibrillar texture labeled c 00 is stretched (c 00/c 000). The stacked lamellar structure labeled as b 00 is little deformed (b 00/b 000).
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internal condition or the characteristic features of iPP

sample itself, in particular the slight difference in the

MW, MWD and IT distribution. In the present paper

we illustrated the structure changes during the hot

drawing process on the basis of the already-proposed

lamellar models. The deformation of the crystalline

polymer sample in the necking region may be

interpreted in another type of model, i.e. the melt of

stacked lamellae followed by the recrystallization into

the oriented fibrillar structure. Further investigation is

needed to clarify the deformation behavior in the

necking region.
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