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ABSTRACT: Our main focus is to investigate the role of isotacticity on the development of morphology
in PP films uniaxially deformed from the partially molten state. Polypropylene films with low isotactic
index 43 exhibit crosshatched lamella. At the early stages of deformation, this morphology is first broken
into small pieces and then microfibrils start to appear. As the deformation proceeds, this morphology
transforms from primarily shish kebab morphology to a more fibrillar superstructure with sparse
population of laterally grown lamellae along their lengths. The microfibrils 15—20 nm in diameter are
observed in isotactic index 43 and isotactic index 64. Thus, a macrofibril is composed of ca. 100 microfibrils
along the width of macrofibrils that are more ribbonlike with the width of the ribbons coinciding with
the b-axis. A nodular superstructure that contains one or more alternating lamella—amorphous pairs
was found to be promoted at lower processing temperatures, lower stretching speed, and higher
isotacticities. In low-tacticity PP, upon deformation the formation of a three-dimensional crystalline/
entanglement network was found to exert hydrostatic pressure in the amorphous regions that lead to
their highly localized blooming out of the surface. Room temperature aging was found to coalesce these
amorphous regions—a process that resembles the late stages of phase separation in partially miscible

systems.

1. Introduction

The study of morphology as influenced by material
thermal/deformation history historically has been car-
ried out with TEM. Although this technique requires
special preparation conditions that allows for artifacts,
it helped contribute to elucidatation of the deformation
mechanisms in semicrystalline polymers. Some of these
studies investigated the details of structural changes
from spherulitic to fibrillar structure as a result of
deformation. In the deformation model they considered
twinning, tilt and slip, and twisting.1=2 In addition, the
local deformation mechanism depends on the orientation
of the local lamellae axes with respect to the stretching
direction.#® Shimamura has clearly shown that the
deformation mechanism depends on the drawing tem-
perature.® He observed the polar region in the polyeth-
ylene spherulite deforms first at 0 °C, while the equa-
torial region deforms first at 100 °C.

AFM has become a morphological tool to investigate
the surface topology of materials at a wide range of
length scales. Primary research activities in this area
have been concentrated on the isotropic as-cast poly-
mers,”~? including low-isotacticity polypropylene.l° Solid-
state!>'? and melt deformation effects have also been
investigated.13~16 The effect of deformation at elevated
temperature was studied in ref 17, with the effect of
deformation to engineering strain 6 at 140 °C, 2 mm/
min on stretched isotactic polypropylene film with
isotactic index 94. This study revealed the presence of
fibrillar structure with some grains that are proposed
to have epitaxially grown on the shish crystals (mi-
crofibrils).

In the film stretching of polypropylene it is typically
cast into an unoriented highly crystalline state. This
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cast film is then heated to temperatures where the film
partially melts, and deformation takes place at these
“mushy” temperature regions where the melt and
crystal forms of the same material coexist. These
temperatures are very important from not only an
industrial but also an academic point of view as indus-
trial deformation of these materials is routinely per-
formed in these partially molten (mushy) temperatures
where these conditions are considered optimum condi-
tions. There, however, is very little open literature on
the dynamical behavior and morphology development
in these materials as they are stretched and held in the
film stretching machines. For example, as far as we
know, most of the research has been concentrated on
melt spinning, blown film, or injection molding. In these
processes the complex deformation histories are imposed
under nonisothermal conditions. It is therefore hard to
elucidate the temperature effect on the deformation.
Since the structural hierarchy very much depends on
the thermal deformation history imposed on the materi-
als, it is best to simplify this by restricting the deforma-
tion to constant temperature while investigating the
deformation effect.

Evolution of structural hierarchy that includes crys-
tallinity, crystallite size, and orientation depends not
only on the thermal deformation history but also the
level of tacticity present in polypropylene.’8-2! In ad-
dition, the increase of tacticity was found to enhance
its toughness??2% and thermal properties.'’® However,
the increase of tacticity causes the deformation of PP
to be nonuniform by increasing the conditions for
formation of necks during uni- and biaxial deformation
in partially molten states typically practiced in the
industry. This necking problem can be altered with
reduction of crystallite size and chemical modification
such as copolymerization with ethylene or changing
tacticity. Recent developments in catalysis?4~26 allowed
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Table 1. Basic Properties of Materials?

MFR, g/10 min _tacticity (%)
material maker grade 230 °C mmmm  rrrr
Idemitsu PetroChemical E2700 25 64 9
Huntsman WL111 15 43 12
a Xylene-insoluble fraction (wt %).
Table 2. Thermal Properties of Materials
DSC (ramp = 10 °C/min)
isotactic mp, °C T. (°C) crystallinity
index (%) start onset peak end peak (%)
64 111 142 157 167 105 24
43 85 127 153 164 88 14

the commercialization of low-tacticity polypropylene.
This, in turn, is allowing the production of PP’s with a
wide range of properties from hard plastic to as soft as
plastisized poly(vinyl chloride) with minimal decrease
in thermal properties. Waymouth et al. extensively
studied structure and thermal and mechanical proper-
ties of PP with tacticities ranging from 21 to 76 in
mmmm (isotactic pentad).?6-33 Melt-pressed films of
these materials showed crosshatching lamellae, he-
drites, and spherulitic structure using AFM.

To our knowledge, the effect of isotacticity on defor-
mation behavior and morphological development at
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partially and wholly molten state has not been inves-
tigated.

To unravel the sequence of structural mechanisms
that take place during uniaxial deformation at the
partially molten state, we have extensively analyzed the
films stretched under the constant temperature using
AFM coupled with DSC and WAXS techniques. It
represents a continuation of our earlier work on defor-
mation structure property relationships in high-343% and
low-isotacticity PP.36

2. Experimental Procedures

2.1. Materials. Table 1 shows the details of the three types
of PP used in this research, including the MFR and isotacticity
quantified by the xylene-insoluble method based on 1SO 9113:
1986 for high-isotacticity PP or isotactic pentad (mmmm) and
syndiotactic pentad (rrrr) content measured by NMR3738 for
low-isotacticity PP. In this paper, we distinguish the materials
by the presence of percentage of the xylene-insoluble fraction
or isotactic pentad content called the isotactic index®® (64 and
43 in decreasing isotacticities). A TA Instruments DSC 2920
was used to determine the melting point (mp) at a heating
rate of 10 °C/min. Crystallinity (X¢) is obtained using eq 1.
The thermal property is shown at the Table 2.
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Sum Height

Sum Phase

1um Phase

Stretch direction

Figure 2. AFM images of film surface of as cast of isotactic
index 43 (length means full scale).

2um Phase

Stretch direction

Figure 3. AFM images of film surface of holded 140 °C for
10 min of isotactic index 43 (length means full scale).

X, (%) = enthalpy of fusion/AH® Q)
AH° = 209 J/g*°

2.2. Sample Preparation. Isotactic index 64 sheets of
about 0.3 mm thickness were obtained by extrusion-casting
using a 1 in. Prodex extruder (230 °C) equipped with an 8 in.
sheet casting die onto a casting roll maintained at 40 °C.
Isotactic index 43 films were obtained by compression molding
at 230 °C and quenched into a water bath maintained at room
temperature. Birefringence measurements of these films
revealed them to be nearly isotropic. The films were cut into
dumbbell shape with narrowest width of 30 mm at 30 mm
gauge when target final strain is over 2.5 and narrowest width
of 16 mm at 30 mm gauge when target final strain is below
2.5. The stretching direction was chosen as the original
extrusion direction of the cast films.

The mounted samples were inserted into the sample cham-
ber (see ref 34 for details) and equilibrated at the chosen
temperature for 10 min. After this time, the samples were
stretched with 2, 20, and 300 mm/min stretching rate until
engineering strain level has reached 5.5. After the completion
of stretching the samples were held in the clamps for 10, 12,
and 40 min after stretching with 300, 20, and 2 mm/min
stretching rate, respectively. As described earlier in the paper
for isotactic index 64 samples 125, 140, 150 °C for isotactic
index 64 and for isotactic index 43 100, 125, 140 °C stretching
temperatures were used. Note that the optimum processing
temperatures for isotactic index 64 and isotactic index 43 were
selected as 150 and 140 °C per the following criterion typically
used in industry (eq 2).

T =T +

stretch onset temperature of melting

(Tend of melting — Tonset of melting)/3 (2)

After stretching, the samples were cooled by an air blower
to room temperature and then removed from the clamps and
stored in a refrigerator at —20 °C except during measurements
of offline experiments such as DSC, WAXD, and AFM. We did
not observe significant shrinkage in these series of experi-
ments. Typical true stress—true strain and birefringence—true
stress data for isotactic index 64 and isotactic index 43 are
shown in Figure 1a,b. At higher isotacticity the birefringence
vs true stress data indicate the birefringence begins to increase
substantially beyond a yielding, and in the second stage where
substantial plastic deformation takes place the relationship
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Figure 4. AFM 3D image of film surface at the same place
as Figure 3.

is nearly linear. Beyond about 2—3 MPa it becomes nonlinear.
For isotactic index 43 this relationship was found to be linear
throughout the whole stress levels, signifying that the stress—
optical rule is obeyed at low isotacticities. During relaxation
associated with holding all the data indicate the increase of
birefringence while stresses decrease.

2.3. Measurements of AFM. A Digital Instruments Nano-
scope Illa multimode scanning probe microscope was used in
Tapping Mode. Nanodevices FESP, that is a noncoated Si
probe and its frequency 60—80 kHz, is used as a probe.
Samples were observed as stretched state without added
surface treatments. The experiments were performed at room
temperature. The samples are measured at room temperature.
The images are obtained as height images and phase images.
Bright regions in the height image represent elevated regions.
In the phase image brighter regions represent harder regions.
In all cases, the stretching direction is vertical in all images
as indicated by an arrow in the figures.

2.4. X-ray Measurements. A Bruker AXS Generator
equipped with a copper target tube and two-dimensional
detector was used to obtain the unique one quadrant of the
uniaxially oriented samples. The generator was operated at
40 kV and 40 mA, and the beam was monochromatized at Cu
Ka . The samples were irradiated for 3 min.

3. Results and Discussion

3.1. Lower lIsotacticity Films (Isotactic Index
43). Height and phase images of low-tacticity cast films
of isotactic index 43 are shown in Figure 2 at different
length scales. We observe two distinct morphological
features: bright regions in height images correspond
to dark regions in the phase image. These regions
correspond to amorphous regions as they are softer and
appear darker in phase images. The height image
suggests that they are bloomed out to the surface. The
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Figure 6. AFM images of film surface of stretched at 140 °C of isotactic index 43 (full scale 1 um, phase image).

bright regions in the phase image correspond to the
crystalline regions that show long-range connected
network appearance. In the 1 um full scale phase image
of the isotactic index 43 sample shown in Figure 2, the
dominant morphology in these crystalline regions is
crosshatched lamellae.104142 |n isotactic index 43 we do
not see larger spherulitic formations as is typical in the
high-tacticity PP’s.7:13.1516,35

To investigate the effect of holding time at the
processing temperature prior to stretching, we subjected
the cast films of isotactic index 43 to annealing at 140
°C for 10 min. The data indicate that the crystallization
occurs in previously amorphous regions and cross-
hatched morphology becomes even more widespread
throughout the surface. In these images crystallite
lengths are around 0.4 um. For better clarity, Figure 4

shows 3-D images of a high-resolution image shown
in Figure 3. The thickness of the amorphous-rich layer
is roughly 100 nm. The angle between the tangential
lamella and radial lamella is in the 79°—85° range. This
is close to the reported value 80°40' 4! for the cross-
hatched lamellar morphology.

Figures 5 and 6 show AFM images of isotactic index

43 films stretched to a series of deformation levels at
140 °C with 300 mm/min stretching rate. The structure
in the crystalline regions still exhibit crosshatched
morphology even at strain levels of 0.6, indicating that
the initial crosshatched structure is broken into small
mostly unconnected pieces but crystallinity is so low—
around 10%—that the major portion of the deformation
is primarily taking place in the amorphous regions while
crystalline regions acting as solid fillers. This observa-
tion is in accord with the fact that these films obey the
stress optical rule (Figure 2). We also observe that
amorphous-rich regions on the surface disperse more
uniformly beyond the strain level of 1.2. At strains
higher than the latter value, the microfibrillar morphol-
ogy begins to appear among the field of large number
of crosshatched lamellae. Although the fraction of
broken crosshatched lamella decreases with further
stretching, they still persist even at very high strain of
4.8 (Figure 6). The microfibrils of 18 nm diameter
observed at strain level of 3 decrease to about 16 nm at
a strain level of 4.8 obtained from image analysis of
Figure 6. We also observe some of the microfibrils show
kebab-like lateral overgrowths at strain range of 1.2 and
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Figure 7. AFM images of film surface of isotactic index 64
(full scale 2 um, phase image).

2.4, but they are not visible at high strains around 4.8.
At this point, their origin is not clear. They could form
after the deformation as lateral overgrowths on the

e=1.2

. l ". H .
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microfibrils from molten and/or amorphous regions or
remnants of the broken up crosshatched lamellae. The
shish-kebab structure appears around 100—200% strain,
and at higher strains 400% shish remains while kebabs
disappear.*® This result matches our results. The kebab
periodicity is ca. 25 nm along the microfibril, and its
length is ca. 60 nm. On the other hand, the length of
the remnants of crystallites is 25—250 nm shown at 4.8
strain levels (Figure 6). Here kebabs are attached to
shish at relatively regular interval, while the remnants
are either distributed randomly along the shishes or
they are entirely independent of these shishes.

3.2. Higher Isotacticity Films (Isotactic Index
64). Figure 7 shows the AFM phase images of as-cast
and annealed isotactic index 64 sample. Ball-like struc-
tures of 80 nm appear between crystallites or in the
amorphous regions. Annealing substantially enhances
the definition of surface in the crystallite region. We also

Stretch direction

Stretch direction

e R

Figure 9. AFM images of film surface of isotactic index 64 (full scale 20 um, phase image).

Hold 150°C10min
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Figure 11. AFM images of film surface on stretch rate effect (full scale 1 um, phase image).

Isotactic Index 43
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[sotactic Index 64

100 °C e=4.8

- - o 2
Figure 12. AFM images of film surface on stretch temperature effect at 300 mm/min (full scale 1 um, phase image).

observe the appearance of crystallites in originally
amorphous regions, but crosshatched morphology ob-
served in lower tacticity PP is essentially absent.

Figures 8—10 show AFM images of films of samples
stretched at 150 °C at 300 mm/min rate. The primarily
amorphous (dark) regions gradually filled with crystal-
lites (strain of 1.2 Figure 9), and this behavior is very
similar to isotactic index 43. The microfibrils start to
appear at the strain levels of 2.6. This microfibrillar
appearance in the low-tacticity 43 sample was observed
at lower strains. Ball-like crystalline regions give way
to microfibrillar morphology at strain of 4.5 while some
of their remnants still remain observable in Figure 10.

140 °C, e=4.6

125 oC, e=4.8

Stretch direction

3.3. Effect of Stretching Conditions. Figure 11
shows the effect of stretching rate for samples stretched
to large deformation levels. They all exhibit shish-kebab
morphology. The increase of rate causes a decrease of
size of lamellae. The size of the ball-like entities
increases with the decrease of stretching rate. It should
be noted that increased exposure to processing temper-
atures with lower rates of stretching could have played
arole in the size enhancement of these ball-like entities.

Lowering the stretching temperature (Figure 12) has
the same effect as decreasing the stretching speed
shown in Figure 11. There is one exception, however,
that the shapes of the ball-like entities are ellipsoidal
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week at room temperature; strain effect in isotactic index 43
(full scale 5 um, phase image).

with their long axes oriented in the stretching direction
(isotactic index 64, 125 °C, in Figure 12). This indicates
that deformation becomes more homogeneous at lower
temperatures at these length scales, perhaps reflecting
the increased efficiency of transmission of forces to
microscale structures. Another possibility is as follows:
Upon cooling from melt, the higher isotacticity isotactic
index 64 films exhibit higher crystallization peak tem-
perature (105 °C) as compared to lower isotacticity
isotactic index 43 films (88 °C). Obviously this is a direct
consequence of increased crystallizability with increased
isotacticities present in the samples. The fact that we
observe larger nodules in higher isotacticity isotactic
index 64 samples as compared to isotactic index 43
samples at comparable temperatures suggests that
these nodules formed of mostly epitaxially grown crys-
tallites on microfibrils.

3.4. Aging Effects. Since the T of isotactic index 43
is below 0 °C, room temperature, aging is expected to
play a role in the long-term morphological development.
These studies are shown in Figures 13—15. As we
pointed out earlier, the dark regions represent softer
amorphous regions. They have a tendency to bloom out
of average surface plane. The films processed to lower
strains (Figure 13) and the lower temperatures (Figure

Uniaxial Stretching of PP 2177

14) exhibit larger amorphous regions that appear dark
in these images. Figures 14 and 15 show the AFM
images of the samples aged at room temperature for 1
week and 1 month. As these films age, the size of these
amorphous regions increases. As the stretching tem-
perature decreases, we observe that the amorphous
regions coalesce into larger regions upon aging. This
suggests that the processes governing this rearrange-
ment are perhaps controlled partly by phase separation
as the less crystallizable polymer chains or segments
of chains containing lower isotacticity levels are phase
separated into their own regions during this aging
process.** Crystalline regions appearing as brighter
regions continue to densify. This is particularly true in
140 °C stretched and aged samples.

Although it represents mostly bulk information, ad-
ditional evidence comes from DSC analysis. Figure 16
show the DSC curves for isotactic index 43 films,
indicating they change substantially by annealing or
varying stretching temperature. These results also
reveal that little or no change in crystallinity is observed
even upon annealing. The melting peak becomes broader
at the lower temperature stretching, signifying destruc-
tion of crystallites into smaller and/or more imperfect
states. This size reduction seems to help the amorphous
chain to bloom out to the surface; that is, the smaller
size of crystallites with lower stretch temperature
creates a more “open” structure. In addition, this latter
process leads to recrystallization of some of the amor-
phous chains, compensating for the destruction effects
on the original crystals. This scenario would explain
why the total crystallinity remains roughly constant.

Figure 17 shows the DSC curves in isotactic index 64.
Crystallinity increases by annealing and decreases with
stretching in isotactic index 64. The melting peak shape
changes are similar to those of isotactic index 43, but
they are less pronounced.

Table 3 and Figure 18 show the crystallite size
obtained by the Scherrer equation (eq 3) obtained from
WAXD data.

crystallite size; L (A) = KA/(By, cos (0))  (3)

Here, K = 1, 4 is the wavelength of Ko = 1.542 A, By
is the half-width, and 0 is the peak position. We observe
a significant increase in crystallite size with annealing
after simulating holding stage in the film prior to
stretching, confirming the surface observations are valid
in the bulk of the samples as well (Table 3). Though
the crystallite sizes obtained by WAXD represent aver-
age shown in Figure 18, they match well with the ones
measured AFM pictures discussed before. We can see
that crystallite size decreases with decreasing stretch
temperature (Figure 18b,d). Because the ones stretched

1 week aging

125 °C e=4.7

140 °C £=4.8

iR 0 R L

index 43 (full scale 5 um, phase image).

Stretch direction
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(a) Phase image

(b) 3D image

Stretch direction
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Figure 15. AFM 3D images of film surface on aging effect
for 1 week at room temperature (isotactic index 43, 140 °C,
300 mm/min, true strain = 2.4; full scale 2 um).

in the lower temperature have a significant amount of
nodules, we are unable to verify the fibril size changes
with AFM. On the other hand, it does not change with
the stretch rate (Figure 18a,c).

3.5. Structural Model. The decrease of isotacticity
increases the fraction of amorphous regions in these
films, and at isotactic index 43 the crystalline regions
are essentially unconnected; the resulting dynamic
behavior shown at Figure 1 indicates that major fraction
of deformation is taking place in the amorphous regions.
The crystallites, although mainly locally connecting
structures, are separated in amorphous regions at early
stages of deformation. The structural conversions are
taking place mostly in the amorphous regions typically
undergoing strain-induced crystallization by forming the
“shish structures” followed by the kebab overgrowths
(Figure 6). We also observe some unusual behavior on
the rate effect and temperature effects on the nodule
formations. Lowering stretching rate and stretching
temperature cause the nodules sizes to increase (Figures
11 and 12). Aging has a remarkable effect of phase
segregating the amorphous regions, while crystalline
regions densify (Figures 13—15).

Figure 19 shows a schematic of the relation between
property and change of structure at the optimum
processing temperature shown earlier (eq 2) in isotactic
index 43 and isotactic index 64. We divided the behavior
into three stages in the previous paper,3* but isotactic
index 43 in this condition show no stage | as shown in
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Figure 1. We attribute this to the presence of very low
levels of crystallinity in these samples, resulting in
rubberlike deformation of mostly amorphous chains and
absence of long-range connectivity between the crystal-
lites.

At the initial part in the stage Il, the ball-like
crystallites spread out in isotactic index 64 (Figure 10),
or crosshatched lamella are broken into small pieces in
isotactic index 43 (Figure 6). The microfibrils start to
appear at stage Il which corresponds to strain 1.2 in
isotactic index 43 and 2.6 in isotactic index 64. We can
see that shish-kebab-like structure in isotactic index 43
or the agglomerated crystallite in isotactic index 64 at
this stage. At this stage the fibrillar structure develops
well, and kebabs are not noticeable in stage Ill. But
there remains substantial lamella on the microfibrils
randomly distributed along their length. Isotactic index
64 shows the macrofibrils (Figure 8), while isotactic
index 43 does hardly in this stage (Figure 5).

Figure 20 shows the further detailed structural model
in microscale at these conditions. There are substantial
amounts of nodules, but they do not appear to contribute
to deformation mechanisms considered here. That is
why we do not consider the existence of nodules here.
AFM results showed that the structures are composed
of macrofibrils of 3—5 um in width (Figure 8) that are
composed of microfibrils of 15—20 nm (Figure 10) in
isotactic index 64. The latter values match well with
the crystallite size obtained by WAXD (Figure 18c), even
though it represents bulk property. The periodicity of
microfibrils is roughly 300—400 nm in both isotactic
index 43 (Figure 6) and isotactic index 64 (Figure 10).
Thus, a typical macrofibril consists of ca. 100 mi-
crofibrils along their transverse direction in isotactic
index 64. The b-axes are oriented in the transverse
direction in the microfibrils. Since the b-axis is 2 nm
long, a crystallite has 5—10 chains along b-axis. If we
take the periodicities observed along the shish-kebab
structures as representations of long periods, they are
in the range of ca. 20—30 nm at strain 1.2—2.4 in
isotactic index 43 (Figure 6).

Figure 21 shows the schematic of the structure in
each stretch condition to explain the blooming of amor-
phous regions on the surface. The molecules connected
with crystallites represent the gray line, and the uncon-
nected ones represent the black line in Figure 21. At
low strains, there are fewer numbers of the chains
connected with crystallites. In the companion paper, we
observed that the orientation function of amorphous
chains is almost zero even at higher strain levels in
isotactic index 43.%6 So most of the unconnected amor-
phous chains are in a random coil state. Once the strain
becomes larger, the number of tie molecules will in-
crease and the network of microfibrils consisting of
crystallites will densify, thereby suppressing the mobil-
ity of unconnected crystallites. On the other hand, the
size of each crystallite decreases with decreasing tem-
perature (Figure 18b,d), resulting in generation of larger
fraction of unconnected crystallite to go through the
crystalline regions. We can also consider the barrier
effect of crystallite to passage of free amorphous chain
also decreases when crystallites become smaller. Bloom-
ing may have formed as follows: During crystallization
from melt under deformation, a network of crystallites
that are enhanced by chain entanglements form and
start exerting hydrostatic pressure on the noncrystal-
lizable chains of low tacticity and/or still molten regions..
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Figure 17. DSC curves dependent on the stretch conditions of isotactic index 64.

This leads to blooming at the surface. Obviously den-
sification due to crystallization has a further amplifying
effect on this mechanism During aging at room tem-
perature, structural reorganization continues to occur,
and thus amorphous-rich regions that contains mostly
lower tacticity chains or segments of chains coalesce to
enlarge these regions.

4. Conclusions

Low-isotacticity polypropylene film (isotactic index 43)
exhibits crosshatched lamella. At the early stages of
deformation, the latter morphology is first broken into
small pieces and then microfibrils start to appear. At
intermediate deformation levels, shish-kebab-like struc-
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Table 3. Crystallite Size

crystallite size in the normal to the
(hKI) crystal plane, A

isotactic  lattice plane
index indices as cast anneal 10 min&
43 (110) 28 164
(040) 66 157
(130) 44 154
64 (110) 30 162
(040) 51 186
(130) 36 171

a |sotactic index 43: 140 °C; isotactic index 64: 150 °C.
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Figure 18. Crystal size obtained by WAXD dependent on
stretch rate and temperature.
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Figure 19. Schematic of the relation between property and
the change of structure (isotactic index 43: 140 °C, 300 mm/
min; isotactic index 64: 150 °C, 300 mm/min, strain = 3-5).

tures appear, and at deformation levels over strain 1.2,
this morphology transforms into fibrillar superstructure
with sparse population of laterally grown lamella along
their lengths.

At higher isotacticity isotactic index 64, we observe
macrofibrils of 3—5 um diameter, a morphological
feature that was not present at lower tacticity level. In
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Figure 20. Schematic of the structure of stretched polypro-
pylene (isotactic index 43: 140 °C, 300 mm/min, strain = 3—-5;
isotactic index 64: 150 °C, 300 mm/min, strain = 3—5).
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Figure 21. Schematic of the structure for explanation of the
mobility of the amorphous chain in some conditions.

addition, microfibrils of 10—20 nm diameter are ob-
served in isotactic index 43 and isotactic index 64. The
latter size matches well with the equatorial crystal size
obtained by WAXD. A nodular superstructure that
contain one or more alternating lamella—amorphous
pairs was found to be promoted at lower processing
temperature, lower stretching speed, and higher iso-
tacticities, which provides plenty of room for growth of
nodules, while the crystallite size obtained by WAXD
indicates the width of microfibril decreases with de-
creasing temperature.

Stretching of low-tacticity PP was found to result in
formation of crystallite/entanglement network that
exerts hydrostatic pressure on the amorphous regions,
leading to blooming of these regions at the surface of
low-tacticity polymer.

Room temperature aging was found to coalesce these
amorphous regions—a process that resembles the late
stages of phase separation in partially miscible systems.
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