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The effects of annealing on the structure and mechanical properties of mesomorphic isotactic poly-
propylene have been investigated using wide-angle and small-angle X-ray scattering and rheo-optics in
addition to tensile tests. Young’s modulus of mesomorphic phase was estimated to be 5 GPa using
Takayanagi model. The a-crystallitic iPP prepared by annealing the quenched mesomorphic iPP was
transparent because of the absence of spherulitic structure. It was found that the mechanical yielding of

a-crystallitic iPP is dominated by the plastic flow of crystalline structural units whereas the yield process of
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units.

a-spherulitic iPP quenched at 80 °C is caused by the fracture or fragmentation of crystalline structural

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that isotactic polypropylene (iPP) is a typical
polymorphic material with three main crystal forms such as
monoclinic a-modification, hexagonal B-modification, and triclinic
yv-modification in which the o-form crystal is the most stable
crystalline forms in iPP [1]. In addition, iPP with an intermediate
order between crystalline and amorphous phases is obtained on
rapid cooling from the melt. Natta et al. [2] termed this structure
the “smectic” state and suggested that the smectic structure is
composed of parallel 3/1 helices similar to a-modification but the
disorder exists in the packing of the chains perpendicular to their
axes. Here we call it “mesomorphic phase or mesophase”. The
mesophase can be considered as a frozen intermediate ordering
state during crystallization which is caused by a quenching solidi-
fication process which hinders molecular motions necessary for
crystallization [3]. Although this quenched phase is stable at room
temperature, it transforms to the monoclinic a-modification by
heating at a temperature higher than 60 °C [4]. This structural
transformation has been widely studied by a variety of structural
characterization methods [5-10] such as differential scanning
calorimetry (DSC), wide-angle X-ray diffraction (WAXD), small-
angle X-ray scattering (SAXS), and transmission electron micros-
copy (TEM). Qui et al. [11] investigated changes of structure and
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morphology of quenched iPP films during tensile deformation at
room temperature by synchrotron SAXS/WAXD techniques and
found that the mesomorphic structure does not transform into
crystal phase during deformation and the chains in the mesophase
domains become highly oriented while keeping the 3/1 helical
conformation in the yielding and necking regions. Ran et al. [12]
showed that the a-from crystals are converted to the mesomorphic
form with uniaxial drawing at room temperature. This kind of
mesophase, that is deformation-induced mesophase, appears to be
similar to the quench-induced mesophase form but they are
essentially different because the latter is highly oriented with no
SAXS long range ordering while the former is isotropic with an
obvious SAXS long a range ordering as suggested by Qui et al. [11].

It is well known that slow cooling the molten iPP leads to
spherulitic structure where a-crystalline lamellae are radially orga-
nized. The spherulitic structure is a typical macroscopic super-
structure for various semicrystalline polymers and can be readily
visualized by polarizing optical microscopy. It has been identified
[10] that usual annealing process perfects the crystal structure but
does not change the macroscopic morphological organization such
as spherulites. It follows that annealing the mesomorphic structure
converts to the nonspherulitic morphology with highly crystalline a-
monoclinic form [4]. OIf et al. [13] compared stress-crazing of
mesomorphic iPP, nonspherulitic a-crystalline iPP, and spherulitic o-
crystalline iPP, showing that crazing behavior of the mesomorphic
iPP and the nonspherulitic o-iPP is very similar to that of typical
amorphous glassy polymers where the crazes are straight and
strictly perpendicular to the stress direction whereas the spherulitic
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iPP crazes an entirely different manner from glassy polymers,
showing that crazing happens that a craze zigzags from center to
center through several spherulites. O’Kane et al. [ 14] investigated the
effects of annealing on the structure and tensile properties of a-
monoclinic structure and the quenched mesomorphic structure.
They found that the yield stress strongly depends on the size and
perfection of the crystalline regions.

A number of works have been conducted on morphology
transformation and deformation behaviors of mesomorphic iPP.
However, few works have been done to systematically investigate
the comparison of tensile properties among mesomorphic, non-
spherulitic, and spherulitic iPP materials. The purpose of this study
is to investigate the dependence of the tensile properties of the
quenched iPP on the structural changes induced by the annealing
process. In addition, we compared the mechanical properties of
these annealed iPP with those of typical spherulitic iPP which were
prepared by quenching at a higher temperature. For example, in the
case of injection molded iPP materials the skin phase in the iPP
materials form a quenched structure while their core phase is
slowly cooled. Thus, the morphology of the iPP materials is signif-
icantly complicated and is mixture of quenched and slow-cooled
structures. Therefore, it is very important to examine the depen-
dence of the tensile properties of iPP on the structural changes
induced by the annealing and cooling process.

2. Experimental
2.1. Materials

Material used in this work is a commercial iPP with a high
tacticity (98-99%), weight average molecular weight M,y of 260 k
and a polydispersity of My/Mp=5.7. The iPP pellets were
compression molded in a laboratory hot press at 230°C. The
samples were completely melted for 15 min between two
aluminum sheets prior to the application of a pressure of 10 MPa to
produce iPP sheets of about 200 pm thickness. On removal from the
press, the samples were plunged directly into an ice water bath
maintained at 0°C to prepare the mesomorphic iPP sheets. The
degree of transformation to the monoclinic a-form was controlled
by changing the annealing temperature from 25° to 140 °C. The
structural characteristics of these samples are presented in Table 1.
A series of these iPP samples (sample code C) showed no spherulitic
structure and the end-numeral of code C denotes the quenching
temperature in °C. In particular, we call the C140 sample “crystal-
litic iPP” in this paper.

For comparison, we prepared a-spherulitic iPPs by quenching at
80 °C after being melted in the hot press. The crystallinity of the
spherulitic iPPs was controlled by changing the annealing temper-
ature from 80° to 140 °C. The structural characteristics of these
samples (the sample code S) were listed in Table 2. The end-numeral
of sample code S denotes the quenching temperature in °C.

Table 1
Structural characteristics of annealed mesomorphic iPP samples.

Sample Anneal Density/ ¢u/% @meso/% ¢amor/% Lp/nm L/nm Ly/nm Ly/nm
temp./°C kg m>

C25 25 881 0 435 56.5 867 0 377 490
C40 40 884 0 484 51.6 893 0 432 461
C60 60 886 0 516 48.4 9.68 0 499  4.69
C80 80 894 20.6 374 42.0 10.8 222 404 454
C100 100 901 424 203 373 13.1 555 266 4.89
C120 120 906 523 144 333 153 8.00 220 5.09
C140 140 910 683 0 317 189 129 0 5.99

¢,: fraction of a-crystal/¢n,: fraction of mesophase/¢,: fraction of amorphous/Ly:
long period/L.: crystalline thickness/Ly,: mesophase thickness/L,: amorphous
thickness.

Table 2
Structural characteristics of spherulitic iPP samples.

Sample Anneal Density/ ¢u/% @meso/% ¢amor/% Lp/nm L/nm Ly/nm Ly/nm
temp./°C kg m>

S80 80 901 573 0 42.7 121 693 0 5.17
S$100 100 906 634 0 36.6 14.0 888 0 512
S120 120 908 65.9 0 341 161 106 O 5.49
S140 140 910 683 0 31.7 179 122 0 5.67

¢,: fraction of a-crystal/@n,: fraction of mesophase/¢,: fraction of amorphous/Ly:
long period/L.: crystalline thickness/L;,: mesophase thickness/L,: amorphous
thickness.

2.2. Measurements

2.2.1. Tensile measurements

Dumbbell-shaped specimens were used for the tensile tests.
They were cut from the compression molded sheets of 200 um
thickness with a cutter and have a gauge length of 10 mm and
awidth of 4 mm. The samples were elongated at room temperature
(25°C) and at a constant elongation speed of 1, 5, 10, 20, 50, and
100 mm/min using a Shimadzu AGS-5kN. The tensile stress was
determined from dividing the tensile load by the initial cross-
section and the tensile strain was calculated from the ratio of the
increment of the length between clamps to the initial gauge length.

In addition, the thickness and width of the sample specimens
were measured under tensile deformation in order to estimate the
Poisson’s ratio. For the purpose, a Keyence LS-3100 and LS3034
laser detectors were mounted on the AGS tensile machine. The
elongation speed was 2 mm/min. The rectangle specimens with
200 um thick, 20 mm width, and 40 mm length were used for the
measurements.

2.2.2. Rheo-optical measurements

In this work, infrared dichroism was measured simultaneously
with tensile deformation at a constant speed of elongation to
investigate the chain orientation behavior. A tensile tester was set
in Fourier-transform infrared spectrometer (ORIEL MIR8000) in
such a way to allow infrared beam through a film specimen
mounted on the tensile tester. The tensile tester was specially
designed for upper and lower clamps to symmetrically move from
the central point of the film so that the beam spot remains at the
initial position during a whole stretching. The elongation speed was
1 mm/min in all cases. Double-edge-notched specimens with
a gauge length of 4 mm, a ligament length of 4 mm, a width of
16 mm were used for the tensile tests. They were punched out from
compression-molded films of 100 pm thick.

In order to quantitatively examine the stress-whitening under
tensile deformation, we measured the transmission intensity of
visible light (wave length = 632.8 nm) during tensile deformation.
For the purpose, the tensile tester described above was mounted on
an optical system SALS-100S (IST Planing Co.) in which the 2 mW
He-Ne laser beam is rendered perpendicular to the stretching
direction, passes through the center (stressed region) of the spec-
imen and into a photomultiplier. The transmitted intensity was
recorded by a transient computer memory as a function of time.
The elongation speed was fixed to be 1 mm/min.

2.3. Characterization

The WAXD measurements were carried out at room tempera-
ture with a Rigaku RU-200 diffractometer with Ni-filtered Cu-Ka
radiation from a Rigaku generator operated at 40 kV and 100 mA at
a scanning rate 2°/min over the diffraction angle 26 range from 10
to 25°. As shown in Fig. 1, the diffraction patterns of all the samples
have a broad amorphous background superimposed on five sharp
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Fig. 1. WAXD patterns of annealed mesomorphic iPP sheets. The details of samples are
listed in Table 1.

diffraction lines ascribed to the 14.1, 16.9, 18.5, 21.8, and 22.1° for
a-modification and/or to the 14.5 and 21.5° for mesomorphic
modification. The degree of transformation from mesomorphic to
a-modification increases with the annealing temperature.

On the basis of the analysis method proposed by Martorana et al.
[15], we estimated the volume fraction of mesophase in the non-
amorphous part. Because the WAXD reflection peaks of a-crystal-
line, mesomorphic, and amorphous components are overlapped for
the present iPP samples, curve-fitting processing by using the
Gauss function was carried out to separate the WAXD peaks and
their integral areas were computed. In the WAXD profile, (110) at
20 =14.1°, (040) at 16.9°, (130) at 18.5° are principal reflections of
the a-crystals of iPP whereas the peak at 14.5° is the principal
reflection of mesophase, and they are considered as the markers for
a-crystals and mesophase, respectively. The various reflection areas
were computed after subtraction of the amorphous halo. The
mesophase fraction in the crystalline part of any specimen was
assessed from the ratio of the area of the main mesophase reflec-
tion at 14.5° (Smeso) to the sum of the total area of the main crys-
talline reflections (S, = Sy1 + Su2 + S»3) such as a (110) at 26 = 14.1°
(S41), (040) at 16.9° (S,2), and (130) at 18.5° (S,3) from the o phase
plus reflection from the mesophase (Smeso)-

Densities of the films were determined by a flotation method at
room temperature. The binary medium prepared from various
ratios of distilled water and ethyl alcohol was used. Assuming that
mesophase regions consists of liquid-like lateral disorder with
imperfect c-axis registration [16], the volume fraction of amor-
phous phase ¢, was determined from the density data using

1-¢, = 2P (1)
Pc— Pa

where p is the overall density of the sample, p, is the density of

amorphous phase which are taken to be 854 kg/m> [17], and p*. is

the density of non-amorphous phase given by the following

equation:

Pi = TPmeso + (1 —=1)py, (2)

where p,, is the density of a-crystal which is 936 kg/m?> [18], pmeso is
the density of mesophase which is 916 kg/m> [19], and r is the
volume fraction of mesophase in the non-amorphous part which
was determined by the weight fraction of each phase estimated
from using the above WAXD method in addition to the density of
each phase. The volume fractions of a-crystal phase ¢,, mesophase

¢meso, and amorphous ¢, estimated using Eqs. (1) and (2) were
listed in Tables 1 and 2. In Fig. 2, each fraction is plotted against the
annealing temperature. The amorphous phase monotonously
decreases with increasing the annealing temperature. It was sug-
gested that the mesophase is transferred into a-crystal form by
annealing at higher temperatures above 60 °C according to the
literature [3] and a part of amorphous is converted to the meso-
phase by annealing at lower temperatures below 60 °C.

The SAXS measurements were performed with a point focusing
optics and a one-dimensional position sensitive proportional
counter (PSPC) with an effective length of 10 cm. The Cu-Ko. radi-
ation supplied by a MAX Science M18X generator operating at
40 kV and 30 mA was used. The SAXS profiles of C- and S-samples
are shown in Fig. 3. The inverse of the SAXS peak position on Ig?
versus q curve (Lorentz-corrected SAXS curve) yields the long
period Lp. As shown in these figures, the annealing of C- and S-
samples leads to an increase in the SAXS long period. In addition,
the SAXS profile of C-samples exhibited broader and less intense
than those of S-samples but the annealing process changes the
broad peak in SAXS profile of quenched iPP (C-samples) to reach
the sharp patterns of spherulitic iPP samples (S-samples).

Assuming that the mesophase is the partially disordered a-form
and/or in the paracrystalline state [20], three or two-phase model
can be employed and the thickness of a-crystalline lamellae, mes-
ophase and amorphous layer can be estimated from the product of
their volume fractions and the SAXS long period values. These
analytical data are listed in Tables 1 and 2.

The formation of supermolecular structure such as spherulites
can be revealed by transmission optical microscope between
crossed polarizers. The pictures of C25, C140 and S140 are exem-
plified in Fig. 4. It was confirmed that S140 sample is typical
spherulitic whereas there are no supermolecular structure in C-
samples being independent of the degree of transformation to a-
modification. In addition, these pictures suggest that C-samples
show a high transparency whilst a-spherulitic iPP samples were
not clear because of the light-scattering due to the spherulitic
structure. The heat-treatment of quenched iPP can be considered to
be a practical method for preparing a transparent o-iPP film.

TEM measurements were done with a HITACHI H-7100 trans-
mission electron microscope applying an acceleration voltage of
80 kV. The ultrathin specimens were sectioned into slices of about
100 nm thickness with an ultramicrotome (Reichert-Nissei ULTRA-
CUTS) at —140°C. The ultrathin films were then stained with
ruthenium tetraoxide. Photographic contrast is produced by selec-
tive electron scattering from the stained non-crystalline phase. As
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Fig. 2. Phase fraction plotted against the annealing temperature of C samples.
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Fig. 3. SAXS patterns of crystallitic iPP (C) and spherulitic iPP (S) samples.

shown in Fig. 4, TEM pictures also demonstrate that the annealing
iPP quenched at 0 °C exhibits no significant supermolecular struc-
ture whereas the iPP quenched at 80 °C exhibits typical spherulitic
structure the size of which was about 20-30 um. In addition, the
fibrils with thickness of 200-500 nm, which appears be composed of
bundles of stacked lamellar clusters as demonstrated by Nitta—
Takayanagi[21], were found to radiate from the center of spherulites.

3. Results and discussion

Fig. 5 shows the stress—strain curves at room temperature for
C-samples with different mesophase contents. The overall stress
levels are increased by transformation of mesophase to monoclinic
a-form. The yield peak of mesomorphic iPP is significantly broad
and it becomes narrower and much intense as the fraction of
a-crystalline phase increases.

Young’s moduli estimated from these stress-strain curves are
listed against the annealing temperature. The Young’s moduli of
these iPP samples having a variety of structural organization were
analyzed using a multi-component Takayanagi model [22] as
shown in Fig. 6. In the model A is the major component and the
dispersed component B is composed of two parts: B2 is the minor
component and B1 is the intermediate component. If the sample is
a two-phase system, B2 is set to be B1 and the model corresponds
to a typical Takayanagi model.

a c25 b

]

2pum

C140 c

In the case of two-phase model that a part of the A component is
coupled in parallel with the B component and the remainder of A is
coupled in a series with the A-B parallel element, the modulus E is
given by

_ (1 - \/@)EA +\/$5Ep
(98 + 1 V) Ea+ V(1 /5)Es

where Ej is the modulus of the A component, Eg is the modulus of
the B component, and the ¢p is the fraction of the B component.
This equation was derived under an assumption that the material
is mechanically isotropic. In the multi-component model, the
component B is composed of B1 and B2 parts in which a part of the
B1 component is coupled in parallel with the B2 component and
the remainder of B1 is coupled in a series with the B1-B2 parallel
element. In this multi-component model, the modulus of Eg is

given by
(1 - \/@)Em +/P52Ep2
(¢§2 +1- \/@)531 +1/0ha (1 - \/@)532

where Eg; is the modulus of the B1 component, Eg; is the modulus
of the B2 component, and the ¢'p, is the fraction of the B2

(3)

Ep = Ep (4)

$140

a2

2 ' 5pum

Fig. 4. Polarized optical microscope and TEM pictures of iPP samples: S25 (mesomorphic iPP), S140 (crystallitic iPP), and S140 (spherulitic iPP).
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Fig. 5. Stress-strain curves measured at 25 °C and a cross-head speed of 1 mm/min of
C-samples.

component in the B element and given by ¢g,/¢g where ¢g; is the
fraction of the B2 component in the multi-component model. The
modulus of the multi-component model can be obtained by putting
Eq. (4) into Eq. (3).

In this work, the modulus of a-crystal phase E, was taken to be
a theoretical value of 45 GPa [23]. Fitting the two-phase Takayanagi
model to experimental data of a set of a-spherulitic iPP (S-samples)
yields Young’s modulus of amorphous phase Eimer=0.15 GPa.
Using these values E; =45 GPa and E;pr = 0.15 GPa, the modulus
of mesophase Epeso Was estimated to be 5 GPa by fitting the multi-
component Takayanagi model to the experimental data of
C-samples. Table 3 compares between the experimental Young’s
moduli and the computational ones.

As shown in Tables 1 and 2, C140 and S140 samples are o-crys-
talline iPP samples and have the similar lamellar morphology or
crystallinity but C140 has no spherulites (a-crystallitic) and S140 is

Fig. 6. Multi-component Takayanagi model.

Table 3

Young’s modulus.

C140 S$140

Exp. Calc. Calc. Exp.
0.39 0.40 0.68 0.60
0.45 0.45 0.73 0.72
0.44 048 0.78 0.79
0.60 0.59 0.82 0.84
0.69 0.69

0.72 0.79

0.87 0.85

a-spherulitic. Fig. 7 compares the stress—strain curves of C140 and
S$140 which has the same crystallinities of 68.3%. In the initial strain
region up to about 0.03 of strain where the stress is proportional to
the strain, there is no difference in stress-strain curve. Thus, these
samples delineate the same stress—strain curve in the initial strain
region. The insensitivity to the spherulitic structure is theoretically
confirmed by this author [24,25]. In other words, the present results
are consistent with our previous conclusion that the deformation of
the amorphous phases dominantly affects the modulus and the
stress level in the initial strain region [25]. This will be due to the fact
that the external load is concentrated on the amorphous region
because the rigidity of crystalline phase is much greater than that of
amorphous region [24].

The crystallitic C140 sample has double yield peaks similar to
polyethylene (PE) materials [26] whereas the spherulitic S140 has
a sharpened yield peak. The necking appeared at around the second
yield peak for C-series samples while the necking of spherulitic iPP
samples was initiated beyond the yield point. The second yield
peak was found to be pronounced by transformation of meso-
morphic phase to a-crystal phase, indicating that the enhancement
of the yield stress is a consequent of an increase in the perfection of
the crystalline phase as suggested by O’Kane et al. [ 14]. Fig. 8 shows
the dependence of the maximum (yield) stress on density for
C- and S-samples. As was found for the C-sample data, the yield
values fall onto two straight lines in the high and low density
regions. This demonstrates that the yield mechanism is essentially
different between the low density C-samples having no a-crystal
phase, or transforming from the amorphous phase to the meso-
phase and the high density C-samples transforming from the
mesophase to a-crystal phase. For the low density C-samples, the
transformation from amorphous phase to mesophase enhances
the maximum stress or yield stress. On the other hand, for the high
density C-samples, the yield stress is increased by an increase of the
crystal content or crystallinity. It is interesting to note that the yield

50 T T T L]
%1, =68.3% Temp.:297K
a0k CHS:10mm/min |
a-Spherulite
g 30
g ‘-‘-—&-..‘-—__________
i o-Crystallite
2 4
& 20
10 -
0 L 1 L 1
0 0.1 0.2 0.3 0.4 05

Strain

Fig. 7. Stress-strain curves measured at 25 °C and a cross-head speed of 10 mm/min of
crystallitic iPP (C40) and spherulitic iPP (S140) having a fixed crystallinity of 68.3 vol%.
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values of C- and S-samples fall on the different lines which are
parallel to each other, and the spherulitic iPP samples show
a higher yield stress as compared with the crystallitic iPP samples.

The linear relation between the density and the yield stress has
been identified for linear PE [27]. The same slope of the both lines of
the S-samples and high density C-samples suggests that the origin
of yield process is the same with each other and the yield process is
predominantly associated with the irreversible deformation of
crystalline phase. In other words, the high density C-samples as
well as the S-samples can be treated as a semicrystalline polymer
and their yield process is based on an analogy to the plastic
deformation and dislocation of crystals as suggested by Bowden
et al. [28]. The fact that the yield stress of the high density
C-samples is less than that of S-samples may be attributed to a lack
in the energy requirement for deformation and a large scale of re-
organization of spherulitic structure. The change in the character of
the yield stress of the low density C-sample is due to the fact that
the lower-density C-samples are composed of mesophase and
amorphous phase, and they cannot be treated to be as a typical
semicrystalline polymer. The decrease in the yield stress with
decreasing the density, or increasing the amorphous content,
resembles the effects of the yield stress and overall stress level on

elevating temperature, and the yield region for these samples is
very diffuse as compared with that of the high density C-samples.

The dependences of the stress—strain curves in mesomorphic
iPP (C25) and crystallitic iPP (C140) samples on tensile speeds are
summarized in Fig. 9(a) and (b), respectively. The important results
that are obtained from the major difference between these figures
are that the overall stresses increase with increasing elongation
speed and the first yield point is more pronounced for C25 while
the second yield point is more pronounced for C140. Considering
that C25 is mesomorphic and the mesophase region consists of
smectic aggregation of helical chains which can be considered to be
a loosely organized crystalline part and the interactions between
helical chains are weak, the dominant factor for the yield process of
mesomorphic C25 is likely to be the pulling-out processes of helical
chains from the mesomorphic domains. Therefore the dependence
of the yield behavior on elongation speed and temperature may be
described by a thermally activated rate process [29]. On the other
hands, the crystallitic C140 is a semicrystalline iPP so that the
second yield process will be associated with the irreversible
structural re-organization into oriented state. The deformation
mechanism will be discussed later.

The effects of structural organization on the orientation behavior
were examined using mesomorphic iPP (C25), crystallitic iPP (C140)
and spherulitic iPP (S140). In this work, the intensity of 998 cm™!
band, which is ascribed to CH3 rocking mode as coupled with C-CHs3
stretching mode, was measured as a function of time or strain every
1 s. Using the dichroic ratio of the band, we estimated the orienta-
tion function of crystal c-axis as described previously [30].

The yield peak of C25 is more diffuse and poorly defined.
Following yield, a more pronounced upswing in the orientation
function is observed for C25 as compared with crystalline samples
such as C140 and S140 (see Fig. 10). The negative orientation in the
pre-yield region as seeing in well-organized spherulitic S140 is due
to the fact that the deformation of well-organized spherulites
leading to the orientation of lamellae (or a*-axis or b-axis) causes
the c-axis to orient perpendicular to the stretching direction.

Fig. 11 illustrates the 2D WAXD patterns of the original and
drawn films (with a fixed draw ratio of 2) of C25, C140, and S140.
The WAXD patterns of original samples before drawing show that
all samples are completely isotropic. Two broadened ring being
associated with the mesomorphic phase are located for C25 (see
Fig. 11(a)). The WAXD data of crystallitic C140 and spherulitic S140
showed the five strong rings of the a-form crystal, which can be
attributed to the (110), (040), (130), (060), and (—131) reflections.
The WAXD peaks of drawn films are azimuthally centered on the
meridian, indicating oriented states. It should be noted here that
the 2D-WAXD pattern of drawn C140 shows sharp diffraction peak
while 2D-WAXD pattern of drawn S140 is broadened and is similar
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Fig. 9. The tensile speed dependences of the stress-strain curves measured at 25 °C for (a) mesomorphic iPP (C25) and (b) crystallitic iPP (C140) samples.
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Fig. 10. Orientation function of crystalline axis (998 cm~!) under a tensile test
measured at 25 °C and a cross-head speed of 1 mm/min for mesomorphic iPP (C25),
crystallitic iPP (C140), and spherulitic iPP (S140).

to that of drawn mesomorphic structure, which could be due to two
reasons: one is that crystals are disintegrated by the yield process
and the other is that there is the evolution of the mesomorphic
form caused by the chain-pulling from deformed crystalline
structures as suggested by Ran et al. [12] The comparison of WAXD
patterns between deformed C140 and S140 samples reveals that
the yielding process in spherulitic structure diffuses the a-crystal
structure.

It was found that some of specimens show stress-whitening
during tensile deformation. The stress-whitening was easy to
observe with eye but was difficult to characterize quantitatively. To
obtain quantitative data of the stress-whitening, we measured the
intensity of light transmittance under a tensile deformation. In
Fig. 12, the transmitted intensity I normalized by the initial inten-
sity of original film Iy was plotted against strain together with
stress—strain curves. The transmitted intensity of C25 and C140

C25 C140

Drawn C25 Drawn C140 Drawn S140

—
Drawn Direction
Draw ratio=2

Fig. 11. WAXD diffraction patterns of original samples of C25, C140 and S140 and their
draw samples at 2 of draw ratio.

suddenly dropped to zero just after yield process or at the neck
initiation. Also, the transmitted intensity of S140 starts to decrease
at around the yield initiation point and gradually becomes zero
after yielding region. The decrease in light transmittance may be
due to the light scattering caused by some entities such as micro-
voids and cracks in the deformed specimen. It is interesting to note
that for mesomorphic C25 films the intensity increases again
during necking deformation and the transparency recovered in the
necking process. It should be noted here that the drop of trans-
mittance at the initiation of necking is considered to be caused by
the light scattering due to a ramp surface between the necked and
unnecked regions when the necked part is initiated within the laser
spot. After extending the necked region all over the laser spot, the
transmittance of C25 was recovered, indicating that there are no
micro-voids and crack in the deformed C25.

Fig. 13 compares the strain dependences of the values of Pois-
son’s ratio measured simultaneously with tensile tests between
$140 and C140 samples. The Poisson’s ratio of S140 has a maximum
point at around 0.03 and decreases with increasing strain while
that of C140 is almost constant under deformation. Considering
that the decrease of Poisson’s ratio may be associated with the
volume expansion, various types of defects such as voids and cracks
are caused by disintegration and fragmentation of crystalline phase
for a-spherulitic iPP. The constancy of Poisson’s ratio of C140 as well
as the clear WAXD patterns in the drawn C140 led us to conclude
that the plastic flow deformation dominantly takes place at
yielding process without disintegration and fracture of crystalline
phase. It was found that yield mechanism of C140 is much different
from that of S140 and it is largely dependent of the presence of
supermolecular structure.

The yielding process of semicrystalline polymers leads to a large
scale of transformation from isotropic structure to fibrillar one
brought about by the destruction of crystalline phase and molec-
ular reorganization based on the plastic flow of crystalline chains.
According to theoretical consideration of solidification process of
spherulitic iPP materials by Nitta-Takayanagi [21], the clustering
process of crystalline lamellae takes place under the super-cooled
state. The precursor cluster units are evolved by the exclusion
process of chain-ends during solidification, the inside of which
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Fig. 12. Light transmittance intensity measured under a tensile test 25 °C and a cross-head speed of 10 mm/min for mesomorphic iPP (C25), crystallitic iPP (C140), and spherulitic

iPP (S140).

includes some intertwining chains, and they are developed to
lamellar clusters which are organized to be spherulitic morphology.
It follows that the size of the cluster units corresponds to the end-
to-end distance of polymers.

When the cluster units develop into the lamellar clusters,
bundles of some extended tie molecules can longitudinally join
together the adjacent cluster units belonging to the different
lamellar clusters and bridge adjacent lamellar clusters. According to
the previous theoretical treatments for yield deformation of
spherulitic PE and PP materials [21], the intercluster links support
the external force and their tractive forces act the cluster surface,
leading a portion of the lamellar cluster to be bent around each
intercluster link. At yield point, the fragmentation of lamellar
clusters into the cluster units occurs and it can be considered to be
accompanied by the dislocation and cleavage processes [31] of
crystalline phases as demonstrated by Young [31].

Following this theoretical consideration, one possible hypoth-
esis is that the mesomorphic iPP is composed of the loosely orga-
nized cluster units which are spinodally organized prior to be
completely crystallized, leading to the density fluctuation of single-
chain volume. In the case of crystallitic iPP, the precursor units are
transformed into the stacked lamellar cluster units composed of
well-organized a-crystalline lamellae by annealing process,
resulting in that the cluster units with single chain-volume are not
organized into spherulitic morphology but are randomly organized
or loosely aggregated. The cluster units are connected by means of
intercluster links to the neighboring ones which seems to corre-
spond to the cluster-network model as proposed by Kilian [32].
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Fig. 13. Strain dependence of Poisson’s ratio for crystallitic iPP (C140) and spherulitic
iPP (S140).

As a consequent, it is suggested that when the crystallitic iPP
sample is uniaxially stretched, the separation between the aggre-
gated adjacent cluster units takes place at the first yield peak and the
plastic flow and/or rotation process of the segregated cluster units to
the stretching direction takes place at the second yield point,
resulting in that the orientation of c-axis starts after the yield process.
The long period and crystallinity of crystallitic iPP seems to mainly
represent the inside structure of the cluster units. On the other hand,
an external stress applied to the spherulitic iPP causes the cleavage
between cluster units and decomposes the lamellar clusters within
spherulites into fragments, i.e. cluster units at the yield point. After
yielding, the decomposed cluster units orient to the stretching
direction. The fragmentation of lamellar clusters into cluster units
and the plastic flow of the fragmented units to the stretching direc-
tion are related to the initiation of necking beyond yield point [33].
Therefore, the diffuse WAXD pattern of a drawn spherulitic iPP and
the decrease of Poisson’s ratio around yield point will be associated
with the volume expansion due to void-opening and cracks caused by
the fragmentation and disintegration of lamellar clusters into cluster
units. On the other hand, yielding of crystallitic iPP is mainly due to
the plastic flow process of the segregated cluster units and needs not
the cleavage process of crystalline phase between cluster units,
resulting in that the WAXD profile of a drawn crystallitic iPP film in
the necked region is very clear and its Poisson’s ratio is almost
constant under yield deformation.

4. Conclusions

We examined the effects of structural arrangement on tensile
deformation of isotactic polypropylene. We compared the meso-
morphic iPP prepared by quenched at 0 °C, the a-crystallitic iPP
prepared by annealing the mesomorphic iPP, and a-spherulitic iPP
prepared by quenched at 80 °C. The crystallitic iPP film was trans-
parent because of the absence of spherulitic structure. The
following conclusions have been drawn:

e Young's modulus is independent of the formation of spherulitic
structure. Young’s modulus of mesophase at room temperature
was estimated to be 5 MPa which is an intermediate value
between crystalline and amorphous phases.

e The volume expansion occurs during yield deformation for the
spherulitic iPP while no excess volume-changes take place
during yielding for the crystallitic iPP. It was suggested from the
stress-whitening observation that the volume expansion is
caused by the formation of micro-voids and crazes.

e The yield strength of mesomorphic iPP is much lower than that
of the spherulitic and crystallitic iPP films. The mesophase is
composed of loosely organized state of helical chains and the
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yield process is based on the plastic flow of helical chains from
the mesomorphic domains.

The spherulitic iPP shows a sharp yield peak but the crystallitic
iPP shows broad yield points, indicating that the yield process of
spherulitic iPP is essentially different from that of crystallitic
iPP: The yield deformation of spherulitic iPP is caused by the
fragmentation of lamellar clusters into cluster units which is
accompanied by the cleavage and dislocation of crystalline
portions between cluster units. On the other hand, the yield
deformation of crystallitic iPP follows the plastic flow of cluster
units without the fragmentation of lamellar clusters.
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