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The fact that plastic deformation mechanism is strongly dependent on the deformation direction leads
to further understanding of deformation behavior of not only PP but also any crystalline polymers.
The finding will widen the material design in both extrusion and injection-molding processes.

In extrusion process, polypropylene (PP) films containing the specific 3
nucleating agent exhibit the anomalous molecular orientation, in which PP chains are oriented
perpendicular to the flow direction, irrespective of the molecular weights of PP. We explained that
the deformation behavior of the extruded sheet depends on the stretching direction. As the microvoid

formation occurs during stretching in a machine direction, a sufficient amount of tie molecules
connecting between crystallites is required for highly porous structure. Moreover, the
transformation of crystalline phase as well as the rotation of chain axis during stretching is
responsible for the frequent void opening. These results indicate that the anisotropy of both the
crystalline phase and the amorphous regions is responsible for the different morphologies during the
deformation. The material would be applicable to the development of microporous films for battery
separators.
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1. BIFEBRSE S HIDE R

Polypropylene (PP) product having high content of the 3 —form crystals usually shows the excellent
mechanical toughness. Generally, high content of [ —form crystals is obtained only through adopting
suitable conditions such as addition of S —nucleating agents and controlled processing conditions. In
this research, a small amount of S —nucleating agent, N,N -dicyclohexyl-2,6-naphthalenedicarbox—
amide, is employed to prepare PP with a large amount of 8 —form crystals. We introduced a method to
control the molecular orientation of 8 —form PP, resulting in an extraordinary structure. Because of the
hydrodynamic force at extrusion, long axis of needle crystals of the nucleating agent orients to the flow
direction. Consequently, PP molecules orient perpendicular to the flow direction. As the unusual
molecular orientation was perpendicular to the flow direction, the deformation mechanism was different
from that observed for conventional products. We explained that the deformation behavior of the
extruded sheet depended on the stretching direction. Cavitation, with numerous microvoids and fibrils,
was prominent in the sample drawn in the machine direction (MD), whereas a shear yielding deformation
was apparent in the sample drawn in the transverse direction (TD). Based on these results, we suggest
that the concept of orientation control in a PP sheet containing a nucleating agent (PP/NA) would be
applicable to the development of polymeric microporous films for battery separators by a melt extrusion
process followed by stretching. To control the porosity and uniformity of a fabricated film, the structural
control of the crystalline lamellae and amorphous phase was studied considering the molecular weight of

PP, which is a key factor affecting the pore interconnectivity.

2. FROHB
The objective of this research is to clarify the relationship between the molecular weight of PP and
its morphology based on the deformation mechanism of PP/NA during uniaxial stretching. The results

will provide the important information for engineering microporous films.

3. BrROFHIE

Three types of commercially available isotactic PP with different molecular weights (low, medium,
and high) were used as raw materials. The nucleated PPs were prepared by melt-mixing PP,
B —nucleating agent; N,V -dicyclohexyl-2,6—-naphthalenedicarboxamide, thermal stabilizers, and
neutralizing agent using a counter—rotating twin—screw extruder. Kneading was performed at 260°C to
complete the dissolution of the nucleating agent. The resulting PP mixtures were extruded and cut into
pellets.

To prepare the oriented PP films, the PP pellets containing the nucleating agent were fed into a
single-screw extruder equipped with a T—die. The temperature of the die was controlled at 200°C and
that of the chill roll was 120 °C. The thickness of the obtained films was 200 p m.

To clarify the deformation behavior, the as—extruded sheets of PP containing the nucleating agent
(PP/NA) were stretched in the MD and TD using a biaxial stretching machine. The PP/NA sheet was
held in the machine for 40 minutes at 100°C and then stretched in the uniaxial direction while

maintaining a constant width, with a strain of 300%.



4. WFIERR

As revealed by WAXD measurements, a unique molecular orientation, in which both the c—axis and
crystalline lamellae were oriented perpendicular to the flow direction, was formed in all undrawn film
samples, irrespective of the molecular weights. A greater degree of crystallinity was exhibited in the
medium—molecular weight sample (M—=PP/NA). A decrease in the melting temperature for both « — and
B —form crystals and the enhanced long period by SAXS demonstrated an evolution of the amorphous
fraction in the high—-molecular—weight sample (H-PP/NA).

In the drawn films uniaxially stretched with a constant width, a marked void opening with a rotation
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FIGURE 1 SEM micrographs of the drawn MD samples for PP/NA; (A)
medium— molecular-weight sample, and (B) high—-molecular-weight sample.

generation of numerous amorphous
chains acting as tie molecules between
the neighboring lamellae and reduced
the lamellar thickness. As a result, cavitation with void openings was inhibited, leading to a small number
of voids for high-molecular-weight sample. In contrast, low—molecular-weight sample (L-PP/NA)
showed brittle properties in the MD stretching, which can be explained by the shortage of the tie chains
in the stretching direction.
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medium—molecular-weight sample. In FIGURE 2 Ultrasonic attenuation coefficient of PP/NA sheets. The
samples were stretched at a strain of 300% in the MD and TD directions.

the case of the TD stretching, shear

yielding with the 8 —to— a phase transformation was apparent for all samples containing the nucleating

agent, except for the low—molecular—weight sample. These results indicate that the anisotropy of both

the crystalline phase and the tie molecules between the crystallites was responsible for the different

morphologies obtained during the deformation. The finding demonstrated the influence of the molecular

weight on the void structure, which will be useful in the field of microporous membranes.
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