Polymer Bulletin 41, 493-499 (1998) Polymer BuIIetin

0 Springer-Verlag 1998

Micromorphologic feature of the crystallization
of isotactic polypropylene after melt-shearing

Chang-Mou Wu', Ming Chen'”, Jézsef Karger-Kocsié

! Institute of Materials Science and Engineering, National Sun Yat-Sen University,
Kaohsiung, Taiwan 80424, Republic of China (e-mail: mingchen@mail.nsysu.edu.tw)
% Institut fur Verbundwerkstoffe GmbH, Universitat Kaiserslautern, Pf. 3049,

D-67653 Kaiserslautern, Germany

Received: 7 July 1998/Accepted: 26 August 1998

Summary

The formation of B-cylindritic micromorphologic structure
produced by pulling a Kevlar fiber from an isothermal
crystallizing B-nucleated isotactic polypropylene melt (at
T.,=133°C) has been studied by wusing polarized Ilight
microscope, phase contrast optical microscope, scanning
electron and atomic force microscopes. The micrographs
reveal a clearly interfacial shear zoneq-cylindrite, B-
cylindrite and B-spherulites near the sheared layer. Some of
the point-like B-nuclei was not originated from the surface
of the interfacial shear zone. A modified model based upon
the theory of shear-induced crystallization can explain the
phenomenon of polymorphic structure and the boundary shape
near the interface without assuming epitaxial growth.

Introduction

Isotactic polypropylene (iPP) is a polymorphic material with
a number of crystal modifications. Three crystalline phases
are well known for iPP:a monoclinic phase (1)B hexagonal
phase (2,3), andy orthorhombic phase (4-6). UsuallyPP
crystallizes in the most thermodynamically stable-phase
from the melt. The birefringence obti-phase spherulites is
positive, negative or mixed type depending on the
crystallization temperature (7). These spherulites are
easily distinguished fromB-phase spherulites which revealed
a very strong negative birefringence. Theetastablef-phase
crystallizes from the melt in temperature range of 105-
135°C. Several factors favor B-phase crystallization:
thermal gradient, shearing or elongation of the melt during
crystallization and nucleating agents in the polymer.

The iPP morphology near the sheared layer was most studied
by a thermo-optical method only. Leugering et al. (8) first
pointed out the fact that shearing of iPP increases the
amounts of the [(-modification. Dragaun et al. (9)
demonstrated that a critical threshold of shear rate has to
be exceeded forpP-phase crystallization. Varga (10) found
that the a andfB phases coexist in the transcrystalline-like
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interphase region by selective melting of tigephase. Varga
and Karger-Kocsis (11-13) suggest this transcrystalline-like
(or cylindritic) crystallization is induced by self-
nucleation of the iPP, which is different from heterogeneous
nucleation. Due to the limited resolution of polarized light
microscopy (PLM), the micromorphologic feature at the fiber-
polymer interface cannot be captured. The authors (14,15)
suggested a model to explain the formation of this
polymorphic structure by assuming that melt-shearing, caused
by fiber pulling, is associated with the formation af-row
nuclei. The surface of the in-situ formed-row nuclei may
induce the nucleation of theB-phase. They believed that
auto-epitaxy in iPP may be a possible explanation for the
observeda-f3 bifurcation on thea row-nuclei.

Kobayashi et al. (16) derived a set of equations for the
sheared polymer melt. They accounted for the entropy
decrease by molecular orientation. In the high temperature
region, both rates of nucleation and growth increase rapidly
with molecular orientation. Yeh and Hong (17,18) estimated
that the tremendous increase of nucleation rates in sheared
polyethylene melt can be several orders of magnitude higher
than that in the quiescent state if the nucleation is
heterogeneous, and the enhancement in homogeneous nucleation
is much higher. In a recent paper, Vancso et al. (19)
reported the results of atomic force microscopy (AFM) study
which aimed at imaging interfacial morphologies.
Unfortunately, it is still an open question, whether auto-
epitaxy in iPP can fully explain the experimental
observations or not. In contrast to previous works of PLM,
the aim of this contribution is to clarify the nature of the
cylindritic micromorphologic feature at th@-iPP/Kevlar 49
interface. A modified schematic diagram depicting the
polymorphic boundary lines is proposed and the origin of
cylindrite is discussed without the assumption of epitaxial
crystallization.

Experimental

The B-iPP resin used in this study was aplen BE 50 821c
grade, marketed by PCD (Linz, Austria). An Aramid fiber
(Kevlar 49, DuPont, USA) was placed in an iPP film between
two glasses which resulted in a thickness about 30i60.
PLM investigations were carried out in a Leitz Dialux 20
microscope, equipped with a hot stage. The specimens were
heated to 200C and maintained at this molten state for 5
min. The hot stage was then cooled to the crystallization
temperature (J=133°C) at a rate of 40C/min. The fiber was
manually pulled at T and the specimens were allowed to
crystallize for 1 hr. These specimens were later etched
chemically according to the procedure of Olley and Bassett
(20) in order to study the interface morphology by phase
contrast optical microscopy (PCLM; Leitz, Wetzlar, Germany),
AFM, and scanning electron microscopy (SEM; Jeol 6400). AFM
experiments were performed at ambient condition in a tapping
mode by using a NanoScope llla setup (Digital Instruments).
The scanning frequency was 0.6 Hz and all images shown were
captured without the use of image filtering.
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Results and discussion

The PLM micrographs in Figs. la and 1b exhibit the basic
features of shear induced cylindritic morphology. When a
fiber was pulled in the matrices of-iPP at T, a B-phase
cylindritic structure appeared (Fig. l1a). As the temperature
was increased from Tto 156°C, the B-spherulites and the-
cylindritic layer melted and the “saw teethd phase nearby
the fiber survived, as shown in Fig. 1b. This observation
agrees with the previous results from the thermo-optical
studies of a-iPP (7-9,11-15). In addition to the cylindrite
the sample contains the- and B-modification crystals in a
great density which results in distorted boundary between
the a- and B-spherulites. Thea-spherulites appear in the
sample and generally at a considerable delay.

Fig.l Evidence of B-cylindrite formation for Kevlar 49/B-
iPP by PLM (a) Te=Tpu11=133°C. (b) Morphclogy after melting
the P-phase at 156- 2.

Fig. 2 depicts the morphology after chemical etching
revealed by PCLM which shows a clearly interfacial shear
zone (pre-oriented crystalline zone near the bottom edge),
o- andpB-cylindritic layers.

Fig.2 PCLM micro-
graph of the etched
B-iPp/Kevlar 49
specimen formed by
pulling a fiber
under the condition
Te=Tpu11=133°C.
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Fig.3 SEM micro-
graphs after
chemical etching of
f-iPP/Kevlar 49
specimen (a) The a-
and p-cylindrites
crystallized
isothermally at
Te=Tpu11=133°C with
palm shape
boundaries are
clearly discernible
(b) A close-up of
o-, f-cylindrites
near the bottom
side of the fiber.
(¢} The point-like
B-nuclei are not
located on the
surface of pre-
oriented
crystalline zone.

cSmm

The B-cylindritic layer is about a fewum to 10 pm distant
from the shear zone containing oriented polymer chains along
the fiber length. This micrograph shows the interfacial
region near the fiber-melt interface with a magnification
significantly higher than the resolution limit of optical
microscopy. It yields valuable information regarding the
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micromorphologic feature of sheared melt in the vicinity of
fiber and indicates the impingement lines between theand
B-cylindritic layers are not completely straight. Some of
the boundary lines between thea-cylindrite and -
spherulites (later developed into B-cylindrite) are
hyperbolic.

Fig. 3a depicts the micromorphologic feature after chemical
etching revealed by SEM which shows-cylindritic layer, B-
cylindritic layer, and a clearly pre-oriented crystalline
zone on the bottom side of the pulled fiber. A close-up of
the a-cylindrite texture near the bottom side of fiber is
shown in Figs. 3b and 3c. The number (or the density)aef
nuclei at 0-10 um distant from the shear zone is larger
compared with the point-likeB-nuclei. Thus a cylindrite
formation is favored in the close vicinity of the fiber. As
shown in the micrographs (Fig. 3), am-cylindrite with palm
shape is formed with a distance of about gth between two
point-like B-nuclei which is not located on the surface of
pre-oriented crystalline zone. Because of the greater growth
rate of the B-phase (@) with regard to thea-phase (QG)
(21), the B-spherulites will encompass thea-cylindrite,
which thus becomes an inclusion. During the formation of an
inclusion, the growing fronts of theB-spherulites meet
behind the inclusion forming a straight intrinsicBp-
spherulitic boundary, which leads to the characteristically
micromorphologic feature ofp-cylindrite. Fig. 4 displays
(40um)® scan: the fiber is located near the bottom margin of
the micrograph (the fiber itself is not shown). The basic
micromorphologic feature observed in AFM image is similar to
the images obtained by SEM: the point-liKe-nuclei in the
vicinity of fiber are obvious and the B-cylindritic
structure can be clearly seen. AFM image showing the point-
like B-nuclei indicates the number ofi-nuclei are much
larger nearby the pulled fiber.

Fig.4 Tapping AFM
image of the etched
B-iPP with o- and fB-
cylindrites caused
by pulling of a
Kevlar 49 fiber
under the condition
Te=Tpu11=133°C.

i) 20. 30.0

The micromorphologic feature nearby the pulled fiber is
shown as beinga phase in Fig. 1b. It should be noticed that
there aref3 heterogeneous nuclei if-iPP melts. By pulling
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a fiber, the induced a- and p-crystallization near the
interface started earlier than for the heterogeneous or
homogeneous ones and,NNg, where N is the number of stable
nuclei. An overgrowth of thepB-phase was observed for
temperatures 1000 <T_  <T ,, <140°C, where G>G, (21). T,

is the fiber pulling temperature. The earlier stage of
formation of the B-cylindritic layer inhibits the growth of

B heterogenerous and homogeneous nuclei. The shear-induced
crystallization is located only tens of microns distant from
the fiber surface. This is as a result of the strong
decrease of shear stress in radial direction of the pulled
fiber (22).

Varga quantitatively analyzed the boundary lines developed
between cylindrite and spherulite by using mathematical
equations (10). He defines “d” as a distance from the
surface of the cylindrite to the nucleus of the spherulite.
It should be noted that the growth rate of tie phase is
about 30% faster than that of the phase at 133 when
crystallized from the quiescent melts (21), i.e.g/Gg=1.3.
The relationship of @/ Gy >1 still exists in sheared melt at
133°C. In sheared PP melts the pre-oriented crystalline
zone is formed first and MNNg in the vicinity of pulled
fiber. A great number ofa nuclei develop intoa-cylindrite
and the point-like B nuclei grow radially. The boundary
lines between a-cylindrite and p-spherulites (later
developed into B-cylindrite) are hyperbolic because K G(=
Gg/Gy) >1. Straight-line boundaries may also be formedfiH
nuclei are sporadically initiated on the growing a-
cylindritic front, i.e., d=0 or & 0. Based on the results
of micrographs and the theory of shear-induced
crystallization. we propose a modified schematic diagram as
shown in Fig. 5 which can explain the phenomena of
polymorphic structure and the boundary lines near the pulled
fiber without assuming epitaxial growth.

Growth Direction

- Impingement

N / Line (3-B)
| __p Impingement
|_—¥ Line (0-p)

Pre-oriented
Crystalline Zone

\

Fig.5 Schemati:: diagram on the B-cylindritic formation in
B-iPP/Kevlar 49 due to melt shearing under the condition of
Te=Tpu11=133°C.
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The experimentally observed shape of boundary differs from
that expected from the above model because the densit@-of
nuclei depends on the applied stress (9), the pulling
temperature, and the crystallization temperature.

Conclusion

The results presented here show that the inducedand B-
crystallization near the pulled fiber starts earlier than
for the heterogeneous or homogeneous ones and the density of
o-nuclei is much higher than that off-nuclei. The
polymorphic structure and the boundary lines of sheafed

iPP melt in the vicinity of pulled fiber can be explained
from the theory of stress-induced crystallization and a
modified model without assuming epitaxial growth.
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