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ABSTRACT: The shear-induced interfacial structure of iPP in pulled iPP/fiber composites was studied by optical
microscopy. Although the Kevlar fiber shows basically no nucleation ability for the iPP in quiescent melt under
chosen conditions, different interfacial morphologies have been observed by pulling the fiber embedded in the
matrix. It was found that the polymorphic nature of cylindrites developed on the sheared layer along the fiber
strongly depended on the fiber-pulling rate, the duration of pulling, and the temperatures used for fiber pulling
and subsequent crystallization. At lower fiber-pulling ratesiPP cylindrites were always the observed
morphologies no matter how long the fiber was pulled. At moderate pulling rates, the interfacial morphologies
varied from purex-iPP cylindrites, to mixed:- andS-iPP cylindrites, and finally to thg-iPP cylindrites, depending

on the pulling time. At higher fiber-pulling rate$;cylindrite structures of iPP were the observed morphologies.
According to the observed morphological features, it is suggested that there exists an orientation window of the
iPP molecules in the molten state, which enables the formatighiBP crystals.

Intl‘OdUCtion .......................................................

Isotactic polypropylene (iPP), one of the most widely studied B B B
polyolefins, exhibits pronounced polymorphisms and mor-
phologies depending on its tacticity, thermal treatment, and
mechanical handling. Among the known crystalline forms of
iPP, thes-iPP crystal demonstrates different characteristics from
its other counterparts, e.g. low crystal density, low melting
temperature, and low fusion enthalpy, but has remarkably
improved impact strength and toughnéssUnfortunately, the
B-iPP is difficult to obtain under normal processing conditions y
since its nucleation occurs much more rarely in bulk crystal- o-row nuclei
lization than that ob.-modification. Therefore, special crystal- /S
lization procedures, such as crystallization with specific nucle- /flber
ation agents or under temperature gradient, were usually used
for obtainings-iPP. Moreover, it was found that a sheared or Figure 1. Schematic diagram of a cylindrite structure with3
strained melt encouraged the formatiorpePP1-24-10 There- bifurcation.
fore, the crystallization of iPP under a shear field has been the
object of intense interest since a shear field on the polymer melts
can be developed in most of the polymer processing operations.
Through systematic studiék;*® great effort and progress have
been made on shear-induced crystallization of iPP concerning
the crystallization kinetics and structure development. The
formation mechanism of thg-iPP crystals is, however, not
clear. To elucidate the origin ¢-iPP crystallization, a fiber-
pulling technique was developed, in which the shear-induced
crystallization of iPP was performed by pulling the fiber
embedded in iPP melts along the fiber a%isté It was attested
that the fiber-pulling process was efficient in producing samples , - : A
rich in A-modification. Through selective melting of tifeiPP crystals and (ii) the original morphological difference on the
crystals at temperatures above the melting poin-i®P but a-row nuclei surface between the places whefebifurcation
below that ofa-iPP (e.g. 160°C), a thino-iPP layer directly ~ Was taking place and the growth ofiPP crystals, i.e., the
connected to the pulled fiber with a zigzag outline was observed. POttom edges of the-iPP triangles. In other words, the origin

On the basis of this fact, it was concluded that shearing the ippPehind thea-bifurcation is still not quite clear. Li et &k
melt by fiber pulling yielded primary.-row nuclei along the claimed that shear could induce ordered smectic domains and

argued that growth of}-iPP crystals from smectic bundles
*To whom all correspondence should be addressed. E-mail: skyan@ induced by shear should be easier than f P row nuclei

iccas.ac.cn. Tel 0086-10-82618476. Fax 0086-10-82618476. having regular right- and left-handed helical packing. On the
T Ph. D. candidates of the Chinese Academy of Sciences. basis of this consideration, they concluded that ordered smectic

fiber® As shown in Figure 1, on the surface of theseow
nuclei, ano-to- growth transition o3-bifurcation took place
during crystal growth, which led to the formation of randomly
dispersegB-nuclei. Thesg-nuclei could induce a layer enriched
in the g-phase along the pulled fiber as long as the kinetic
requirement for a higher growth rate of tfiephase (@) than
a-phase (@) was achieve@81%21 Otherwise, the quickly
growing a-iPP crystals would have embedded the generated
B-nuclei. The questions which remain difficult to be understood
are (i) that the occurrence ofp-bifurcation on the surface of
the in situ formedu-row nuclei rather than a growth of-iPP
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bundles rather than-iPP row nuclei initiated the growth of
B-iPP crystals. Somani et & however, did not find any traces

of the smectic phase during the study on the shear-induced
crystallization by in situ synchrotron wide-angle X-ray diffrac-
tion. They found instead that thfecrystals grew only after the
formation of orientedo-crystals. Therefore, further study on
the origin of 8-iPP crystallization is clearly warranted.

Our previous work on self-induced crystallization of iPP
indicates that partial melting of the iPP fiber favors the formation
of 5-IPP crystals. This may imply that the formation PP
is related to the chain orientation of the iPP in its molten
state?3-27 To get further insight into the formation gtnuclei
in a sheared iPP melt, the dependence of interfacial supramo-
lecular structure in the pulled fiber/iPP systems on the fiber-
pulling rate, which was uncovered by the written sources -
consulted, was studied in the present work. The purpose of thisgigure 2. An optical micrograph shows the interfacial morphology of
paper is to present some detailed experimental results concerningn iPP and Kevlar fiber composite sample, which was heat-treated at

the shear-induced interfacial structure of iPP in the iPP/fiber 210°C for 5 min to remove its thermal history and then cooled to 137
composites. °C for isothermal crystallization in a quiescent environment.

Experimental Section

The matrix material used in this work was commercial grade
isotactic polypropylene (iPP), GB-2401, with a melt flow index of
2.5 g/10 min, arM,, of 4.4 x 1 g/mol, and a melting temperature
of 170°C, produced by Yanshan Petroleum and Chemical Corp.,
China. The granular iPP materials were used without any further
treatment. Thin iPP films, 3640 um in thickness, were prepared
by compression-molding the iPP granules at 200

To study the shear-induced crystallization of iPP in the fiber-
pulling system, a single Kevlar fiber (Kevlar 49, Dupont, Wilm-
ington, DE) with a radius of ca. am was sandwiched between
two pieces of the compression-mold iPP thin films and pressed
again by a homemade small hot stage at ZLor 5 min to erase
the possible effects of thermal history on the subsequent crystal-
lization. The sample was then cooled quickly to & at which
the fiber was pulled along the fiber axis. After the fiber was pulled
at a different rate for certain duration, the iPP was then crystallized
isothermally at 137°C for various periods of time, and finally
cooled in air to room temperature. The pulling process was
conducted at a homemade fiber-pulling system with controlled
pulling rates ranging from 0 to 700m/s.

For morphological observation, an Olympus BH-2 optical
microscope equipped with a Linkam LTS 350 hot stage was used
in this study. The optical micrographs shown in this paper were all
taken under crossed polarizers.

Results

First reported here is the nucleation ability of Kevlar 49 fiber
toward quiescent iPP melts. For a direct comparison, the exact
same thermal treatment used for fiber-pulling experiments was
used for the sample preparation: namely, the iPP sample
containing a single Kevlar 49 fiber was first heat-treated at 210
°C for 5 min to remove its thermal history and then cooled to
137°C for isothermal crystallization. Figure 2 shows the optical Figure 3. Optical micrographs illustrate the interface morphologies
micrograph of the resulant morphology. One san easily 10 K I T e
recognize tha.lt the .nUC|eatlon.denSIty Of_IPP on _thg Keviar 49 fiber pulling at a rate of BQn?ls. Tf¥e fiber-pulling timer) were: (a) 20
fiber surface is similar to that in the matrix. This indicates that s (b) 35 s, and (c) 60 s. After fiber pulling, the samples were
the Kevlar 49 fiber exhibits no nucleation ability toward the isothermally crystallized for 2 h.
quiescent iPP melts. The result seems different from the those
reported in the literaturesi®28-31 where the effect of Kevlar  crystallized isothermally at the same temperature for 2 h.
fiber on the nucleation of iPP is clearly identified. This is Compared to Figure 2, it is obvious that there is a remarkable
actually caused by different crystallization temperatures used increment in the nucleation density of iPP on the Kevlar fiber
in the experiments. surface. The enhanced nucleation ability of Kevlar 49 fiber

Figure 3a shows an optical micrograph of the iPP/Kevlar toward iPP caused by fiber pulling leads to the formation of a
samples with the Kevlar 49 fiber being continuously pulled at cylindrite interfacial structure around the Kevlar fiber as reported
137 °C for 20 s with a pulling rate of 3um/s and then by Thomason et af The selective melting test indicates tt@bv
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Figure 4. Optical micrographs taken during the crystallization and subsequent melting processes of an iPP/fiber system similar to that used in
Figure 3d. The isothermal crystallization time is 1 h. After that the sample was first cooled to room temperature in air and then reheated at a rate
of 10 °C/min to 158°C. (a) Isothermally crystallized at 13T 1 h, (b) cooled to room temperature, (c) reheated to°153and (d) reheated to

158°C.

the resultant cylindrite structure around the fiber is composed shown in Figure 3c. The selective melting test demonstrates
basically of a-iPP crystals. Some fan-shapgdiPP micro- that the cylindrite structure is composed predominately-t#P
domains sporadically dispersed in #hePP column layers can  crystals. Moreover, in Figure 3c, tifiecylindrite can be divided

be occasionally observed, such as the one existing in Figure 3ainto two layers with different birefringence, i.e., the inner and
indicated by a white arrow labeleg™. Comparing with the outer layers. This can also be identified in theylindrite shown
growth front of the cylindrite composed of- and 5-crystals, in Figure 3a with careful inspection. These outer surrounding
one can recognize that th2iPP crystal clearly grows more layers are formed during the cooling process of the sample after
quickly than itsa counterpart. The observed morphological isothermal crystallization, as verified by in situ observation of

feature is different from that observed by Varga et @ahey the crystallization and melting processes of the sample. Figure
reported that the existence of shear stress produced by fiberd presents some of the optical micrographs taken during the
pulling promoted the formation of cylindritic structures®iPP. crystallization and melting processes. The sample was prepared
The formation of g-cylindrites is limited in a temperature by pulling the Kevlar 49 fiber at 137C for 60 s with a pulling
interval with a lower Ty ~ 100°C) and an upperTj, ~ 140 rate of 30um/s, then allowing it to crystallize isothermally for
°C) threshold to meet the kinetic requiremen@f> G, where 1 h, and finally cooling it to room temperature. From Figure
Gp and G, represent the crystal growth rate @f and a-iIPP, 4a, it is found thap-iPP cylindrite of approximately 150m

respectively. The content of the iFPmodification is highest can be formed aftel h of isothermal crystallization. During
when crystallization temperaturéy and fiber-pulling temper- the cooling process, a ca. 40n extension of the preformed
ature {Toui) are closely matched within this temperature range, (-iPP cylindrite has been developed, as shown in Figure 4b.
i.e., Tas < T= Tpu < Tge. This is not affected by the nucleation ~Meanwhile, some microcrystallites in the matrix far away from
ability and the nature of the fibers used. In the present case,the fiber have also been developed. When the sample was heated
even though the fiber-pulling temperature is exactly the same again, the latter-forme@-iPP cylindrite layer melted at 153
as the crystallization temperature and well within the afore- °C, as in Figure 4c, indicating that this layer is indeed composed
mentioned temperature range, a cylindrite interfacial structure of 5-iPP crystals. This part of the crystals grows at a relatively
composed basically ai-iPP crystals is observed. lower temperature and therefore has a lower melting tempera-
The interfacial structure of iPP around Kevlar fiber was found ture. The inner part of thg-cylindrite melts at 158C, and the
to vary with the fiber-pulling time. With an increase in fiber- early molten outer part recrystallizes in itsform, as shown in
pulling time, as shown in parts b and c of Figure 3, the interfacial a comparison of Figure 4d with 4c. The melting of {héPP
morphology changes a lot. When pulling the fiber at the same results in a clear display of theiPP crystals previously inlaid
rate for 35 s, a cylindrite structure rich PP crystals is in the S-cylindrite and the “saw-tooth” shapediPP crystals
observed (see Figure 3b). Nevertheless, some triangtilaP around the fiber, as shown in Figure 4d. This observation is
domains can be seen, as indicated with an arrow labet®d “  consistent with the findings of Varga et@l.
Also, narrowa-iPP layers of several microns inserted between  The above results indicate that the aforementioned deviation
the Kevlar fiber and the resultgfitiPP crystals can be identified.  between our and Varga's observation may be caused by a
When pulling the fiber at a rate of 3@m/s for 60 s, cylindrite different fiber-pulling rate. The pulling rate used here should

interfacial structure with strong birefringence is observed, as be smaller than that used in the cited wénkhere the fiberCDV
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Figure 5. An optical micrograph illustrates the interface morphology
of an iPP/fiber composite, which was heat-treated atZ1€r 5 min
and then quickly cooled to and kept at 132 for fiber pulling at a
rate of 17um/s for 10 min and subsequent isothermal crystallization

e e )

Figure 6. Optical micrographs illustrate the interface morphologies
of the iPP and Kevlar fiber systems. The fibers were also pulled at
137°C with a rate of 9um/s for (a) 3, (b) 10, and (c) 15 s. After the
fiber pulling, the samples were isothermally crystallized #oh at
137°C.

was pulled manually. To confirm this, an even lower fiber-
pulling rate, i.e., 17um/s, was selected, with the temperature
of fiber pulling and subsequent crystallization remaining

Figure 7. Optical micrographs illustrate the interface morphologies
of the iPP and Kevlar fiber systems. The samples were heat-treated at
210°C for 5 min and then quickly cooled to and kept at 1°€7 for

fiber pulling at a rate of 20@m/s. The fiber-pulling times were: (a)
5's, and (b) 10 s. After fiber pulling, the samples were isothermally
crystallized at 137C for 2 h.

induced final interfacial morphology of iPP depends strongly
on the fiber-pulling rate. Therefore, the influence of the fiber-
pulling rate on the resultant interfacial structure was studied.
Figure 6 presents the optical micrographs showing the interfacial
morphologies of samples with the fiber pulled at a rate of 93
um/s for 3, 10, and 15 s, then isothermally crystallized at 137
°C for 2 h, and finally cooled to room temperature. The
produced interfacial structures that these three pictures show
are quite different. With a short fiber-pulling time, i.e., 3 s, the
interfacial cylindrite structure was composed only ofiPP
crystals (see Figure 6a). When the pulling time was increased
to 10 s, a mixed morphology @f- andj-crystals with the fan-
shaped3-crystals inlaid in thex-cylindrite appeared along the
fiber, as shown in Figure 6b. With further increase in the fiber-
pulling time, i.e., to 15 sf-cylindrite is generated (see Figure
6c). Combining Figure 6 with Figure 3, one can note that with
higher fiber-pulling rate, a shorter fiber-pulling time is required
for generating3-iPP cylindrites. This is reasonable since a high
degree of chain orientation can be achieved in short time with
a high shear rate.

When the fiber-pulling rate was increased to 18&/s, similar
results to the case of 98m/s were obtained. The interfacial
structure also experiences the transition from pweylindrite
through anof coexisting state to thg-cylindrite with the
increase of fiber-pulling time. The time window for producing
pure a-cylindrite is, however, much narrower compared with
the case of 9gm/s. In other words3-iPP crystals are produced
at an even shorter fiber-pulling time. When the pulling rate was
set at 20Qum/s, no purex-cylindrite structure was observed in

unchanged. In this case, as shown in Figure 5, interfacial our experimental procedure at all. As shown in Figure 7, only

cylindrites of o-iPP were always the observed morphologies,
regardless of the fiber-pulling time. The maximum fiber-pulling

time used was 10 min. This clearly indicates that the shear-

5 s pulling of the fiber produces an interfacial structure rich in
B-modification of iPP (see Figure 7a). For 10 s pulling of the
fiber, Figure 7b, n@-iPP crystal can be identified under opticce}bv
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B-cylindrites. The polymorphic nature of cylindrites developed
on the sheared layer along the fiber strongly depends on the
fiber-pulling rate, the duration of pulling, as well as the
temperatures used for fiber pulling and subsequent crystalliza-
tion. In the temperature window with the kinetic requirement
for B-iPP crystallization fulfilled, increased pulling rate or
pulling time favors the formation gf-crystals. According to
these results, the formation mechanism of fh#”P can be
discussed here.

It is well-known that shear flow could obviously change the
molecular orientation and affect the inter- and intramolecular
interaction. These are the controlling factors for the resultant
morphology32~37 In the case of dilute solution under different
type of flow22 it was reported that polymer chains underwent
sharp transition from random coil to a fully extended chain
conformation at a critical strain rate without any intermediate
stable chain conformation. Regarding the entangled polymer
melt, it was argued that the coil-stretch transition should also
exist since the flow-induced morphologies of a pure polymer
melt were attested to be similar to those produced in dilute
solutions3? Steady shear experiments show that the fraction of
oriented crystalsX,) and their orientation extent (Herman’s
orientation function) in a fully crystallized sample at room
temperature increase with both shear rate and shear dufétion.
At the same time, an increase in the amoung-@PP with the
{ - Sif - increase of the oriented crystals was also obtafddthis leads
Figure 8. Optical micrographs illustrate the interface morphologies (0 the conclusion that thg-crystallization of iPP is related to
of the iPP and Kevlar fiber systems with the fibers pulled at 137 its chain orientation.

for only 1 s. The fiber-pulling rates wer 2 n 1 . : ) :
ﬂom/g. /)\/ftersihe figerbpeullﬁté, thge saaemspleg v?/e(rae)ismrsmzng é?gstsall?zed In our experlment, pulling t.he fiber introduces §hear on the
at 137°C for 1 h. polymer melt adjacent to the fiber. The shear condition depends
on the shear rate and duration. At a very low fiber-pulling rate
microscope resolution. If a fiber-pulling rate higher than 233 (see Figure 5), the enhanced nucleation ability of the fiber on
um/s is used, even shorter fiber-pulling time (e.g. 1 s) can the iPP matrix leads to the formation of cylindrite interfacial
already initiate the formation of highly ordergcylindrites, structure and indicates the existence of shear exerted on the
and no noticeable difference between the induced interfaceiPP melt. However, only-iPP cylindrite structure was ob-
morphology can be distinguished under optical microscope, asserved. With increasing fiber-pulling rate, an increasg-t*P
shown in Figure 8. content was seen with the increase of fiber-pulling time. This
On the basis of the above observation, it is clear that was in accordance with steady shear experiments where an
interfacial-cylindrites can be produced by either a long fiber- increase ifB-iPP was seen with the increase in shear time. These
pulling time with relatively lower pulling rates or a short fiber-  results clearly indicate that a certain extent of chain orientation
pulling time with higher pulling rates. Under an optical is required to initiatgs-crystallization of iPP. Therefore, at lower
microscope based on birefringence, the appearances of theséber-pulling rate, since orientation and relaxation of polymer
interfacial-cylindrites are so similar that no difference can be chains take place simultaneously during fiber pulling, the iPP
identified through morphological observation. This is somewhat chains in the molten state can hardly be oriented well enough
different from the earlier studies performed by Thomason et for triggeringj-crystallization. At higher fiber-pulling rate, chain
al.*¢ where onlya-cylindrites were observed at all of the used orientation is fast and high degree of chain orientation can be
experimental conditions. The reason is that the chosen isothermahchieved in a short time, which is beyond the chain relaxation.
crystallization temperatures in most cases are higher than 140As a result, the highly oriented iPP chains initiated the
°C, which is beyond the kinetic requirement for inducing p-crystallization. This is consistent with Hsiao’s report that the
p-crystallization of iPP. Only in one case the isothermal degree of crystal orientation and amount of oriented crystals
crystallization temperature was set at 18\ well within the are higher for a short shear time at a higher shear rate than a
temperature window for producirfiscrystals; the chosen pulling  long shear time at a lower shear réfeFrom the above
rate was, however, only 0.025 mm/min (about @m/s), which discussion, one may expect to obtain pAr#P crystals at an
is too slow to inducgs-crystallization as attested in the present appropriate shear rate. The experimental results are, however,

work. to the contrary. No purg-iPP crystals have ever been produced
) . in the steady shear experiments. Hsiao €€dbund that the
Discussion amount ofg-phase reached a plateau value at a shear rate of 57

From above experimental results, it is concluded that the shears™X. Moreover, in studies on the effect of shear rate on the
imposed on the melt by fiber pulling has remarkable influence crystallization behavior of iPP, An et # found that the content
on the final interfacial morphology. The Kevlar fiber has no of the g-iPP crystals increased first quickly in the shear rate
nucleation ability to the iPP in quiescent melt under the range of 6-10 s! and then increased slowly in the range of
condition used in present study. The interfacial morphologies 10~20 s, and a maximung-iPP crystal content was seen at
of iPP in the pulled systems can vary, however, from pure a shear rate of ca. 205 With further increase of the shear
o-cylindrites to mixedo- and S-cylindrite structure and then  rate, thes-iPP crystal content dropped down slightly (see Fig&rlsv
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Figure 9. Optical micrographs present the interface morphologies of the iPP and Kevlar fiber systems. The samples were heat-tred@d at 210
for 5 min and then quickly cooled to and kept at 1’1 for fiber pulling and subsequent crystallization. The fibers were pulled (a) at a rate of 40
um/s for 10 s and (b) at a rate of 51&#n/s for 1 s. The isothermal crystallization was performed at A3Tor 2 h. Parts ¢ and d highlight the
morphologies of the residual-crystals after selective melting at 188 of the samples shown in a and b, respectively.

4 of ref 39). These results may imply that only the molecules
in the melt getting to a certain degree of chain orientation can
promote the formation ofg-modification. This is further

matrix. In this case, the chain orientation somewhere away from
the fiber may fulfill the requirement fof3-nucleation and
therefore leads to thes-bifurcation. From the above discussion,

confirmed by our selective melting experiments. Figure 9a and one may conclude that there exists a chain orientation window,

9b show the optical micrographs revealing the interfacial

in which nucleation of3-iPP crystals is preferred. Poor chain

structures of the pulled fiber systems. The samples were orientation is outside of this window, andiPP cylindrites are

prepared by being heated to 210 for 5 min, cooled to 131
°C at which the fibers were pulled along the fiber axis, and
then isothermally crystallized at 13C for sufficient time. The
fiber-pulling rates were 4am/s and 515:m/s for the samples

the produced morphology. Well oriented molecular chains
beyond this window initiate primarily the orientediPP row
nuclei, which transform int@-nuclei througho-bifurcation.
The formation of oriented-iPP row nuclei may, however, not

shown in Figure 9a and 9b, respectively. From Figure 9a and a prerequisite for the formation @FiPP crystals.

9b, it can be seen that in both cas@s$PP cylindrite structures
are produced. The dimensions of {ieéPP cylindrite layers in

Conclusion

the direction perpendicular to the fiber axis are, however, quite  The shear-induced interfacial structure of iPP in pulled
different. This is related to the different chain orientation of iPP/fiber composites was studied by optical microscopy.
the sheared iPP layer. At higher pulling rate, i.e., b%'s, a Through varying the fiber-pulling rate and duration, a different
high degree of chain orientation is achieved by fiber pulling. chain orientation level of the iPP in the vicinity of the fiber
Consequently, an early start of nucleation and subsequent crystatan be produced, and consequently a different interfacial
growth lead to the formation of broader cylindrite structure. morphology has been observed. It has been found that the

After selective melting of thes-iPP crystals at 158C, the
morphologies of the remaining-iPP crystals are very interest-
ing. As shown in part d of Figure 9, at high fiber-pulling rate,
residual saw-toothed-crystals surrounding the fiber can be
clearly observed. On the other hand, at lower fiber-pulling rate,
the fiber surface in most places is quite smooth, which may
indicate the absence of the saw-toothed residuatystals, or

at least the oriented-iPP layer is so thin that it cannot be
recognized in the optical micrograph. This unambiguously
indicates that the nucleation @FiPP is governed by chain
orientation in the molten state. At a higher fiber-pulling rate, a
better chain orientation of the molecular chains directly in
contact with the fiber is expected. This leads to the formation
of the a-iPP row nuclei around the fiber. There exists an
orientation gradient from the fiber surface to the unaffected

polymorphic nature of cylindrites developed on the sheared layer
along the fiber strongly depends on the fiber-pulling rate, the
duration of pulling, and the temperatures used for fiber pulling
and subsequent crystallization. On the basis of the observed
morphological features, it is suggested that there exists an
orientation window of the iPP molecules in the molten state,
which enables the formation gfiPP crystals. At the very low
pulling rate, e.g. 17um/s, the iPP chains can only be poorly
oriented and outside the orientation window flecrystallization,
o-iPP cylindrites are always the observed morphology no matter
how long the fiber is pulled. At a suitable pulling rate, the
interfacial morphology can vary from pureiPP cylindrites,

to mixed a- and 3-iPP cylindrites, and finally to th¢-iPP
cylindrites, depending on pulling time. At a very high pulling
rate, better chain orientation can be achieved even under %IBW



8726 Sun et al.

pulling of the fiber, and therefor@-cylindrite structures are the
observed morphology.
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