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Abstract

We have solved the molecular mechanism of the formation of shish of isotactic-polypropylene (iPP) and polyethylene (PE) from the

sheared melt based on kinetic study by means of polarizing optical microscope. We found that the rate determining process for the formation

of shish is a nucleation process in the most range of degree of supercooling (DT) except for large DT of PE. We have shown a direct evidence

of the formation of bundle nucleus from the oriented melt, which is consisted of elongated chains caused by artificial pins. For polymers, a

universal mechanism of nucleation from the isotropic or oriented melt was proposed. We also found that there is a critical shear rate for the

formation of shish. This experimental fact indicates that the shish will be formed when the elongation of chains will overcome the

conformational relaxation of chains and chain conformation within the oriented melt is kept liquid crystal like one.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. To solve the crystallization mechanism of polymers

under shear flow

Though it is well known that the shish crystals of

polymers in the solution or the melt are formed under

elongational or shear flow [1–7], no kinetic study to solve

the formation and growth mechanisms of shish has been

done yet. As well as the study of crystallization of polymers

under quiescent state, studies on the crystallization

mechanism of polymers under shear flow should be also

classified to several stages such as the nucleation, growth

and overgrowth. In part 1 of this series of paper, we will

solve the formation mechanism of shish under steady shear

flow in the initial stage of crystallization. In part 2, we will
0032-3861/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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solve the growth mechanism of shish under continuously

shear flow.
1.2. Molecular mechanism and rate determining process of

formation of shish

Fig. 1 shows the typical polarizing optical micrographs

of crystallization behavior under shear flow. It is to be noted

that we can observe both the formation of shish and

spherulites at the same experimental condition as shown in

Fig. 1(a) [8]. In our previous study, under shear flow with

low shear rate _g, we found that the shish was formed from

the dust particle within the melt as shown in Fig. 1(b). In low

_g, we considered that the formation of shish is not

spontaneous but derivative. In our preliminary study,

when we attempted to set up the pins on the glass surface

of plates on which sandwiches the samples, the shish was

effectively formed as shown in Fig. 1(c). Based on our

previous experimental facts, we have speculated the chain

conformation within the melt under shear flow with low _g
Polymer 46 (2005) 1675–1684
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Fig. 1. Typical polarizing optical micrographs of crystallization of iPP

under shear flow. (a) Coexistence of spherulite and shish, (b) shish formed

from the dust, (c) shish formed from the pins. Scale bar is 50 mm.
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(up to ca. 10 sK1) as shown in Fig. 2. The most chains within

the sheared melt are not elongated but most chains can be

regarded as the ellipsoidal random coils (Fig. 2(A)) as has

been reported by small angle neutron scattering (SANS)
Fig. 2. Schematic illustration of chain conformation within the sheared

melt. (A) Ellipsoidal random coil, (B) elongated chains by the dust, (C)

elongated chains by the pin.
experiments for the chain conformation under shear flow

[9,10] and theoretical study [11,12] or computer simulations

[13]. When some chains are accidentally elongated by dusts

or pins, the oriented melt will be partially formed in the

sheared melt [8]. Therefore, we have to notice that the

crystallization from the melt under shear flow with low _g
can be observed from both the isotropic and oriented melt at

the same time as shown in Fig. 1(a). We should clearly

distinguish the difference between shear and elongational

flow [6,7,14]. Needless to say, under elongational flow,

most chains will be deformed or extended and the shish will

be formed spontaneously.

In polyethylene (PE), we have observed the formation of

shish and have proposed the primitive mechanism of

formation of shish under shear flow with low _g [8]. The

shish will be formed from the oriented melt caused by dust

particles (Fig. 2(B)) or pin of the surface of plates (Fig.

2(C)). First purpose of this work is to confirm the validity of

our proposed model under the condition such as low _g
where the chains do not deform or extend. For this purpose,

we will show that the number density of shish significantly

increases with increase of the number of pins on the surface

of plate. Second purpose is to show that the rate determining

process for the formation of shish is mainly the nucleation

control process not diffusion control process (chain rearrange-

ment). For this purpose, we will determine the degree of

supercoolingDT dependence of the formation rate of shish Ish.

It is well known that the nucleation process is a rate process

determined by the probability. In other words, the embryo or

nucleus will be formed from the original phase with a certain

probability due to the fluctuation. This is the same for both

homogeneous and heterogeneous nucleations.

1.3. Formation mechanism of spherulite under shear flow

On the other hand, we have also shown that nucleation

rate I from the quasi-isotropic melt (ellipsoidal random coils

as shown in Fig. 2(A)) obtained by the formation rate of

spherulite Isp was almost constant with that under quiescent

state [8]. This result means that the formation mechanism of

spherulite is essentially the same irrespective of shear flow

since the most chains within the sheared melt can be

regarded as the ellipsoidal random coils. Since we can

consider that the quasi-isotropic melt is included the

isotropic melt, we will not distinguish the quasi-isotropic

and isotropic melt in this paper.

1.4. Nucleation mechanism and type of nucleus from the

oriented and isotropic melt

Fig. 3 shows our proposed universal model of nucleation

of polymers from the isotropic and oriented melt. The main

feature of our original model is that the different structure of

nucleus such as ‘fold and bundle nucleus’ will be formed

from the isotropic and oriented melt, respectively. Here,

‘fold and bundle’ mean that chains are folded back at the



Fig. 3. Schematic illustration of universal model of the nucleation from the

isotropic and oriented melt. The spherulite and shish will be formed from

the isotropic and oriented melt via fold and bundle nucleus, respectively.
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end surface of nucleus and many chains are bound in

parallel within the nucleus without fold, respectively. Using

the topological nature of polymers such as entanglement and

chain sliding diffusion [15,16] arose from long chain

molecules, the oriented melt as shown in Fig. 3 can be

easily prepared by external fields such as elongation,

electric or magnetic fields. According to our model, it is

possible to control the type of nucleus such as fold and

bundle by controlling the dynamic structure of the melt. In

general, it has been accepted for the nucleation of most

polymers that the fold nucleus will be formed from the

isotropic melt [17]. In the most cases, it is well known that

the fold nucleus will grow to spherulite, which is composed

stacked lamellar crystals. The extended chain crystal (ECC)

[18–20] is formed via significant chain sliding diffusion [15,

16]. On the other hand, though it has been speculated that

the bundle nucleus will be formed from the oriented melt [1,

17,21], the formation of bundle nucleus has not been

confirmed experimentally yet for polymers. The bundle

nucleus will grow to shish, ECCs or fringed micelle crystals

[22]. Third purpose is to show the direct experimental

evidence that the bundle nucleus is formed from the oriented

melt and to confirm the validity of our proposed universal

model of nucleation from the oriented and isotropic melt.

1.5. How to judge the type of nucleus

As was shown by Price [17], the type of nucleus such as

fold and bundle can be judged from kinetic study. The type

of nucleus is definitely reflected the side and end surface

free energy (s and se) included the free energy necessary for

forming a critical primary nucleus DG*. According to

classical nucleation theory [23,24], I is expressed by

IhI0 expðKDG�=kTÞf I0 expðKC=DT2Þ (1)

where k is the Boltzmann constant and T is temperature, I0
and C are constants. I0 is proportional to the diffusion

constant D and C is proportional to DG*. Here, DT is defined

by

DT Z T0
m KTc (2)

where T0
m is the equilibrium melting temperature and Tc is

the crystallization temperature. In the case of homogeneous

nucleation, we can obtain the simple relation between DG*

and C as, [17]

DG�fC=DT2fs2se=ðDhDTÞ
2 (3)

where Dh is the heat of fusion. Since these equations such as

Eq. (1) and (3) are basic and essential, we consider that the

complicated treatment reported by Pennings [1] is not

necessary. If we can assume that the crystal form of fold

nucleus is the same as that of bundle nucleus, we obtain that

Dh in the case of the formation of shish is the same as that of

the nucleation with fold nucleus. Assuming that the

formation of shish is the homogeneous nucleation, we can

estimate se for the formation of shish (se
b) using well-known

value of C for homogeneous nucleation (Chomo) with fold

nucleus.

On the other hand, we can obtain s for the formation of

shish (sori) independently from DG* of secondary nuclea-

tion, i.e. growth rate V of shish. Here, we define that sori and

siso mean s within the oriented and isotropic melt,

respectively. In this paper, we will estimate se
b using sori

obtained in part 2 of this series of paper [25].

In the case of fold nucleus of PE within the isotropic

melt, the se is 7 times as large as s [26,27]. In the case of

small bundle nucleus, it is expected that se is almost the

same as s since there are no foldings on the end surface of

nucleus. In other words, the sb
e should be much smaller than

sf
e because the structural difference within the interface of

the latter is much larger than that of the former. Though

Hoffman et al. pointed out that sb
e should be larger than sf

e

[28], this is only correct when the number of stems within a

nucleus becomes large, due to high density of cilia on the

end surface. Since we will focus to small nucleus in this

work, it is reasonable to regard as sb
e/sf

e as shown by

Price [17]. Therefore, we can judge the type of nucleus from

DG*, i.e. DG*of bundle nucleus within the oriented melt is

much smaller than that of fold nucleus within the isotropic

melt.
1.6. Relaxation of elongated chains and critical shear rate

of formation of shish

The elongated chains within the oriented melt caused by

pins will relax to random coils. In other words, the entropic

relaxation and ordering caused by elongation are competing

in all time. It is considered that the chain conformation

under shear flow becomes to be a certain elongated state

between fully extended and random coil chains. If the

formation of shish from the elongated chains within the
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oriented melt is the nucleation of bundle nucleus, it is

expected that the formation of shish should have a certain

critical shear rate _g�. Because it is necessary that the length

of elongated chain should be much larger than the size of

critical nucleus. In this work, we will show _g� for the

formation of shish and propose the model of chain

conformation within the sheared melt and the relation

between the elongation and relaxation of chains.

1.7. Summary of purpose of this work

We summarized the purpose of this work as below. First

purpose is to show that the shish is formed from the oriented

melt caused by pins and to confirm that the formation of

shish is the nucleation process. Second purpose is to show

the direct evidence that the bundle nucleus is formed from

the oriented melt. Third purpose is to show that there is _g�

for the formation of shish. Forth purpose is to propose the

model for the elongation and relaxation of chains under

shear flow.
2. Experimental

2.1. Samples

The samples used in this work were linear iPP (PM600A

supplied by SunAllomer Ltd: MwZ25.0!104, Mw/MnZ
3.57) and PE (JPE0 supplied by SunAllomer Ltd: MwZ
11.6!104, Mw/MnZ2.42), where Mw and Mn are weight

and number average molecular weights, respectively. In

order to characterize our shish obtained by isothermal

crystallization under shear flow, we carried out small angle

X-ray scattering (SAXS) and wide angle X-ray diffraction

(WAXD) measurements. In SAXS and WAXD measure-

ments, the isolated shish was prepared at first as shown in

Fig. 1. The sample included the isolated shish was quenched

to ambient temperature. Then, the single strand of over-

grown shish within the sample were extracted from the

sample by hot xylene (ca. 110 8C for iPP and 100 8C for PE)

using the difference of dissolution temperature of shish and

unoriented small crystal.

2.2. Instruments

Crystallization under shear flow and quiescent state was

observed by using a hotstage (Linkam, CSS-450). The

geometry of the hotstage is parallel plate (bottom plate is

rotating). The range of _g and the gap between both plates h

were 0–5 sK1 and 100 mm, respectively. Observation of

crystallization behavior was carried out by means of a

polarizing optical microscope. In order to generate the shish

effectively, we set up the salient (small pins: a few

micrometers) made from epoxy resin on the top surface

(fixed surface) of the parallel plate. These pins will induce

the formation of the oriented melt. We can consider that
along the flow direction in the neighborhood of the pins the

polymer chains are elongated and the oriented melt is

formed stationary during the applying of shear flow.

SAXS and WAXD measurements using the synchrotron

radiation were performed at the BL40B2 in the SPring-8

(Harima) with approval of the Japan Synchrotron Radiation

Research Institute (JASRI) and the BL10C in the Photon

Factory (KEK; Tsukuba).

2.3. Measurements

We measured the DT dependence of Isp and Ish from the

melt under shear flow and quiescent state defined as below.

It is noted that before observation of the nucleation all the

samples were first melted and annealed at a temperature

above T0
m (‘melt annealing temperature’, TmaxZ230 8C for

iPP and 160 8C for PE) for 5 min. The T0
m of PE under shear

flow and quiescent state were almost the same as shown in

our previous paper [8]. Therefore, we assumed that T0
m of

iPP under shear flow and quiescent state are also the same.

The ranges of DT were 39.1–58.6 K for iPP and 8.3–14.3 K

for PE, respectively. We measured the number density of

spherulites and shish within the melt. As mentioned in our

previous paper, [29] the number density of spherulites (nsp)

should correspond to that of nuclei. In this paper, we

assumed the number density of shish (nsh) should also

correspond to that of nuclei. A single nucleus will grow to a

shish in earlier stage and then the shish will change to a

strand structure via overgrowth. This is an analogy of the

formation of a spherulite. This assumption will be

confirmed in this paper. We observed a single shish by

means of polarizing optical microscope in earlier stage and a

strand by WAXD which is formed later stage. Therefore, the

number density of nucleus n was estimated from nsp and nsh.

I is obtained by

IhIsp ¼ dnsp=dt for spherulite

hIsh ¼ dnsh=dt for shish
(4)

In this work, we abbreviate the above processes to

spherulite (Q), spherulite (F) and shish (F), respectively,

where Q and F in parenthesis mean quiescent and flow,

respectively.
3. Results

3.1. SAXS and WAXD pattern of shish

The single strand of shish as shown in Fig. 4(A) was put

on the sample holder along the vertical axis. The length and

cross sectional diameter of single strand of shish are 1 mm

and 20 mm, respectively. It is noted here that the samples

used in X-ray experiments were obtained by extraction of

quenching samples consisted of a lot of isolated

‘overgrown’ shish. Therefore, our X-ray experiments



Fig. 4. (A) Polarizing optical micrograph of sample used in X-ray

experiments. Scale bar is 20 mm. (B) Two dimensional SAXS pattern of

shish of PE after extraction. (C) Two dimensional WAXD pattern of shish

of PE after extraction.

Fig. 5. Plots of nsh of iPP against t at DTZ48.1 K. I and t are defined by the

slope of the straight line and the intercept of horizontal axis.
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should correspond to the observation of fibril sample

consisted of a lot of overgrown shish. Fig. 4(B) and (C)

show the SAXS and WAXD pattern of shish of PE. In SAXS

pattern, we cannot observe any long period. The diffused

scattering in the equatorial region is due to slit window of

the sample holder. This indicates that the shish after

extraction does not have any stacked lamellar structure

along the fiber axis. When the cold drawn samples of PE or

iPP will be annealed at TO100 8C, long-period reflections

can be observed. As the crystallization temperature Tc of

shish is much higher than 100 8C, lack of long period

indicates that the strand (assembled structure of shish)
should be composed of ECCs. In WAXD pattern, on the

other hand, we found typical fiber pattern. The 110 and 200

reflections were observed on the equatorial line. The arc

appeared in these reflections may be due to the extraction.

This indicates that the shish is the oriented crystal in the

chain axis (c axis). Therefore, we concluded that the shish is

consisted of the ECC.

3.2. Shish was formed from bundle nucleus

In this work, we have shown a direct evidence that the

bundle nucleus is formed from the oriented melt and it

grows to the shish. First, we will show that the shish is

effectively formed from the oriented melt caused by pins.

The shish was always generated on the root of pins in our

experiment and grew to the flow direction. It will be

confirmed to show that nsh increased with increase of the

number density of pin npin. Second, we will show that the

formation of shish is the nucleation with bundle nucleus by

confirming the DT dependence of Ish. Third, we will propose

the universal mechanism of the formation of shish and

spherulite under shear flow. The bundle and fold nuclei will

be formed from the oriented and isotropic melt and they will

grow to the shish and spherulite, respectively.

3.2.1. t dependence of nsh
Fig. 5 shows that nsh linearly increased with increase of t.

As well as Isp in the quiescent state, [8,29,30] we can obtain

Ish from the slope of this straight line. Moreover, we can

define the apparent induction time t as the intercept of

horizontal axis. In the entire Tc in this work, we observed

that nsh for both iPP and PE are the same behavior.

3.2.2. Ish increased with increase of npin
Fig. 6 shows typical polarizing optical micrographs of



Fig. 6. Typical polarizing optical micrographs of the effect of npin on nsh.

Scale bar is 200 mm.
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the formation of shish from pins on the surface of upper

plate at _gZ5 sK1. It is obvious that nsh increased with

increase of npin. As shown in Fig. 7, we quantitatively found

that nsh significantly increased with increase of npin. From

this experimental fact, we confirmed our proposed model

that the shish is formed from the elongated chains within the

oriented melt.

We also found that the melting temperature Tm of

shish of PE under very slow heating such as 0.2 8C/min

is much higher than that of FCCs and is close to T0
m [8].

This indicates that lamellar thickness of crystals is

much thicker than that of folded chain crystal (FCC).
Fig. 7. Plots of nsh of iPP against t at the same DTZ48.1 K. The slope I

increased with increase of npin.
Therefore, it is reasonable to conclude that the shish

consists of ECC.
3.2.3. DT dependence of Ish and rate determining process

Fig. 8 shows a typical example of DT dependence of nsh(t)

of PE. We found that the slope of the straight line in Fig. 8

increased with increase of DT. This implies that I(DT)

increases with increase of DT. Moreover, we also found that

t decreased with increase ofDT. Though the results of iPP was

not shown, the results of iPP is almost the same as that of PE.

Figs. 9(A) and 10(A) show the plots of I against DTK2

from the oriented and isotropic melt (indicated by shish (F)

and spherulite (Q and F)) for iPP and PE, respectively. Both

iPP and PE, the I from the oriented melt, i.e. the formation

of shish obeyed Eq. (1), except for large DT of PE.

Therefore, we concluded that the formation of shish is

controlled by the nucleation process. In large DT of PE, it is

considered that the formation of shish is controlled by the

diffusion, i.e. the chain rearrangement. As mentioned in

discussion, we also found that DG* in the case of shish (F) is

larger than kT. This also implies that the formation of shish

is the nucleation process [23,24]. Since the slope of the

straight line of shish (F) was smaller than that of spherulite

(Q or F), this indicates that the nucleation mechanism of

shish (F) is quite different with that of spherulite (Q and F).

Here, it is noted that absolute value of I0 is not so important

because I0 is proportional to npin, i.e. number density of

heterogeneity nhet [29,30].
3.2.4. Experimental evidence of the formation of bundle

nucleus from the oriented melt

We obtained C of shish (F) (Csh) for iPP and PE as

follows,
Fig. 8. Plots of nsh of PE against t at DTZ7.8, 9.3 and 10.2 K. The slope I

increased with increase of DT.



Table 2

The parameters used in this series of paper

iPP PE

Dh (J mK3) [26,35] 1.7!108 2.8!108

T0
m ð8CÞ [31–33,36] 186.1 140.0

a0 (Å) 6.28 4.55

b0 (Å) 5.43 4.15

c0 (Å) 2.17 1.27

a0, b0 and c0 mean the length of repeating unit in unit cell [26,35,37]. The

crystal forms are a2 and orthorhombic for iPP and PE, respectively. Fold

surface is assumed to be (110).
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Csh Z 5:48!103 K2 for iPP;

Z 229 K2 for PE:
(5)

As mentioned in Section 1.5, we can judge the type of

nucleus from DG* obtained by kinetic observation based on

the classical nucleation theory [17]. If the observed sb
e is

much smaller than sf
e, the type of nucleus should be bundle.

In the case that the fold nucleus with sharp folds is

homogeneously formed from the isotropic melt, we can

theoretically calculate Chomo as 25!104 and 21!104 K2 for

iPP and PE, respectively. Therefore, we obtainedCsh/ChomoZ
2.2!10K2 and 1.1!10K3 for iPP and PE, respectively [17,

26,27,31–34]. Using sf
e in the literatures [26,27,31–33] and

sori shown in part 2 of this series of paper [25], we estimated

sb
e and summarized in Table 1. Moreover, the parameters

used in calculation in this series of paper are summarized in

Table 2. From these values, it was directly confirmed that

the shish was formed from the bundle nucleus within the

oriented melt.
3.2.5. DT dependence of I from the isotropic melt

We already showed that I from the isotropic melt under

shear flow and quiescent state as shown in Figs. 9A and 10A

(indicated by spherulite (F) and spherulite (Q), respect-

ively). For both iPP and PE, I obeyed Eq. (1). The I of

spherulite (F) is almost coincident with that of spherulite

(Q) at the same DT within the experimental errors [30].

Since the slope of the straight lines C and intercept of

vertical axis I0 are almost the same both under shear flow

and quiescent state, D and DG* in Eq. (1) are almost the

same both under shear flow and quiescent state. The former

means that in quasi-isotropic melt the number of clusters

related to the local order does not change by shear flow. The

latter means that even in the quasi-isotropic melt folded

nucleus should be formed as well as in the isotropic melt

under quiescent state. From these results, we concluded that

the mechanism of nucleation from the quasi-isotropic melt

is essentially the same as that from the isotropic melt since

the most chains within the sheared melt can be regarded as

the ellipsoidal random coiled chains [9,10] and the chain

conformation under shear flow is almost the same as that

under quiescent state [8].
3.2.6. Induction periods under shear flow

Fig. 11(A) and (B) show the plots of t of shish (F) and
Table 1

The side and end surface free energy of bundle and fold nucleus (unit in J/m2)

Side surface free energy

Oriented melt, sori a Isotropic melt, s

iPP 6.5!10K3 12!10K3

PE 2.6!10K3 14!10K3

a sori was obtained by the growth rate of shish V. The details are presented in
b Data taken from Refs. 26 and 34 for PE and iPP, respectively.
c Data taken from Refs. 27 and 31–33 for PE and iPP, respectively.
spherulite (F and Q) for iPP and PE against DTK2,

respectively. Both iPP and PE, it was found that the logt of

shish (F) and spherulite (Q and F) is proportional to DTK2.

The slopes of the straight line of shish (F) is smaller than

that of spherulite (Q and F). This indicates that the

molecular mechanism in induction period is quite different

between the formation of shish and spherulite. If t will be

measured by more sensitive tools such as SAXS [38], t

should ultimately become to be zero. t in this work was

obtained for a crystal with micrometer order of lateral size.

3.3. Critical shear rate _g� for the formation of shish

In this work, we found for the first time that _g� for the

formation of shish exists. Ish gradually increased with

increase of _g, whereas t rapidly decreased and saturated

with increase of _g. Based on these experimental facts, we

will show the relation between the elongation and relaxation

of chains on the formation of shish.

3.3.1. _g dependence of nsh(t)

Fig. 12 shows the _g dependence of nsh(t) of iPP. Below

_gZ0:1 sK1, we cannot observe the formation of shish.

Above _gZ0:5 sK1, we found that the shish was formed. The

slopes of the straight lines, i.e. Ish gradually increased with

increase of _g, whereas t decreased with increase of _g. This

implies that _g� exists for the formation of shish.

3.3.2. _g� of Ish and t

Fig. 13 shows the _g dependence of Ish and t of iPP. We

found that Ish gradually increased with increase of _g.

Whereas, t rapidly decreased and then saturated with

increase of _g and diverged to infinity with decrease of _g.

The induction periods for the formation of shish strongly
End surface free energy

iso b
Bundle nucleus, sb

e Fold nucleusc, sf
e

3.1!10K3 45!10K3

3.0!10K3 91!10K3

our sequential paper [25].



Fig. 9. (A) Plots of I from the oriented and isotropic melt of iPP against

DTK2. The solid lines obeyed the classical nucleation theory (Eq. (1)). The

slope of the straight line of shish (F) is smaller than that of spherulite (F and

Q). (B) DT dependence of DG* of the bundle nucleus of iPP.

Fig. 10. (A) Plots of I from the oriented and isotropic melt of PE against

DTK2. The solid lines obeyed the classical nucleation theory (Eq. (1)). The

slope of the straight line of shish (F) is smaller than that of spherulite (F and

Q). (B) DT dependence of DG* of the bundle nucleus of PE.
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depends on _g. As shown in this figure, we can clearly define

_g� for the formation of shish as

_g�z0:5 sK1 (6)
4. Discussion

4.1. Bundle nucleus was formed from the oriented melt

From the experimental facts, we have proposed the

model of chain conformation under shear flow. The chain

conformation within the sheared melt becomes to be

ellipsoidal random coils [9,10]. When a part of the chains

will be accidentally elongated by the dust particles or pins

within the melt, the oriented melt will be formed and then

the bundle nucleus will grow to the shish. We have shown

based on kinetic study that the fold and bundle nucleus are

formed from the isotropic and the oriented melt, respect-

ively. Since the DG* of a bundle nucleus is much smaller
than that of a fold nucleus, the nucleation of bundle nucleus

is much easier than that of fold nucleus. This is the reason

why the nucleation behavior under flow is significantly

different from that under quiescent state. For polymers, it

has confirmed that our proposed model of nucleation as

shown in Fig. 3 is universal.
4.2. Reason why _g� exists for the formation of shish

Let us consider the reason why _g� exists for the

formation of shish. Fig. 14 shows a schematic illustration

of the relation between the size of a critical bundle nucleus

(l*) and length of elongated chain (L) near _g�. Under the

shear flow, the elongated chains caused by pin will relax to

the random coils as shown in Fig. 14(C). Competition of

these two factors, i.e. elongation and relaxation controls L.

As was mentioned previously, since the shish was always

generated on the root of pins, the bundle nucleus should be

formed on the root of pins. If L[l*, it is possible to

progress the nucleation. On the other hand, if L/l*, the



Fig. 11. Plots of t of shish (F) and spherulite (F and Q) against DTK2 of (A)

iPP and (B) PE.

Fig. 12. Plots of nsh of iPP against t in _gZ0:1; 0:5 and 3 sK1 at DTZ41.8 K.

The slope I increased with increase of _g.

Fig. 13. Plots of I and t of shish (F) of iPP against _g at DTZ41.8 K.
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nucleation can not progress. This is the reason why _g� exists

for the formation of shish. It is noted here that _g� may

depend on the variety of polymer.
4.3. DT dependence of DG* and shape of the critical bundle

nucleus

Using obtained sori and sb
e , we can calculate DG* of
Fig. 14. Schematic illustration of the conformation of elongated chains

caused by pin at (A) _gO _g�, (B) _g! _g� and (C) _gZ0/ _g�.
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bundle nucleus against DTK2 as shown in Figs. 9(B)

and 10(B):

DG� Z 5:5!103=DT2 ðkT=rep:unitÞ for iPP

Z 2:3!102=DT2 ðkT=rep:unitÞ for PE
(7)

In a range of DT except for large DT of PE, we concluded

that the formation of shish is mainly controlled by the

nucleation process since a criterion that DG*O2 kT was

satisfied. At DTw10.3 K of PE, i.e. DG*w2 kT, there is a

breaking point on the plot of I against DTK2. Therefore, in

the case of DTO10.3 K of PE, it is controlled by the

diffusion process.

We can calculate the size of critical bundle nucleus, i.e.

l*, m* and n* as

l� Z 1:6!102=DT ðrep:unitÞ for iPP

Z 1:4!102=DT ðrep:unitÞ for PE
(8)

m� Z n� Z 130=DT ðrep:unitÞ for iPP

Z 35=DT ðrep:unitÞ for PE
(9)

where we assumed that m*Zn* for the critical bundle

nucleus [17].

The shape of critical bundle nucleus is assumed to be

rectangular solid. l*, m* or n* are a few to several tens nm in

the range of DT in this work. It was found that l* of the

bundle nucleus is much smaller than that of the fold nucleus

(l*Z4.3!103/DT for PE).
5. Conclusion
1.
 The formation of shish is mainly controlled by the

nucleation process of the bundle nucleus except for large

DT.
2.
 The bundle and fold nuclei were formed from the

oriented and isotropic melt, respectively.
3.
 There exists a critical shear rate _g� for the formation of

shish. _g�z0:5 sK1 for iPP.
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