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Abstract

In part 1 of this series of paper, we have solved the formation mechanism of shish from the oriented melt based on the kinetic observation.

In this work, we have shown for the first time the molecular mechanism of the growth of shish by kinetic study. We found that there are two

different type of the growth of shish against the flow direction. The growth rate along the flow direction (U) is proportional to DT, where DT is

the degree of supercooling. This indicates that U is mainly controlled by the rearrangement process of the chain near the end surface of the

shish. On the other hand, the growth rate perpendicular to the flow direction (V) obeyed a well-known equation Vfexp(KB/DT), where B is a

constant proportional to the free energy necessary for forming a critical secondary nucleus DG*. This indicates that V is mainly controlled by

the secondary nucleation process on the side surface of shish. Moreover, we also found that there is a critical shear rate _g� for the growth of

shish. Below _g�, U and V approached to zero and the growth rate of spherulite, respectively. From this experimental fact, we proposed that

the chain conformation near the interface between the melt and shish, i.e. near the end and side surface of shish is elongated and oriented by

the shear flow above _g�.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

We have solved the formation mechanism of shish based

on the kinetic study in previous paper (part 1) [1]. In this

paper, we will solve the growth mechanism of shish under

continuous shear flow based on the kinetic study for the first

time.
1.1. Formation mechanism of shish

In our previous study [1], we have shown the first direct

evidence that the shish was formed from the bundle nucleus

within the oriented melt as shown in Fig. 1(A). The bundle

nucleus was formed from elongated chains within the
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oriented melt caused by pins. Then, the bundle nucleus

grows to the shish from the root of pins along the flow

direction. This indicates that the formation of shish is

controlled by the nucleation process. Moreover, we also

found that there exists a critical shear rate of the formation

of shish. Based on these experimental facts, we have solved

the molecular mechanism of formation of shish. When we

focus to shish formed by fixed pins, there is advantage that

we can identify the position of shish and measure the size of

focused shish. Because shish formed at a floating dusts will

run away from eye field immediately.
1.2. Growth mechanism of shish

Purpose of this work is to solve the molecular mechanism

of the growth of shish based on the kinetic observations.

Based on this mechanism, we will show the chain
Polymer 46 (2005) 1685–1692
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Fig. 1. Schematic illustration of (A) nucleation of bundle nucleus within the

oriented melt, (B) notation of growth rate U and V.
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conformation within the interface between the shish and the

melt. Fig. 1(B) shows the notation for the growth of shish.

We can define two different growth rates of shish in regard

to the chain axis in the shish, i.e. along the flow direction (U)

and perpendicular to the flow direction (V). It is reasonable

to consider that U and V are controlled by different

mechanisms of growth. The U may be controlled by the

rearrangement of the chains on the end surface of shish.

Because it is difficult to nucleate on the end surface of shish

due to a lot of loop or cilia chains. For this growth direction,

a few schematic models have been proposed [2,3].

However, as far as author’s knowledge, the molecular

mechanism based on kinetic study has not been done yet. On

the other hand, the V may be controlled by the secondary

nucleation and growth on side surface of shish. For kebab

growth on shish, it has been accepted that the growth

mechanism is the same as that of spherulite under quiescent

state. However, the growth mechanism of shish has not been

solved yet. We emphasis that no reports have been shown

what is the rate determining process such as nucleation or

rearrangement for the growth mechanism of shish.
1.3. DT dependence of growth rate R

If the growth rate R is controlled by the rearrangement or

nucleation process, R is given as follows.

For rearrangement [4–6]

RfDT (1)

For nucleation [7,8]

Rf expðKDG�=kTÞf expðKB=DTÞ (2)

where DT is the degree of supercooling defined by

DT Z T0
m KTc (3)

where T0
m is the equilibrium melting temperature and Tc is

the crystallization temperature and k is the Boltzmann

constant and T is temperature and B is a constant. B is

proportional to the free energy of necessary for forming a

critical secondary nucleus DG*. In Eq. (2), B is given by [9]
B Z
4b0sseT0

m

3kTDh
(4)

where s is the side surface free energy and se is the end

surface free energy and b0 is a height of nucleus and Dh is

the heat of fusion. From Eq. (4), we can obtain s within the

oriented melt (sori).

1.4. Competition between chain elongation and

conformational relaxation

Under the shear flow, it is considered that the effects of

chain elongation caused by pins and conformational

relaxation are always competing. As mentioned in Section

1.1, we have shown that there exists a critical shear rate _g�

for the formation of shish [1]. In other words, this indicates

that there exists a _g� for the primary nucleation with bundle

nucleus. As well as in the case of the formation of shish, it is

expected that there exists a _g� for the growth of shish. If the

shear rate _g will decrease, the behavior of growth of shish

will significantly change. When the chain relaxation is

dominant rather than the chain elongation in the case of low

_g, it is expected that U and V will approach to zero and

growth rate of spherulite Vsp under quiescent state,

respectively. Therefore, we can define _g� for the growth

of shish. From the growth behavior of shish near _g�, we will

propose the chain conformation within the interface

between the melt and shish.

1.5. Purpose of this work

First purpose of this study is to solve the growth

mechanism of shish based on the DT dependence of U and

V. Second purpose is to show the model for the chain

conformation near the end and side surface of shish from the

experimental fact that there exists _g� for the growth of

shish.
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.

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
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growth behavior was carried out by means of a polarizing

optical microscope.

2.3. Measurements

In order to obtain the DT dependence of U and V of shish,

we measured the length of shish along the flow direction l

and thickness of shish a. The shish is effectively generated

one dimensionally by artificial pins described in our

previous paper [1]. Therefore, we can measure the length

of shish l between the root of pin and the growth front. For

measurement of a, we measured a at the same position of

focused shish. This can be actually achieved when one end

of shish is fixed by pins. Our original experimental idea that

shish is formed by fixed pins has advantage for measure-

ment of l and a. We can define U and V as Uhdl/dt and

Vhda/2dt, respectively, where t is the time. The T0
m of PE

under shear flow and quiescent state were almost the same

as shown in our previous paper [10]. We assume that T0
m of

iPP under shear flow and quiescent state are also the same

[1]. The ranges of DT were 40.2–49.2 K for iPP and 9.1–

15.1 K for PE, respectively.
Fig. 2. Typical polarizing optical micrograph. Growth direction is

coincident with the flow direction indicated by arrows. A and B indicate

the root of pins.
3. Results

3.1. Shish was formed on the root of pins and grew to the

flow direction

In order to confirm that the shish is formed on the root of

pins and grow to the flow direction, we carried out a simple

examination. If the shish will be formed on the root of pins

and grow to the flow direction, growth direction of shish

should depend on the flow direction. In other words, when

the flow direction will be reversed, we can find that growth

direction of shish should be reversed. As shown in Fig. 2, it

was found that the growth direction of shish was reversed

when the flow direction was changed to opposite direction.

Therefore, it is confirmed that the shish is formed on the root

of pins and grew to the flow direction.

3.2. DT dependence of l vs. t

Fig. 3 shows that l of iPP and PE linearly increased with

increase of t. It is noted here that tZ0 is defined that the time

when a shish is formed is equal to zero. This t dependence of

l indicates that the U can be regarded as the stationary

growth. Therefore, we can obtain U from the slope of this

straight line. For both iPP and PE, U increased with increase

of DT.

3.3. DT dependence of a vs. t

Fig. 4 shows that a of iPP and PE linearly increased with

increase of t. This t dependence of a indicates that the V can

be also regarded as the stationary growth. Therefore, we can
obtain V from the slope of this straight line. For both iPP and

PE, V increased with increase of DT as well as U.

3.4. Tc dependence of U and V

Fig. 5 shows the plots of U and V against Tc. It was found

that U and V significantly increased with decrease of Tc and

approached to zero near T0
m. Since the Tc dependence of V is

stronger than that of U, it is expected that the functional

form of U and V as a function of DT is significantly different.

Since V rapidly increased with decrease of Tc comparing

with U, V may exponentially increase with increase of DT.

On the other hand, U may fit with the much weak DT

dependent function such as DT.

3.5. DT dependence of U

We have shown in Fig. 5(A) and (B) that U is

proportional to DT. As mentioned in Section 1.2, it is

difficult to nucleate on the end surface of shish. According

to the classical nucleation theory [9], the necessary

condition of the surface nucleation is; (1) flat surface with

atomic scale and (2) existence of facet. For the end surface

of shish, both conditions are not satisfied. Therefore, it is

considered that the mechanism of U should be rearrange-

ment process of the chains near the end surface of shish. For

both iPP and PE, it was found that U is fitted by



Fig. 3. Plots of l of (A) iPP and (B) PE against t. U is defined by the slope of

the straight line.

Fig. 4. Plots of a of (A) iPP and (B) PE against t. V is defined by the half of

slope of the straight line.
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UfDT (5)

Therefore, we concluded that U is mainly controlled by

the rearrangement process of the chains [4–6].

3.6. DT dependence of V

Figs. 6(A) and 7(A) show the plot of V against 1/DT. For

both iPP and PE, it was found that V is fitted by

Vf expðKB=DTÞ (6)

Therefore, we concluded that V is mainly controlled by

the secondary nucleation process [7,8].

3.7. _g dependence of U and V

Fig. 8 shows the plots of U and V of iPP against _g at
DTZ41.8 K. It was found that U and V increase from zero

and Vsp under quiescent state [11] with increase of _g,

respectively. Both U and V increased with increase of _g, and

then saturated for _gO1 sK1. We defined _g� for the growth

of shish where Uð _g�Þ and Vð _g�Þ are equal to half value of

saturated value of U and V. We obtained _g� as

_g� Z 0:3 sK1 (7)
3.8. l stops increasing below _g� and restarts increasing with

step up of _g

Fig. 9 shows the plot of l against t when _gðO_g�Þ was

decreased to below _g� and then increased above _g� at a

constant DTZ41.8 K. It was found that in the case of

_gO _g�, l linearly increased with increase of t. Once _g
jumped to below _g�, l stopped increasing. Then, _g jumped



Fig. 5. Plots of U and V of (A) iPP and (B) PE against Tc.

Fig. 6. (A) Plots of V of iPP against DTK1. (B) Plot of DG* of iPP against

DTK1.
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to above _g�, l started increasing again. This confirmed that

there exists _g� for the growth U of shish.
4. Discussion
4.1. Growth mechanism along U

Fig. 10 shows a schematic illustration of the chain

conformation near the end surface of shish at _g! _g� (UZ0)

and _gO _g� (UO0). In the case of _g! _g�, on the end surface

of shish, there are a lot of loop or cilia chains. These chains

can be regarded as relaxed random coils. On the other hand,

in the case of _gO _g�, on the end surface of shish, a lot of

loop or cilia chains are elongated by the shear flow and the

oriented melt is formed. The origin of this elongation is that

the entangled chains are moved by the shear flow. In the

former case, since it is difficult to rearrange the chain
conformation near the end surface of shish, the growth U

can not progress. On the other hand, in the latter case, since

it is easy to rearrange the chain conformation due to the

elongation, the growth U can progress and the new growth

front will be made.
4.2. Growth mechanism along V

Fig. 11 shows a schematic illustration of the chain

conformation near the side surface of shish at _g! _g� and

_gO _g�. In general, it can be assumed that the side surface of

shish is smooth and flat. Therefore, a lot of free random coils

will repeat to adsorb and detach on the side surface of shish.

In the case of _g! _g�, the chains adsorbed on the side

surface do not orient so much. The growth V will progress

by the surface nucleation. In this case, it is considered that

the growth mechanism along V is essentially the same as the

lateral growth of spherulite under quiescent state. In other

words, the side surface free energy sori around the

secondary nucleus does not change and is almost the same

as that within the isotropic melt under quiescent state (siso).

On the other hand, in the case of _gO _g�, the chains

adsorbed on the side surface will be elongated by the shear

flow. Since the chains are oriented along the flow direction,



Fig. 7. (A) Plots of V of PE against DTK1. (B) Plot of DG* of PE against

DTK1.

Fig. 9. The effect of step up and down of _g on l of iPP at DTZ41.8 K.
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sori will decrease. In this case, V increases comparing with

that at _g! _g� due to small sori.

4.3. Side surface free energy within the oriented melt

As shown in part 1 of this series of paper [1], the bundle
Fig. 8. Plots of U and V of iPP against _g at DTZ41.8 K.

Fig. 10. Schematic illustration of the chain conformation near the end

surface of shish at (A) _g! _g�* (UZ0) and (B) _gO _g� (UO0).



Fig. 11. Schematic illustration of the chain conformation near the side surface of shish at (A) _g! _g� and (B) _gO _g�.
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nucleus will be formed on the root of pins since the chains

are strongly elongated near the pins. Let us consider which

type of nucleus such as bundle or fold nucleus will be

formed on the side surface of shish. As shown in Fig. 11, the

chains near the side surface of shish repeat to adsorb and

detach on the side surface of shish under the shear flow. The

chains will be weakly elongated and not be fully extended. It

can be regarded as the partially oriented melt. Therefore, it

is reasonable to consider that the fold nucleus will be

formed from the partially oriented melt. Because it is

difficult to form the bundle nucleus within the partially

oriented melt due to weak chain elongation.

Assuming that the crystal form in the case of secondary

nucleus on the side surface of shish is the same as that in the

case of spherulite under quiescent and the end surface free

energy of fold nucleus se
f is applicable to the case of the

nucleation from the partially oriented melt, we can derive

simple relation from Eq. (4) as,

Bsh

Bsp

Z
sori

siso
(8)

where Bsh and Bsp are the slope of the straight line of the

plots of V and Vsp against DTK1 and sori and siso are the side

surface free energy within the oriented and isotropic melt,

respectively. From Eq. (8), using siso reported in literature

[12,13] and experimental Bsp [11,14] shown in Figs. 6(A)

and 7(A), we can calculate sori as

sori Z 6:5!10K3 ðJ=m2Þ for iPP

Z 2:6!10K3 ðJ=m2Þ for PE
(9)

Here, the parameters used in this calculation were

summarized in Table 2 in part 1 of this series of paper[1].

Comparing with siso (12!10K3 J/m2 for iPP and 14!10K3

J/m2 for PE), it was found that sori in this work is smaller

than siso. Because the structural difference between the
oriented melt and a nucleus is much smaller than that

between the isotropic melt and a nucleus.

4.4. DT dependence of DG* of V

Using sori in this work and sf
e reported in literatures [13,

15–17], we can calculate DG* for the secondary nucleation

on the side surface of shish against DTK1 as shown in Figs.

6(B) and 7(B).

DG� Z 307!103=DT ðkT =rep:unitÞ for iPP

Z 67!102=DT ðkT=rep:unitÞ for PE
(10)

In all range of DT, we concluded that the growth of shish

perpendicular to the flow direction is mainly controlled by

the nucleation process since a criterion that DG*[2 kT

was satisfied.
5. Conclusion
1.
 The growth of shish along the flow direction is mainly

controlled by the rearrangement process of the chains

within the oriented melt.
2.
 The growth of shish perpendicular to the flow direction is

mainly controlled by the secondary nucleation process of

fold nucleus within partially oriented melt.
3.
 There exists a critical shear rate _g� for the growth of

shish. _g�z0:3 sK1 for iPP.
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