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Abstract

We have studied structure formation during crystallization of polyethylene (PE) under shear flow using time resolved depolarized light

scattering (DPLS) in order to elucidate the formation mechanism of the so-called shish-kebab structure. Two-dimensional (2D) DPLS pattern

clearly showed streak-like scattering normal to the flow direction in the early stage during the crystallization after pulse shear, suggesting the

formation of the shish-like structure in mm scale. In order to analyze the 2D DPLS pattern we defined measures for the acceleration of the

crystallization rate and the degree of anisotropy and found that there are critical shear rates for both of the acceleration and the anisotropy at a

given shear strain: the former is much smaller than the latter. We also determined the critical shear rate for the anisotropy as a function of the

shear strain. Extrapolating to inverse of the infinite shear strainZ0, we found the critical shear rate for the anisotropy at the infinite shear

strain to be 1.5 sK1. The results were discussed in relation to a competition between the relaxation rate of polymer chains and the orientation-

induced crystallization rate.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Extensive studies have been carried out on polymer

crystallization under flow like elongational and shear flows

from both industrial and scientific points of view [1–4]. In

many polymer processing operations such as fiber spinning,

injection molding and extrusion, polymers experience

various kinds of flows and the crystallization kinetics and

the final morphology are greatly affected by the flows. It is

known [5–9] that when polymers in melts and solutions are

crystallized under elongational and/or shear flows the so-

called shish-kebab structure is often formed, which consist

of long central fiber core (shish) surrounded by lamellar

crystalline structure (kebab) periodically attached along the

shish. It is believed that the shish is formed by crystal-

lization of completely stretched polymer chains and the

kebabs are folded chain lamella crystals and grow to the
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direction normal to the shish. Recent development of

advanced characterization techniques such as in situ rheo-

small-angel and wide-angle X-ray scattering (SAXS and

WAXS) [10–20] and in situ rheo-small-angle light scatter-

ing (SALS) [21–23] and rheo-optical measurements [24–

26] has shed light on significant features of the formation

mechanism of the shish-kebab structure. In situ rheo-SAXS

and rheo-WAXS measuremetns were extensively carried

out on the structure development in fiber spinning process

[10,11,13–15,27,28] as well as in shear-induced crystal-

lization process [12,16–18,20]. Some of the works have

focused on the structural formation in the early stage of the

crystallization under flow using “short term shearing”

technique [29] because it often governs or at least affect

the final structure deeply. In situ rheo-SAXS and rheo-

WAXS studies on iPP and polyethylene (PE) after pulse

shear by Hsiao et al. [18,20] have shown that a scaffold or

network of oriented structures is formed prior to the full-

crystallization. Kornfield et al. [24–26] have preformed in

situ birefringence measurements on isotactic polypropylene

(iPP) after short term shearing, and found that the
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birefringence drops after the shear but shows upturn again,

suggesting formation of a precursor of the shish-kebab

structure. These studies have indicated that a precursor of

the shish is formed in the very early stage during the

crystallization process after the shear. A pioneering in situ

rheo-SALS study by Katayama et al. [30] also demonstrated

that there exists a mesomorphic state during the shear-

induced crystallization process about 30 years ago. Recent

in situ rheo SALS measurements on iPP by Winter et al.

[21–23] have revealed that density fluctuations occurs

before the orientation fluctuations. Despite the extensive

studies, the formation mechanism of the shish-kebab

structure is not fully understood. One of the reasons is that

there are many factors which influence the formation of the

shish-kebab structure such as molecular weight, molecular

weight distribution, branching in chain, shear rate, shear

strain, crystallization temperature and so on. It is necessary

in such situation to perform systematic studies on the

crystallization process as a function of each factor to

elucidate the formation mechanism.

In this study, focusing on the effects of shear rate as well

as shear strain, we investigated the structural formation of

PE in the early stage of crystallization under shear flow

using time resolved depolarized light scattering (DPLS)

technique. For this purpose we have also employed short

term shearing technique or pulse shear technique [29]. The

PE used in the study has rather low molecular weight and

rather wide molecular weight distribution as will be

mentioned in the experimental part. The low molecular

weight allows us to perform the experiment in wide ranges

of shear rate and sear strain. In addition, we empirically

know that the shish-kebab formation is enhanced in samples

with wide molecular weight distribution compared with the

narrow one. This may suggest an important role of the high

molecular weight component in the shish-kebab formation.

This problem will be discussed in a forthcoming paper.
Fig. 1. Temperature protocol for the shear experiments on polyethylene.
2. Experimental

Here we used polyethylene with molecular weight MwZ
58,600 and the polydispersityMw/MnZ8.01, where Mw and

Mn are the weight- and number-average molecular weight,

respectively. The PE was kindly supplied by Showa Denko

Ltd. The nominal melting temperature of the PE determined

by DSC measurements was 134 8C at the heating rate of

20 8C/min.

DSC measurements were carried out to characterize the

thermal properties of the sample using Perkin–Elmer DSC-7.

All the DSC scans were performed under nitrogen

environment.

Two-dimensional (2D) depolarized light scattering

(DPLS) measurements were carried out using a home-

made apparatus with He–Ne laser (80 mW, wavelength lZ
633 nm) as a light source and 2D screen and CCD camera as

a detector system. The range of length of scattering vectorQ
in this experiment is 4!10K5 to 2.6!10K4 ÅK1, where Q

is given by QZ4psinq=nl (2q and n being scattering angle

and the refractive index, respectively).

A Linkam CSS-450 high temperature shear cell with

quartz windows was used to control the temperature and the

shear conditions. The sample thickness in the cell was

300 mm for all the DPLS measurements. The temperature

protocol for the shear experiments is shown in Fig. 1: (a) the

polymer sample was heated up to 165 8C from room

temperature at a rate of 30 8C/min, (b) held at 165 8C for

5 min, (c) cooled down to the crystallization temperature

TcZ129 8C at a rate of 30 8C/min, and then (d) held at

129 8C for the DPLS measurements. The polymer melt was

subjected to pulse shear just after reaching the crystal-

lization temperature Tc of 129 8C. The ranges of the shear

rate and the shear strain were 0–32 sK1 and 800–19,200%,

respectively.
3. Results and discussion

Fig. 2 shows the time evolutions of the 2D DPLS patterns

under quiescent crystallization condition ð _gZ0 sK1Þ and

after pulse shear with shear rate _gZ16 sK1 and shear strain

3Z3200%. Under the quiescent condition, no scattering

intensity is observed in the first 110 s after reaching Tc,

corresponding to the so-called induction period, and then

isotropic 2D DPLS pattern appears and increases in

intensity with annealing time as seen in the upper row in

Fig. 2. On the other hand, under the shear condition with

_gZ16 sK1 and 3Z3200%, very weak anisotropic scattering

pattern begins to appear at about 30 s after applying the

pulse shear. This indicates that there are long scattering

objects aligned along the flow direction, which must be the

shish-like structure. The length of shish-like structure is in

mm order judging from the scattering vector range in the

DPLS measurements. Exact size evaluation of the shish-like

structure will be reported in a separated paper. It is no doubt

that the shish-like structure is formed by the effect of the

pulse shear because the 2D pattern under the quiescent

condition does not show any anisotropic scattering. The

anisotropic streak-like scattering pattern gradually increases



Fig. 2. Time evolution of 2D depolarized light scattering (DPLS) pattern from PE during the crystallization process at 129 8C. Upper: under quiescent

condition, lower: after pulse shear with shear rate _gZ16 sK1 and shear strain 3Z3200%.

H. Fukushima et al. / Polymer 46 (2005) 1878–18851880
in intensity with annealing time while isotropic component

also appears at about 80 s as seen in the lower row in Fig. 2.

The isotropic scattering component suggests that some parts

of PE are not affected by the shear to produce isotropic

structure like spherulite.

We would like to briefly discuss if the shish-like structure

is crystal or not (a precursor of the shish) in the early stage

during the crystallization process because DPLS measure-

ments can detect any oriented structure whether it is crystal

or not. We have performed DSC measurements on the

crystallization process of the same PE under the quiescent

condition at 129 8C. The result is shown in Fig. 3. After the

induction time of about 300 s, exotherm due to the

crystallization is observed. On the other hand, DPLS

intensity is already observed at 110 s (see Fig. 2). These

results imply that the DPLS measurement is so sensitive as

to detect a precursor of the shish before the nucleation or a

small amount of the (crystallized) shish compared with the
Fig. 3. DSC isotherm of PE at 129 8C after temperature jump from 165 8C.

Inset is expansion in the first 600 s after the temperature jump.
DSC measurement. At the moment, it is hard to say which is

correct. Hsiao et al. [19] has performed time resolved small-

angle X-ray scattering measurements on structural devel-

opment of isotactic polypropylene (iPP) after applying pulse

shear above the nominal melting temperature to find a

streak-like scattering normal to the flow direction, corre-

sponding to the shish-like structure. It should be emphasized

here that this observation was above the nominal melting

temperature, suggesting that the shish-like structure is not

crystal. In the present experiment, we did not observe the

shish-like structure above the melting temperature, but it is

impossible to deny that the observed streak-like scattering

pattern is due to the precursor. Hence, we do not use the

shish structure, but the shish-like structure here.

We have examined effects of the shear rate _g and the

shear strain 3 on the structure formation during the

crystallization after pulse shear. Fig. 4 shows time

evolutions of 2D DPLS patterns for shear rates _g of 1, 4

and 16 sK1 at a given shear strain 3 of 3200%. The scattering

patterns are isotropic at both the shear rates of 1 and 4 sK1,

while the scattering pattern at _gZ4 sK1 appears earlier than

that at 1 sK1, showing acceleration of the crystallization rate

with increasing the shear rate. On the other hand, comparing

the scattering patterns between _gZ4 and 16 sK1, the 2D

pattern at 16 sK1 is anisotropic and shows the streak-like

scattering in addition to the acceleration of the crystal-

lization rate. It is clear that the shear rate affects the

crystallization rate as well as the anisotropic structure

formation. The acceleration is observed at the relatively low

shear rates while the anisotropic structure formation is at the

relatively high shear rates.

In Fig. 5, the time evolutions of 2D DPLS patterns are

shown for various shear strains 3Z1600, 3200 and 6400% at

a given shear rate _gZ4 sK1. Similar to the shear rate effects,

the acceleration of the crystallization rate and the appear-

ance of anisotropic scattering patterns are observed as the

shear strain increases.

In order to evaluate quantitatively the effects of shear rate



Fig. 4. Time evolution of DPLS pattern form PE during the crystallization process at 129 8C after pulse shear with shear rates _gZ1, 4 and 16 sK1 from top to

bottom at a given shear strain 3Z3200%.
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on the structure formation, the following two measures are

defined in this paper. In Fig. 6 the integrated DPLS intensity

normal to the flow direction is plotted as a function of the

annealing time for various shear rates _g at a given shear

strain 3Z3200%. The scattering intensity is very weak in

the induction period and abruptly begins to increase. This

induction time tind decreases with increasing the shear rate,

showing the acceleration of the crystallization rate. We then

employed the induction time tind as a measure of the

acceleration of crystallization rate. Generally speaking, the

crystallization rate is dominated by the nucleation rate and

the growth rate, and the induction time tind is mainly

governed by the nucleation rate. Therefore, we discuss the

acceleration of the nucleation rate due to the shear flow here.

The slope of the scattering intensity vs. time after the
Fig. 5. Time evolution of DPLS pattern form PE during the crystallization process

top to bottom at a given shear rate _gZ4 sK1.
induction time would be used as a measure of the

crystallization rate, especially the growth rate. However,

this measure was not employed here because the sample

thickness is rather thick so that the scattering intensity is not

proportional to the degree of crystallinity in the late stage.

Second measure is for the anisotropy. A typical anisotropic

2D scattering pattern is shown in Fig. 7(a) and the

corresponding scattering intensities normal and parallel to

the flow direction are plotted against Q in Fig. 7(b). In the

high Q range the scattering intensities are very weak and

begin to increase at certain onset Q values with decreasing

Q, depending on the scattering direction. Here we employed

a ratio of the onset Q value normal to the flow direction to

the parallel one Rani (ZQt/Qs) as a measure of anisotropy.

The onset Qs parallel to the flow direction was sometimes
at 129 8C after pulse shear with shear strain 3Z1600, 3200 and 6400% from



Fig. 6. Time evolution of integrated DPLS intensity of PE at 129 8C normal

to the flow direction for various shear rates _g from 0 to 32 sK1, showing the

definition of induction time tind. The shear strain 3 is 3200% for all the

measurements.
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inside in the beam stopper as shown in Fig. 7(c). In this case

we cannot follow the above procedure to determine Qs, and

hence employed another procedure. We draw the contour

curve at a height of dQ which was used to determineQt (see

Fig. 7(d)) and interpolated the contour curve inside the beam

stopper. Then, we define the Qs as shown in Fig. 7(c). This

definition is slightly different from the first one, but the

degree of anisotropy is almost the same within the
Fig. 7. (a) and (c) Typical 2D DPLS patterns; (b) and (d) the definitions of the deg
experimental error. The measure is a sort of aspect ratio

of the 2D scattering pattern and called the degree of

anisotropy here.

We first examined the shear rate effects on the induction

time tind and the degree of anisotropy Rani. The induction

time tind and the degree of anisotropy Rani are plotted against

the logarithm of the shear rate _g in Fig. 8(a) and (b), where

the shear strain 3 is kept constant at 3200%. The induction

time tind under the quiescent condition ð _gZ0Þ is about 110 s

and decreases with increasing the shear rate. As seen in

Fig. 8(a), the linear relationship between the induction time

tind and the logarithm of the shear rate _g holds, at least in the

shear rate range examined although we do not have any

theoretical basis for this relation. The relation is given by:

_gind;c Z _gexp
tind K tind;0

tind

� �

where _gind;c, tind;0 and tind are the critical shear rate for the

induction time, the induction time under quiescent condition

and a constant with unit of time. According to the relation,

we have extrapolated the induction time to 110 s to find the

critical shear rate for the acceleration of the crystallization

rate at around _gind;cZ0:4 sK1 (Fig. 8(a)). As for the relation

between the degree of anisotropy Rani and the logarithm of

the shear rate _g, similar linear relation holds experimentally.
ree of anisotropy Rani (ZQt/Qs) corresponding to (a) and (c), respectively.



Fig. 8. Shear rate dependence of (a) the induction time tind and (b) the degree of anisotropy Rani. The shear strain 3 is 3200%.

Fig. 9. Shear rate dependence of the degree of anisotropy Rani for various

shear strains 3 from 800% to 19,200%.
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That is given by

_gani;c Z _gexp K
Rani KRani;0

rani

� �

where _gani;c, Rani;0 and rani are the critical shear rate for the

anisotropy, the degree of anisotropy under quiescent

condition (Z1), and a dimensionless constant. We also

extrapolated the degree of anisotropy to unity and found the

critical shear rate for the anisotropy at around

_gani;cZ2:4 sK1. This value is much larger than the critical

shear rate for the acceleration of crystallization rate

_gind;c ðZ0:4 sK1Þ. In other words, the acceleration effect is

observed in a low shear rate region while relatively large

shear rate is necessary for the anisotropic structure

formation. This problem is briefly discussed in terms of

chain relaxation in what follows. Applying pulse shear

polymer chains are somewhat extended, and after the

cessation of the shear they tend to relax to recover the

original non-oriented conformations. This process must be

governed by the longest relaxation time. On the other hand,

the chains want to crystallize because they are in the

supercooled state below the melting temperature although

the crystallization rate is not fast at the present Tc
(Z129 8C) under quiescent condition, meaning that there

must be a competition between the crystallization and the

relaxation. In the present DPLS experiments, we observed

that the detector screen was completely dark at 2 or 3 s after

the cessation of the shear, suggesting the polymer chains

completely relax to the original non-oriented conformation,

at least in a length scale of light scattering. However, we

observed the acceleration of the crystallization rate or the

reduction in the induction time. This may mean that the

local orientation remains in the chains, which induces

the crystallization (orientation-induced crystallization). At

the shear rates below the critical value for the anisotropy

_gani;c, the orientation must be too local to result in the

anisotropic structure (the shish-like structure) in the light

scattering scale. As the shear rate increases above the

critical value _gani;c, the chains are more extended and
crystallize earlier before the relaxation in the extended

conformation, resulting in the anisotropic structure in the

light scattering scale.

In the next we have determined the critical shear rates as

a function of shear stain. The critical shear rate for the

induction time _gind;c was almost zero at the shear strains

above 3200%, and hence it was hard to estimate the shear

strain dependence of the critical shear rate _gind;c in the

experimental accuracy. Therefore, we focus on the shear

strain dependence of the critical shear rate for the degree of

anisotropy _gani;c. In Fig. 9, the degree of anisotropy Rani is

plotted against the logarithm of the shear rate _g for various

shear strains, where the data in Fig. 8(b) is also included. As

seen in figure, the critical shear rate for the degree of

anisotropy _gani;c decreases with increasing the shear strain.

The linear relation between the degree of anisotropy Rani

and the logarithm of the shear rate _g holds for all the shear

strains examined in this study. Extrapolating the degree of

anisotropy to unity we have evaluated the critical shear rate

as a function of the shear strain, and plotted against the

inverse of the shear strain in Fig. 10. The plot shows a good



Fig. 10. Critical shear rate for the anisotropy _gani;c against inverse of shear

strain 3. Fig. 12. Inverse of critical shear strain 1/3ani,c against shear rate _g.
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linear relationship. Extrapolating this linear relationship to

the inverse of the shear strainZ0, we found that the critical

shear rate at the infinite shear strain is about 1.5 sK1. This

corresponds to the critical shear rate under continuous shear

flow.

The same analysis has been done on the shear strain

dependence of the degree of anisotropy Rani. The degree of

anisotropy Rani is plotted against the shear strain for various

shear rates of 1–32 sK1 in Fig. 11. In this plot, we also

assumed that the linear relationship holds between the

degree of anisotropy Rani and the logarithm of shear strain 3.

Note that the anisotropy at the low shear rates below 4 sK1

is very low and not reliable. Extrapolating the linear relation

to the degree of anisotropyZ1, we have evaluated the

critical shear strain at each shear rate, and the inverse of the

critical shear stain is plotted against the shear rate in Fig. 12,

giving a straight line. Again, extrapolating this relation to

inverse of the critical shear strainZ0, we have evaluated the

critical shear rate at the infinite shear strain to be 1.5 sK1.

This value agrees very well with the critical shear rate at the

infinite shear strain evaluated from the relation between the
Fig. 11. Shear strain dependence of the degree of anisotropy Rani for various

shear rates _g from 1 to 32 sK1.
critical shear rate and the inverse of shear strain (see

Fig. 10). This suggests the validity of the analysis. Here

we would like to consider a possible physical meaning of the

critical shear rate at the infinite shear strain, which must

correspond to the continuous shear flow. In this situation,

the extension of polymer chain is almost dominated by the

relation between the shear rate _g and the longest relaxation

time t. If the shear rate is larger than the relaxation rate (or

inverse of the relaxation time) tK1, the polymer chains are

somewhat extended and oriented under the flow. The

polymer chains are in the supercooled state below the

melting temperature, and hence tend to crystallize. The

orientation must accelerate the crystallization rate (orien-

tation-induced crystallization). Thus, the critical shear rate

is related to the relaxation rate: _gani;cwtK1, if we neglect a

numerical factor in order of unity. This is one of tentative

scenarios for the shish formation in the early stage of

crystallization. In order to confirm this scenario it must be

essential to examine effects of the molecular weight

distribution and the rheological properties on the

crystallization.
4. Conclusion

Here we have investigated the structure formation of PE

in the early stage during the crystallization after pulse shear

using depolarized light scattering (DPLS), focusing on the

effects of the shear rate and the shear strain. The objective of

this study is to elucidate the formation mechanism of the so-

called shish-kebab structure. In the early stage during the

crystallization after pulsed shear 2D DPLS pattern clearly

shows the streak-like scattering normal to the flow direction,

suggesting the formation of shish-like structure in mm scale

along the flow. Defining measures for the acceleration of the

crystallization rate and the degree of anisotropy, we have

determined the critical shear rate for both of the measures at

a given shear strain, and found that the critical shear rate for
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the former is much smaller than the latter. Analyzing the

shear strain dependence of the critical shear rate for

the anisotropy we have estimated the critical shear rate at

the infinite shear strain, which must correspond to the

continuous flow. This critical shear rate was discussed in

relation to the competition between the chain relaxation and

the orientation-induced crystallization rate.
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