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Chapter 1

General introduction

1-1 Background of this thesis

Extensive studies have been carried out on polymer crystallization under
flows such as elongational and shear flows from both industrial and scientific
points of view [1-8]. 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 [9-13] 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 ﬁhe shish. It is believed that the shish is
formed by crystallization of completely stretched polymer chains and the
kebabs are folded chain lamella crystals and grow to the 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) [14-24] and in situ rheo-small-angle light scattering (SALS) [25-27]
and rheo-optical measurements [28-30] has shed light on significant features
of the formation mechanism of the shish-kebab structure. In situ
rheo-SAXS and rheo-WAXS measurements were extensively carried out on
the structure development in fiber spinning process [14,15,17-19,31,32] as
well as in shear-induced crystallization process [16,20-22,24]. Some of the

works have focused on the structural formation in the early stage of the



crystallization under flow using “short term shearing” technique [33]
because it often governs or at least affect the final structure deeply. 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.

1-1-1 Earlier researchers on flow induced crystallization

The studies of polymer crystallization under flow started in 1960s.
Pennings and his co-workers found the shish-kebab structure in
crystallization of polyethylene from the xylene solution [9]. They prepared
5% xylene solution of polyethylene and stirred the solution for 3 days
keeping the temperature at 102 °C to obtain the fibrillar crystals. They
observed the structure of the crystals using a TEM, which is shown in Fig. 1.
They also examined the structure of the crystals using electron diffraction
and found the c-axis of the crystal is parallel to the fiber axis as seen in the
inset of Fig. 1. The fibrillar structure depends on the concentration of the
solution, the molecular weight and the condition of stirring. They
considered that the fibrillar crystal consisted of backborn (shish) and
ribbon-like crystal (kebab). They measured the melting temperature of the
fibrillar crystal and found that the backborn did not disappear until the

unexpectedly high temperature of 151 °C, suggesting that the backborn of



Fig. 1. Transmission electron microscope (TEM) image of fibrillar

polyethylene crystals and electron diffraction pattern (inset).



the crystal would be made of extended chains [9]. In another paper [34],
they performed ultrasonic treatment on the fibrillar crystal and found that
the ribbon-like crystal (kebab) was removed from the backborn (shish) (see
Fig. 2). This result suggests that the kebab structure epitaxitially grows
from the surface of the shish structure. Wikjord and Manley also showed
that the shish and the kebab could be separable when it was treated with
nitric acid, but this method corroded and shortened polymer chain [35].

The shish-kebab structure was found not only in the crystals from
solutions under stirring, but also in crystals from bulk under injection
molding and extrusion. Keller and co-workers [11,12,36] observed the
polyethylene fiber crystals obtained in extrusion molding process using
transmission electron microscope (TEM) and suggested the interlocking
shish-kebab model (Fig. 3(b)) by analyzing the TEM image. The TEM
image in Fig. 3(a) showed that thickness of kebab was about 300 A, diameter
of shish was about 250 A, and length of shish was 500 pm at longest [36]. A
shish-kebab structure was seemed to be interlocked with neighboring

shish-kebab structure by kebab structures.

1-1-2 Current researchers on flow induced crystallization

After the works of Pennings’ group and Keller’s group, extensive studies
carried out on the shish-kebab structure [3,9,11,12,34,36]. However, we
still have many unsolved problems on the shish-structure, especially on the
formation mechanism. Recent advance of instrumental technology such as
synchrotron radiation X-ray, strong laser source, and neutron source enables

us to perform in-situ measurements on the crystallization process under



Fig. 2. Shish structure after ultrasonic agitation. Kebab structure was

removed by ultrasonic agitation.
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flows. Simultaneous in-situ small-angle X-ray scattering (SAXS) and
wide-angle X-ray scattering (WAXS) is one of the most powerful tools to see
the structure formation in crystallization process of polymers under flows.
For example, in situ rheo-SAXS and rheo-WAXS studies on i-PP and
polyethylene (PE) after pulse shear by Hsiao et al. [22-24] have shown that a
scaffold or network of oriented structures is formed prior to the
full-crystallization.  Alfonso et al. performed the spatially resolved
measurements by simultaneous small-angle and wide-angle X-ray
micro-diffraction using isotactic polystyrene (i-PS). They applied shear flow
to the molten state sample by pulling a single glass fiber, quenched to below
T, and scanned the flow position. They proposed the existence of
quasi-ordered clusters in the melt whose size and orientation distributions
are dictated by characteristics of the flow field [87].7 Kornfield et al. [28-30]
have preformed in situ birefringence measurements on isotactic
polypropylene (G-PP) after short term shearing, and found that the
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. [38] 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 i-PP by Winter et
al. [25-27] have revealed that density fluctuations occur before the
orientation fluctuations.

As mentioned above, recent researches using advanced experimental



techniques have gradually revealed the formation mechanism of the
shish-kebab structure. However we are still far from the final goal. As
will be seen in this thesis, in order to understand the shish-kebab formation
process we have to examine the formation process in a wide spatial scale
from 1 A to several um. For this purpose we employed many experimental
techniques in this thesis such as wide-angel X-ray scattering, small-angle
X-ray scattering, émall-angle neutron scattering, depolarized light scattering

and optical microscope to cover a wide spatial scale.

1-2 Experimehtal techniques
1-2-1 Basic theory of scattering

Analysis of the microscopic structure of polymer systems is generally
carried out with both real- ahd inverse- spaces. The former is implemented
by various kinds of microscopes [39] such as electron microscopy, atomic force
microséopy, and optical micros'copy. The latter is implemented by various
kinds of scattering experiments such as wide-angle diffraction, small-angle
scattering and light scattering. In this section we summarize the basic
principles of scattering methods [40-45] in order to give a basis to
understand the experimental results presented in this thesis.

Depending on the system under study and the desired resolution, photons
in the X-ray and light scattering range, or neutrons are used. The general
set up of a scattering experiment is indicated schematically in Fig. 4. There
is an incident beam of monochromatic radiation with wavelength A and
intensity . It becomes scattered by a sample and the intensity 7 of the

scattered waves is registered by a detector at a distance 4, under variation of
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Detector

Fig. 4. General scattering experiment setup.




the direction of observation. Employing the scattering vector g, defined as

g=k, -k, (1.1
where &t and k& denote the wave vectors of the incident and the scattered
plane waves, respectively. The result of a scattering experiment is usually
expressed by giving the intensity distribution in gspace, Kg. In the
Ihajority of scattering experiments on polymers the radiation frequency
remains practically unchanged because there is no energy transfer between
the incident and scattered beam. These are so called ‘elastic scattering’
while those in which energy transfer occurs are named ‘inelastic scattering’.

Then in the case of elastic scattering we have

2
ki|=k|=—, (1.2)
| f| y)
and | g| is related to the scattering angle 2 4 by
4r .
q] =7sm0. (1.3)

Principles for Static Scattering Experiments Two different functions can
be used for representing scattering data in reduced forms. The first one is
the differential scattering cross-section per unit volume of the sample

described as

do _11(g)A’

1 1 (1.4)
vde Vv I,

In light scattering experiments this function is called the Rayleigh-ratio.
While the effect of the volume is removed, 2(g) remains dependent on the

scattering power of the particles in the sample, which varies with the applied
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radiation. For X-rays, the scattering power is related to the electron
densities, for light scattering to the associated refractive indices and for
neutron scattering to the scattering length densities. This dependence is
eliminated in the second function which, however, can only be employed if
the scattering can be treated as being due to just one class of particles. In
polymer systems these can be identified with the monomeric units. For
equal particles the scattering properties can be described by the scatfcering

function Sq), which is defined as

- S(g)= Ig) , (1.5)

where N represents the total number of particles or monomers in the
sample, and I, is the scattering intensity produced by one particle, if placed
in the same incident beam. The scattering function &g is often also
addressed as the structure function or structure factor. The interference
function expresses the ratio between the actual intensity and measured one,
if all particles in the sample were to scatter incoherently. It thus indeed
describes the interference effect. The relationship between 2(g) and g is

described by the equation as

z<q>=<cm>(9£)ms(q>, | w6

ds2
where (dO'/dQ)m represents the scattering cross section per particle or

monomer and <cp> stands for their mean density
(cuy=—"">. 1.7
Scattering diagrams generally emerge from the superposition and

11



interference of the scattered waves emanating from all the particles in the
sample. If we describe the amplitudes of single scattered waves at the point
of registration by the detector in normalized form, by complex numbers of
modulus unity and phases @; the total scattering amplitude is obtained as
Ny
C=> explig,). (1.8)
i=l
The phases @; are simply determined by the particle positions z; and the
scattering vector g only, being given by
@ =qr,. (1.9)
Thus the scattering amplitude produced by a set of particles at locations r;yis
formulated as
Ny
Clg)="> expligr;). (1.10)
i=1

The scattering intensity K¢ is proportional to the squared modulus of C

I(g)~ <|C(q)12>- (1.11)

As the normalization of the amplitudes of the single scattered waves is
already implied in the definition of the interference function eq. (1.5), eq.

(1.11) can be completed to

Sla)=——(ca’). (112

m
This is a basic equation of general validity and it may serve as starting point
for the derivation of other forms of scattering equations. The calculation of
the squared scattering amplitude is following.

The first formula is given directly by insertion of eq. (1.10) to eq. (1.12),

12



leading to

S(g)= <exp[iq(ri -, )]> : (1.13)

T Maz

1
N,

One can also use a continuum description and introduce the particle
density distribution c.(2) instead of specifying the discrete positions r of all

particles. First, the scattering amplitude for a single microstate, as

represented by the associated density distribution

= Iexp(iqr) e, (r)— <Cm >]d3r. (1.14)

Scattering occurs only when ¢, varies within the sample that we subtract the
mean value <cp>. Thus it is obviously revealed that the scattering is
directly relating to the fluctuations. We can also see that ({g) equals the
Fourier-transition of the fluctuations in the particle density. Insertion of eq.
(1.14) into eq. (1.12) and carrying out the ensemble average yields

1 C (o a 3p043p”"
S :7\7—— jjexp[lq(r -r )]<[cm (r) ( >] [c ])d

m Vv
(1.15)
For all macroscopically homogeneous systems, where the equation of
(e )en ") =(c,, (r"=7")c,,(0)) (1.16)

is approved. This equation can be reduced to a single integral.

Substitution of #-#' by ryields

—<—cl_> [expligr) - Kew (Few O) ~ () Wr (11D

This equation expresses S@ as the Fourier-transform of the space

S(g)=

dependent correlation function of the particle density.

13



A third form of the basic scattering equation is obtained if structures are
characterized with the aid of the pair distribution function g(n. From the
definition, the product g(pd3rgives the probability that starting from a given
particle, the particle itself or some other particle is found in the volume
element d3rat a distance . The pair distribution function g(2) is composed
of a sum of two contributions which are self-contributions and the
contributions of the other particles. For fluid systems with short-range
order, the limiting value of the pair distribution function g(z) at large
distances (r — ) equals the mean density <c>. As follows directly from
the definitions, density distribution function and pair distribution function
are related by

{ca(r)e, 0)=(c,)-g(r). (1.18)

Insertion of the equation in eq. (1.17) gives

S(g)= [expligr)-[g(r)—(c, )}d’r . (1.19)

It is once again revealed that the scattering function equals a
Fourier-transform, now of the pair distribution function. At the same time,
we follow the asymptotic values of S for large values of ¢ from this equation.
In the limit g —  only the contribution of the self-correlation part is left,
and we find S(g — © — 1. It can be concluded that there are neither
construcﬁve nor destructive interferences between the particles for large g so
that they behave like incoherent scatters.

In the case of isotropic system, both vector parameters ¢ and r can be
treated as length parameters g (= | g|) and r(= | r|), respectively. Then the

Fourier-relation between g(r) and S¢) has the form as

14



o0

S(q)= .f singr 47 g(r)—(c, )1dr. (1.20)

r=0 qr

In this chapter, it was formulated three equivalent relations, eqs. (1.13),
(1.17) and (1.19), which may be employed in the evaluation of scattering data.
All three equations express a Fourier-relation between ¢ and functions

which describe properties of the microscopic structure in statistical terms.

Scattering of two layer systems Isotropic samples of partially crystalline
polymer essentially correspond to an ensemble of density packed,
isotropically distributed stacks of parallel and normal to the lamellar
crystallities. If the extensions of the stacks parallel and normal to the
lamellar surfaces are large compared to the interlamellar distance, the
scattering behavior can be related to the electron density distribution o £2)
measured along a trajectory normal to the surfaces. This trajectory will
pass through amorphous regions with density 02 and crystallities with a
core density o c.. The average density < 0> lies between these two limits.

We calculate the scattering cross-section per unit volume by application of

eq. (1.21)

3 (a)=1 [expigr-(p,(r)p.0) (oY }r. (1.21)

and consider at first an ensemble of equally oriented stacks. If we choose
the orientation of the surface normal to the z-axis, the electron density

distribution depends on zonly and we can write

Y (@=r? [explilg,x+q,y+2,0)X(p(2),p©0),)~(p.) Mxdydz. ~(1.22)

X, Y52

15



Carrying out the integrations for x and y we obtain
> (q) =12 (27m)* 8(q,)0(q,) jexp(iqz) -K(z)dz . (1.23)

Where K(2 designates the one-dimensional electron density correlation

function

K(2) = {(p.()~{p. )P0 —(p.))

=(p.(2p,0)~(p.) - (1.24)

The scattering of an isotropic ensemble of stacks of lamellae, as it is found

in melt crystallized samples, follows from eq. (1.23) by calculation of the

isotropic average, i.e. by distributing the intensity at +¢. equally over the

surface of a sphere with the same radius. The resulting isotropic intensity
distribution, X(¢g:=| ¢|), is given by

2
4mq

D=

~r’ 27y °j"exp(iqz) -K(2)dz . (1.25)

The reverse Fourier-relation is

o0

[expligz)- 474 (q)dg

—co

1 1
=5 ey

11T )
—22—(27)3 é[cosqz-47rq > (9)dq, (1.26)

eq. (1.26) enable A(2) to be determined if £(g) is known.

K(z)‘ has a characteristic shape, allowing an evaluation which leads
directly to the main parameters of the stack structure. In order to explain
the procedure, we first establish the shape of K(2 for a strictly periodic

two-phase system and then proceed by a consideration of the modifications

16



introduced by a stepwise perturbation of the system. Fig. 5 provides an
illustration and sketches all the steps.

The periodic structure shows an electron density distribution 0«2 as
indicated on the left part (a). It can be described by specifying the ‘Tlong
period’ da, the crystallite thickness d,; and the electron density difference
Pec™ Oea The crystallinity &.= d/dain this example lies below 50%. We
first calculate a special correlation function, denoted Kx(2), defines as

K@ =(lp.0-p. .- p..)- (1.27)
When using K, all electron densities refer to the electron density of the
amorphous regions. Since the ensemble average is identical with an
average over all points z’in a stack, Ku(2) may be obtained by an evaluation

of the integral

K@= lo@-p.Jo+ -l (1.28)

The integration range A has to be sufficiently large. The functions o A2 and
o0 Lzt z) are square distributions, and contributions to the integral arise only,
if two crystalline regions overlap. Consequently, K.(2) is propoftional to the

length of the overlap region, and given by

- 2 : <d
Ka (Z) = (pe,c pe,a) (dc—z)/dac IZI c . (1.29)
0 d, <|z|<d, -4,
and being periodic, by
K (z+d,)=K,(2). (1.30)

Having determined K, one obtains A(2) by
K@) =K,@-(p.)-r..)- (1.31)

17
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Fig. 5. Two-phase layer system representative for a partially crystalline

polymer.  Electron density distribution Ap,(z)=p,(z)-(p,) and the
associated one dimensional correlation function K(2) for a perfectly ordered

system (a). Effects of varying intercrystalline spacings (b), varying

crystallite thickness (¢c) and diffuse interface (d).
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The result is shown on the right of part (a). There is a regular sequence of
triangles, centered at z= 0, da, 2dscete., which reflect the correlations within
one crystallite, between next neighbors, second neighbors etc. The
‘self-correlation triangle’ centered at the origin exhibits some characteristic

properties. The value at z= 0, denoted ), is

K(z=0)=Q=0.(1-8.)p,. - P..) - (1.32)
The slope dK/dz is
dK dK 0) >
_aK, U, _ ] (1.33)
- 5 (Pec = Pea)

Here, O, denotes the ‘specific internal surface’ given by the area per unit
volume of the interface separating crystalline and amorphous regions. For

the periodic stack it is related to the long period by

0 =—. (1.34)

ac
ac

The horizontal ‘baseline’ between the triangles is located at
K=-B=-(p)-p..) (1.35)
=~ (P~ Pea)’- (1.36)
K(2) reaches the base-line at |

z,=d,. (1.37)

c

It is now interesting to recognize that application of these relations is not
restricted to the ordered periodic system but can be extended, with slight
modifications, to real systems which may show variations in the thicknesses
of the crystalline and amorphous regions, and may also possess diffuse phase
boundaries. The changes in K(2) resulting from a successive perturbation of

the initial system are schematically indicated in Fig. 5(b)-(d). All structures
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in this sequence are understood as having equal crystallinities and equal
specific internal surfaces.

First, as indicated in part(b), fluctuations in intercrystalline spacings are
introduced. Since the self-correlation part remains uncharged, the only
consequence is a broadening of the peak attributed to next-neighbor
correlations. There is a maximum at the position of the most probable
distance between neighboring crystallities, and it determines the ‘long
spacing’.

Secondly, as shown in part(c), we superpose variations in the crystallite
thickness. Since ¢. and O, are assumed to be constant, the value of the
correlation function at the origin, ), the initial slope dX /dz (z= 0) and the
base-line coordinate B are not affected. A modification occurs near to the
base of the triangle, where K(2 becomes curved. If we extrapolate the

straight part of A(2), it intercepts the base-line at

_O+B _ ¢ (1.38)
dK/dz O,/2

{H =

The number average of the crystallite thickness, d_c, is given by

02“ d =¢. (1.39)

Therefore, we have

7, =d,. (1.40)

Finally, in the last step, we associate the crystallite surfaces with
transition zone (part(d)). We do it under the condition that for each

crystallite 7 the total number of electrons remains unchanged, i.e.

flo.e)-p. 1= (p.. - p. e (1.41)

20



Using this equation in the other direction, one may attribute to each
crystallite with a diffuse surface a corresponding lamella with sharp
boundaries and thickness d!. If this replacement is carried out for all
crystallites, one retunes to a two-phase structure which we address as the
‘corresponding two-phase system’. For a transition zone with an extension
d; there results a change in shape of the correlation function around the
origin, within the range z<d,. If d;is small compared to the thicknesses of
all crystallites, there still remains a liner portion in the center of the
right-hand side of the self-correlation triangle. This allows us to derive
directly the parameters of the ‘corresponding two-phase system”
Extrapolation of the linear section to z= 0 gives @), and a continuation down
to the base-line at K = -B yields d—c The crystallinity ¢, the specific

internal surface O, and the electron density difference then follow by

g, = B (1.42)
B+ 0
0 =% (1.43)
dC
L, P2 (1.44)
(pe,c pe,a) ¢C(l_¢c) .

So far, we have discussed the case ¢ <0.5. If we wish to investigate

samples with ¢_>0.5, we have to substitute . against the volume fraction

of the amorphous phase

¢, =1-9,. (1.45)
and d_c against the number average of the thickness of the amorphous

layers, d . The substitution rule follows from Babinet’s reciprocity

a
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theorem which declares that an exchange of the analysis lies in the
knowledge required of the base-line coordinate B. For samples of low or
high crystallinity (¢, <0.3 or ¢, > 0.7), the base-line usually shows up: The
intermediate region is problematic, as here the base-line may not be
observed. Then X-ray scattering experiments have to be complemented by
other data such as, for example, the density.

In this discussion of the scattering properties of a polymeric layer system,
we have dealt with a specific but generally valid for all two-phase systems,
independent of their structure. We give here three equations of particular
importance.

First, we come back to eq. (1.32). Use of eq.(1.26) yields

Q=(p,.—p..)0.0-9,)= (2) jfrq2<q>dq (1.46)

@ is often called the ‘invariant’, for obvious reasons: The total integral, as
obtained by an integration over all the reciprocal space, depends only on the
volume fractions of the two phases and the electron density difference and 1s
invariant with regard to the detailed structure. Eq.(1.46) is not a specific
property of layered systems, but generally valid. The proof is simple. One
has to formulate the Fourier-transformation reverse to eq.(1.21), expressing

the three dimensional electron density correlation function as a function of

%(g

(.0 O)~(p.) ==~ [exp(-igr)- 3 (@)d’q, (1.47)

(2

and consider the limit r— 0

22



(p2)-(p.) === [X(@de’. (1.48)

(2)

Direct calculation shows that for a two-phase system the left-hand sides of
eqs. (1.46) and (1.48) agree.

Secondly, we consider the asymptotic behavior X(g — «), looking first at
the layer system. Due to the reciprocity property of Fourier-transforms,

Y(g — o) relates to the limiting behavior K(z — 0). Therefore, using egs.

2 zljdz. (1.49)

For the purpose of a derivation of the asymptotic properties we may employ

(1.25), (1.32) and (1.33) in a series expansion, we can write

iy o
_ 2m N21: d oY -
E (q —> o0) = el (27[) lql_I)%_:[COS qz (Q 5 (pe.c pe,a)

the following special representation of Kvalid for small values of z

0,.(P..—P..)%,
Q—-Ozﬂ(pe,c—pe,,,)%zgexp(— “”(pe’?iQ o) 1le- (1.50

With this, the integral can be evaluated

2
PACEIOE hm jcosqz Qexp[ "C(pe’cz_Qpe’“) Izljdz, (1.51)

which yields

2

d(g—eo)= 2::“’ 0. (Poc—P.a) (1.52)

eq. (1.52), known as ‘Porod’s law’, is generally valid for arbitrary two-phase
systems. Indeed, an asymptotic law Z(g) ~ 1/¢* is the characteristic
signature of two-phase systems with sharp boundaries. According to eq.
(1.52), the asymptotic behavior depends only on the interface area per unit

volume, multiplied by the square of the density difference.
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A third interesting parameter, , is obtained by a combination of @ and Oz

in the form of the exponent in eq. (1.50).

= 2Q = 2¢c(l_¢c) (1.53)
0,.(Pc=Pa) O

[

I characterizes the length scale of the two-phase structure. Eq(1.53) is
generalization of eq. (1.39) which concerns Z and thus also a characteristic
length of the layer system. There is one technical advantage in the

determination of .. As the electron density difference becomes eliminated,

there is no need for intensity measurements in absolute units.

1-2-2 Scattering apparatus

Depolarized light scattering We used the home-made light scattering
apparatus to measure in-situ depolarized light scattering. The light
scattering apparatus has a He-Ne laser as light source and a CCD camera
with paraffin paper as detector. The wavelength of the He-Ne laser 1s
632.8nm. The CCD camera is a model CS8300 of Tokyo Electronic Industry
Co. Litd. We set a paraffin paper, which is a detector plane between the
CCD camera and the polarizer and detect the scattering pattern on the
paraffin paper using CCD camera in this thesis. Time evolution of
scattering pattern was recorded by CCD camera in a time interval of 1/30 s.
Fig. 6 shows layout of the light scattering apparatus. This apparatus has
two slits; the laser side slit and the sample side slit. Fig. 7 shows a photo of

the light scattering apparatus with a shear cell.
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Fig. 6. Layout of the light scattering apparatus composed of laser source,

two slits, mirror, lens, sample cell with sample, a set of polarizes and CCD

camera.
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Fig. 7. A photograph of light scattering apparatus with a shear cell.
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Small-angle X-ray scattering We used a small-angle X-ray scattering
apparatus at the beam line BL45XU in the SR facility, SPring-8,
Nishiharima, for in-situ SAXS measurements [46,47]. BL45XU is an
undulator beamline with two branches. The branch we used is for
small-angle X-ray scattering (SAXS) and the other is for protein
crystallography (PX). The beam is split into the two branches by a diamond
monochromator so that two experiments can be done simultaneously [48].
The SAXS branch was designed for studying the weak interaction of proteins
or subunits of fibrous or protein solutions. The optics makes use of the good
parallelism of the undulator beam in order to reduce parasitic scattering.
The beamline consists of a double crystal monochromator and a K-B type
focusing mirror system. In order to cope with the high flux of the beam, an
X-ray image intensifier (Hamamatsu Photonics, V5445P) with a cooled CCD
camera (C4880-82) was used. As a result, decreases in both collection time
and sample amount were realized in standard static experiments. These
improvements will greatly facilitate SAXS experiments under high pressure.
Fig. 8(a) [46] shows the layout of BL45XU. When the slits hit the edge of
the beam, it usually gives strong parasitic scattering. Slit 1 is used to
reduce parasitic scattering on the mirrors and slit 2 is used to eliminate the
tail of the beam, which is produced by imperfections in the mirror bend.
Slit 3, the so-called guard slit, is used to define the beam size of the sample,
and slit 4 is to eliminating parasitic scattering from slit 3. Fig. 8(b) shows a
schematic of parasitic scattering in optimization of flux. La and Lb
represent the extent of parasitic scattering from slit 2 and 3, respectively. SO,

S1, S2, S3, S4, S5 are the beam sizes at the source, mirror, focus, slit2, slit3,
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]

Fig. 9. Shear cell location in the SAXS apparatus at SPring-8 BL45XU.
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slit4, respectively. 11, 12, 13, 14 are the distances between slit4-detector,
slit3-slit4, slit2-slit3, and slit2-mirror, respectively. In principle the larger
in 13 is the smaller in La [46]. Fig.9 shows our setting of shear flow

measurement around sample cell. X-ray beam comes from slit side tube.

Wide-angle X-ray scattering We used a wide-angle apparatus at the
beam line BL40B2 at the SR facility, SPring-8, Nishiharima, for in-situ
WAXS measurements. The light source is a bending magnet that has its
magnetic field at 0.679 T and shows critical energy of 28.9 keV. The
generated white X-rays are monochromatized using a fixed-exit double
crystal monochromator and focused by a 1-m-long rhodium-coated
bent-cylinder mirror. The glancing angle of 3.2 mrad is adjusted for the
optimum focusing at the detector position. The photon flux is 10! at 12 keV.
The energy resolution (AE/E) is in the order of 104 [49]. The total system of
monochromatic data collection for routine macromolecular crystallography
has been installed completely. Its LabVIEW software System contains to
change wavelength and to align experimental table. The detector for
protein crystallography is set on camera stage, which camera length of 80
mm - 470 mm is available. A detector choice between CCD and Imaging
Plate is easily available using off'line exchange system (Fig. 10). BL40B2 is
the beam line for SAXS, but we shortened the camera length to measure
wide-angle @ range. There are many beam lines for measurements of
crystal diffraction in SPring-8. In the experiments of this thesis we used a
Linkam CSS-450 high temperature shear cell, which has two flat quartz

plate for applying shear cell. Hence we needed a WAXS apparatus in which
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Fig. 11. ion i
g Shear cell location in the WAXS measurement at SPring-8 BLL40B2
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flat sample can be used. For this reason we employed SAXS machine at the
beam line BLL40B2 for the WAXS measurements. Fig. 11 shows our setting
of shear flow measurement around sample cell. X-ray comes from left side

tube.

Small-angle neutron scattering We used SANS-U apparatus for
small-angle neutron scattering measurements. The SANS-U, owned by the
Institute for Solid State Physics, The University of Tokyo, was constructed in
the guide hall of the 20 MW research reactor, JRR-3M, of the Japan Atomic
Energy Research Institute (JAERI) in 1991 [50]. Fig. 12 shows the layout of
SANS-U. This instrument is composed of (a) a mechanicél neutron velocity
selector (NVS), (b) a pre-sample flight path, (c) a multi purpose sample stage,
(d) an evacuated post-sample flight path, (e) an area detector, (f) a point
detector for transmission measurements, (g) a beam stop made of B4C, and
(h) a data acquisition system. The incident neutron beam from the cold
source (white beam flux » 2 x 108 cm2s! with the peak wavelength of 0.4
nm) is monochromatized by a NVS with helical slits (ASTRIUM, Germany)
(Friedrich, 1989). Cold neutron beam from the reactor was guided to the
NVS. If necessary, the beam can be attenuated by (i) polyacrylate slabs
with different thicknesses (3, 5, and 7 mm). Just behind the NVS is located
fhe pre-sample flight path, which consists of (j) pinhole tubes coated with
B4C inside and (k) alternate neutron guide tubes coated with Ni inside. By
replacing the pinholes and the guide tubes in or out of the beam, users can
change the effective source-to-sample distance (= collimation length, CL) to 1,

2, 4, 8, 12, or 16 m in order to vary the divergence and flux of the incident
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beam at the sample position. Normally, a symmetric optical arrangement,
i.e., CL=SDD (sample-tOfdetector distance), is recommended to optimize the
flux and divergence of the beam. The collimator apertures are 20 mmg each
and the sample aperture can be chosen from 1, 3, 5, 7, 8, 10 to 16 mmg. (DA
set of material focusing lenses (Eskildsen, 1998; Choi, 2000), made of 54
pieces of MgF> biconcave lenses, can be inserted at the 1owei-most collimator
tube position for converging optics. The focal length is 8.0 m for 4 = 0.70
nm.

Scattered neutrons are fed by an evacuated flight path, in which an area
detector of 64.5 cm X 64.5 cm is installed on a truck running on rails to vary
the SDD continuously from 1m to 16 m. A slide-in type direct beam stop
and beam monitor for measurements of transmission are mounted on the

truck just in front of the detector.

1-2-3 Sample preparation and shear flow apparatus

Sample preparation We investigated crystallization processes of some
homo polymers and blends of high and low molecular weight components.
Here we describe the sample preparation in this thesis.

In chapter 2, we used homo polyethylene (PE). We hot-pressed the PE
sample sandwiched with two aluminum plates at 165 °C using a pressing
machine manufactured by GONNO Inc. After pressing, we quenched the
PE sample into iced water. In this procedure we obtained the sample sheet
hundreds pum in thickness. We cut the sheet in a circle with scissors.

In chapters 3 and 4, we used homo isotactic polypropylene (-PP). i-PP

was hot pressed at 230 °C in the same way as PE.
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In chapter 5, we used a blend of low molecular weight PE and high
molecular weight PE. At first, we added low molecular weight PE and high
molecular weight PE to excess xylene. The concentration of total PE was
about 1 wt%. We further added 2,6-di- tert-buthyl-p-cresol to the solution as
antioxidant for PE polymer chains. After keeping the solution at 135 °C for
about 1 hour with stirring, the solution was quenched into iced water to get
the gel. We confirmed that the phase separation did not occur in the blend.
We removed the solvent from the gel by filtering and washed with methanol
several times. The gel was dried at 70 °C in a vacuum for 2 days. We
hot-pressed the PE blend to get a film in the same manner as in the case of
homo PE.

In chapter 6, we used homo polyhydroxybutyrate (PHB). Homo PHB
films were prepared in hot-pressing at 180 °C in the same way as in the case
of homo PE. PHB is weak for heating and we pressed PHB at 180 °C for 1
min to avoid the thermal degradation.

In chapter 7, we used a blend of medium molecular weight PHB and high
molecular weight PHB. Both PHBs were added to hot chloroform with
stirring to dissolve completely. The solution was then left for a week,
guaranteeing complete dryness, and then pressed at 180 °C. Process after

pressing is the same as the homo PHB.

Shear flow apparatus We used a Linkam CSS-450 shear apparatus
shown in Fig. 13 to control the temperature and shear conditions of the
samples. Fig. 14 shows the lower part of the shear cell. The sample films

were sandwiched between two quartz plates for light scattering and optical
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Fig.13. Linkam CSS-450 shear cell and temperature controller.

Fig. 14. The lower part of the shear cell. The arrow shows a hole for

incident beam for scattering experiments.
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microscope measurements and between two stainless plats with Kapton
windows for SAXS and WAXS measurements, respectively. We controlled

the temperature and the shear conditions of the sample.
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Chapter 2
Crystallization of polyethylene under shear flow

-Effects of shear rate and shear strain-

2-1 Introduction

Crystalline polymers comprise more than two-thirds of the global polymer
production and have a wide range of applications from packing, textile,
automotive components, to biomedical implants. Polyethylene is one of the
most popular polymer materials, and the crystallization process has been
researched under various conditions for decades [1-7]. Polyethylene is
exposed to various kinds of industrial processes, such as extrusion, injection
molding, fiber spinning, film blowing, shear flow and so on. These processes
can significantly affect the crystallization kinetics and final morphology
[3-15]. There are many factors to affect the kinetics and morphology such
as crystallization temperature, molecular weight, molecular weight
distribution, shear rate and shear strain. In this chapter, 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. The main
purpose of this experiment is to see the formation process of the shish-kebab
structure, especially the shish structure. For this purpose we have
employed short term shearing technique or pulse shear technique [16]. 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
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ranges of shear rate and shear strain. In addition, we empirically know
that the shish-kebab formation is enhanced in samples with wide molecular
weight distribution compared with narrow one. This is one of the reasons

why we chose this PE with rather wide molecular distribution.

2-2 Experimental
2-2-1 Sample

We used polyethylene with molecular weight M, = 58,600 and the
polydispersity Mu/M,= 8.01, where M, and M, 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 °C at the heating rate of 20
°C /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.

2-2-2 Measurements

Two-dimensional (2D) depolarized light scattering (DPLS) measurements
were carried out using a home-made apparatus with He—Ne laser (80 mW,
wavelength A = 632.8 nm) as a light source and 2D screen and CCD camera
as a detector system. The range of length of scattering vector @ in this
experiment is 4x1075 to 2.6x10~4 A-1, where @ is given by = 4nsin8/nl (26
and n being scattering angle and the refractive index, respectively).

A Linkam CSS-450 high temperature shear cell with quartz windows was
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used to control the temperature and the shear conditions. The sample
thickness in the cell was 300 pm 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 °C from room temperature at a rate of
30 °C/min, (b) held at 165 °C for 5 min, (c) cooled down to the crystallization
temperature 7.= 129 °C at a rate of 30 °C/min, and then (d) held at 129 °C
for the DPLS measurements. The polymer melt was subjected to pulse
shear just after reaching the crystallization temperature 7 of 129 °C. The
ranges of the shear rate and the shear strain were 0 to 32 s! and 800 to

19,200 %, respectively.

2-3 Results and discussion

Fig. 2 shows the time evolutions of the 2D DPLS patterns under quies_(;ent
crystallization condition (;'/:Os“l) and after pulse shear with shear rate
7=16s" and shear strain £ = 3200 %. Under the quiescent condition, no
scattering intensity is observed in the first 110 s after reaching 7,
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
7=16s"" and £= 3200 %, 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 pm
order judging from the scattering vector range in the DPLS measurements.

It is no doubt that the shish-like structure is formed by the effect of the pulse
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Fig. 2. Time evolution of 2D depolarized light scattering (DPLS) pattern
from PE during the crystallization process at 129 °C. Upper: under quiescent
condition, lower: after pulse shear with shear rate 7=16s" and shear strain

£=3200 %.
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shear because the 2D pattern under the quiescent condition does not show
any anisotropic scattering. The anisotropic streak-like scattering pattern
graduallyv increases 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 measurements 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 °C. 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 DSC measurement. At the moment, it is hard to say
which is correct. Hsiao et al. [17] has performed time resolved small-angle
X-ray scattering measurements on structural development of isotactic
polypropylene (i-PP) after applying pulse shear above the nominal melting
temperature to find a streak-like scattering normal to the flow direction,
corresponding 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. So, it is impossible to

deny that the observed streak-like scattering pattern is due to the precursor.
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Hence, we do not use the shish structure, but the shish-like structure here.

We have examined effects of the shear rate 7 and the shear strain £ on
the structure formation during the crystallization after pulse shear. Fig. 4
shows time evolutions of 2D DPLS patterns for shear rates 7 of 1, 4 and 16
s™1 at a given shear strain £of 3200 %. The scattering patterns are isotropic
at both the shear rates of 1 and 4 s7!, while the scattering pattern at 7= 4s™
appears earlier than that at 1 s71, showing acceleration of the crystallization
rate with increasing the shear rate. On the other hand, comparing the
scattering patterns between 7 = 4 and 16 s7!, the 2D pattern at 16 s! is
anisotropic and shows the streak-like scattering in addition to the
acceleration of the crystallization 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 evolutiqns of 2D DPLS patterns are shown for various
shear strains £ = 1600, 3200 and 6400 % at a given shear rate ¥ =4s7",
Similar to the shear rate effects, the acceleration of the crystallizatiori rate
and the appearance of anisotropic scattering patterns are observed as the
shear strain increases. |

In order to evaluate quantitatively the effects of shear rate on the
structure formation, the following two measures are defined in this chapter.
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 7 at a
given shear strain £= 3200 %. The scattering intensity is very weak in the

induction period and abruptly begins to increase. This induction time #nd
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decreases with increasing the shear rate, showing the acceleration of the
crystallization rate. We then employed the induction time s 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 timé tind 18 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 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 @in Fig. 7(b). In the high @range the
scattering intensities are very weak and begin to increase at certain onset ¢
values with decreasing @), depending on the scattering direction. Here we
employed a ratio of the onset @ value normal to the flow direction to the
parallel one R.ni (= @,/Q,) as a measure of anisotropy. The onset 2y
parallel to the flow direction was sometimes inside in the beam stopper as
shown in Fig. 7(c). In this case we cannot follow the above procedure to
determine € ,, and hence employed another procedure. We draw the
contour curve at a height of dp which was used to determine @, (see Fig.
7(d)) and interpolated the contour curve inside the beam stopper. Then, we
define the @, 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
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experimental error. The measure is a sort of aspect ratio of the 2D

scattering pattern and called the degree of anisotropy here.

2-3-1 Evaluation of critical shear rate for anisotropy

We first examined the shear rate effects on the induction time Z,¢ and the
degree of anisotropy Ran. The induction time Zins and the degree of
anisotropy H.n are plotted against the logarithm of the shear rate 7 in
Fig. 8(a) and (b), where the shear strain ¢is kept constant at 3200 %. The
induction time #n»q under the quiescent condition (7 =0) is about 110 s and
decreases with increasing the shear rate. As seen in Fig. 8(a), the linear
relationship between the induction time #i»q and the logarithm of the shear

rate 7 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:

t. ,—1t
Vindc = 7exp[’—”d—”‘d’—°} (2.1)
Tind

where V., tindo and Tig 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 7m. = 0.4s1 (Fig. 8(a)). As for the relation between the
degree of anisotropy K., and the logarithm of the shear rate j, similar

linear relation holds experimentally. That is given by

. . Ram' - Rani
7ani,c = 76Xp|:- —_———_—’i} (2.2)

r

ani

where Ve, Ranio and ra are the critical shear rate for the anisotropy, the
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degree of anisotropy under quiescent condition (= 1), and a dimensionless
constant. We also extrapolated the degree of anisotropy to unity and found
the critical shear rate for the anisotropy at around V... = 2.4sl. This
value is much larger than the critical shear rate for the acceleration of
crystallization rate Vs (= 0.4s1). In other words, the acceleration effect
1s 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 7. (= 129 °C) 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 7u.i., 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
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the critical value ..., 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.

2-3-2 Estimation of the critical shear rate of infinite shear strain

We have determined the critical shear rates as a function of shear strain.
The critical shear rate for the induction time 7. 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 7,.. in the experimental
accuracy. Therefore, we focus on the shear strain dependence of the critical
shear rate for the degree of anisotropy %ui.. In Fig. 9, the degree of
anisotropy ff., is plotted against the logarithm of the shear rate 7 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 V... decreases
with increasing the shear strain. The linear relation between the degree of
anisotropy Fan and the logarithm of the shear rate # 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 linear relationship. Extrapolating this lineaf relationship
to the inverse of the shear strain = 0, we found that the critical shear rate at
the infinite shear strain is about 1.5 s~1. 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 Ran. The degree of anisotropy K. is plotted against
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the shear strain for various shear rates of 1-32 s71 in Fig. 11. In this plot,
we also assumed that the linear relationship holds between the degree of
anisotropy Ran and the logarithm of shear strain & Note that the
anisotropy at the low shear rates below 4 s~1 is very low and not reliable.
Extrapolating the linear relation to the degree of anisotropy = 1, 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 strain = 0, we have evaluated the critical shear rate at the infinite
shear strain to be 1.5 s71. This value agrees very well with the critical shear
rate at the infinite shear strain evaluated from the relation between the
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 7 and the longest relaxation time z. If the shear
rate 1s larger than the relaxation rate (Qr inverse of the relaxation time) 771,
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 (orientation-induced crystallization). Thus, the
critical shear rate is related to the relaxation rate: 7,,, ~7, 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

64



#3257
| D8

2 F ,
z A5
E s
25| ©F
c 41
B
% 1
o)

0.5
n . : \
100 1000 10000 100000

Strain/ %

Fig. 11. Shear strain dependence of the degree of anisotropy Fax for various

shear rates 7 from 1to 32 s7L.

65



0.003

0.0025

C.002

0.00156

1/Critical strain

0.001

0.0005

0 10 ’0 ”
Shearrale /s ~1

Fig. 12. Inverse of critical shear strain 1/£.ic against shear rate 7.

66

40



scenario it must be essential to examine effects of the molecular weight

distribution and the rheological properties on the crystallization.

2-4 Conclusion

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 pulse shear 2D DPLS pattern clearly shows the
streak-like scattering normal to the flow direction, suggesting the formation
of shish-like struéture in pm 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 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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Chapter 3
Crystallization of isotactic polypropylene under shear flow

- Effects of shear rate and shear strain -

3-1 Introduction

Isotactic polypropylene (i-PP) is one of the most popular polymer materials
and used in various industrial fields. The structure and the property
depend on crystallization process, and hence extensive studies have been
performed on the crystallization process of i-PP to control the structure and
the properties [1-10]. i-PP is usually utilized after various processing
processes such as spinning and moulding processes. In the processing
processes, i-PP are exposed to various kinds of flows; shear flow, elongation
flow and mixed flow. It is well known that when polymers are crystallized
under flows, the so-called shish-kebab structure is often formed, which is
molecular origin of ultra-high modulus and ultra-high strength polymers
[11-16]. In order to elucidate the formation process of the shish-kebab
structure many researches were carried out on the crystallization process of
1-PP under flows using various experimental methods. In this chapter, we
studied the crystallization process of i-PP under shear flow using depolarized
light scattering, especially focusing on the shish structure, and discussed the
effects of shear rate and shear strain on the formation of shish-kebab

structure as done in Chapter 2 for polyethylene (PE).

3-2 Experimental
3-2-1 Sample
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In the experiment we used isotactic polypropylene G-PP) with the
molecular weight M, = 238,000 and the polydispersity Mz/M,= 5.1, where
My and M, are the weight-average and number-average molecular weights,
respectively. The i-PP was synthesized using metallocene catalysis.
Tetrad tacticity determined by NMR measurements was mmmm = 0.974.
The melting temperature 7, determined by DSC measurement is 149.3 °C

and the glass transition temperature 7} from the literature is -3.2 °C [17].

3-2-2 Measurements

Two-dimensional (2D) depolarized light scattering (DPLS) measurements
were carried out using a home-made apparatus. The apparatus has a
He-Ne laser (80 mW, wavelength 4 = 632.8nm) as a light source and a CCD
camera with 2D screen as a detector system. The range of length of
scattering vector € in this experiment is 3.5 x 10’ to 8 x 104 A1, where @is
given by @ = 4nsiné/nA (20 and n being scattering angle and the refractive
index, respectively). Linkam CSS-450 high temperature shear cell with
quartz windows was used to control the temperature and thé shear
conditions. The sample thickness in the cell was 300um for all the DPLS
measurements. We performed experiments in a shear rate range of 0 to 35
st and a shear strain range of 0 to 14000 %. Fig. 1 shows the temperature
protocol in the experiments in this chapter: (a) the polymer sample was
heated up to 210 °C from room temperature at a rate of 30 °C/min, (b) held at
210 °C for 5min, (¢) cooled down to the crystallization temperature 7, = 132
°C at a rate of 30 °C/min, and then (d) held at 132 °C for the DPLS

measurements. When the temperature reached the crystallization
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temperature 7, we applied a pulse shear flow to the sample and observed

the time evolution of scattering pattern under the isothermal condition.

3-3 Results and discussion

Fig. 2 shows the time evolution of 2D DPLS scattering patterns during the
crystallization process under the quiescent and shear conditions with shear
strain ¢ = 5600 % and shear rate y = 1, 28 s1. Under the quiescent
condition, we can not see any scattering at 1min after applying shear flow,
which is the so-called induction period. The scattering intensity appears at
5 min after the pulse shear. Onset time of the scattering intensity becomes
earlier with increasing the ’shear rate although the scattering pattern is
isotropic in the low shear rates region below about 5 s for the shear strain ¢
= 5600 %. On the other hand, at the shear rate y = 28 s, streak-like
scattering appears at around 3 min in the direction normal to the flow. As
the annealing time increases isotropic scattering also appears and the whole
scattering pattern becomes isotropic. These results indicate that
crystallization rate was accelerated even in the rather low shear rate region,
but the anisotropic structure is formed only at higher shear rate above about
5 s1 for the shear strain ¢ = 5600 %. Isotropic and anisotropic scatterings
may come from spherulite and shish-like structure, respectively. At the
shear rate 7 =28 s1, as mentioned above, isotropic scattering follows up the
anisotropic scattering. This indicates that polymer chains oriented by the
shear form the shish structure while polymer chains which are not

influenced by the shear flow would form spherulites.
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Fig. 2. Time evolution of 2D depolarized light scattering (DPLS) pattern
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quiescent condition, middle row: after pulse shear with shear rate of 1stand
shear strain of 5600 %, lower row: after pulse shear with shear rate of 28 s'!

and shear strain of 5600 %.
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Fig. 3 shows the time evolution of 2D scattering patterns under the shear
flow as a function of shear strain ¢ at the shear rate 7 = 28 s1. At the
shear strain ¢ = 2800 %, the scattering pattern is almost isotropic. On the
other hand, with increasing shear strain, we observe a streak-like scattering
pattern in the early stage of crystallization. The onset time of scattering
intensity becomes earlier as the shear strain increases even though the
scattering pattern is isotropic. This result suggests that not only shear rate
but also shear strain accelerates the crystallization rate in the low shear rate

and makes the structure anisotropic at rather high strain.

3-3-1 Evaluation of critical shear rate for induction time

In Fig. 4 the time evolution of the integrated intensity normal to the flow
direction is plotted as a function of annealing time. In the early stage of the
crystallization the intensity does not increase with annealing time and then
begins to increase at a certain annealing time. This time was defined as an
induction period of the crystallization #ng which is a measure of the
crystallization rate. Fig. 5 shows the induction time #xq as a function of the
shear rate 7 for various shear strains ¢. In the low shear rate the
induction time of the crystallization #»s is almost constant and the same as
the quiescent value while it begins to decrease at a certain shear rate. This
shear rate is defined as a critical shear rate 7, . which depends on the
shear strain ¢. The larger the shear strain ¢, the shorter the critical shear
rate 7,,.. Asseenin Fig. 5, the linear relationship between the induction
time #ind and the logarithm of the shear rate 7 holds, at least in the

present shear rate rang as observed for PE (see Chapter 2). The relation is
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given by
. Ling ~ lin
Vind.c = 76@[———-——”" "‘ﬁ (3.1)
Tind
where Y, t,,, and 7,, are the critical shear rate for the induction time,

the induction time under quiescent condition and a constant with unit of

time. The critical shear rate 7,,. is plotted as a function of inverse of the
shear strain in Fig. 6, and extrapolated the critical shear rate 7, to the
infinite shear strain or 1/ ¢ = 0, which correspond to the critical shear rate
Yo for the apparent continuous shear flow. The critical value is about
0.69 s'1. The meaning of the critical shear rate is considered as foﬂows.
Orientation of polymer chains may enhance the formation of crystal nuclei.
However, if the oriented polymer chains are relaxed before the nucleation,

the acceleration of crystallization rate is not observed. This is the situation

below the critical shear rate 7,,.. It is noted that anisotropic scattering

pattern is not observed at the critical shear rate 7, .. This problem will be

discussed later.

3-3-2 Evaluation of critical shear rate for anisotropy

A typical 2D scattering pattern is shown in Fig. 7(a) and the corresponding
scattering intensities normal and parallel to the flow direction are plotted
against ¢ in Fig. 7(b). We employed a ratio of integrated intensity normal
to the flow direction to the parallel one in a @range of 0.35 to 2.5 x 104 A1 as
a measure of degree of anisotropy R... In Fig. 8, the degree of anisotropy
R, is plotted against the logarithm of the shear rate for various shear

strains. The degree of anisotropy Kaniis 1 when the scattering pattern is
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isotropic. The anisotropic ratio R..; increased with the shear rate 7 and
the shear strain ¢. We evaluated the critical shear rate for anisotropy
Vuie by extrapolating the degree of anisotropy R to 1 for various shear
strains ¢. The relation between the degree of anisotropy R, and the

1

logarithm of the shear rate 7 is given by

R .—R .
ani ani,0 :! (3-2)

r

ani

j/ani K4 = 76Xp]:—

where Vai., R are the critical shear rate for the anisotropy, the

ani,

o and 1,
degree of anisotropy under quiescent condition (= 1), and a dimensionless
constant. Fig. 9 shows the critical shear rate as a function of the inverse of
shear strain. Extrapolating the critical shear rate to the infinite shear
strain or 1/ ¢ = 0, we evaluated the critical shear rate 7,.. for the infinite
shear strain, which is about 2.0 s1. This value corresponds to the critical
shear rate 7... under continuous shear flow.

The same analysis has been done on the shear strain dependence of the
degree bf anisotropy Ka. The degree of anisotropy R..: is plotted against
the shear strain « for various shear rates ¥ of 0.5 to 35 s in Fig. 10. In
the similar manner as in the evaluation of the critical shear rate V..., we
estimated the critical shear stain ¢ an; for the anisotropy for each shear rate.
The inverse of critical shear strain thus obtained is plotted as a function of
shear rate 7 in Fig. 11. Extrapolating to the infinite critical shear strain
or 1/ ¢ = 0 we have estimated the critical shear rate 7... for the infinite
critical shear strain, which is about 2.1 s'1. This value almost agrees with

the critical shear rate for the infinite shear strain evaluated from the

relation between the critical shear rate and the inverse of shear strain.
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Similar to the results in Chapter 2, the values of the critical shear rates
evaluated by the two methods agree with each other, showing the validity of
the evaluation. This must correspond to the critical shear rate for
anisotropy for the continuous shear flow.

As discussed in Chapter 2, under the continuous shear flow, the extension
of polymer chain is almost dominated by the relation between the shear rate
and the longest relaxation time 7. If the shear rate is larger than the
relaxation rate (or inverse of the relaxation time) 7, 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
(orientation-induced crystallization). Thus, the critical shear rate is related
to the relaxation rate: 7, - i, 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.

Finally we would like to mention about the difference of the critical shear
rates for the acceleration of the crystallization rate (or the induction time) (=
0.69 s and the anisotropic structure formation (= 2.0 s1). The former is
much smaller than the latter. This means that the formation of anisotropic
structure, which must correspond to the shish-like structure, requires much
higher orientation of polymer chains. In the shear rate range between the
two critical shear rates crystal nucleation is accelerated by local orientation

of polymer chains, but this orientation is too local to develop the oriented
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crystal structure in micrometer, which must be shish-like structure.

3-4 Conclusion

We investigated the structure formation of i-PP in the early stage of the
crystallization after a pulse shear using depolarized light scattering (DPLS),
focusing on the effects of the shear rate and the shear strain. We observed
streak-like scattering pattern normal to the flow direction in the early stage
of crystallization in some shear conditions. This oriented structure would
be the shish-like structure. We determined the critical shear rate for the
induction time at the infinite shear strain, which was 0.69 s1. We also
estimated the critical shear rate for the anisotropic structure formation at
the infinite shear strain (= 2.0 s1) in two ways. This critical shear rate
must be determined by the relation between the crystallization rate and the
longest relaxation time of polymer chain. The critical shear rate for the
induction time is smaller than that for the anisotropic structure. In the
shear rate range between the two critical shear rates crystal nucleation is
accelerated by local orientation of polymer chains, but the this orientation is

too local to develop the oriented crystal structure in micrometer.
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Chapter 4
Crystallization of isotactic polypropylene under shear flow

- Observations in a wide spatial range -

4-1 Introduction

As mentioned in Chapters 2 and 3, extensive studies have been performed
to elucidate the formation mechanism of the shish-kebab structure for a long
time [1,2]. Recently, using new experimental techniques such as SR X-ray
scattering, laser light scattering and neutron scattering [3-6], new aspects of
the shish-kebab was clarified and computer simulation works also gave
many interesting features of the shish-kebab formation [7,8].

Nevertheless, there are still many unsolved problems in the shish-kebab
formation. In Chapters 2 and 3, we investigated the effects of shear rate
and shear strain on the shish structure formation in pm scale using
depolarized light scattering, and found that there existed the critical shear
rate and the critical shear strain for the formation of shish structure. This
strongly suggests that the relaxation of polymer chains plays an important
role in the shish structure formation. In other words, the formation of the
shish structure is dominated by the relation between the relaxation rate and
the crystallization rate.

In this chapter, we further studied the formation mechanism of
shish-kebab structure during the crystallization process of isotactic
polypropylene Gi-PP) under shear flow using polarized optical microscope
(POM), depolarized light scattering (DPLS), small-angle X-ray scattering

(SAXS) and wide-angle X-ray scattering (WAXS) techniques to cover a wide
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spatial scale from A scale to pm, and hence we could investigate not only the
formation of the shish in pm scale but also the forming of the kebab in nm

scale.

4-2 Experimental
4-2-1 Sample

In the experiment we used isotactic polypropylene (-PP) with the
molecular weight M, = 238,000 and the polydispersity M/ M,= 5.1, where
My and M, are the weight-average and number-average molecular weights,
respectively.. The i-PP was synthesized using metallocene catalysis.
Tetrad tacticity determined by NMR measurements was mmmm = 0.974.
DSC measurements were carried out to characterize the thermal properties
of the sample using Perkin-Elmer DSC-7.

The sample thickness was 300 um for the DPLS, SAXS and WAXS

measurements.

4-2-2 Measurements
' DSC measurements All the DSC scans were performed under nitrogen
environment. The nominal melting temperature of the i-PP determined by

DSC measurements was 149 °C at the heating rate of 20 °C/min.
POM measurements Polarized optical microscope (POM) measurements

were carried out with OLYMPUS BX50 equipped with a CCD camera as a

detector.
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DPLS measurements Two-dimensional (2D) depolarized light scattering
(DPLS) measurements were carried out using a home-made apparatus with
He-Ne laser (80 mW, wavelength A = 632.8 nm) as a light source and a 2D
screen and a CCD camera as a detector system. The range of length of
scattering vector @in this experiment is 3.5 x 105t0 3.0 x 104 AL, where Qis
given by @) = 4z sin€/nld (20 and n being scattering angle and the refractive index,

respectively).

SAXS and WAXS measurements Small-angle and wide-angle X-ray
scattering (SAXS and WAXS) measurements were performed using
apparatuses installed at the beam line BL45XU [9-11] and BL40B2 [12] in
the SR facility, Spring-8, in Nishiharima, respectively. Wavelengths of the
incident X-ray were 1.0 and 0.9 A and the camera lengths were 2.2 and 0.12
m for SAXS and WAXS, respectively. A CCD camera (C4880: Hamamatsu
Photonics K.K.) with an image intensifier was used as a detector system for
both the SAXS and WAXS measurements. The € range covered in the
SAXS and WAXS measurements were 0.008 to 0.2 Al and 0.1 to 2.5 A‘l,
respectively.

A Linkam CSS-450 high temperature shear cell was used to control the
temperature and the shear conditions. The sample was placed between the
two quartz plates for the POM and DPLS measurements and between two
stainless steel plates with Kapton windows 50 pm thick for the SAXS and
WAXS measurements, respectively. The temperature protocol for the shear
experiments is shown in Fig. 1: (a) the polymer sample was heated up to 210

°C from room temperature at a rate of 30 °C/min, (b) held at 210 °C for 5 min,
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Fig. 1. Temperature protocol for the shear experiments on polypropylene.
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(c) cooled down to the crystallization temperature 7= 132 °C at a rate of 30
°C/min, and then (d) held at 132 °C for the measurements. The polymer
melt was subjected to a pulse shear just after reaching the crystallization
temperature 7; of 132 °C. The range of the shear rate was 0 - 70 s and the

shear strain was 7000 % at every shear rate.

4-3 Results and discussion
4-3-1 POM results

Polarized optical microscope (POM) measurements were carried out on the
crystallization process of 1-PP at 132 °C under quiescent and shear conditions.
The sample was kept at 210 °C for 5 min and cooled down to a crys’céllization
temperature 7% (= 132 °C) at a cooling rate of 30 °C/min. Just after reaching
T. we have applied a pulse shear with various shear rates and observed the
crystallization process. The results are shown in Fig. 2 for the quiescent
condition and the shear conditions with shear rates of 50 and 70 s1. The
shear strains were 7000 % for all the measurements. Under the quiescent
condition, we observed growth of usual isotropic spherulites. The first
spherulite appeared at about 5 min after reaching the crystallization
temperature 7. (= 132 °C). On the other hand, under the shear conditions,
string-like structure or their bundles oriented along the flow direction
appeared in the beginning of the crystallization. The onset time (or the
induction time) of the string-like structure is much shorter than that of the
spherulites under the quiescent condition and becomes shorter with
increasing the shear rate. The number of the strings also increases with

the shear rate. In the late stage of crystallization isotropic spherulites were
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Fig. 2. Time evolution of polarized optical microscope images for shear

rates of 50 and 70 s'1.
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also observed even under the shear condition. These may come from some
parts in the sample which were not affected by the shear or from the low
molecular weight polymer chains which were relaxed before the
crystallization [13]. The string-like structure and their bundle must be the
shish-kebab structure and/or their aggregates. These optical microscope
measurements give us intuitive images of the crystallization process under
the quiescent and flow conditions. However, for the quantitative studies
scattering methods are more appropriate than microscope measurements.
Then, we performed time resolved depolarized light scattering

measurements.

4-3-2 DPLS results

Depolarized light scattering (DPLS) measurements were performed on the
crystallization process of i-PP under the same thermal history and the same |
shear conditions as the POM measurements. In this measurement, we can
cover the range of scattering vector from 3.5 x 105 to 3.0 x 104 A
corresponding to the spatial scale of ~18 to ~2.0pm. Hence, we will see the
structure formation in pm scale, particularly the shish structure in the
measurements. In Fig. 3, time evolutions of two-dimensional (2D) DPLS
patterns are shown for various shear rates. The shear strains were 7000 %
for all the measurements. Under the quiescent crystallization condition (
= 0 s'1), we observed isotropic scattering patterns after an induction period
before nucleation of about 5 min. This length of the induction period almost
corresponds to the appearance of spherulites in the polarized optical

microscope measurements. On the other hand, as the shear rate increases
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Fig. 3. Time evolution of 2D DPLS patterns for various shear rates.
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we observe anisotropic streak-like scattering pattern along the direction
normal to the shear. This indicates that there are long scattering objects
aligned along the flow direction, which must be the shish structure or the
precursor of shish structure. At the moment it is not clear if it is the shish
structure or the precursor, and hence we call it the shish-like structure
hereafter. The induction time and the anisotropy depend on the shear rate.
In order to analyze the DPLS data we employed two measures. One is
the length of the induction period before the streak-like scattering appears in
the direction normal to the flow, which corresponds to the onset time of the
shish-like structure, and the other is the anisotropy in the 2D scattering
pattern. First we discuss the length of the induction period. This is a sort
of measure of the crystallization rate. Generally speaking, the
crystallization rate is determined by both the nucleation rate and the growth
rate [14]. The onset time is mainly related to the nucleation rate. In Fig. 4,
the integrated DPLS intensity normal to the flow direction in a € range of
0.35t0 2.5 x 104 AA'l (see also Fig. 6) is plotted as a function of annealing time
at 132 °C for various shear rates. We observe the onset of the scattering
intensity after a certain induction period, which decreases with increasing
the shear rate. The length of the induction period was estimated as the
onset time of the integrated intensity as shown in Fig. 4 for quiescent
condition (# =0 s'), and was plotted against logarithm of the shear rate in
Fig. 5. The induction period decreases with increasing the shear rate, in -
particular, in the low shear rate range below about 14 s and gradually
decreases above 14 s1. The critical shear rate for the induction period at

the shear strain 7000 % is about 1.6 s'1. Regarding the induction period, we
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have to emphasize the following problem. As mentioned in Experimental
part, a pulse shear was applied to the sample just after reaching the
crystallization temperature 7. (= 132 °C). During a few seconds after the
pulse shear the detector screen of scattering light was bright, showing that
the polymer chains are oriented due to the shear, and then the screen
became dark. However, the scattering pattern appearing after a certain
induction time was anisotropic, i. e., streak-like scattering was observed in a
direction normal to the flow. Why could the completely relaxed polymer
chains crystallize anisotropically in a long form aligned along the flow
direction? There are two scenarios to explain the phenomenon that
anisotropic scattering appeared after a certain induction period. One is
that the orientation‘domain induced by the shear flow became too large to be
detected in the @ range of our DPLS measurement and the anisotropic
scattering pattern was hidden insidé of the beam stopper. The other
scenario is that the orientation of polymer chains relaxed within a few
seconds to be isotropic, at least within the sensitivity of the light scattering
measurements, but a small number of tiny oriented domains remained and
the number of the tiny oriented domains was too small to be detected. If
crystallization starts from the tiny oriented part, the growth direction of the
crystal must be influenced by the orientation of the starting orientation,
resulting in highly 6riented crystals.

The second measure is a degree of anisotropy in the 2D scattering pattern.
A typical 2D DPLS scattering pattern is shown in Fig. 6(a). As a measure of
the anisotropy of the scattering pattern, we employed a ratio of integrated

intensity in the normal direction to the parallel one in the  range of 0.35 x

104



104 to 2.5 x 104 A1 (see Fig. 6(b)), and termed the degree of anisotropy Kani.
It is noted that the degree of anisotropy can be defined only after the
induction period of the scattering intensity. After the induction period, it is
almost constant for a while and began to decrease with annealing time.
This decrease is due to the appearance of isotropic spherulites as seen in the
polarized optical microscope pictures in Fig. 2. Thén, we used the constant
value of the degree of anisotropy Ransin the following discussion.

The degree of anisotropy K. is plotted against logarithm of the shear rate
in Fig. 7. It increases linearly with logarithm of the shear rate above a
certain critical shear rate in the present shear range. This relation can be

written in the following form.

R . —R .
_ an ani 0 :l . (4. 1)

ani

}‘,ani,c = j/ exp[

where 7,. ., Banio, and ran are the critical shear rate for the anisotropy, the

degree of anisotropy under quiescent condition (= 1), and a dimensionless

constant. The critical shear rate 7,,. was evaluated to be 2.9 st by

extrapolating the degree of anisotropy to unity. The critical shear rate for
the degree of anisotropy 7,,. is larger than that for the induction. Similar
results were reported for other polymers [4]. The meaning of the critical
shear rate is considered as follows. Orientation of polymer chains may
enhance the formation of crystal nuclei. However, if the oriented polymer
chains are relaxed before the nucleation, the acceleration of crystallization
rate is not observed. Hence, it is considered that the crystal nucleation

occurs before the relaxation of polymer chains above the critical shear rate.
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In the above DPLS measurements we observed the formation process of the
shish-like structure in a spatial scale of um. In order to see the formation-
process of the kebab structure we have to go down to hundreds A scale, and
hence we have performed time-resolved small-angle X-ray scattering

measurements on the crystallization process of the same i-PP.

4-3-3 SAXS results

Time resolved small-angle X-ray scattering (SAXS) measurements were
carried out under the same temperature and shear conditions as the DPLS.
The same i-PP was heated up to 210 °C and held for 5 min, and then cooled
down to the crystallization temperature 7, = 132 °C at a cooling rate of 30
°C/min. dJust after reaching 7. a pulse shear was applied and the time
resolved SAXS measurements were carried out Aat 132 °C. The shear rates
were in a range of 0 to 70 s! and the shear strain was 7000 % for all the
measurements. The observed time evolution of 2D SAXS patterns are
shown in Fig. 8 for the shear rates of 7, 35 and 70 s'1. Under the quiescent
condition, only isotropic scattering patterns were observed and the onset
time of the scattering intensity is about 11 min after reaching the
crystallization temperature 7, (= 132 °C). On the other hand, under the
shear condition, the onset time of the scattering intensity is earlier than that
under the quiescent condition and the scattering pattern is anisotropic. For
example, at the shear rate of 70 s!, weak streak-like scattering intensity
appears along the flow diréction at 72 sec in the early stage after applying
the pulse shear, and the scattering pattern gradually becomes two-spot

pattern. In addition, isotropic scattering ring also appears in the late stage
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of the crystallization. The anisotropic SAXS scattering pattern is
completely different from the DPLS one (see Fig. 3), in which streak-like
scattering appears in a direction normal to the flow. The observed two-spot
SAXS pattern parallel to the flow direction must correspond to the distance
between the lamellae (kebab) periodically aligned along the shish-structure.
In order to analyze these SAXS data quantitatively we also used the onset
time and the degree anisotropy, which depend on the shear rate very much.

The time evolution of the integrated scattering intensity parallel to the
flow direction in a @range of 0.015 to 0.1 A1 is shown in Fig. 9 for the shear
rates of 0, 7, 14 and 70 s't. The onset time was defined as a rise-up time of
the integrated scattering intensity in a direction parallel to the flow as
shown by an arrow for the quiescent condition. The estimated onset time is
plotted against logarithm of the shear rate in Fig. 10. In the low shear rate
region, it seems to decrease drastically, showing large effects of the shear
rate on the crystallization rate. Critical shear rate for the acceleration of
the onset time at the shear strain 7000 % is about 2.8 s1. This value is
almost the same as that in the DPLS measurement and we discuss in the
next section.

We defined the degree of anisotropy for the SAXS data as a ratio of
integrated intensity parallel to the flow direction to the normal one.v The
ratio cannot be calculated in the induction period, and fluctuates very much
just after the induction period because of the weak intensity. The ratio
becomes stable and almost constant in a period before the isotropic
scattering appears. Hence, we employed the ratio in the stable region as

the degree of anisotropy, which was plotted in Fig. 11 against logarithm of
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the shear rate. In contrast to the onset time the degree of anisotropy is
almost independent of the shear rate in the low shear rate region and
increases with the shear rate above a certain critical shear rate. Assuming
a linear relationship between the degree of anisotropy and the logarithm of
the shear rate below 35 s1, we extrapolated the degree of anisotrdpy to unity
to evaluate the critical shear rate to be 3.4 £0.6 s!. The error was
estimated from the upper and lower slopes of the extrapolation. The critical
shear rate for the anisotropy evaluated in the SAXS (or the kebab) (= 3.4 s'1)
is close to that in the DPLS (the shish) (= 2.9 s'1). This must imply that the
anisotropy of the kebab structure is dominated by the shish formation.

The @ dependence of the scattering intensities normal and parallel to the
flow direction are shown in Fig. 12(a) and (b), respectively. The peak
position @ of the scattering intensity parallel to the flow direction gives us
the spacing between the kebab structure aligned along the shish structure.
The spacing evaluated from 2 = /@ is plotted as a function of the annealing
time for the shear rate of 70 s! in Fig. 13 where the lamella spacing under
the quiescent crystallization condition is also plotted. In the quiescent
condition, the peak is first recognized at around 2500 s after induction period
of about 700 s and the spacing is about 360 A, which gradually decreases
with annealing time to reach about 310 A. On the other hand, under the
shear condition of 70 s'1 the scattering peak is recognized at about 250 s after
the pulse shear, which is much earlier than the quiescent condition. The
initial spacing (= 475 A) is longer than the quiescent condition (360 A) and
becomes smaller to level off at 320 - 310 A, which is almost the same as the

final value under the quiescent condition. The earlier appearance of the
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peak shows the acceleration of the crystallization rate under the shear.
This must be caused by epitaxial secondary nucleation on the shish
structure.

The large initial value of the lamella spacing under the shear must show
that lamellae (the kebabs) grow site;randomly on the shish, but not regularly
one by one on the shish. However, the same final spacing between the
quiescent and shear conditions implies that it is not determined by the shear

effects.

4-3-4 WAXS results

Time resolved wide-angle X-ray scattering (WAXS) measurements were
performed on the crystallization process of i-PP under the same temperature
and shear conditions as the DPLS and SAXS measurements. The
crystallization temperature 7; was 132 °C and the shear strain was 7000 %
for all the measurements. In the WAXS measurements we observed the
time evolution of the local crystalline structure in both of the shish and the
kebab, particularly in the kebab because the amount of kebab is much larger
than the shish. Time evolution of 2D WAXS patterns are shown in Fig. 14
for the shear rates of 0, 7 and 70 s!. The scattering patterns are isotropic
under the quiescent condition while it is anisotropic under the shear
condition. In order to see the anisotropy clearly we plotted the scattering
intensities in directions normal and parallel to the shear direction in Fig.
15(a) and (b), respectively, where the intensities are shifted vertically for
clarification. The diffraction patterns show that the crystal has a « -form

and the intensity must be from the kebab. The diffraction intensity from
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(040) plane is larger in the normal direction than in the parallel direction,
suggesting that the b-axis of the lamella (the kebab) aligns normal to the
shear direction, and is the growth direction. The (110) diffraction intensity
1s larger in the parallel direction than in the normal direction, and hence it is
expected that the a-axis rotates around the b-axis during the kebab growth.
As seen in Fig. 15(a) and (b), the (040) and (110) diffraction intensities
appear earlier in the normal and parallel directions to the flow, respectively,
and followed by the intensities in the parallel and normal directions,
respectively. This suggests that the kebab grows in a particular direction
(along the b-axis) in the early stage while gradually orients isotropically.
This must be due to the growth of isotropic spherulites as observed in optical
microscope. In fact, the onset time of the (040) diffraction intensity in the
parallel direction is close to the onset of the isotropic spherulites under
quiescent states (~900 s). Onset time was plotted as a function of shear rate
(Fig. 16). The critical shear rate of onset time was 2.3 s!. This value
almost agrees with the values of DPLS (= 1.6 s1) and SAXS (= 2.8 s')).
These results indicate that the critical shear rates of onset time of DPLS,
SAXS and WAXS are dominated by the same origin. The critical shear rate
of onset time is a shear rate above which the generation of spherulites is
accelerated. Thus it is reasonable that the critical shear rates of onset time
determined by DPLS, SAXS and WAXS measurements are agree with each
other.

The degree of anisotropy for the (040) diffraction intensity was defined as
intensity ratio of the normal direction to the parallel one after subtracting

the intensity at t = 0, and plotted in Fig. 17 as a function of logarithm of the
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shear rate. Although the data points rather scattered, there certainly exists
a critical shear rate for the anisotropy or the kebab formation.

Extrapolating the data to the degree of anisotropy of unity, we have
evaluated the critical shear rate to be 4.0 s'1. This value is rather close to
the critical values for the anisotropic structure formations in DPLS (= 2.9 s')
and in SAXS (= 34 s, suggesting that the anisotropic structure is

dominated by the same origin.

4-3-5 Comparison of DPLS, SAXS and WAXS data

The time evolutions of the intensities of DPLS, SAXS and WAXS are
shown for the crystallization process of i-PP after applying a pulse shear
with shear rate of 70 st at 132 °C in Fig. 18, where the intensities were
normalized to the initial intensity at t = 0 s. We compare scattering
intensity as a function of annealing time among DPLS, SAXS, WAXS (Fig.
18). Fig. 18 shows that the onset time of DPLS is the earliest, that of SAXS
is second and that of WAXS is the last. The oriented structure parallel to
the flow direction in pm scale would be the shish or the precursor of shish,
and the oriented structure in nm scale would be the kebab. These results

indicate that the shish forms earlier than the kebab.

4-3-6 Generation of shish and kebab
On the basis of the results of Fig. 17 and Fig. 18, we present a schematic
drawing of the shish kebab formation (Fig. 19). We suggested that the

anisotropic structure was dominated by the same origin in the section 4-3-4.
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In the section 4-3-5, we suggested the shish or the precursor of shish formed
earlier than the kebab. The conclusions of the sections 4-3-4 and 4-3-5
indicate that generation of the kebab depends on existence of the shish or the
precursor of shish. In the early stage of the formation process of the shish
kebab structure, it orients to the flow direction. In next, nucleation of the

kebab occurs on the shish and grows epitaxially.

4-4 Conclusion

In this chapter, we observed the formation of shish kebab structure under
shear flow in a wide spatial scale. These observations indicate us an image
of the shish kebab formation (Fig. 19). We suggest that the shish formation
dominates the shish-kebab structure.

We also observed the critical shear rate to form the shish kebab structure,
and we suggest that éhear rate 1s an important factor to form the shish or the
precursor of shish, and the critical shear rate must be dominated by the
relation between the relaxation rate of polyiner chain and the érystallization
rate. For the formation of shish or precursor of shish, polymer chains must
be oriented and the orientation must not be relaxed before the crystallization.
Many researchers reported that high molecular weight component enhanced
the formation of anisotropic structure under many kinds of flow. This must
be due to the longer relaxation time of high molecular weight polymer
chains. |

In the next chapter, we investigate the effects of high molecular weight
polymer chain on the shish kebab formation to elucidate the role of the

molecular weight.

126



References

[1] Hoffman, J. D. Polymer 1979, 20, 1071.

[2] Liebervﬁrth, I; Loos,d.; Petermann, J.; Keller, A. Journal of
Polymer Science Part B-Polymer Physics 2000, 38, 1183.

[8] Elmoumni, A; Winter, H. H.; Waddon, A. J.; Fruitwala, H.
Macromolecules 2003, 36, 6453.

[4] Fukushima, H; Ogino, Y.; Matsuba, G.; Nishida, K.; Kanaya, T.
Polymer 2005, 46, 1878.

(5] Sharma, L.; Ogino, Y.; Kanaya, T. Macromolecular Materials and
Engineering 2004, 289, 1059.

[6] Agarwal, P.K; Somani, R.H; Weng, W.Q.; Mehta, A; Yang,
L.; Ran, S.F.; Liu, L.Z.; Hsiao, B. S. Macromolecules 2003, 36,
5226.

[71  Dukovski, I.; Muthukumar, M. Journal of Chemical Physics 2003, 118,

- 6648.

[8] Liu, C.; Muthukumar, M. Journal of Chemical Physics 1998, 109,
2536.

[9] Fujisawa, T.; Inoue, K; Oka,T.; Iwamoto, H; Uruga, T;
Kumasaka, T.; Inoko, Y., Yagi, N; Yamamoto, M.; Ueki, T.
Journal of Applied Crystallography 2000, 33, T917.

[10] Fujisawa, T.; Inoko, Y.; Yagi, N. Journal of Synchrotron Radiation
1999, 6, 1106.

[11] Fujisawa, T SPring-8 Beamline Handbook 2008, 132.

[12] Shimizu, N.; Inoue, K. SPring-8 Beamline Handbook 20083, 90.

127



[13] Keller A. and Kolnaar J.W.H.: Meijer, H.E.H. Editor, Processing of
polymers, VCH, New York 1997, 189.

[14] Mandelkern L; Crystallization of Polymers Kinetics and Mechanisms,

Cambridge, University Press, 2004, 2, 1.

128



Chapter 5
Effects of high molecular weight component on crystallization of

polyethylene under shear flow

5-1 Introduction

It was elucidated in Chapters 2, 3 and 4 that formation of shish-kebab
structure is governed by the shish structure. Polymer chains must be
extended and oriented to form the shish structure. If the oriented state is
relaxed before crystallization, the shish structure may not be formed,
meaning that the relation between the relaxation rate and the crystallization
rate must play an important role in the shish formation. In this chapter, we
have investigated effects of the high molecular weight (HMW) component on
the shish-kebab formation under shear flow because relaxation time of HMW
polymer chain is longer than that of low molecular weight (LMW) one.

The effect of the high molecular component has been investigated for long
time. There are already some papers reporting the effects of the HMW
component on the crystallization under flow [1-7]. Most of the results
indicated that the presence of HMW component or long chains enhanced the
crystallization in the rate and the orientation. In the early stage of
research in this field, Ward et al. studied effects of HMW component on cold
drawing, and showed that it affected the final morphology [1]. Recently,
Kornfield et al. [7] have studied effects of the HMW component using model
blends of HMW isotactic polypropyrene (M, = 923,000) and LMW one (M, =
186,000), both of which have rather narrow molecular weight distributions,

and found that the role of the HMW component in shear-induced
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crystallization is cooperative, enhanced by the entanglements among the
long chains. Hsiao and coworkers [2] also demonstrated the role of the
HMW component in blends of non-crystallizing low molecular weight
polyethylenes (M, = 50,000 and 100,000) and crystallizing HMW
polyethylene (PE) (M, = 250,000) using in situ rheo-SAXS and rheo-WAXD
techniques. The results indicated that the high molecular weight
component dominates the formation of crystallization of precursor structures
in the blend under shear flow, and the viscosity of the matrix (low molecular
weight component) plays an important role to influence the formation of
crystallization precursor structure of the HMW component.

In this chapter we have also investigated the role of the HMW component
in the crystallization of blends of HMW PE (4, = 2,000,000) and LMW PE
(M,, = 586,000) under shear flow using depolarized light scattering. In
addition, to elucidate that the shish structure is mainly formed from the
HMW component, we performed small-angle neutron scattering (SANS) and
small-angle X-ray scattering (SAXS) measurements on an elongated blend of
HMW hydrogenated PE (M, = 2,000,000) and low molecular weight

deuterated PE (M, = 200,000).

5-2 Experimental
5-2-1 Samples

In the DPLS studies we used two polyethylenes (PE) with molecular
weight M, = 58,600 and 2,000,000 and the polydispersity M,/M, = 8.01 and
12, respectively, where M, and M, are the weight- and number-average

molecular weight, respectively. The LMW PE was kindly supplied by
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Showa Denko Ltd., and the HMW PE by Mitsui Chem. Co. Ltd. The
nominal melting temperatures of the LMW and HMW PEs determined by
DSC measurements were 134 and 135 °C at the heating rate of 20 °C/min.
It should be noted that the molecular weight distributions of the PEs are
broad, which may smear the effect of the high molecular weight component.
However, the large molecular weight difference [M,(HMW)/MLMW) ~ 34]
may overcome the difficulty.

Two polyethylenes were blended in a solution to ensure the intimate
mixing at the molecular level. The mixture of HMW and LMW PEs with a
given concentration of the HMW component (0.2 - 3 wt%) was dissolved in
xylene with anitoxidant regent (2,6-tert-butyl-p-cresole) to form a
homogeneous solution at 130 °C under nitrogen atmosphere. After keeping
the solution at 130 °C for 1 h, it was quenched into ice water to precipitate as
a gel, filtered from xyelene and washed with methanol several times. The
gel was vacuum-dried at 70 °C for 2 days and then hot-pressed at 165 °C for 5
min and quenched rapidly to ice water to get a thin film ~0.3 mm thick. The
LMW PE film was prepared under the same procedure as a control sample.
In the DPLS measurements, the thin film was placed between two quartz
plates and the thickness was controlled at 0.3 mm before applying the shear.

For the SANS and SAXS measurements, we used HMW hydrogenated PE
with M, = 2,000,000 and M,/M, = 12 and LMW deuterated PE with M, =
200,000 and M,/M,=5. The HMW PE is the same PE as in the DPLS
measurements. Strips of the blend film of HMW hydrogenated PE (3 wt%)
and LMW deuterataed PE (97 wt%), which was prepared in the same

procedure as the DPLS samples, were elongated about 6 times at 133 °C just
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below the nominal melting temperature (= 135 °C) and quenched to ice water.
These elongated strips were aligned on the cell window. It is noted that the
quenching of thé blends was done as rapidly as possible to avoid the
segregation [8-10]. However, in this work we did not check the segregation

directly.

5-2-2 Measurements
DSC measurements 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.

DPLS measurements Two-dimensional (2D) depolarized light scattering
(DPLS) measurements were carried out using a home-made apparatus with
He-Ne laser (80 mW, wavelength 1 = 632.8 nm) as a light source and a CCD
camera with 2D screen as a detector system. The range of length of
scattering vector @ in this experiment is 4 x 105 to 2.6 x 104 A1, where Qis
given by @ = 4asinf/nl (20 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 0.3 mm for all the DPLS measurements. The
temperature protocol for the shear experiments is shown in Fig. 1: (a) heat
the polymer sample from room temperature to 165 °C at a rate of 30 °C/min,
(b) hold at 165 °C for 5 min, (¢) cool down to the crystallization temperature

7:= 129 °C at a rate of 30 °C/min, and (d) hold the temperature at 129 °C .
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for the DPLS measurements. The polymer melt was subjected to pulse

shear just after reaching the crystallization temperature 7¢ of 129 °C.

SANS measurements Small-angle neutron scattering (SANS)
measurements were performed with SANS-U spectrometer [11] at the
JRR-3M reactor in Japan Atomic Energy Research Institute (JAERI), Tokai,
Japan. Neutron wavelength A in this measurement was 7 A with the
dispersion A4 of 10 %. The scattered neutrons were detected by a
two-dimensional position sensitive detector having 65 x 65 cm2 (128 x 128
pixels) area. In the measurements, we covered a range of magnitude of

scattering vector (= 4nsinf /A; A and 26 being neutron wavelength and

scattering angle, respectively) from 0.005 to 0.13 Al

SAXS measurements Small-angle X-ray scattering (SAXS)
measurements were carried out with a small-angle scattering apparatus
installed at the beam line BL45XU [12] in the Synchrotron Radiation
Facility, SPring-8, in Nishiharima, Japan. The wavelength of the incident
X-ray was 0.9 A and scattered X-ray was detected by a two dimensional CCD
camera with an image intensifier. The @ range covered in this

measurement was 0.009 to 0.15 AL,

5-3 Results and discussion
Fig. 2 shows an example of the time evolution of 2D DPLS pattern for the
LMW PE during the crystallization process after pulse shear with the shear

rates of 1, 8 and 16 s''. The shear strain was 3200 % for all the
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measurements. After a certain induction period for the structure formation,
we observed isotropic 2D DPLS pattern for the shear rate 7 of 1 s1. The
induction period becomes shorter with increasing the shear rate although
the 2D pattern is isotropic, showing the acceleration of the crystallization
rate with increasing the shear rate. As the shear rate further increases, the
2D scattering pattern becomes anisotropic above about 7 =6 s1in addition
of the acceleration of the crystallization rate. For example, the 2D pattern
for 7 =16 s’ shows a streak-like scattering normal to the flow direction in
the early stage as seen in the lowest row in Fig. 2. The streak-like
scattering means that long scattering objects are aligned along the flow
direction, which must be a shish structure or a precursor of the
shish-structure.

As further annealing, the isotropic scattering emerges and covers the

anisotropic scattering.

5-3-1 Evaluation of critical concentration of high molecular weight
component for anisotropy

In order to evaluate the anisotropy of the 2D scattering pattern
quantitatively we have defined a measure for the anisotropy. A typical 2D
anisotropic scattering pattern is shown in Fig. 3(a) and the scattering
intensities normal and parallel to the flow direction are plotted against @in
Fig. 3(b), respectively. The scattering intensities are very weak in the high
@ range while they begin to increase at a certain onset ¢ values in the low Q
range, depending on the scattering direction. We have defined a ratio of the

onset @ value normal to the flow direction to the parallel one (= @,/@,) as a
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measure of anisotropy, and termed the degree of anisotropy Ra. in this
chapter. The degree of anisotropy Ra. is time-dependent: it has a
maximum in the early stage and decreases with annealing time. We have
employed the maximum value of R, for the discussion of the degree of
anisotropy in this chapter.

The maximum value of the degree of anisotropy Ra. is plotted as a
function of shear rate at various shear strains in Fig. 4 for the matrix PE.
In the low shear rate region, the value of R is unity, meaning that the
scattering is isotropic, and begins to increase at a critical shear rate 7,
which depends on the shear strain. For example, the degree of anisotropy
Rani is unity below the shear rate of 6 s'1 and begins to increase at around 6
s'1 for the shear strain ¢ of 3200 %. On the basis of the results, we adopted
such shear condition for the experiments of the PE blend that the matrix PE
does not show anisotropic scattering pattern. If we observe anisotropic
scattering pattern in the PE blend during the crystallization we can directly
attribute to the effects of the HMW PE.

Fig. 5 shows the time evolution of 2D DPLS patterns of the matrix PE and
" the PE blend including 3 wt% HMW one during the crystallization process
after the pulse shear at 129 °C. The shear rate 7 énd the shear stain ¢ are
4 s-! and 1600 %, respectively. In the case of the matrix PE isotropic
scattering pattern appears at around 80 s after applying the pulse shear and
increases in intensity with annealing time. On the other hand, the 3 %
blend shows a very sharp streak-like scattering normal to the flow direction,
which appears at around 30 s after the pulse shear, corresponding to the

shish-like structure. At about 80 s in the late stage, isotropic scattering
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appears to cover the anisotropic one. The onset time of the isotropic
component in the 3 wt% blend is very close to that in the matrix PE,
suggesting that the isotropic scattering in the blend is coming from the
matrix PE. On the other hand, it is evident that the streak-like scattering
is due to the HMW PE because the matrix PE does not show any anisotropic
scattering under this shear condition. From these observations, we can
directly conclude that the HMW component enhances the formation of the
shish-like structure.

In the next step we have examined the effects of the concentration of the
HMW PE Cpumpe.  Fig. 6 shows the 2D scatteﬁng patterns of the PE blends
at 68 and 98 s after the pulse shear as a function of the concentration Crnmpr.
The shear rate and the shear strain were 4 s! and 3200 %, respectively.
Anisotropic scattering patterns were not observed when the concentration
Crurr of the HMW PE was less than 0.5 wt %. At around Cumpe= 0.5 wt%,
a very weak anisotropic scattering was observed at 68 s after the pulse shear
as seen in Fig. 6 and the 2D scattering intensity increases in the anisotropy
with the concentration Cuwmpr, suggesting that there is a critical
concentration C’.: for the anisotropic scattering at around Cuupr= 0.5 wt%.
This will be discussed quantitatively later. It should be noted that we
showed 2D patterns at 68 s after the pulse shear in Fig. 6 because the
anisotropy was the highest at around this time at any concentrations above
Crmpr= 0.5 wt%. After the onset of the anisotropic scattering, the isotropic
scattering appears at around 80 s after the pulse shear and covers the
anisotropic scattering. It is interesting to point out that‘the onset time of

the isotropic scattering, which must come from the LMW PE, is almost
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independent of the concentration below Crurr= 0.5 wt%, suggesting that the
HMW PE hardly affect the crystallization process of the LMW PE below the
critical concentration around Cmyre = 0.5 wt%. On the other hand, the
isotropic scattering slightly increases in intensity and the onset time
becomes shorter with increasing the concentration Crype above Cpupr = 0.5
wt%.

In Fig. 7, the degree of anisotropy K., at 68 s after the pulse shear is
plotted against the concentration of the HMW PE Cuupz for three shear
conditions, under which the matrix PE does not show the anisotropic
scattering pattern. It is obvious that the degree of anisotropy is almost
unity below Crmpr = 0.5 - 0.6 wt% while it abruptly increases above this
concentration, showing that the critical concentration for the anisotropy
C*wi 1s 0.5 - 0.6 wt%. It should be noted that the critical concentration is
almost independent of the shear strain although the degree of anisotropy
increases with the shear strain. This gives us a hint to consider the
physical meaning of thé critical concentration for the anisotropy C .

We compare the critical concentration C'wi to the chain overlap
concentration C'z; of the HMW PE. The overlap concentration of polymer

chains with radius of gyration K, is given by

oo M G.1)
4 91\ 372
‘gﬂ(Rg> NA

where <R§> is the mean square radius of gyration of the polymer chain,

which is given by eq. (5.2) under the Gaussian chain approximation with

molecular weight distribution U= (M, /My [13].
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where b and L are the persistence length and the contour length. Taking
the literature data [<R§> | My]V2 = 0.46 [10], we have calculated the overlap
concentration C’z, to be 0.178 g/cm3 or 0.209 wt%, which is smaller than
the critical concentration. The ratio of the critical concentration to the
overlap concentration C*um / C'z is 2.5 - 3. This strongly suggests that
entanglements of the HMW PE are very important for the formation of the
shish-like structure. This agrees with the finding of Kornfield et al. [7] that
the role of the long chain in the shear-induced crystallization is cooperative
rather than a single chain event. This result may be understood in the
following picture. In order to produce the shish-like structure poiymer
chains must be extended due to the shear. Suppose that the HMW PE are
isolated in the blend, they are somewhat extended by the shear flow,
however it does not lead to the anisotropic structure formation as seen in Fig.
6. On the other hand, when the concentration of HMW PE is above the
critical value for the entanglements, the chains must be extended due to the
connectivity as polymer network is deformed. The critical concentration for
the anisotropy C’«: must correspond to the critical concentration for the
effective entanglements. This is schematically illustrated in Figs. 8(a) and
8(b). This picture reminds us the gel spinning technique [14-17] to produce
ultra-high strength and ultra-high modulus fiber of PE although all of the
situations are not the same. In this procedure, PE chains are extremely
extet}ded because the tension is transmitted though the cross-linking points

in the gel network. On the other hand, in order to obtain the ultra-high
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extension of HMW PE chains.
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strength fiber the number of the cross-linking points should be as little as
possible because too many cross-linking points prevent the extension of
polymer chains. It is therefore expected in the crystallization of the PE
blend under the shear that the formation of the shish-like structure is
depressed at a rather high concentration of the HMW PE above C’umi
because the polymer chains cannot be extended due the shear because of too

many entanglements as illustrated in Fig. 8(c).

5-3-2 Comparison between small angle neutron scattering and small angle
X-ray scattering 2D-patterns

The DPLS measurements indicated that the formation of shish-like
structure is enhanced by addition of the HMW component. It is therefore
expected that the shish-like structure is mainly formed from the HMW PE.
However, it has not been directly confirmed in the experiments.
Furthermore, in small-angle X-ray scattering (SAXS) measurements [18,19]
the shish-like structure was not always observed even though the shear
condition was stronger than in the present experiment. In cases of
observing no shish-like structure, many interpretations are possible, e. g.,
the shish-like structure is once formed but it disappears immediately after
the formation; the number of the shish is too little to be detected within the
sensitivity of SAXS; the length of the shish is too long to be detected within
the SAXS resolution. In order to shed light on these problems, we have
performed SANS and SAXS measurements on an elongated blend of HMW
hydrogenated PE (3 wt%) with M, = 2,000,000 and LMW deuterated PE with

M, = 200,000. This experiment is on the basis of the following idea. From
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the results of the DPLS measurements, we expect that the shish-like
structure is mainly formed from the HMW hydrogenated PE. It is well
known in SANS that the scattering contrast between hydrogenated and
deterated PEs is very large [20], so that we can observe the shish-like
structure if it is formed from the HMW hydrogenated PE due to the high
scattering contrast. On the other hand, in the SAXS case the scattering
contrast arises from the electron density difference, which corresponds to the
mass density difference in one component systems. Therefore, we expect
very large difference between the SANS and SAXS scattering profiles.
However, if the HMW hydorogenated PE chains are homogeneously
distributed in the shish and the kebab structure, the SANS scattering
contrast in the small-angle region arises only from the density difference
similar to the SAXS. In this case, we expect that the scattering patterns
are almost the same in both the SANS and SAXS. Hence, we can see
whether or not the shish is mainly formed from the HMW PE by comparing
the SANS data to the SAXS data.

The observed 2D SANS pattern is shown in Fig. 9(a). Very strong
streak-like scattering intensity is observed along the direction normal to the
elongation in the low @ range, suggesting that the shish structure is formed
during the elongation process. Two-spot scattering pattern is also observed
in the direction parallel to the elongation. This must correspond to the
spacing between the neighboring kebabs (lamellar crystalline structure)
periodically attached along the shish. The scattering contrast seems very
large in the streak-like scattering compared to the two-spot scattering. In

order to see it quantitatively, the sector averaged scattering intensities in

148



| (a) SANS

uoneguo

~

Fig. 9. 2D SANS (a) and 2D SAXS (b) patterns from an elongated blend of

LMW deuterated PE and HMW hydrogenated PE (3 wt%).
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the azimuthal angle ranges between —5° and +5° and between 85° and 95°
are plotted against @ in Fig. 10(a), where the azimuthal angle of 0°
corresponds to the elongational direction. In the direction normal to the
elongation the scattering intensity has no peaks and is very strong in the low
@ range below about 0.02 A'l. On the other hand, the intensity parallel to
the elongation shows a peak at around @ = 0.025 A1, corresponding to the
spacing between the neighboring kebabs. What we have to emphasize here
is that the intensity from the shish below about 0.01 Al is much stronger
than that from the kebab, showing the high scattering contrast of the shish.
This implies that the shish structure is.mainly formed from the HMW
hydrogenated PE and the kebab is formed from the LMW deuterated PE.

Small-angle X-ray scattering (SAXS) measurements were also performed on
the same sample in the SR facility, SPring-8 in Nishiharima, and the
observed 2D scattering pattern is shown in Fig. 9(b). In contrast to the
SANS result, the streak-like scattering due to the shish structure was not
observed although the two-spot pattern due to the spacing between the
kebabs was clearly observed in the direction parallel to the elongation. The
sector averaged SAXS intensities are also shown in Fig. 10(b) in the
azimuthal angle ranges between —5° and +5° and between 85° and 95°. The
scattering intensity parallel to the elongation shows a peak corresponding to
the kebab spacing similar to the SANS result. On the other hand, the
intensity normal to the elongation is very weak, particularly in the low @
range below about 0.02 Al in contrast to the SANS data, corresponding to
the fact that the shish structure is not observed in the SAXS measurement

although the shish structure is certainly present in the elongated blend as
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seen in the SANS result (Fig. 9(a)). In combination of the SANS and SAXS
results, we can directly conclude that the shish is mainly formed from the
"HMW component and the number of shish is too little to be detected within

the present SAXS sensitivity.

5-4 Conclusion

We have studied the crystallization process of blends of the HMW
polyethylene (PE) and LMW PE under shear flow using DPLS with the pulse
shear technique as a function of the concentration of HMW PE in the range
of 0 to 3 wt %, focusing on effects of the HMW PE on the shish-like structure
formation. It was found that the shish-like structure formation is enhanced
by the HMW component above a critical concentration C . of the HMW PE.
This critical concentration is 2.5 - 3 times larger than the chain overlap
concentration Cz;, suggesting that the entanglements of HMW PE chains
play an essential role for the forfnation of shish-like structure. On the basis
of the results, it was suggested that a gel spinning-like mechanism for the
shish-like structure formation. The DPLS results also suggest that the
shish-like structure is made from the HMW component. In order to confirm
1t we performed the small-angle .neutron scattering (SANS) and X-ray
scattering (SAXS) measurements on the elongated blend of the HMW
hydrogenated PE (3 wt%) and LMW deuterated PE. In the SANS
streak-like scattering due to the shish structure was clearly observed in the
direction normal to the elongation although it was absent in the SAXS.
This is due to the high neutron scattering contrast between the

hydrogenated and deuterated PE, confirming that the shish structure is
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mainly formed from the HMW PE and the number of the shish is too little to

be detected within the present SAXS sensitivity.
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Chapter 6
Crystallization of polyhydroxybutyrate under shear flow

-Effect of shear rate-

6-1 Introduction

Environmental pollution is a big and serious problem all over the world,
which includes air pollution, acid rain, environmental hormone, industrial
waste and so on. Recently, many countries in the world tackle the
environmental issues from various points of view. Form the polymer
science point of view, one of the most serious problems is that synthetic
polymers are not degradable in the natural environment, and hence in many
countries they try to change current synthetic‘plastic (or polymer) products
to the so-called green products degradable in the natural environment. In
other words, synthetic polymer products currently used do not return to the
soil. When we dispose such products in the natural environmental, it is
desired that they return to the soil. It is argent to produce plastic products
degradable in the natural environment. One of the solutions to this
problem is to use naturally produced polymers degradable in the natural
environmental. However, such polymers do not have good mechanical,
thermal and optical properties compared to currently used synthetic
polymers. To improve the properties, polymer scientists are extensively
investigating biodegradable polymers as new polymer materials. However,
bioplastics or biopolymers still have many problems to be improved about
their properties.

In this chapter, we studied crystallization of a well-established bioplastic,
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polyhydroxybutyrate (PHB) under shear flow, which is a bacterially
synthesized biodegradable semi-crystalline polymer belonging to the family
of polyhydroxyalkanoates [1-4]. The fundamental issue regarding PHB
involves underpinning of the spherulites during secondary crystallization,
which causes severe cracking, and renders the material brittle - a process
referred to as embrittlement [5-7]. To overcome weaknesses in polymers,
polymer blending has been applied [8-10] and researchers have used this
method to blend PHB with a synthetic polymer, hoping the second
component will nullify this cracking process [11-13]. Another alternative is
to alter the spherulite morphology by varying the structural orientation of
PHB. By achieving a PHB shish-kebab structure we believe that this
embrittlement problem can be solved and a whole range of properties can be
improved.

We investigated the basic effects of shear rate for shish-kebab structure
formation of polyethylene and isotactic polypropylene in Chapters 2-4, and
found that shear rate was one of the most important factors to control the
shish-kebab structure. As a first step in the study of PHB crystallization,
we investigated the effects of shear rate on the shish-kebab formation
process using in-situ optical microscope (OM), depolarized light scattering
(DPLS) and small-angle X-ray scattering (SAXS) techniques. We would like
to establish whether PHB can attain a shish-kebab morphology and gain

further insight into the shish-kebab formation mechanism.

6-2 Experimental
6-2-1 Sample

158



Polyhydroxybutyrate with M, = 360,000 was purchased from Aldrich

Chemicals, Japan and pressed at 180 °C to obtain sheets about 0.3 mm thick.

6-2-2 Measurements

Optical microscope measurements Optical microscope (OM)
measurements were performed with Olympus BX50 with video attachment.
The shear cell Linkam CSS-450 with quartz windows was connected to the

OM.

Depolarized light scattering measurements Depolarized light scattering
(DPLS) measurements were carried out using a home-made apparatus with
a detector system consisting of a screen and CCD camera (model CS8300,
Tokyo Electronic Industry Co., Ltd), and a He-Ne laser light source
(wavelength 4 = 632.8 nm) covering a range of scattering vector ¢ of 3.5 x
105 to 3.0 x 104 Al to determine the shish formation in PHB. The shear

cell Linkam CSS-450 was also connected to the DPLS apparatus.

Small-angle X-ray scattering measurements Small-angle X-ray
scattering (SAXS) measurements were performed using a small-angle
scattering machine at a beam line BL40B2 in the Synchrotron Radiation
Facility SPring-8, Nishiharima, involving the shear cell apparatus Linkam
CSS-450 with Kapton film windows 25 pm thick. The wavelength of
‘incident X-ray was 1 A and the camera lehgth was 2 m, covering a @ range of
0.015 to 0.47 AL,

The sample thickness in the cell was 0.3 mm for all the OM, DPLS and
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SAXS measurements. The temperature protocol for the shear experiments
is shown in Fig. 1: (a) heat the polymer sample from room temperature to
190 °C at a rate of 30 °C/min, (b) hold at 190 °C for 3 min, (c) cool down to the
crystallization temperature 7, = 130 °C at a rate of 30 °C/min, and (d) hold
the temperature at 130 °C for the measurements. The polymer melt was
subjected to pulse shear just after reaching the crystallization temperature

7:0f 130 °C.

6-3 Results and discussion
6-3-1 Optical microscope measurements

Fig. 2 shows the in-situ optical microscope images of PHB during the
crystallization process under quiescent and shear conditions (shear rate = 35
s1). Tt is natural that under quiescent condition we observed normal
spherulites as shown in Fig. 2(a). At the low shear rates such as 10 and 35
s'l, only spherulites are achieved, similar to the condition where no shear is
applied. This is demonstrated in Fig. 2(b). However, as the shear rate is
increased up to 50 s! this leads to distinctive row nucleated structures which
become a unified single structure with annealing time. This time evolution
of the row nucleated structure is shown in Fig. 3. A row of nuclei initially
forms in the shear path, with no visible interconnecting structure. These
individual nuclei emerge in an irregular pattern, i.e., non equi-distant
alignment, this is contrary to other researchers findings [14] where the
nuclei appearin an ordered and regular fashion. The nuclei then grow until
they meet, which terms the rosary-like structure (Fig. 3(b)), and they merge

into a distinct orientated structure aligned along the flow direction, which

160



4 melt at 190 °c
————
ot Heating at " : Cooling at 30 °C/min _
g 30 °C/min |: 5 .. :
5 ; :\  crystallization at T,=130C
2 T
— 1 pulse shear
! | || at constant shear rate
Room § E
Temp. | E i
0 sec time

Fig. 1. Temperature protocol for the shear experiments on PHB.
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Flow direction

Fig. 2. The optical microscope images of PHB at low shear rate (a) with no

shear, and (b) at 35 s'L.
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Flow direction

Fig. 3. The optical microscope images of PHB at 50s'L. (a) 96sec, (b) 159sec,

(c) 255sec, (d) 834sec after applying shear flow.
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terms the cylinder-like structure (Fig. 3(d)).

It is clear that there are differences in the morphology and the crystal
growth between low and high shear rate conditions although we do not
observed a clear shish-kebab structure. At the high shear rate, we could
observe connected spherulites oriented along the flow direction (the
rosary-like structure). However we could not observe any visible
interconnected structure between the nuclei of spherulites. If there is not
interconnected structure (or shish-like structure) between the nuclei how can
the spherulites align along the flow direction? |

In the OM observations, the magnification and the sensitivity are limited,
so that there is a possibility that we could not observe interconnected
structures even if they were there. In order to tackle this problem we

performed the DPLS measurements.

6-3-2 Depolarized light scattering measurements

Under the same shear conditions, we have performed depolarized light
scattering (DPLS) measurements on crystallization process of PHB. The
DPLS results were also found to be extremely dependent on the shear
conditions applied. At a low shear rate of 35 s1 isotropic scattering patterns
appeared as shown in Fig. 4(a) and (b). These isotropic patterns may be
scattering from normal spherulite structure observed in the optical
microscope measurements (see Fig. 2(b)). As well known that light
scattering pattern of spherulite usually shows the so-called clover pattern,
but the observed pattern is not. In this measurement we used a sample 300

nm thick to focus on the structure formation process in the early stage of

164



Flow direction

— 1OxIOA AT

Fig. 4. The DPLS images of PHB at 35s1 (a)240sec, (b) 480sec, at 100s1 (c)

180sec, (d) 300sec.
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crystallization, and the 300 pm is too thick to observe the structure in the
late stage due to multiple scattering. This must be a reason why we could
not observe the clover pattern. Fig. 4(c) and (d) show the scattering pattern
at a shear rate of 100 s1. Fig 4(c) shows slightly ahisotropic scattering
pattern in a direction normal to the flow direction at about 180 s after
applying a pulse shear. This result indicates that an ordered structure
aligned along the flow direction generates although the degree of orientation
is not high and the number of the anisotropic objects is not large. This
anisotropic scattering pattern changes to an isotropic one as the
crystallization proceeds (Fig. 4(d)). Judging from the @range in the present
DPLS measurements the anisotropic objects are too small to assign the
rosary-like structure and/or the cylinder-like structure observed in the OM
(see Fig. 3), implying that some other anisotropic objects aligned along the
flow direction are formed in the initial stage of the crystallization of PHB
under shear flow. This must be a threadlike structure (or a shish-like
structure), which could not observed in the OM. Therefore, when we
discuss the formation mechanism of the rosary-like structure and/or the
cylinder-like structure, we have to take into accounts that the threadlike
structure or the shish-like strﬁcture, the orientation of which is not high, is

formed in the initial stage of crystallization under flow.

6-3-3 Small-angle X-ray scattering measurements
In order to observe the structure formation in nm scale during the
crystallization of PHB under shear flow we also performed SAXS

measurements under the same shear condition as the OM and DPLS
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measurements.

Fig. 5 shows the time evolution of the 2D SAXS patterns at the shear rates
of 0 and 50 s'1. At the shear rate 0 s'1, the scattering patterns are isotropic
and show a ring corresponding to the lamella spacing (the so-called long
period) at round 400 s after applying a pulse shear. At the shear rate 50 s
very weak anisotropy was observed in the direction parallel to the flow in the
early time of crystallization. In order to confirm the anisotropic orientation
of the lamellae, we have calculated 1D scattering profiles parallel and
perpendicular to the flow direction and shown in Fig. 6. It is clear that the
intensity of the parallel direction is stronger than that of normal one,
showing that the lamella structure preferably aligned along the flow
direction in average although the degree of orientation is not high.

It is interesting to point out that the anisotropy appeared in the early
stage at the shear rate 50 s decreases with annealing time, and again
increases in the late stage. It could be discussed in connection with the OM
observation in Fig. 3. In the early stage of crystalh'zation, oriented nuclei
induced by shear flow may generate and the lamellae grow epitaxially on the
nuclei, giving the anisotropic SAXS pattern. However, as seen in Fig. 3(b)
when isotropic spherulites form in the shear (rosary-like structure) the
SAXS pattern may be isotropic. After the spherulites merge and the
morphology changes to cylinder-like (cylinder-like structure), lamellae grow
on the cylinder-like structure aligned long the normal direction to the flow.

Thus, the anisotropy again increases in the late stage of crystallization.
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6-3-4 Formation mechanism of rosary-like and/or cylinder-like structure

In this section we consider the formation mechanism of the rosary-like
structure and the cylinder-like structure on the basis of the above mentioned
OM, DPLS and SAXS results. First we assume that the threadlike
structure or the shish-like structure is formed in the very early stage of
crystallization under shear flow because we observe the streak-like
scattering in the DPLS measurements although the orientation is very broad.
However, ’we did not observe this shish-like structure in the OM. This must
be due to the limitation of sehsitivity, implying that the number of shish-like
structure is very small. Another point that we have to take into accounts is
that the formation rate of spbherulites is accelerated by the shear, suggesting
that the nucleation rate is accelerated by the shear. These hidden nuclei
must be aligned along the shear direction because the observed spherulites
are aligned along the flow direction. These observations tell us the
following scenario on the rosary-like structure formation, which was
schematically illustrated in Fig. 7.

At a high shear rate above about 50 s1, the shish-like structure is formed
in the very early stage of crystallization of PHB under shear flow (Fig. 7(a))
although the number of the shish-like structures is very small. The
shish-like structure tends to relax to a coil structure. If the nucleation rate
1s faster than the relaxation rate, the oriented nature of the shish-like
structure enhances the nucleation rate. We can expect a competition
between the nucleation and the relaxation. In such situation that crystal
nucleation occurs in some parts of the shish-like structure and the relaxation

occurs in some other parts, we can expect a series of nuclei aligned along the
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shish-like structure. This is illustrated in Fig. 7(b)-(c). These nuclei grow
to spherulites to be a rosary-like structure (Fig. 7(d)), meet each other and
are united to be one cylinder-like structure extended to the flow direction
(Fig. 7(e)-(®). The structure inside the rosary-like structure and/or the
cylinder-like structure may be similar to that in normal spherulite because
the observed SAXS patterns are very similar between the cylinder-like
structure at the shear rate 50 s! and the spherulite under quiescent
condition. However, the cylinder-like structure is slightly anisotropic in
average (see Fig. 3), and hence it is not surprising that the observed SAXS

pattern is anisotropic.

6-4 Conclusion

From in-situ optical microscope (OM), depolarized light scattering (DPLS),
and small-angle X-ray scattering (SAXS) studies on the crystallization
process of polyhydroxybutyrate (PHB) under shear flow, oriented structures
(the rosary-like structure and/or the cylinder-like structure) are identified in
the shear rate range above about 50 s!. From the scattering patterns of
DPLS and SAXS and the OM images, we suggesvtr that the threadlike
structure or the shish-like sf;;ucture appears in the early stage of
crystallization, but it is unable to form a stable shish, and as a result the
kebabs cannot continue to develop.

The formation mechanism of the rosary-like structure and the
cylinder-like structure was discussed in terms of competition between the
relaxation rate of polymer chains and the crystallization rate. On the basis

of the discussion we anticipate that high molecular weight component is
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effective to form the oriented structure, especially the shish-kebab structure
because the relaxation rate of high molecular component is very slow. In
the next chapter, we investigate the effect of high molecular weight

component on crystallization process of PHB under shear flow.
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Chapter 7
Crystallization of polyhydroxybutyrate under shear flow

- Effect of high molecular weight component-

7-1 Introduction

It was implied in Chapter 6 that shish-like structure was formed only in
the initial stage of crystallization process of polyhydroxybutyrate (PHB)
under shear flow at high shears around 50 s [1], using in-situ optical
microscopy (OM), depolarized light scattering (DPLS) and small-angle
X-ray scattering (SAXS).

Many researches have focused on the role of the high molecular weight
component in enhancing crystallization kinetics and melt orientation as
well as the relationship between the molecular weight and the shear
condition on the shish kebab morphology [2-4], and demonstrated that
high shear rates for brief periods were the most effective. Haudin [5,6]
observed that the effects of the shears is determined by the molecular
weight. Significantly and indeed as a fundamental to current shear flow
studies, the molecular weight distribution and its resultant
rheo-morphological outcome were investigated by Eder et al. [7], Misra et
al. [8], Sherwood et al. [9], Lagasseand Maxwell [10] and Wolkowicz [11].
They established that polymer chains relax to a random state rapidly at
low molecular weight component compared to high molecular weight one,
which remain highly orientated for longer. A critical orientation
molecular weight [12,13] is postulated, which has marked sensitivity at

low shear rates and generally remains constant at high shear rates. This
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orientation mechanism and its dependency on molecular weight appear to
be fundamental to the shish-kebab formation [2-14]. We have also
examined the effects of high molecular weight component in the
crystallization processes under shear flow for PE in Chapter 5, and found
that the high molecular weight component really accelerates the shish
formation and the shish is formed from the molecular weight component.

Achieving a stable shish-kebab structure using the high molecular
weight component it is anticipated to solve PHB’s embrittlement problem,
where spherulitic impingement renders the material brittle. This
information is essential to the PHB processing conditions.
Understanding PHB’s rheological characteristics enables promising
properties and applications, unlike those of conventional PHB, and still
possesses its unique biodegradable properties.

In this chapter, we explore the relationship among shear flow, molecular
weight, and the resultant morphology using high molecular weight

blended with medium molecular weight PHB.

7-2 Experimental
7-2-1 Samples

The medium molecular weight PHB (MMW PHB) with weight average
molecular weight M, = 360,000 was purchased from Aldrich Chemicals,
Japan. The high molecular weight PHB (HMW PHB) was kindly
supplied by Iwata and Doi. The high molecular weight PHB with weight
average molecular weight A, = 5x106 was biosynthesized from glucose

using recombinant E. coli XL-1 blue (PSY 1105) bacterium harbouring R.
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eutropha H16 PHB biosynthesis phbCAB genes [15]. The resultant
material was re-precipitated in hexane from chloroform solution and dried
under vacuum for a period of one week [16].

The blends were prepared with the high molecular weight component at
0.5, 1, 2, and 3 wt% composition of the blend weights, and hot chloroform
was added with continual heating and stirring to aid dissolution. These
solutions were then left for a week, guaranteeing complete dryness, and

then pressed at 180 °C and used in this state for experiment.

7-2-2 Measurements

Optical microscope measurements Optical microscope (OM)
measurements were performed with Olympus BX50 with video
attachment. The shear cell Linkam CSS-450 was connected to the OM.
The morphology was observed at shear rate 50 s for duration time 2 s,

keeping a constant strain of 10,000 %.

Depolarized light scattering measurements The same shear cell
Linkam CSS-450 as the OM observation was connected to a depolarized
light scattering (DPLS) apparatus with a He-Ne laser light source
(wavelength A = 632.8 nm), covering a range of scattering vector @ of 5 x
105 to 3.1 x 104 A'l.  DPLS measurements were performed at shear rates
100, 50, and 10 s'! with corresponding duration times of 1, 2, and 10 s,
respectively, keeping a constant strain of 10,000 %.

Quartz plates 1 mm thick were used for windows in the Linkam

CSS-450 high temperature shear cell. The sample thickness in the cell
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was 0.3 mm for all the OM and DPLS measurements. The temperature
protocol for the shear experiments is shown in Fig. 1: (a) heat the polymer
sample from room temperature to 190 °C at a rate of 30 °C/min, (b) hold at
190 °C for 3 min, (¢) cool down to the crystallization temperature 7= 130
°C at a rate of 30 °C/min, and (d) hold the temperature at 130 °C for the
OM and DPLS measurements. The polymer melt was subjected to pulse

shear just after reaching the crystallization temperature 7: of 130 °C.

7-3 Results and discussion
7-3-1 Optical scope measurements

We have performed the OM observation on the crystallization of PHB
and PHB blend of HMW PHB and MWM PHYV on maintaining the same
shear rate condition. Fig. 2 shows the observed optical scope images for
the blends with HMW PHB concentration of 0.5, 1, 2, 3 wt%. For the 0.5
and 1 wt% blends we observed the oriented structure at around 1 min
after applying the pulse shear while such structure was not observed in
PHB without HMW component. Therefore, it is no doubt that this
oriented structure is formed due to the shear. In the early stage of
crystallization of the 2 wt% blend we observed many oriented structure
similar to the case of 0.5 and 1 wt% blends, however they were soon
covered by many spherulite-like structure. As a result we observed many
row structures looking like rosary, similar to the late stage of
crystallization process of the 0.5 and 1 wt% blends. ‘This result suggests

that high molecular weight component accelerates the formation of the
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Fig. 1. Temperature protocol for the shear experiments on PHB.
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oriented structure. It is noted that this oriented structure is not the
shish. The shish must be much thinner than the oriented structure
observed here. This problem will be discussed on the basis of the results
of the depolarized light scattering in the next section.

In contrast to the 0.5, 1 and 2 wt% blends, the optical microscope image
of the 3 wt% blend is different. The rosary-like oriented structure is
shorter and their orientation distribution seems very broad. In addition,
the number of the oriented structures is less than those in the 0.5, 1 and 2
wt% blends, suggesting the effects of the high molecular weight
component on the formation of the oriented structure becomes weaker
above the concentration of 2 wt%. Before going to the discussion on this

problem we show the results of the DPLS measurements.

7-3-2 Depolarized light scattering measurements

As shown above the high molecular weight component accelerates the
formation of oriented structure above about the 2 wt%. However, we did
not confirm directly the shish structure formation due to the high
molecular weight component. To confirm this we performed the DPLS
measurements. Fig. 3 shows the observed 2D DPLS patterns for PHB
and PHB blends with high molecular weight of 2 and 3 wt%. The shear
rate was 50 s and the duration time was 2 s. In the case of PHB, we did
not observe streak-like scattering at any time during the crystallization
after the pulse shear, showing that the isotropic structure formation. On
the other hand, for the blends of 2 and 3 wt% we clearly observed

streak-like scattering in a direction normal to the flow direction at around
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20 and 30 s in the early stage of the crystallization. This suggests that
the shish-like structure is formed in the early stage. However, at around
1 min the scattering patterns become isotropic. This must be the
formation of the isotropié spherulite-like structure after the shish
formation. This observation agrees with the microscope observation at
about 1 min after applying the pulse shear where isotropic spherulite-like
structure is formed (see Fig. 2). Although in the OM observation we
could not observed the shish-like structure formation even in the very
early stage of crystallization, e. g., 20 or 30 s after the pulse shear. This
must be due to the very small number of the shish-like structure.
However, the shish-like structure is certainly formed as observed in the
DPLS measurements, and this must be the origin of the oriented row
structure in the OM observation.

It is very interesting to compare the results between the 2 and 3 wt%
blends. The streak-like scattering which corresponds to the shish-like
structure is sharper and stronger in the 2 wt% blend than the 3 wt% one.
This means that better oriented shish-like structures are produced in the
2 wt% blend, which also agrees with the OM observation: the rosary-like
oriented structure is shorter and their orientation distribution ‘is broader
and the number is less in the 2 wt% blends. Both the OM and DPLS
observations suggests that the HMW component accelerates formation of
the shish-like structure and the oriented structure in the concentration
range of HMW PHB below about 2 wt%. However, at the 3 wt%, both the
number and the anisotropy of the shish-like structure and the oriented

structure decrease, implying there is an optimal concentration of the
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HMW PHB for the shish-like structure formation. In what follows we

will discuss this problem.

7-3-3 Effects of high molecular weight component

In Chapter 5 we have shown for polyethylene that the HMW PE
accelerated the shish formation, and the shish is made of HMW
component. However, in the case of PHB blends of HMW and MMW
components we observed the number and the orientation of the shish-like
structure decrease as the concentration of HMW PHB increases above
about 2 wt%.

We discussed the effects of entanglements of polymer chains on the
shish-like structure formation (see Fig. 8 in Chapter 5), and predicted the
HMW component decelerated the formation of shish-like structure. This
must be the case. The outline of the discussion is as follows.

In order to produce shish-like structure polymer chains must be
extended due to shear. If the HMW polymer chains are isolated in the
blend, they are somewhat extended by the shear flow, however it does not
lead to the anisotropic structure formation. On the other hand, when the
concentration of HMW component is above a threshold for entanglements,
the chains must be extended due to the connectivity as polymer network is
deformed. The threshold for the anisotropy must correspond to the
concentration above which entanglements work effectively. This idea
reminds us the gel-spinning technique to produce ultra-high strength and
ultra-high modulus fiber of PE although all of the situations are not the

same. In this procedure, polymer chains are extremely extended because
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the tension is transmitted though the cross-linking points in the gel
network. On the other hand, in order to obtain the ultra-high strength
fiber the number of the cross-linking points should be as little as possible
because too many cross-linking points prevent the extension of polymer
chains. It is therefore expected in crystallization of HMA and LMW
polymer blend under shear flow that the formation of the shish-like
structure is suppressed at a rather high concentration because the
polymer chains cannot be extended due the shear because of too many
entanglements. This suggests that there is a critical concentration above
which entanglements hinder the extension of polymer chain due to the
shear between 2 and 3 wt% in the HMW and MMW PHB blends

In the experiments on the HMW and LMW PE blend, the molecular
weight of the HMW component is M = 2,000,000. On the other hand
that in the PHB blend is My = 6,000,000. Unfortunately, it is impossible
to calculate the overlap concentration of HMW component of PHB using
equations (1) and (2) because the persistence length of PHB is not known
at the moment, which must be longer than that of PE. It is qualitatively
expected that the critical concentration is smaller in the PHB blend than
in the PE blend. Therefore, we observed the deceleration in the
shish-like structure formation in the HMW and MMW PHB blend above

about 2 wt%.

7-4 Conclusion
We have studied the crystallization process of blends of the HMW PHB

and MMW PHB under shear flow using OM and DPLS with the pulse
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shear technique as a function of the concentration of HMW PE in the
range of 0 to 3 wt%, focusing on effects of the HMW PHB on the shish-like
structure formation. It was found that the shish-like structure formation
is enhanced by the HMW component below about 2 wt% while it is
decelerated above about 2 wt%.

The results suggest that there is an optimal concentration of HMW
component for the shish-like structure formation. This was discussed in
terms of entanglements. Below the optimal concentration extension of
the HMW chains is enhanced as the concentration increases while it is
decelerated with increasing the concentration above the critical value

because too many entanglements obstruct the extension.
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Summary

The present thesis includes studies on the formation mechanism of
shish-kebab structure. The contents of the respective chapters are
summarized below.

In Chapter 1, earlier and current researches on flow induced
crystallization were introduced. In addition, we described basic theories of
scattering to give a basis for readers to understand the contents of the thesis.
We also introduced scattering apparatus, sample preparation and flow
apparatus in this thesis.

In Chapter 2, we investigated the crystallization process of polyethylene
(PE) after pulse shear using depolarized light scattering (DPLS) to elucidate
the shear rate and shear strain effects on formation of shish-kebab structure.
We analyzed the DPLS data to evaluate the critical shear rates for
acceleration of the crystallization rate and the anisotropy at given shear
strains. It was found that the former is much smaller than the later.
Extrapolating to the infinite shear strain, we evaluated the critical shear
rate for the anisotropic structure formation for apparent continuous shear
flow. The value was 1.5 s!. This critical shear rate was discussed in
relation to the competition between the chain relaxation and the
orientation-induced crystallization rate.

In Chapter 3, we used isotactic polypropylene (i-PP) as a sample, and
investigated the crystallization process after a pulse shear using DPLS to see
the shear rate and shear strain effects on formation of shish-kebab structure.

We estimated the critical shear rate for acceleration of crystallization and
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the critical shear rate for the shish-like structure formation. The former is
much smaller than the latter, similar to the results of PE. In the same ways
as in Chapter 2, we evaluated the critical shear rate for the anisotropic
structure formation or the shish-like structure formation for the apparent
continuous shear flow, which was about 2.0 s’1. The results on 1-PP again
suggest that the competition between the chain relaxation and the
orientation-induced crystallization rate dominated the formation of the
shish-like structure.

In Chapter 4, we used isotactic polypropylene as a sample and observed
the crystallization process after a pulse shear using optical microscope (OM),
depolarized light scattering (DPLS), small-angle X-ray scattering (SAXS)
and wide-angle X-ray scattering (WAXS) to cover a wide spatial range from
pm to A. We evaluated the critical shear rates for the anisotropic structure
formation in various spatial scales: the critical shear rates for the shish-like
structure formation by DPLS, for the kebab structure formation by SAXS,
and for crystal growth by WAXS. We found that all the critical shear rates
are almost identical. This result indicates that the anisotropic structure is
dominated by the same origin. Comparing the onset times of DPLS, SAXS
and WAXS, onset time of DPLS is the earliest, that of SAXS is the second
and that of WAXS is the last. These results suggest that the shish-like
structure formed first and the kebab structure formed epitaxially on the
shish. In such formation process, we expect that the critical shear rate of
the kebab formation is dominated by the shish, agreeing with the present
observations. Therefore, it is the most important point to elucidate the

formation mechanism of the shish structure to understand the shish-kebab
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formation.

In Chapter 5, we investigated the role ofyhigh molecular weight component
in the shish structure formation using depolarized light scattering (DPLS),
small-angle X-ray scattering (SAXS) and small-angle neutron scattering
(SANS). For this purpose we prepared blends of low molecular PE and high
molecular weight (HMW) PE and performed DPLS measurements on the
crystallization process of the blends as a function of concentration of HMW
component. We found that the anisotropic structure formation
corresponding to the shish formation was accelerated above a critical
concentration of HMW component. The critical concentration was 0.5 - 0.6
wt%, and this value is about three times larger than the overlap
concentration of polymer chains. This result suggests that entanglements
of the HMW PE are very important for the formation of the shish-like
structure. In order to confirm that the shish is formed from the high
molecular weight component, SANS and SAXS measurements were
performed on an elongated blend of HMW hydrogenated PE (8 wt%) with M,
= 2,000,000 and LMW deuterated PE with A, = 200,000. The scattering
pattern of SANS shows strong steak-like scattering along the direction
normal to the elongation and weak two spots pattern alqng the parallel to
elongation. On the other hand, the scattering pattern of SAXS shows that
only two spots pattern along the parallel to elongation. These results
indicate that shish-like structure was made of HMW component.

In Chapter 6, we used polyhydroxybutyrate (PHB) as a sample because
PHB is one of the candidates of bioplastic for practical use but still has many

problems to be improved about its properties. Optical microscope (OM),
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depolarized light scattering (DPLS) and small-angle X-ray (SAXS)
measurements were performed on the crystallization process of PHB under
shear flow focusing on the effect of shear rate. We observed anisotropic
structure above the shear rate 50sl. At the shear rate 50s, the anisotropic
structure is not the shish-kebab structure but rosary-like structure of lined
spherulites. We suggest a following scenario for the rosary-like structure
formation. Threadlike structure or the shish-like structure appears in the
early stage of crystallization and some parts of the shish-like structure
crystallize, but it is unable to form a long stable shish because the chain
relaxation rate is faster than the crystallization rate, and as a result the
spherulites develop from the small crystallites on the shahs-like structure.
Thus, the morphology of anisotropic structure form rosary-like structure.
This result implies that high molecular weight component would be effective
to have a stable shish because the relaxation rate of high molecular
component is very slow.

In Chapter 7, we studied the effects of high molecular weight component
on crystallization of polyhydroxybutyrate (PHB) under shear flow. We
observed the crystallization process of PHB blends including small amount of
high molecular weight (HMW) component under the shear flow using OM
and DPLS as a function of the concentration of HMW PHB in a range of 0 to
3 wt%. It was found that the shish-like structure formation was enhanced
by the HMW component below about 2 wt% while it was decelerated above
about 2 wt%, showing an optimal concentration for chain extension at
around 2 wt%. Below the optimal concentration extension of the HMW

chains is enhanced as the concentration increases while it is decelerated
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with increasing the concentration above the optimal value. This may be

due to too many entanglements obstruct the chain extension.
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