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ABSTRACT: Isothermal crystallization of three-dimensional (3D) spherulites from the bulky melt under low
shear rate flow was studied based on new in situ observation along a direction perpendicular to the flow velocity
gradient planeXZ plane) by means of optical microscope, whireand Z-axes are perpendicular and parallel

to the flow direction, respectively. Spherulites are rotating. A novel “spiral pattern” was found on the surface of
the rotating “half-spherulite” near the surface of the melt for the first time. The half-spherulite is named “spiralite”
which enabled us to have a visible image of the rotation of spherulite. Hence, we could detect the growth rate
around theZ-axis V(Z) and that around th&-axis V(X) by using the spiral pattern. We could experimentally
obtainV(2) > V(X) in this study. From kinetic viewpoint, this fact indicates that free energy for formation of a
critical nucleus around thg-axis is smaller than that around tbeaxis. From this, it is concluded that the
“oriented melt” is formed around th&-axis. We proved it theoretically by showing that micro shear 4 on

the interface around th&-axis significantly increases and chains will be elongated even when masiow (y

< 10 s'1). With increase ofy(Z), the chain elongation will overcome the entropic relaxation, that results in
formation of the “oriented melt”. Crystallization mechanism under low shear flow is proposed that the growth
rate of spherulite or shish is accelerated around interface, due to formation of the “oriented melt”. Finally, we
proposed a possible relationship between melt structure and crystallization under anisotropic and isotropic external
fields.

1. Introduction In the case of higly (y > 10°s™%), Fritzsche et at.observed

In the case of the polymer system, it is logical that isotropic time evolution of crystallinity and the induction time) for
and anisotropic external fields, such as quiescent condition andthe appearance of crystallinity of poly(ethylene oxide) (PEO)
elongational or shear flow, respectively, significantly affect the under high shear flow (maximurp is 168 s*) by using a
melt structure and that the melt structure does the crystallization concentric cylinder dilatometer. They showed thander shear
behavior. When the melt of polymers is put in the isotropic flow was shorter than that in the quiescent state and they
quiescent field, the “isotropic melt” is formed where molecular SPeculated that the nucleation and lateral growth ratesd
conformation of chains becomes random coil. Although the V) were accelerated within the “oriented melt” due to chain
effect of anisotropic external field on the crystallization mech- €longation.
anism is interesting and important in polymer science and (b) Low Strain Rate. Many researchefs!? have studied the
processing, it has not been well solved. In this paper, we will melt crystallization under low (y < 10 s'1), using various
solve the unsolved problem. instruments, such as parallel-plate ty@ed rotating onés?®

1.1. Effects of External Fields on the Melt Structures and and showed coexistence of spherulites and interesting morphol-
Crystallization. (a) High Strain Rate. When a strong aniso-  ogies of “shish”~10 and “row-nucleation®® by means of optical
tropic elongational or shear field is applied to the melt, it is microscope. The latter should correspond to the “oriented melt”.
expected that the chains are elongated and the “oriented melt"Wolkowicz et al> showed that nucleation ratg f spherulites
is formed due to high strain rate. of polybutene-1 (PB-1) was greatly accelerated but that growth

Kotaka et al? measured simultaneously the tensile stress rate () of that was slightly accelerated. They speculated that
and birefringence/An) of the melt of polymers under elonga- the acceleration dfis due to “chain alignment within the melt
tional flow (strain rate: = 0.005-1.0 s'1). They showed that by increasing number of nuclei which act as filler particles and
An of polystyrene (PS) and low-density polyethylene (LDPE) increase stress in the system”. Their speculation assumed
increased up toAn = 1072 and 103, respectively. They  formation of the uniform oriented melt. Monasse et showed
concluded that the above results show formation of the thatl andV of spherulites in row-nucleation of polyethylene
“segmental orientation” that should correspond to the “uniform (PE) were accelerated and growth was anisotropy. They assumed
oriented melt”. that acceleration df is due to “increase of equilibrium melting

temperaturd,’ emanating from an entropy loss due to the chain

* To whom correspondence should be addressed. TelepheB@:82-  orientation”. They speculated that “the anisotropy of growth
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formation of a locally oriented melt. Therefore, the mechanism z
of formation of the oriented melt and that of acceleration of
andV under low strain rate are important unsolved problems.

Alfonso et al'! studied crystallization of PB-1 under shear ) k
flow by using a fiber pull-out instrument. According to the Oriented melt Large V(2)
thermomechanical model proposed by Mond3sg, were v(Z)=yZ
estimated to be order of several hundreds of reciprocal seconds
at the fiber-melt interface. They observed “cylindrical mor-
phology” around the trace of the pulled fiber. The “cylindrical Small V(X)
morphology” is similar to the row-nucleation. They considered
that the cylindrical morphology is due to the formation of the
orientation of segments that corresponds to the oriented melt.
In this casey should be instantaneously high during the pulling
process, and thep should become zero.

1.2. Kinetic Relationship between the Melt Structure and
Crystallization. According to classical nucleation theddthe
lateral growth rate\() is given by

Flow

Isotropic melt

Figure 1. Schematic relationship between growth of a 3D spherulite
and the melt structure under shear flow.

AGH core layers are formed around the surface and the center,

V=V, exp(—) =V, exp(—B) (1) respectively:* Shish, kebab, row-nucleation, or transcrystal are

mKkT MAT, mainly formed in the skin, while spherulites are formed in the

core. As formation of the skin and core significantly affects

whereVo, AG*, m, k, T, B, andAT are prefactor, free energy  he physical properties of products, the formation mechanism
of necessary for formation of a critical secondary nucleus, a ¢ the skin and core is important. However, the mechanism has

constantifh= 1 for single andn = 2 or 3 for multinucleation), o peen well solved. Therefore, we have to solve the mecha-
Boltzmann constant, temperature, a constant that is proportionaligy,

to AG*, and degree of supercooling, respectiveyG* and B 1.5. Purpose of This StudyThe purpose of this study is to
are given by show an acceleration mechanism of growth rate of spherulites

by presenting a formation mechanism of the “oriented melt”
on the interface even when shear rate is low.

Figure 1 shows schematic projection of three-dimensional
(3D) spherulite in the bulky melt under shear flow from a
direction perpendicular to the flow velocity gradient plane.
Within a short time, we can neglect the rotation of spherulite.

AG*OBOoo (2)

where o, and ¢ are the end and side surface free energies,
respectively AT is defined by

AT = Tmo - T @) Here we took an origin oK—Z coordinate at the center of the
] o ) ) spherulite. Horizontal and vertical axes énd Z) are parallel
whereTy is the equilibrium melting temperature afiglis the and perpendicular to the shear direction, respectively. If we will
cryst.allization temperature. Hereafter the lateral growth rate will pe aple to show experimentally that normal lateral growth rate
be simply named the growth rate. at the interface around tt#axisV(2) is larger than that around
As the geo and AG* within the oriented melt should be  the X-axis V/(X), it will be confirmed that the oriented melt is
smaller than those within the isotropic melt for the sakie V formed around theZ-axis and the isotropic melt is formed
yvithin t.he oriented melt should be larger than that within the zround thex-axis from the discussion in section 1.2. H&@)
isotropic melt. andV(X) are normal lateral growth rates of radial lamellae along
1.3. Formation of Shish within the Oriented Melt on the Z- and X-axes, respectively. On the basis of the above
Interface under Low Shear Rate.We observed a nucleation  experimental confirmation, it will be theoretically shown that
and growth of shish under low shear ragest ~0.5-5s71)."® they increases significantly on the interface aroundZkeis,

AT dependence of the lateral growth rate of shish perpendicularyhile it does not around thi-axis. A possible relationship

to the flow direction Vsnisy) was fitted by eq 1, that indicates  petween the melt structure and crystallization under anisotropic

that Vshish is mainly controlled by the secondary critical gnd isotropic external fields will be proposed.

nucleation process. ThB of shish Bshisy was much smaller

than that of spherulite under quiescent condition, that suggests2. Experimental Section

fqrmation of the _oriented melt_on the si(_je surface of_ shish. F_rom 2.1. SamplesPB-1 My, = 18 x 10% My/M, = 3.3) and isotactic

similar observation and kinetic analysis of nucleation of shish, ,oypropylene (iPP) (K1014, supplied by Chisso Petrochemical

a bundle nucleus from the oriented melt on the interface was corp., Ltd.,M,, = 22 x 10, My/M, = 2.9) were used, wherd,,

proposed. and M, are weight- and number-averaged molecular weights,
However, we proposed only a speculative model for the respectively.

formation mechanism of the oriented melt on the interface. We  2.2. Instruments. To confirm the above speculation, we

proposed “on the side surface of shish, an adsorbed randonmdeveloped a new coaxial cylinder type instrument (Figure 2ye

coil is elongated by the shear flow and the oriented melt js Named it a shear flow observation apparatus (SFO). The gap

formed. The origin of this elongation is that the entangled chains PEWeen inner and outer cylinders is 0.5 mm. The shape of the
are moved by the shear flow.” However this speculation is sample is a “doughnut ring”. It is important that the top surface of

. o . . . SO the doughnut ring has its free surface facing the air to avoid any
insufficient. Chaln on the level V\.”th rad_|us of gyration is not friction. The inner cylinder is rotated to apply shear flow to the
elongated, which will be shown in section 4.2. Therefore, we sample, and the outer cylinder is fixed. Hence we will name them
have to solve the formation mechanism of the oriented melt. rotating and fixed cylinders, respectively. It enables direct observa-
1.4. Crystallization in Injection Molding Processing. In tion of growth rates of crystals along a direction perpendicular to
injection molding processing, it is well-known that skin and the flow velocity gradient planeXZ plane) by means of opticaéDV
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Figure 2. Schematic illustration of a shear flow observation apparatus (SFO) and growth of spherulites in the bulky melt under shear flow. 3D
spherulites are formed within the bulky melt and “half-spherulite$spiralite”, as explained in section 3.1)” are formed near the free surface of
the melt.
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Figure 3. Crystallization process of PB-1 and iPP showing crystal-
lization parameters. PB-1 ?:0_0255-1 7,=108°C t=2h

Figure 4. Typical polarizing optical micrograph of a rotating 3D

microscopy, which has been impossible for the previous instru- spherulite of PB-1 under shear flow & 0.025 %, T, = 108°C).

ments, such as parallel-plate type and fiber pull-out 8hés. the

new SFO enables us to observe directly the effect of shear flow on i .

crystallization, it becomes possible to make clear the formation the quenched half-spherulites were sliced al¥iveplane every 20

mechanism of a spherulite, shish or row-nucleated structure under#M Using a microtome and observed by means of optical micro-

shear flow. Therefore, the SFO has a significant advantage in the SCOP€-

study of crystallization under shear flow. The crystallization

behavior was observed by means of polarizing optical microscope 3. Results

(Leica Company, DMR HC) and was recorded by using a CCD  3.1. Novel Morphology of “Spiralite”. Many 3D spherulites

video camera system (Simazu Co., Ltd. CCD-SII). Thermocouples were generated in the “doughnut ring” like bulky melt as

were inserted into the sample and connected to a temperatureschematically illustrated in Figure 2. Figure 4 shows a typical

controller. . in situ polarizing optical micrograph of the growing 3D
2.3. Crystallization anc_i Morphology. PB-1 an_d iPP were once spherulite of PB-1% = 0.025 s T, = 108 °C). They were

melted at 180°C for 5 min and 200°C for 10 min, respectively, rotating slowly, but it was impossible to observe correctly the

and crystallized in the following ranges rangeTef 102—108°C . ! . .
for PB-1 and 138145 °C for iPP (Figure 3). After the crystals rotating behawor, as the 3D spherulite showed uniform dot
pattern (Figure 4).

were kept for 5 min afl,, shear was added. The rangejofvas )
0.01-0.1 s°%. In our experimental condition, before applying shear ~ When a nucleus is generated near the free surface of the melt

(after 5 min of crystallization) spherulites were generated when  (Figure 2), a “half-spherulite” is formed. The half-spherulite
was rather low, but they were not generated whignvas rather showed the novel morphology of “spiral pattern” on the top
high. It is not important to distinguish whether spherulites were surface as high as the free surface of the melt (Figure 5). The
generated before or after applying shear, because the observatiogpiral pattern was double one. Hence we named the half-
of growth was carried out on large spherulites. Crystallization time  gpherulite “spiralite”. It is interesting that the spiral pattern
t was counted after adding shear in the case of shear flow and aﬂerclearly showed the rotating behavior of the half-spherulite-
quenching toT. under quiescent conditions. (="spiralite”) (Figure 5a). Parts a and b of Figure 5 show typical

In this study, we will show formation of 3D spherulite in the situ e ; ; ;
; A . polarizing optical micrographs of the spiral pattern of
doughnut ring” like bulky melt. When a spherulite grows near growing half-spherulites=¢“spiralite”) of PB-1 ( = 0.1 s*

the free surface of the melt, “half-spherulite” is formed. In situ _ o - ~ - o -
observation of growing 3D or half-spherulites by means of optical Te=102°C) and '_PPI’ =01 g.l Te = 138°C), respectively.
microscope is schematically illustrated in Figure 2. The half- Therefore,_ formation of the spiral pattern should be seen for
spherulite was quenched, and the detailed morphology of the top@ny material.

surface was observed by means of laser microscopy (KEYENCE, Parts a-c of Figure 6 show morphology of half-spherulites
VK-9500). To obtain three-dimensional information on structure, (=“spiralite”) of PB-1, crystallized under the same conditiele)v
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Figure 5. Typical in situ polarizing optical micrographs of rotating \
spiral pattern of growing half-spherulites(spiralite”) of (a) PB-1 { ,_ : o+ 100.00
=0.1s? T, =102°C) and (b) iPP ¥ = 0.1 s}, T, = 138°C). t 8 7
indicates time after applying shear.

(y = 0.1 s1, T, = 102 °C). Figure 6a shows in situ optical .00
micrograph of a top view of the spiral pattern of the growing
half-spherulite €“spiralite”). Dotted circle indicates the outline 000 fum}
of the spherulite. Double spiral solid curves indicating “double ) ) ) )
Archmedes spirals” (that we will show in section 3.8) were Figure 6. Three-dimensional morphology of *half-spherulite"Gpi-

. . . ralite”)” with spiral pattern of PB-1 crystallized &= 0.1 s* andT,
superimposed on the usual radial lamellar pattern that is well- "1 ¢ (a) In situ optical micrograph of a top view of the S[c)il’a|

known in two-dimensional (2D) spherulite. Radius of the circle pattern of the growing “spiralite’t = 600s). Double Archmedes spirals

is denoted as. The averaged pitch of the double spir&) ( are superimposed by solid curves. (b) Polarizing optical micrograph
was 36 um. Figure 6b shows a typical polarizing optical of central cross section of the quenched half-spherulite “spiralite”. (c)
micrograph of central cross section of the half-spherulite !r:sifglirpéfroscc’pe image of spiral pattern of the quenched half-spherulite
(="spiralite”) which was sliced alongXY-plane. The dotted P '

circle indicates outline of the spherulite at quenching. The radial of the spherulite. The spiral patterns do not depend on material,
pattern outside of the outline corresponds to the growth during y andT,. Therefore, we will focus to the typical spherulite of
quenching. On the top surface, periodic oscillation was observed.PB-1 crystallized under conditions ¢f = 0.1 st and T, =

The pitch of the oscillationR) was 36um which corresponds 102 °C.

to that of the double spiral shown in Figure 6a. The bottom  3.2. How to DetectV(Z) and V(X)? As spherulites are
part of the half-spherulite“spiralite”) showed the same radial  rotating, we have to observe normal lateral growth r&feat
lamellar pattern that is well-known in the usual 2D spherulite a fixed point on the growth front of a radial lamella in order to
formed under quiescent conditions. Figure 6¢c shows a typical distinguishV(Z) andV(X), respectively. As it is impossible to
laser microscope image of the surface of the same half-spheruliteobserve quantitatively the rotating behavior of the 3D spherulite
(="spiralite”) as is shown in Figure 6b. The dotted circle within the bulky melt, we observed it on the half-spherulite
corresponds to the outline of the spherulite. The micrograph (=“spiralite”) by detecting the rotation of the spiral pattern.
clearly shows the steric double spiral pattern on the top surfaceTherefore, the spiral pattern is important for visible imagec Vv



Macromolecules, Vol. 39, No. 4, 2006 Acceleration Mechanism of Growth Rate4519

V(max)=V(Z)

a)
X
0
I
140+ 140 <Vv>
120t 120
£
L V(m
3 toop M 5 100
K =
80F 4 = 80
60—k Period <V> =dr/dt=0.23um/s
At;=120s _At,=60s o0F
40 I I 1 40 . ) )
500 600 700 500 600 700
tls tls
b) dirad d)
X z X z _
0 05m T 151 30+ <V>=dr/dt=0.19um/s
0.4 1 T T T
- C D C € 20}
§ 0.3 V(max)=0.32um/s <
2 - 10}
_Q_V. 0.2F <\/>=0.23um/s, y=0.1s1, T.=102°C
S i 0 1 1
0.1} 0 50 100 150
0.0 . Vl(min)=0.071.1rlm‘s tls
500 600 700
tls

Figure 7. Growth of a half-spherulite=t“spiralite”) of PB-1 crystallized aty = 0.1 s* and T, = 102 °C. (a) Plots ofrog againstt. Upper
horizontal axis indicate®. The slope around th&-axis was much larger than that around ¥wexis. (b) Plots ofvV and ¥Oagainstt and ®. V
showedV(max) and V(min) periodically around th® andX-axes, respectively. (c) Plots oft) against. (d) Plots ofr of the 3D spherulite of PB-1
againstt crystallized under the same condition as in parts.a

rotation of spherulites. Thus, we could obt&ifz) andV(X) of in quiescent conditionV of 2D spherulite €£disk) should be
spherulites. Th&/ of the rotating spherulite is obtained by the same as that of 3D spherulite.
dr 3.3. Anisotropic Growth Rates of Rotating “Spiralite”,
V=V®)= _— 0B 4) V(2) and V(X). Figure 5a shows that the size) of the half-
dt spherulite €“spiralite”) increased with increase ofand that

whererog is the radius between the origin O of the spherulite the spiral pattern rotated clockwise.

and a fixed point B on the growth front of a radial lamella and ~ Tos(t) was plotted in Figure 7(a) as a function bfUpper
® is the rotating angle betweewng and X-axis (Figure 6a). horizontal axis indicatesb. rog(t) increased linearly with

In the case of a 3D spherulite, we can only measure averagedncrease ot or ®. rog(t) showed breakings ab = 0.8z(point
growth rate (VD). It is also important that th¥ of radial lamella D) and 1.2z (point C). The slope around th&-axis @ = 0.57)
of the half-spherulite£"spiralite”) should be the same as that was much larger than that around tKeaxis @ = ). The
of 3D spherulite. This will be confirmed by eq 9 in section 3.4; breaking inrog(t) should be seen periodically from symmetry
i.e., the averaged growth rate of the half-spheruittspiralite”) of the considering system. Thus, breakings are expected at C,
(VD and that of the 3D spherulite are equal. This is the same D and C in Figure 7a. CCindicates a period. As large and
situation as is widely accepted in observatiorvaif spherulite small slopes are observed aroundZhandX-axes, respectiverCDV
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Figure 8. Plots ofr of the spherulite of PB-1 againsin the quiescent
state Tc = 102 °C).

large and smal/ (denotedv(max) andv(min)) were obtained
(Figure 7b), i.e.

V =V(max)= 0.32um/s aroundZ-axis
= V(min) = 0.07um/s aroundX-axis

(®)

V(max) was about 5 times as large\gsnin). We will show in
section 3.6 tha¥/(max) andv(min) correspond to growth rates
from the oriented and isotropic melt, respectively.

3.4. Averaged Growth RatelV[bf the Rotating “Spiralite”.
The radius of the outline of a spiralitét) shown in Figure 6a
and (b) are plotted againsin Figure 7cr(t) increased linearly
with increase oft. Therefore, averaged growth rate of the
spherulite (V) was obtained by

v & =

G 0.2%um/s

(6)

The [WOshould also be given by the average\fp), i.e.

1

VE= A A

(V(max)At, + V(min)At,) = 0.23um/s
Q)

whereAt; andAt, indicate time interval between CD and DC
in Figure 7a.
[WOof 3D rotating spherulite within the melt

W= 0.19um/s (8)

was obtained (Figure 7d). Thus, we have

[VO(half spherulite £"spiralite”)) = [W(3D spherulite)
©)

Therefore, it is confirmed that it is not necessary to distinguish
[V[of the half-spherulite<“spiralite”) and that of the 3D ones.

3.5. Growth Rate of a Spherulite in the Quiescent State.
Figure 8 shows the plots of radius of a spherulite of PB)1 (
againstt in quiescent stateT{ = 102 °C) from which growth
rate (denoted byo)

Vo = 0.053um/s (20)
was obtained. Therefore, we have
o> VQ (12)
and
o= V(min) (12)

Itis concluded thafV(land was accelerated as compared with
Vq for the saméT.. Equations 11 and 12 should be evidences
of formation of the oriented and isotropic melts, respectively.
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Figure 9. Plots of ® of the half-spherulite €“spiralite”) of PB-1
againstt (y = 0.1 s’%, T, = 102°C). Q was constant.

3.6. Evidence of the Oriented and Isotropic MeltWe will
show here tha¥/(max) andV(min) correspond to growth rates
in the oriented and isotropic melt, respectively. Equations 5,
10, and 12 give a conclusion

V(max)= —V(m|n) > V(min) =V, (13)
This indicates from egs 1 and 2 that
AG*(Z) = AG*(X)-mkTIn—/—— (( a:)) < AG*(X)
V(max) _
B(Z) = B(X)- mAT In V(min) B(X)
or
00 (2)< 00 (X) (14)

where ¢) and (X) indicate physical quantities around tie
andX-axes, respectively. Here we assumed WfF) = Vo(X)

and thafT,° under shear flow was the same as that in quiescent
state!® Equation 14 indicates thateo (X) correspond taseo
within the usual isotropic meltotoso). AS 0e0(Z) < 0e0(iso),

the oe0(Z) should correspond ta.o within the “oriented melt”
(0e0(ory)- Thus, it is concluded that the oriented and isotropic
melt are formed around th& andX-axes on the interface of a
spiralite, respectively. Hence we have

V(max)= Vi

and

V(min) =V, (15)
whereV, andVig, are growth rates in the oriented and isotropic
melt, respectively.

Therefore, it is concluded that appearanceV@iax) and
V(min) are evidences of formation the oriented and isotropic
melt around the&Z- and X-axes, respectively. Growth rate was
accelerated around interface even when maci® low.

3.7. Angular Velocity of the “Spiralite”. ® was plotted
againstt in Figure 9.® increased linearly with increase bf

d=Qt+C (16)
whereQ is angular velocity and is a constant. Thu€2 and
C were obtained

do

Q=— it =1.8x 10 “rad/s and C=—-7.9 (rad) (17)

Therefore, we have CDV
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1. L -1
Q= éV <y=01s (18) 120+ J— ntt,)
roa=aé -
oye rt)
. . . . i € 801 roa= const=r(t,
Q < y is natural in the case of viscous fluid. It is concluded < _
that Q is much smaller thary at around theZ-axis. We will < 0k £5,=6004
show in section 4.1 that this takes an important role in the | Archimedes )
formation of the oriented melt. o , spiral _"_’C'rcl'e
3.8. Archimedes Spiral.roa is the radius of a point A on 0 ©2r pn 4n Sm
the solid curved line an@ is angle of theoa measured from drad Oy
the origin (Figure 6a). The direction ofa at the origin f = e
0) is d ibed b I: OB - Figure 10. Plots ofroa of a spiral pattern of PB-1 againgt(y = 0.1
) is described by a line OB. sL, T, = 102°C). roa increased linearly with increase 6fup to 6,
roa Was plotted againg? (Figure 10)roa increased linearly ~ @nd was constant fa# >6 .
with increasing off and became constant (denotedriyat a z

breaking point@y,) at 6y = 37, that is ,

— 7(2)=7 for Z>> Igp
1

ron=ad for6 < 60,=3n

——+—— Flow

1
=const=r for6 > 6, (19) @@ for Zovr,
1
1
.
wherea = 10 um/rad. Therefore, it is concluded that the spiral | rEmdnzaz
pattern is Archmedes spiral fér < 0 .. Therefore, outline of i ")
the spiralite shown by the dashed curve is a circler issreased ' L2y 7 forzer,
with increase of, r is written byr(t). N ~,Z / o

4. Theory: Mechanism of Acceleration of Growth Rate Ve=42I0p<<V;kfop)

Under Shear Flow P a4

4.1. Increase of Strain Ratey on the Interface. We will o) X
show whyy becomes locally very high on the interface under Crystal A
shear flow. Figure 11 shows a schematic illustration of the cross vi(2)=7Z or 7(2)

section of a crystal within the melt under shear flow. To Particle

simplify, we assume a circular shape. It is to be noted that the
following discussion is not limited to the circular shape but also
may be applied to any shape of crystal, such as spherulite, shish

solid particle, or dust and so on. 7(2) on the interface of crystal or particle under shear floi) (heavy
We will discuss “micro velocity and micro shear rat€Z) curve) continuously increases fromg and approaches tg,(Z) with

Figure 11. Schematic illustration of mechanism of increase of micro

increase ofZ. y(Z) (broken curve) significantly increases near the

gndj/_(Z))" around interface within the melt as a functionf interface. The ‘essential reason for significant increasg(2f is due
y(2) is defined by o Q < 7y.
boundary condition, the velocity of the melt at P should be equal
] dv(2) t i
y(2) = 4z (20) 0 vp, I.€.

W(Z)=vp fOrZ=rqg (23)

If the crystal is omitted, the melt corresponds to usual shear

flow melt. Therefore, the/(Z) denoted byv,(2) is given by From egs 18, 22, and 23, we have

U< v (Z) forZ=rgp (24)
uZ) =yZ =v,(2) (22)
It is obvious thatv(Z) approaches;(Z) for Z > rop, i.e.
v(2) is illustrated by a straight line. w2)=yZ=wv,(Z) forZ>rqp (25)

When a crystal is put in the shear flow melt, &) should

be disturbed by the crystal. The crystal should start rotating because the crystal does not disturb the flow at all. Thus, the

with Q. The velocity alongk-axis at a point P on the surface () continuously increases from» and approaches t0;(2)
of the crystal {p) is given by with increase oZ shown by a heavy curve.

Finally we have
vp=QTIp (22) Y(2Z)>7p forZ=rg

=y forZ=>rqg, (26)
whererop is the radius between O and P. As the melt cannot
slip at P on the surface of the crystal that is well-known The y(2) is illustrated by a broken curve in Figure 11.

Ccbv
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=0 (2)ev (D) S

Entanglement

=

Cilia Qriented melt

Adsorption Elongated chain «—— Entropic relaxation

Figure 12. Schematic illustrations of mechanism of the oriented melt near the interface of a crystal under shear flow. When thenoeeases
significantly, the effect of the elongation will overcome that of the entropic relaxation, that results in the formation of the steady “oriefhted melt

(a) Change from random coil to “tear shape”. (b) Change of conformation of molecular chains. As a lot of entanglements, adsorbed segments and
some “cilias” exist near the interface and they results in “topological restriction” to the entropic relaxation, they should significantly sh@pres
entropic relaxation and the oriented melt is easily formed.

Thus, we have a conclusion that th€Zz) significantly 4.3. Possible Relationship between Melt Structure and
increases near the interface of the crystal even when macro Crystallization. We will propose a possible relationship
is low. An essential reason for a significant increase of micro between melt structure and crystallization (Table 1) coupled with
7(2) is due t0Q < y (eq 18). AsQ < 7 can be generally  the previous works!? and this work that is marked by an

expected for viscous fluid, “the increase of migr@)” should asterisk £). This is important and useful for understanding the

be universally expected on the interface of any solid particle relative relationship and for polymer processing. In the case of

within the melt. the polymer system, there are three kind of external fields, i.e.,
4.2. Mechanism of Formation of the Oriented Melt. We elogational, shear, and quiescent ones. The former two and the

will propose in this section a mechanism of formation of the last are anisotropic fields and an isotropic field, respectively.
locally oriented melt of polymer around interface under shear  In the case of elongational field withhigher than a critical

flow. When we start adding shear to the samplée=at0, y(2) one ¢*), chains are easily elongated and the uniform oriented
and »(Z) should be seen on the interface of a crystal (Figure melt should be formed, as has been shown by Kotaka 't al.
12). The conformation of an adsorbed random %ailill be This results in acceleration ®f; and Vo and novel morphol-

elongated aftet = t due tou(2) = y(2)Zt. Actually elongated ogies of row-nucleation, shish, kebab, or transcrystal, whgre
chains will be relaxed due to entropic agitation. This means is nucleation rate within the oriented melt.
that the elongation and entropic relaxation of chains compete  Shear field is classified into highy(> 1(%s1) and low § <
with each other. As a result the strain(2) O v(2) = y(2)Zt 10 s ones. In the case of high uniform macro shear field,
should be expected (Figure 12a). AZ) significantly increases  with j higher than a critical oneyf), chains are elongated and
near the surface, the relative chain distaned’“near the the “uniform oriented melt” should be formed within the bulky
surface& 1 nm) is significantly elongated ta@'d’ ”, while the melt, that results in acceleration kf; andVy, as Fritzsche et
distance td’ far from the surfaceRy = 10 nm) changes only  al® showed, and row-nucleation, shish, kebab, or transcrystal
a little to “c’'d’ . Thus, the chain conformation changes from should be formed.
random coil to “tear shape”. In the case of a low uniform macro shear field within the
When the macrgr increases significantly, the effect of the bulky melt, chains are relaxed due to entropic relaxation and
elongation will overcome that of the entropic relaxation, that the isotropic melt should be formed, which results in srhall
results in the formation of the steady “oriented melt”. We can andVis, spherulite, axiallite, etc. will be formed, whefg, is
predict that a criticay (=y*) exists for formation of the oriented  the nucleation rate within the isotropic melt.
melt. As a lot of entanglements, adsorbed segments, and some Even in the case of low macrp, this study showed that
“cilias” exist near the interface (Figure 12b) and they result in nonuniform micro shear field should be expected around
“topological restriction” to the entropic relaxation, they should interface of any crystal within the melt, and chains should be
significantly suppress the entropic relaxation, and the oriented elongated and the locally oriented melt should be formed, as is
melt is easily formed. Thus, we can predict that the formation shown in Figure 13 that results in acceleratioVgf. The same
of the oriented melt becomes much easier with increases of themechanism should be expected on the interface of any solid
topological restriction, which can be expected for increases of material, such as dust or nucleating agents, as is shown in Figure
Mw, entanglement, and so on. 13. In this case, the locally oriented melt should be forrrEBV
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Table 1. Possible Relationship between Melt Structure and Crystalizatioh

Dominant Crystallization
External field : Melt structure
mechanism IV Morphology
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= Quiescent 2 E p=
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0 W
aThe asterisk denotes items dealt with in this work.
a) Shish or long block that results in smallis, andVis, and spherulite or axiallite etc.
Vo =V will be formed.
shish ori. .. . . . . .
" In injection type processing; significantly increases near
vp= 0<<y; Flow direction the mold wall surface and row-nucleation, shish, kebab, or
p PL . N transcrystal forms the “skin layers”, whijeis small at the center
D ) in the mold and spherulite and axiallite etc. form the “core
L b
5 - ) layers”.
[ 3
h) rd
Secondary nucleus (V) 5. Conclusion

primary nucleus (/) (1) We found a novel morphology of “spiral pattern” on the
top surface of a rotating “half-spherulite” under low shear rate

. flow, when the spherulite nucleates near the free surface of the
b) Rotating spherulite or block Oriented melt melt. We nam_ed.the half-spheruIiFe “spiralite”.
(2) The “spiralite” rotates showing large and small growth
rates ¥(max) andV(min)) along directions perpendicular and
V(max) =V, parallel to the flow direction4- andX-axes), respectively. The
: anisotropic growth rate¥(max) = V(2Z) and V(min) = V(X)
were directly obtained by using the rotation of the “spiral

'y

<V> i pattern”.
Oriented melt (3) We proved the formation of the “oriented melt” on the
interface around th&-axis of a spiralite from the observed
V(min) =V, anisotropicV(2) and V(X).

(4) We explained theoretically the formation mechanism of
the oriented melt: as “micro shear rat&Z)” on the interface
around the Z-axis significantly increases, chains will be

S'?Cf’"daw nucleus  (Vo5) elongated even when “macid is low. With increase ofy(2),
v primary nucleus (/) the chain elongation will overcome the entropic relaxation, that
Figure 13. Schematic illustrations of mechanism of acceleration of results in formation of the “oriented melt”.
growth and nucleation rates around interface of the (a) shish or long (5) We proposed acceleration mechanism of growth and
block and (b) rotating spherulite or block under low shear rate flow. nucleation rates under shear flow due to formation of the
that results in acceleration of heterogeneous primary nucleationoriented melt. We proposed a possible relationship between the
rate (o). Parts a and b of Figure 13 illustrate acceleration melt structure and crystallization under anisotropic and isotropic
mechanism oW or 1o on the interface of long crystals (such  external fields.
as shish) or solid materials whose length is too long to rotate
and rotating crystals (such as spherulites) or solid materials, Acknowledgment. We thank Dr. T. Takahashi, Y. Tsuzuki
respectively. Acceleration dfy; of shish was experimentally ~ in Yamagata University and Dr. K. Tagashira in SunAllomer

shown by us in Figures 6A and 7A in ref 8. ThiYsy; and | Ltd. for their helps and supports in experiments.
should be accelerated, and row-nucleation, shish, kebab, or
transcryatal will be formed. References and Notes

In the case of quiescent field, chains are fully relaxed due to (1) kotaka, T.; Kojima, A.; Okamoto, MRheol. Actal997, 36, 646.

entropic relaxation and the isotropic melt should be formed, (2) Okamoto, M.; A, Kojima.; Kotaka, TPolymer1998 39, 2149. CDV



1524 Watanabe et al. Macromolecules, Vol. 39, No. 4, 2006

(3) Fritzsche, A. K.; Price, F. FRolym. Eng. Sci1974 14, 401. (12) Monasse, BJ. Mater. Sci.1992 27, 6047.
(4) Monasse, BJ. Mater. Sci.1995 30, 5002. (13) Turnbull, D.; Fishear, J. C.Chem. Physl1949 17, 71.
(5) Wolkowicz, M. D.J. Polym. Sci. Polym. Symp978 63, 365. (14) Lopez, L. C.; Cieslinski, R. C.; Putzig, C. L.; Wesson, R.Alymer
(6) Ulrich, R. D.; Price, F. PJ. Appl.Polym.Scl976 20, 1077. 1995 36, 2331.
(7) Yamazaki, S.; Watanabe, K.; Okada, K.; Yamada, K.; Tagashira, K.; (15) Watanabe, K.; Nagatake, W.; Takahashi, T.; Masubuchi, Y.; Takimoto,
Toda, A.; Hikosaka, MPolymer, Part 12005 46, 1675. ) J.; Koyama, K.Polym. Test2003 22, 101.
(8) Yamazaki, S.; Watanabe, K.; Okada, K.; Yamada, K.; Tagashira, K.; (16) Yamazaki, S.; Hikosaka, M.; Toda, A.; Wataoka, |.; Yamada, K.;
Toda, A.; Hikosaka, MPolymer Part 2 20035 46, 1685. Tagashira, K.J. Macromol. Sci., Part B: Phys2003 B42
(9) Lieberwirth, I.; Loos, J.; Petermann, J.; Keller, A.Polym. Sci. Part 499.
B Polym. Phys200Q 38, 1183. (17) Takahashi, AJ. Surf. Sci. Soc. Jpn. Hyomen Kagal@89 10 (10),
(10) Hosier, I. L; Bassett, D. (Rolymer1995 36, 4197. 142.
(11) Alfonso, G. C.; Azzurri, FFlow induced crystallization of polymers
Impact to processing and manufact propertizgé01; p 27. MAO050825Z

Ccbv



