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ABSTRACT:

The morphology, lateral growth rate and long spacings of isotactic poly(butene-1) (it--PB1) have

been investigated for crystallization from the melt over a wide range of crystallization temperature from 50 to

111.9°C. The morphology of it-PB1 crystals is rounded shape at crystallization temperatures lower than 85 °C, while

lamellar single crystals possess faceted morphology at higher crystallization temperatures; the kinetic roughening tran-

sition occurs around 85 °C. The nucleation and growth mechanism for crystallization does not work below 85 °C, since

the growth face is rough. However, the growth rate and the long spacings show the supercooling dependence derived

from the nucleation and growth mechanism; the nucleation theory seems still to work even for rough surface growth.

Taking account of a pinning model revised recently by Toda, possible mechanisms for the crystal growth of polymers

are discussed.
KEY WORDS

Crystallization of polymers has been investigated
through morphology, growth rate and lamellar thick-
ness. The growth rate observed at a crystallization
temperature, 7, is known to be well described by
the following equation
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where Gy and K are constants, U is the ‘activation’
energy for polymer diffusion, R = kNy, (k is the
Boltzmann constant and N is Avogadro’s number)
Ty is the Vogel temperature (= T, — 30 (K), Ty is
the glass transition temperature), AT (= TI?1 —T) is
a supercooling (72 is the equilibrium melting temper-
ature). The first exponential factor is the Vogel-
Fulcher factor for viscosity and the second exponen-
tial factor is the surface kinetic factor.

According to the nucleation theory' by Hoffman et
al., the secondary two-dimensional nucleation rate i is
given by the following equation:
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where b is the layer thickness, o and o, the side- and
end-surface free energies per unit area, respectively,
and Ahg the heat of fusion per unit volume of crystal.

In the regime of multiple nucleation, regime II, the
surface kinetic factor of the growth rate is given by the
following equation:?

Gn = b(2ig)"* 3)

where g is the propagation velocity of steps on a
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growth face. Since g is assumed to be almost constant!
in the nucleation theory, K in Eq 1 is represented by
the following equation

2boo. T
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The nucleation theory therefore successfully explains
the observed supercooling dependence of growth rate
expressed by Eq 1.

The nucleation theory also gives the observed de-
pendence! of lamellar thickness / on supercooling AT

= 4 + 4l 5)
AT
where A and &/ are constants. According to the theory,
A is expressed as follows:

B 20.T°
N

The characteristic length, d, in the nucleation theo-
ry described by i and g, is the mean distance between
adjacent steps on the growth face and is called the ki-

netic length:?
2o\ 1/2
@

As AT increases, d decreases rapidly since i depends
on 1/TAT exponentially and g remains almost con-
stant.! When the kinetic length d becomes as small
as the order of widths of several stems, the growth
face becomes rough and the morphology of lamellar
crystals changes from faceted to rounded ones. This

(6)
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Table I. Physical property of it-PB1

Unit cell parameters Stem parameters Chain
T,° U Space ay by co Density® a b Ahgf conformation
(°C)  (calmol™") group  (A) A) (A (gem™) A) (A) (Jm=%)  (monomers/turn)
Form I* R3c 17.7 17.7 6.5 0.95 1.35 x 108 3/1
—54.2 1500
Form II° P4b2 14.6 14.6 21.2 0.888 7.3 7.3 1.09 x 108 11/3

1A = 107" m. *From Ref 11 "From Ref 12 °From Ref 13

morphological change is called kinetic roughening
transition. Nucleation theory assumes flat growth
faces, i.e., facets, as its prerequisite, on which nuclea-
tion and growth occur. However, the rough surfaces of
crystals with rounded morphology do not satisfy this
essential prerequisite condition for the nucleation
theory; instead, adhesive growth generally takes place
on rough growth faces.* Hence, the kinetic roughening
transition should accompany a deviation from nuclea-
tion controlled growth: the growth mechanism
changes from nucleation controlled growth to adhe-
sive growth.

However, a paradox has been reported on the crys-
tallization of isotactic polystyrene (it-PS) in solutions
and in the melt by Tanzawa et al.>® While the mor-
phology changes from the faceted to rounded mor-
phology through the kinetic roughening temperature
with decreasing temperature, the growth rate does
not show any transition at the kinetic roughening tem-
perature.

In order to address this paradox, we have focused
attention on the crystallization of isotactic poly-
(butene-1) (it-PB1) in the melt. /-PB1 has two poly-
morphs,’”"!% the trigonal form (I) and the tetragonal
form (II), as shown in Table I. The crystal of form
IT grows much faster than that of form I in the melt.
However, form I is stable and form II is metastable.
Accordingly, the transformation to form I then takes
place in several days after cooling to room tempera-
ture. By comparing the growth rates of the two differ-
ent forms in the melt, one could elucidate the kinetic
factor intrinsic to each phase in Eq 1 to determine the
validity of a new theory capable of explaining the
mechanisms that give rise to the paradoxical relation-
ship between the growth rate and the morphology.

We have investigated the crystallization of iz-PB1
form II crystals in the melt. Also, we have succeeded
in measuring the growth rate and morphology of it-
PB1 form I single crystals grown in the melt. In this
paper, we focus on the crystallization of the form II
crystals, and report the growth rate, lamellar thickness
and morphology of i#-PB1 form II crystals grown in
the melt. The paradox between AT dependence of
growth rate and the morphology is confirmed on the
crystallization of i+-PB1. We will discuss the paradox
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dFrom Ref 14 °From Ref 15

fFrom Ref 16

on the basis of a pinning model revived recently by
Toda.!”

EXPERIMENTAL

The i-PB1s used in this study were purchased ei-
ther from Scientific Polymer Product (sample A:
M, = 185000; the melt index is 20 g/10 min), or
Shell (sample B: the melt index is 20 g/10 min).

Growth Rate

In-situ observations of the crystallization process
were carried out using an optical microscope (Nikon
Corp. OPTIPHOT?2) with a hot-stage (Mettler Co.,
Ltd., FP82). Films of it-PB1, ca. 50 um thick, between
two cover glasses were melted at 140 °C for 2 min and
cooled to a crystallization temperature between 52 °C
and 111.9°C. The growth rate was determined from
the time dependence of the radius of spherulites or
the major axis of axialites.

Morphology

Thin i+-PB1 films were prepared by casting a p-
xylene solution (0.1 wt% it-PB1) onto a carbon-coated
mica. The films dried was heated up to 140 °C, cooled
to a crystallization temperature and crystallized in the
hot-stage for a suitable time, and quenched to room
temperature. The it+-PBl—carbon films were floated
on a water surface and picked up on electron micro-
scope grids. The ir-PB1 crystals on the carbon film
were observed by transmission electron microscopy
(TEM; JEOL Ltd., JEM-1200EX II) and optical mi-
croscopy (OM) to investigate the morphology of crys-
tals.

Long Spacings

Small angle X-Ray scattering (SAXS) photographs
were taken with a SAXS camera (camera length
414 mm) in vacuum to obtain lamellar long spacings,
using an imaging plate system (Rigaku K.K., R-AXIS
DSII). X-Ray used was nickel-filtered CuKa radiation
generated at S0kV and 140 mA. After the subtraction
of the background intensity, isotropic two-dimension-
al data were circularly averaged to obtain one-dimen-
sional data, and corrected for the Lorentz factor. Films
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of it-PB1, about 500 um in thickness, between alumi-
num foil were melted at 150 °C for 3 min in an oven,
transferred quickly to the hot-stage kept at a crystalli-
zation temperature. The films crystallized were left at
room temperature for 10d and used for SAXS meas-
urements. In 10d at room temperature the spontane-
ous form II to I phase transition occurs without chang-
ing the lamellar thickness of the crystals. Since the
crystal density of form I is larger than that of form
II, SAXS intensity is much enhanced after 10d.

To obtain long spacings just before the melting, we
carried out annealing for samples crystallized at 40,
70, 80, 90, and 100 °C, and observed thermal thicken-
ing of lamellar crystals; samples were crystallized in
the same condition as that of samples without anneal-
ing, transferred to another hot stage (Linkam Co.,
Ltd., LK-FDCS II), heated to the melting points deter-
mined by DSC measurements in Melting Point Tem-
perature at a rate of 30 Kmin~', and cooled to room
temperature at a rate of 50 Kmin~'. The annealed
samples left at room temperature for 10d were used
for SAXS measurements.

Melting Point Temperature

Differential scanning calorimetry was performed
(Rigaku K.K., DSC-10A) at a heating rate of
30 Kmin~!. The melting temperature of form II was
determined from the onset temperature of the endo-
thermic peak. Samples used for DSC were crystallized
under the same condition as that of samples for SAXS,
and preserved in a freezer to prevent the phase transi-
tion.

Identification of Crystal Structure
Wide angle X-Ray scattering (WAXS) was per-

formed to identify crystal structures, using an imaging
plate system (Rigaku K.K., R-AXIS DSII). Isotropic
two-dimensional intensity collected was averaged to
give the one-dimensional data, and corrected for the
Lorentz factor. X-Ray used was nickel-filtered Cu
Ko radiation. Samples were crystallized under the
same condition as that of samples for SAXS. They
were used for WAXS measurements both immediately
after crystallization and after 10d of storage at room
temperature.

RESULTS

Crystal Structure from WAXS

We confirmed by WAXS measurements that sam-
ples immediately after the crystallization are in the
form II. Hence, the observed growth rate, long spac-
ings and crystal morphology are those of crystals in
form II. Samples stored at room temperature for
10d after crystallization exhibited peaks characteristic
of form L.

Melting Temperature

Table II lists the DSC and SAXS results for sample
A: crystallization and melting temperatures, the val-
ues of the first- and second-order long spacings, and
the ratios of the first-order long spacings to the sec-
ond-order long spacings for samples before and after
the annealing. The differences between the values of
the first-order long spacings of samples before and af-
ter annealing are also listed to illustrate thermal thick-
ening effect. Both of the first- and second-order reflec-
tions were observed in the wide range of crys-
tallization temperature from 50 to 90°C. The ratios
of the first-order long spacings to the second-order

Table II. DSC and SAXS? results

After annealing

Before annealing

T. T L, L, Li/L, L L, Ly/L, AL
0) 0 A) &) —) &) A) (—) A)
40.3 102.8 313 155 2.02 227 — — 86
50 241 130 1.85
60 263 139 1.90
65 263 147 1.79
70 104.1 327 164 2 283 155 1.83 44
75 307 158 1.94
80 104.6 342 169 2.02 313 164 1.91 29
85 342 171 2.00
90 106.5 378 186 2.03 378 186 2.03 0
95 (398)b 196 —

100 111.2 (452)° 223 — (459)° 227 — —

#The first-order long spacings, L;, the second-order long spacings, L, the ratio of the first-order to the second order
L, /L, are given for both before and after annealing. Also given are the difference AL; between the values of the first-order

long spacings of samples before and after annealing.
the second-order long spacings.
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long spacings are about two. For samples crystallized
at 90 °C, this ratio is 2.03. At 95 and 100 °C, only the
second-order reflections were capable of being ob-
served. By multiplying the second-order long spacings
by the ratio at 90 °C, 2.03, we calculated the first-or-
der long spacings at 95 and 100 °C.

At 40, 70, and 80 °C, the first-order long spacings of
annealed samples have larger values than those for
samples before thermal treatment. The difference be-
comes larger as the crystallization temperature is de-
creased. This difference is due to the effect of thicken-
ing in annealing; the lamellae in samples crystallized
at lower temperatures thickens at the annealing, giv-
ing the larger values of long spacings. Samples crys-
tallized at lower temperatures have thinner lamellae.
The sliding diffusion of chain segments along the
chain axis occurs more easily for thinner lamellae than
for thicker lamellae, to give rise to the thickening of
lamellae. For samples crystallized at 90 and 100 °C,
lamellae are too thick for this sliding motion to occur,
resulting in the same long spacing values for samples
before and after the annealing.

The ratio of the first-order to the second-order long
spacing for the annealed sample has a value closer to
2.0 than that of the samples before annealing. This is
due to the narrower distribution of long spacings
caused by the annealing.

The melting temperature 7,(/) of crystals with la-
mellar thickness [ is expressed by the Gibbs—Thomson
equation:

Tol) = 72| 1 - 2% ®)
e Ahgl

Figure 1 shows the inverse of long spacing depend-

ence of melting temperature for samples before and

after annealing. The data for samples before annealing

evidently deviates from the linearity. The deviation is
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Figure 1. Dependence of the melting temperature 7Ty, on the
reciprocal long spacings 1/L for samples (V) before and (A) after
annealing.
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attributed to the thickening during the DSC measure-
ments; lamellae in samples crystallized at 40, 70,
80 °C thickens during heating up to their melting tem-
peratures.

The data for annealed samples plausibly obey the
linear relation given in Eq 8 to give the equilibrium
melting point temperature 70 = 129.4°C for an infin-
ite thick crystal. The slope gives the value of
20.T° /Ay = 8.38 x 10*AK (1 A = 10""m), as-
suming the degree of crystallity is 1.0. The value of
0./ Ahy is obtained to be 1.04 x 10~° m; o, is estimat-
ed as 1.14 x 107! Jm~2, and chain folding free ener-
gy g = 2abo, as 1.21 x 107! J/stem by use of the pa-
rameters in Table 1.

Long Spacings

Figure 2 shows the first-order long spacings before
annealing as the function of the inverse supercooling,
1/AT, for sample A. Here, AT = TI% — T.The 1/AT
dependence of long spacings demonstrates linearity
over the whole temperature range investigated; Eq 5
holds from 40 to 100 °C.

According to the Eqs 5 and 6, the extrapolation to
1/AT = 0K~! of the straight line in Figure 2 gives
8l=114A, and from the slope the value of
20.T° / Ak is obtained to be 1.01 x 10* AK, assum-
ing the degree of crystallinity is 1.0; o is estimated
as 1.36 x 107! Jm™2, using the value of Ah; given
in Table I and the equilibrium melting temperature
T9 we determined.

It is to be noted that o, obtained here on the basis of
the nucleation theory is in good agreement with that
obtained from melting temperature versus reciprocal
long spacings plot; the nucleation theory seems to
work well for crystallization temperature dependence
of the lamellar thickness.

500
450
400
350
2 300
~ 250
~ 200
150

100 Il I Il I Il I Il
0.00 0.01 0.02 0.03

/(AT) (K

Figure 2. Long spacings L plotted against the reciprocal
supercooling 1/AT.
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Figure 3. Optical micrographs of ir-PB1 crystallized in the
melt at 90 °C; crossed polars. (a) 4 min and (b) 10 min after the
temperature reached 90 °C.

Growth Rate

Typical optical micrographs of ir-PB1 crystals
grown from the melt are shown in Figure 3 for sample
A. At crystallization temperatures higher than 90 °C,
tetragonal, octagonal, oval and circular crystals were
usually observed; they are axialites, some of which
grew to be circular crystals. At low crystallization
temperatures, spherulites were always observed. The
size of the crystals 2R, i.e., the diameter of spherulites
or the major axis of axialites, was measured as a func-
tion of time ¢.

The radius of the spherulites or the axialites R in-
creased linearly with crystallization time ¢ for all crys-
tallization temperatures as shown in Figure 4. The
growth rate G was determined from the slope of the
time-radius curve. The logarithm of G is plotted
against crystallization temperature in Figure 5 for
samples A and B. The values of G observed for sam-
ples A and B agrees well. The results by Icenogle'®
are included for the sake of comparison. The log G-
T curve is a half of the typical dome shape.
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Figure 4. Time dependence of radius R for several crystalliza-
tion temperatures for sample B. (a): (H) 111.9°C, (@) 108°C,
(A) 105°C, (V) 100°C. (b): (H) 96°C, (@) 90.7°C, (A)
82.7°C, (¥) 60°C.
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Figure 5. Growth rate G versus crystallization temperature 7"
(M) sample A (this work), (A) sample B (this work), and (@) data
by Icenogle (Ref 11).

Figure 6 shows InG + U/R(T — Ty) as a function
of 1/TAT. InG+ U/R(T — Ty) depends on 1/TAT
linearly over the whole range examined; Eq 1 holds
for all the crystallization temperature range investigat-
ed from 52 to 111.9°C.

According to Eq 1, the extrapolation to zero of the

Polym. J., Vol. 36, No. 3, 2004
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InG +U/R(T-T.)
=

|
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Figure 6. Plot of InG + U/R(T — Ty) vs. 1/TAT. Symbols
are the same as in Figure 5.

straight line in Figure 6 for 1/T AT gives the values of
Go =141 x 10*ums~" for sample A and G, =
1.05 x 10*ums~' for sample B; from the slope the
values of K is obtained to be 9.04 x 10* K? for sample
A and 9.54 x 10* K? for sample B. Both the values of
Gy and K agree well for sample A and B.

The values of Gy and K obtained from the data by
Icenogle are 1.86 x 10* ums~! and 9.49 x 10* K2, re-
spectively. The value of K agrees well with the pres-
ent result. The difference in the values of Gy can be
attributed to that of the molecular weight (M, =
750000).

From the value of K obtained for sample B and the
parameters in Table I, the value of oo, is calculated as
2.45 x 107*J>m~*, for regime II; using the value of
o. obtained from the T, versus 1/L plot, the value
of o is estimated as 2.15 x 1073 Jm~2.

Morphology

Figure 7 shows the electron micrograph and the
electron diffraction pattern of a single crystal grown
at 110°C. Schematic illustration of the lateral habit
of the single crystal is also shown. The electron dif-
fraction pattern from the form II (tetragonal phase)
shows the single-crystal net pattern (four 200 reflec-
tions and four 220 reflections). The electron diffrac-
tion pattern from the form I (trigonal phase) shows
arcs (110 reflections (innermost), 300 reflections
(middle) and 220 reflections (outermost)). The arcs
are attributed to the orientational distribution of small
domains of form I crystals transformed from the form
II single crystal.'” The presence of twelve 110 diffrac-
tion arcs, rather than six in Figure 7 is due to the pres-
ence of the two orientations of transformation.

There appears a square-shaped crystal with serrated
edges in the electron micrograph (Figure 7c). The
electron diffraction pattern reveals the crystal is a
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Growth fronts Serrated
at 110°C edges
Single PB1 crystal (Form IT)
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a*
tetragonal

b*
tetragonal

Figure 7. (a) Electron micrograph, (b) schematic illustration,
(c) diffraction pattern of an i-PB1 single crystal grown at
110°C. Thin straight boundary lines observed inside the serrated
edges, which are represented by broken lines in the schematic il-
lustration, show the change in lamellar thickness caused by
quenching. The region between the boundary lines and the serrat-
ed edges is grown during the quenching treatment, and thereby is
thinner than that inside the boundary. The boundary lines corre-
spond to the growth faces of the single crystal just before quench-
ing, and these lines show the well faceted growth faces at 110°C.
The region out of the edges is filled with small spherulites formed
through quenching; the serrated out line is caused by the instabil-
ity of growth face at higher supercooling during quenching.

flat-on form II (tetragonal) single crystal. Thin straight
boundary lines observed inside the serrated edges
show the change in lamellar thickness caused by
quenching (they are represented by broken lines in
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the schematic illustration), and thereby correspond to
the growth fronts of the single crystal just before
quenching. The trace of growth front shows that the
form II single crystal is well faceted at 110°C. We
confirmed by electron diffraction that the boundary
lines are {100} planes. The serrated outline is caused
by the instability of growth face at high supercooling
during quenching. These facts indicate that the form II
single crystal is well facetted at 110°C.

Figure 8 shows the electron micrograph and diffrac-

(a)

(b)

(c)

10 pm

Figure 8. (a) Electron micrograph and (b) diffraction pattern
of i+-PB1 single crystal grown at 100°C. The circle in (a) shows
the selected area for the diffraction. (c¢) Optical micrograph of
it-PB1 single crystals grown at 100 °C (reflection).
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tion pattern of a single crystal grown at 100 °C; optical
micrograph of single crystals grown at 100 °C is also
shown. The net pattern with four-fold symmetry in
Figure 8b shows the crystal in Figure 8a is a flat-on
tetragonal single crystal. The trace of well facetted
{100} growth front is observed clearly in Figure 8a;
the traces of facets appear even more clearly in the op-
tical micrograph (Figure 8c). Also observed are the
sector boundaries of {110}. The traces of growth
fronts in Figures 8a and 8c indicate that the tetragonal
single crystals are also well faceted at 100°C, and
hence the tetragonal crystals grow by nucleation-con-

(a)
b
®) Growth front at 88 C
Crystal edge
after quenching
{110} Sector boundary
(©)

Figure 9. (a) Electron micrograph, (b) schematic illustration,
and (c) diffraction pattern of i+-PB1 single crystal grown at 88 °C.
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trolled growth on {100} plane at 100 °C.

A single crystal grown at 88 °C also shows the same
single-crystal net pattern as at 100 °C (Figure 9). The
trace of the growth front of the single crystal, howev-
er, slightly rounds at the sides, while the corners still
remain with four-fold symmetry. Sector boundaries in
the {110} directions are observed.

At a further lower temperature, 85 °C, the growth

(b)
{110} Sector boundary

Growth front with a
rounded and wavy habit

Single it-PB1 crystal (form II)

Figure 10. (a) In-situ optical micrograph (captured from vid-
eo image; reflection) and (b) schematic illustration of an it-PB1
single crystal growing at 85°C.

front shows a rounded and wavy habit, indicating
the growth face is kinetically roughened (Figure 10).

Therefore, it-PB1 tetragonal crystals have the kinet-
ic roughening transition temperature around 85 °C; the
growth mechanism changes from nucleation control-
led to adhesive growth at crystallization temperatures
lower than 85 °C since the growth face becomes rough
on the molecular scale.

DISCUSSION

The Degree of Crystallinity

So far, in the calculation of the values of side- and
end-surface free energy o and o., we have assumed
that crystal thicknesses /. are equal to the long spac-
ings L, i.e., the degree of crystallinity is 1.0. However,
the long spacings L is the sum of crystalline layer
thickness /. and inter-crystalline amorphous layer
thickness /,.

Fu et al. showed that the crystallinity ¢ of ir-PB1
takes an almost constant value of about 0.5 to 0.6
for a wide range of crystallization temperature”® and
for different molecular weights, and also showed that
the crystallinity ¢ remains almost the same value even
after annealing. The relationship between /. and [, is
given by the following equations:

L=1I.+1, 9)
le
o=7 (10)

Assuming that crystallinity ¢ is 0.5, lamellar crystal
thicknesses are half of the values listed in Table II;
o and o, are obtained as 4.3 x 1073Jm~2 and 5.7 x
1072 Jm~2, respectively. The value of o we obtained
in this work is almost half the value of o=
7.2 x 1073 T m~? estimated by Powers et al.*' from
the value of Ah; using an empirical relation?” which
is given by the following equation.

=0.106 (11)
boAhg

In Table III, the values of o, oe, ¢, T?, K and Gy

obtained in this work are listed. The values of o, o,

and ¢ for PE are also listed for the sake of comparison.

Table III. Growth kinetics coefficients

on Tin® K Gy a b
(—) (O (K?) (ums™")  (nm) (nm)

(nm?) (Pm™)

ab 00, o Oc q
Im™2) Jm™2?) (J/stem)

it-PB1 1.0

1294 9.54 x 10* 1.05x 10* 0.73 0.73 53.29 x 1072 245 x 107°

215% 1073 114 x 1073 1.21 x 107"

(this work) 0.5 43 %1073 57x1073  6.1x10720
it-PB1° 128.0 9.49 x 10* 1.86 x 10*¢ 0.745 0.745 55.50 x 1072
PE¢ 144.6 2.16 x 10°  4.40 x 103 0.455 0.415 18.88 x 1072 1270 x 107% 14.1 x 1073 90.4 x 1073 34 x 1072

2Assumed crystallinity. P°From Ref 21 “Calculated from the data in Ref 17, assuming T},,° is equal to 129.4°C. From Ref 14

Polym. J., Vol. 36, No. 3, 2004

233



M. YAMASHITA et al.

The values of o and o, for it-PB1 are much smaller
than those of 0 = 14.1 x 1073 Jm~?2 and 0. = 97.8 x
10~% Jm~2 for PE. However, the value of ¢ for it-PB1
is much larger than that of ¢ = 3.404 x 1072° J/stem
for PE. This is due to much larger area per unit stem,
ab; the value of ab = 53.29 x 1072 nm? for i+-PB1 is
almost three times as large as the value of ab =
18.88 x 102nm? for PE.'* Both the side- and end-
surface free energies of i+-PB1 can not reasonably
be explained from the empirical relation.

Kinetic Roughening Transition

We have shown above that the crystallization tem-
perature dependence of both growth rate and long
spacings follow the equation derived from nucleation
theory over the whole temperature range examined.
Nucleation controlled growth requires flat growth
faces, i.e., facets. However, TEM and OM showed
that the morphology of ir-PB1 crystals is rounded
shape without any facets at crystallization tempera-
tures lower than 85 °C, although lamellar single crys-
tals possess facetted morphology in the temperature
range of 88 to 110°C.

The kinetic roughening transition can be described
by the change in the kinetic length d. The length d
takes the values of the macroscopically large scale
in the temperature range with facetted morphology;
it gradually decreases with decreasing temperature,
and reaches microscopically small values of the lattice
constant scale at the kinetic roughening transition
temperature, causing rough growth faces in the molec-
ular scale. Hence a flat growth face required for nucle-
ation and growth does not exist below the kinetic
roughening transition temperature. However, the Eqs
1 and 5 derived from the nucleation theory still work
for the rough surface growth (Figure 10). The same
paradox pointed out in the growth of it-PS crystals
in solution and in the melt is confirmed again in the
growth of i#-PB1 form II crystals from the melt. The
inconsistency between the morphology and the tem-
perature dependence of the growth rate is therefore
not a specific problem to i#-PS, but a general issue
for the crystallization of polymers.

In order to expand the nucleation theory into rough
surface growth, regime III growth is proposed' as a
growth mechanism for rough surface, where d takes
a value close to the unit stem width (d—a). Regime
III growth is reported in polyethylene (PE),? polyoxy-
methylene (POM),?* and isotactic polypropylene (it-
PP).? In regime III, layer addition is mainly governed
by injection of stems at nucleation rate i, leading to
growth rate Gyyy. Step propagation becomes meaning-
less on rough surfaces, and propagation velocity g no
longer plays a role in growth process.

The growth rate Gyy is given by the following equa-
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tions:
GIH = bia
Km
xe — 12
xp[ - AT] (12)
B — 4baoeTr?1 _ g (13)
m = Kb il

According to Hoffman, d takes a value on the order of
2-2.5a at the onset of regeime III.! In this case, re-
gime II-III transition takes place at the onset of re-
gime III, around which the slope K in InG+
U/R(T —1v) vs. 1/(TAT) plot gradually changes
and becomes the value twice as large as Kj;.

Regime II-III transition is caused by the change in
d, and the change also causes the kinetic roughening
transition. Therefore, the kinetic roughening transition
should accompany regime II-III transition with a
change of factor two in K. In either case of adhesive
growth or regime III growth, kinetic roughening
should accompany some transition in the temperature
dependence of growth rate. This is, however, not the
case in i-PS and ir-PB1. The inconsistency between
the morphology and the temperature dependence of
growth rate still remains unresolved.

As a solution to the inconsistency in regime II-III
transition, pinning barrier’®>° has been reevaluated
in recent studies.!”3%3! The pinning barrier represents
the trap by a stem shorter than [* = 20./Ag (Ag is the
free energy difference between crystal and liquid
states per unit volume), the shortest stem length for
crystal to grow. Further crystallization of a stable stem
longer than /* attached to the shorter stem should pro-
ceed at the expense of a creation of new side surface.
Crystallization is thereby interrupted by the short
stem, and the pinning stem has to be removed to re-
sume crystallization.

The growth rate limited by the pinning has an expo-
nential dependence®®2° on supercooling of the form
of exp[—K,in/TAT], which corresponds to the exper-
imental dependence shown in Eq 2. The pinning bar-
rier with the strong dependence on AT has been con-
sidered as an entropic barrier’6~>° due to the increasing
number of byroads, namely traps, with increasing
stem length.

Pinning was originally proposed by Sadler and
Gilmer?*? to explain the crystallization mechanism
on thermally rough surface, where nucleation barrier
was dismissed. In this case, pinning with the folding
along the growth direction was assumed. Pinning
was also introduced later by Doye and Frenkel to sub-
strate completion process with folding along the
growth face which is normal to the growth direction.’®
This pinning does not require thermal roughening and
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hence can be compatible with nucleation theory.

By numerical calculation of a rate equation pro-
posed by Sadler and Gilmer,?”* Toda showed that
the propagation velocity of steps, g, in the substrate
completion process is given by the following equa-

tion: !’
l*
g exp[— (0.2 4 0.1) ;} (14)

Oed

where c is the size of the growth unit along the stem.

By comparing the pinning barrier, (0.20c/oea +
0.1)I* /¢ = Kpin/T AT, with that of surface nucleation
in Eq 2, 4b00. T /kAhT AT = Kyue/TAT, the ratio
a = Kpin/Kny is given as follows:

kT kT
+0.05 — (15)
obc

a=0.1

o.ab

Taking account pinning barrier K;,/TAT into step

propagation velocity g in the substrate completion
process, Gy is modified as follows:

G = b(2ig)'/?

1 1+ (16)
Cx o —
P\ T AT 2 T
The behavior of the kinetic length, d, is also modified.
In the conventional nucleation theory, the AT depend-
ence of d is given by the following equation.

20\ 1/2
(%)
i

Knuc
XX DT AT

(17)

In the pinning barrier treatment, however, the AT de-
pendence of d is modified as fallows.

(1 - O[)I(nuc:|

18
2TAT (1%

d x exp[
The dependence expressed by Eq 18 shows a smaller
change in d with increasing AT than that expressed by
Eq 17. This is due to the exponential dependence on
1/TAT of g as well as i; the dependence of g due
to pinning barrier partially cancels that of i. (For the
decrease of d with increasing AT, i.e., for the kinetic
roughening transition to occur, o < 1 is required.).
Comparing modified Gy with Gy o exp[—Kpp/
TAT] = exp[—Kn/TAT], it is evident that suffi-
ciently large value of o makes Regime II-III transi-
tion difficult to be observed. In Regime I, the kinetic
length d is much larger by several orders of magnitude
than a(d > a) and K = (1 + o)Kpye/2. When d grad-
ually decreases with decreasing crystallization tem-
perature and takes the value close to the unit stem
width (d ~ a), the growth is in Regime III and hence
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K = K. At the onset of Regime III, i.e., at the re-
gime II-III transition, the slope K shows a change
of factor of 2/(1 + «). In the conventional nucleation
theory, no pinning barrier is assumed; this corre-
sponds to assuming o = 0, leading to the change of
factor two in K. In the pinning barrier model, howev-
er, o 1s assumed to take a non-zero value, and the
change is reduced from of factor 2 to of factor
2/(1 + «). If « takes a large value sufficiently close
to unity, the change in K at the Regime II-III transi-
tion becomes too small to be experimentally observed.

Using the values of o and o. obtained above ac-
cording to the nucleation theory, the ratio « is ob-
tained as 0.13 for it-PB1, with a =b =734, ¢ =
71A, 0=43x103Im™2, 0, =57 x 1073 Jm~2,
T = 100°C. We assumed here the length ¢ to corre-
spond to one turn of the helical chain. /+-PB1 tetrago-
nal phase has 11/3 helix and the lattice constant cg
consists of 11 monomers; one turn corresponds to
11/3 monomers and ¢ is ¢o/3 = 7.1 A.

A more precise consideration yields a different val-
ue of o from that of o derived from the nucleation
theory; the value of o depends on «. According to
Eq 16, the observed slope in InG + U/R(T — Ty)
vs. 1/TAT plot, Ky, is given by the following equa-
tion:

2(1 + oz)bcrcreTI(I)1
kAhg

Since the value o is obtained from Gibbs—Thomson
equation (Eq 8), independent of the nucleation theory,
we can use the same value of o, for the pinning barrier
model. The relationship between o obtained from the
conventional nucleation theory, oy, and o derived
using the concept of pinning barrier, oy, 1S given as
follows.

Kops = ( 1 9)

(I+ a)o'pin = Onuc (20)
The o in Eq 15 should be replaced by oy, and Eq 15
is modified as follows.

kT kT
+0.05

o.ab Opinbc

a=0.1

(15')

o and oy, have to satisty both of Eqs 20 and 15" and
can be given by the following equations:

0.1kT  0.05kT
abo, bconye
= 21
* kT @D
1 —0.05
bconye
: (20"
Opin = 7 Op
P l+a ™

To determine the contribution o, we need to esti-
mate the size of the growth unit. The values of a
and b are straightforwardly defined as the width and
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Figure 11. Plot of the ratio, «, of pinning barrier to nucleation
barrier as a function of the number, n, of monomers constituting a
growth unit.

the thickness of a stem. However, there remains arbi-
trariness in estimating the value of c. The value ¢ cor-
responds to how many monomers constitute a growth
unit. We need to consider the value c in a range from a
monomer size through the lattice constant (11 mono-
mers) to persistence length!® (18 monomers). The
choice of the size of growth unit means estimating
the scale of cooperative motion when polymer chains
are incorporated into crystal phase.

Figure 11 shows « as a function of n, the number of
monomers constituting a growth unit. We obtain
a =0.77, 0.15, 0.058 and 0.04 for n =1, 11/3, 11
and 18, respectively, and all these values of « satisfy
the condition @ < 1. « = 0.77 is too large a value for
regime II-III transition to be observed, because the ra-
tio of slope K in Regime III (d ~ a) to that in Regime
II (d > a), 2/(1 + ), becomes as small as 1.14 for
a = 0.77; this too close a value of 2/(1 4+ «) to unity
makes Regime II-1III transition difficult to be experi-
mentally observed. Therefore, if the crystallization
of it-PB1 form II proceeds monomer by monomer,
pinning barrier can explain invisible regime II-III
transition. The size of growth unit is yet to be inves-
tigated, but pinning barrier can be a strong candidate
for the solution to inconsistency between the morphol-
ogy and the temperature dependence of growth rate.

Another solution to the inconsistency has been pro-
vided by applying the entropic barrier to the deposi-
tion of stems in the adhesive growth on rough sur-
faces.’> The entropic barrier is included in the
preexponential factor as the entropy of melting which
is assumed to be proportional to the lamellar thick-
ness. This modified preexponential factor for adhesive
growth is essentially the same with pinning barrier in
the sense that the deposition of a stem next to a preex-
isting step requires a barrier proportional to the lamel-
lar thickness.
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CONCLUSIONS

Kinetic roughening transition was observed around
85°C in the crystallization of iz~-PB1 form II crystals
from the melt; a flat growth face, facet, required for
nucleation theory does not exist below 85 °C. On the
other hand, the temperature dependence of growth rate
and long spacings followed the nucleation theory in
the temperature range of 52 to 111.9 °C. The depend-
ences do not show any transition. While the important
premise for nucleation theory is no longer satisfied be-
low 85°C, the nucleation theory in the growth of
facetted crystals still seems to work for rough sur-
faces. This is the same paradox pointed out in the
growth of i#-PS crystals in solutions and from the
melt. The inconsistency between the morphological
change and temperature dependence of growth rate
is no longer a problem specific to i+-PS and hence
should be addressed as a general problem for the crys-
tallization of polymers. Still the size of the growth
unit is to be investigated, the pinning barrier mecha-
nism can be a candidate for the solution to the incon-
sistency.
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