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Kinetics of the solid—solid II-I phase transition of isotactic polybutene-1 was investigated. The fraction W
of phase I as a function of time t;; during the phase transition was measured by X-ray diffraction at various
temperatures Ty. The Avrami indices n of the Wi—t; plots are approximately unity for T > 288 K. A bell-
shaped temperature dependence of the transition rate V with the maximum transition rate at 285 K was
obtained. The V—Ti; curve and the Avrami index n = 1 suggest that the rate-determining process is primary
nucleation. The dependence of V on Ty, for Ty < 283 K is described by the William—Landel—Ferry (WLF)
equation, which shows that the glass transition affects the transition rate. The Avrami index decreases to
n<1 for Ty <283 K, indicating a broadened distribution of the transition rate caused by the spatial
heterogeneity of the amorphous state at low temperatures near the glass transition. Those evidences at low
temperature clearly suggest that the solid—solid phase transition is influenced by the mobility of chain
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folding, tie chains and cilia in the amorphous between the stacks of lamellar crystals.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding the kinetics of first-order phase transitions such
as crystallization, solid—solid phase transitions, etc. is important for
materials science and engineering, and this is reflected in many
kinetic studies that have been made on first-order phase transitions,
and in particular on the topic of crystallization [1—3]. However, with
regards to the studies of the kinetics of solid—solid phase transitions,
there has been a difficulty of direct observation of transitions, which
quite often completes in a short time interval. In recent years, an
experimental technique has been developed that makes it possible
to investigate the kinetics of first-order solid—solid phase transi-
tions in dielectric materials [4,5], metal alloys [6,7], and other low-
molecular-weight materials [8—12]. In long-chain materials and
polymers, the solid—solid phase transition is comparatively slow
processes, and the kinetics has been studied by time-resolved
observation [13—15].

In this article, we present a study of the kinetics of the solid—
solid phase transition in a crystal of isotactic polybutene-1 (iPBu-1).
The material iPBu-1 is a typical semi-crystalline polyolefin polymer.
Because of its good thermal-barrier properties and creep strength,
iPBu-1 is widely used as feed-pipe material for hot water pipes. The
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iPBu-1 crystal exhibits a solid—solid first-order phase transition
from phase II to phase 1 [16,17]; the crystal data of phases I [16,18]
and II [19,20] are listed in Table 1.

The II-I phase transition is known to be very slow and needs
more than a few days to complete at room temperature. Therefore,
partly because of the possible influence on the practical application,
the II-I phase transition has been widely investigated [21—29] with
the conclusion that it is metastable to the most stable phase tran-
sition. Possible free-energy curves of the crystalline phases I and Il
as well as of the liquid phase (L) are shown in Fig. 1, which also
shows the phase-transition behavior. When iPBu-1 is cooled from
the liquid state (L) to a temperature below the melting points of
phase I (Ti—L) and phase II (Ty—r), it first crystallizes into the
metastable phase Il and subsequently transforms to the most stable
phase 1. This sequence of phase-transition steps is the result of
Ostwald’s step rule.

Several experimental studies [24,27] have reported that primary
nucleation of phase I in the phase II crystallite is the rate-deter-
mining process of the II-I transition. The results of transmission
electron microscopy (TEM) [27] studies provide experimental
evidence that when one primary nucleus forms in a single phase II
crystalline domain, the nucleus quickly grows over the entire single
crystalline domain, completing the II-I transition. The temperature
dependence of the II-I phase transition rate of iPBu-1 has been
measured by means of dilatometry [21,22], and the transition rate
as a function of temperature exhibits a bell-shaped curve with
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Table 1
Crystal data for phases I and II of iPBu-1 crystal.
Phase  Unit cell Helix type a c Density Melting
(space group) (nm) (nm) (g/cm®) point (K)
1 Trigonal (R3c) 3/1 1.77 0.65 0.95 413.0
Il Tetragonal (Pl_lb2) 11/3 1.46 2.12 0.91 402.4

a maximum at room temperature. A similar type of temperature
dependence often observed for the polymer crystallization [30],
which is limited by the melting point at high temperature and by
the glass transition at lower side. For the bell-shaped rate of the II-I
phase transition, it is also reasonable that the rate is limited by the
II-I transition temperature (Ti_j) at high-temperature side. On the
other hand, at lower temperatures, even for the solid—solid phase
transition, it can be possible that the molecular dynamics in the
amorphous controls the transition due to the existence of chain
foldings, tie chains, and cilia in the amorphous between the stacks
of crystalline lamellae. This behavior is considered to be significant
at temperatures near the glass-transition temperature, at which the
segmental diffusion of the molecules is depressed and the transi-
tion is set the lower limit.

In this study, we examine the time evolution of the fraction of
a new phase during the solid—solid phase transition at various
temperatures Ty, and the effect of the glass transition on the
transition rate will be discussed. The variation of the phase I frac-
tion W with time t; was measured by using in situ wide angle
X-ray diffraction (in situ WAXD). It is known that the II-I phase
transition in iPBu-1 homopolymer proceeds at a very slow rate and
the transition takes a few days even at room temperature, for which
the transition rate is a maximum. In order to examine the transition
behavior in a wide temperature range in the time scale accessible
for us, we examine the transition of the buten-1-propylene random
copolymer (iPBu-1 copolymer), in which the I[I-I phase transition is
accelerated [31].

2. Experimental

The iPBu-1 copolymer sample used in this study was provided by
SunAllomer Ltd., and contained 5.6 wt% of propylene monomer. The
number-average and weight-average molecular weights (M, and
Mu, respectively) of the iPBu-1 copolymer sample were 1.22 x 10°
and 5.00 x 10°, respectively. The glass-transition temperature Tg of
the sample was about 251 K.
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Fig. 1. Possible free-energy curves of iPBu-1 and its phase-transition behavior.

The time t; development of the fraction Wj of phase I during the
[I-I phase transition was observed via in situ WAXD. About 3 mg of
the iPBu-1 copolymer was melted at 433 K for 10 min and was
crystallized at 333 K. The II-I phase transition proceeds very slowly
at 333 K. After the crystallization process, the sample was rapidly
mounted onto the X-ray goniometer. The sample temperature T
was controlled by flowing temperature-controlled nitrogen gas
over the sample by using an Oxford Cryostream Cooler (Oxford
Cryosystems), which gives a temperature precision of +0.5 K. In
this way, time-resolved WAXD patterns were collected at each
appropriate time period. The X-ray diffraction equipment consisted
of a Bruker AXS DIP220 with an image-plate X-ray detector, and
monochromatic Cu-Ko. radiation was used (40 kV, 250 mA). The
exposure time was 5 min for one shot.

3. Results and discussion
3.1. II-I transition rates and kinetics

Fig. 2 shows X-ray diffraction profiles obtained at ti; = 0, 40, 150,
255, and 390 min during the II-I phase transition at 293 K. The 110
Bragg reflection peak of phase I (110;) and the 200 Bragg reflection
peak of phase II (200y) are observed at 26 =10.1° and 12.1°,
respectively. The intensity of the 200 Bragg reflection of phase II
decreases with time, whereas that of the 110 reflection of phase I
increases. Thus, the II-I phase transition is confirmed by WAXD.
The fraction W of phase I is obtained by the following equation:

1(110;)
(110;) + a-1(200;)’

where I(110;) and I(200y) are the integrated intensities of the 100
and 200y reflections, respectively, corrected by the Lorentz-polar-
ization factor. The coefficient « in Eq. (1) is a function of T; and is
given by

(1)

Wl(ttr) = I

J(110y)-|F(110y)*-D(110y)
(I(Ttr) = - 2 5
J(200y)-|F(200;)|“ - D(200y)

where j(110;) and j(200y) are the multiplicities of the 110; and 200y
reflections, F(110;) and F(200y) are the structure factors of the two

(2)

T T T T T

T,=293K 110,

fy = 390 min 200y
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Fig. 2. X-ray diffraction profiles at t; =0, 40, 150, 255, and 390 min during the II-I
phase transition at T, =293 K.
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reflections, and D(110;) and D(200y;) are the Debye—Waller factors.
The multiplicities of the two reflections are j(110;))=6 and
j(200y) = 4. Because the crystal-structure detail in phase Il has not
yet been determined, the structure factor F(200y) and the
Debye—Waller factor D(200y) cannot be calculated. Therefore,
under the assumption of the conservation of crystallinity, the value
of a at each T is estimated from the changes in the integrated
intensities of the Bragg reflection peaks with time by using

o(Ty) = —[dI(110y)/dt]/[dI(200)/dt]. (3)

Fig. 3 shows time evolution of the fraction W. The data for W vs.
ty in Fig. 3 lie approximately on a curve given by the Avrami
equation [32]

Wi(te) = l—exp[— (v*-ttr)"], (4)

where V" is a transition rate coefficient and n is an Avrami index.
From Eq. (4), we derive

log[ — In(1 = W))] = n-log V" + n-log ty. (5)

Fig. 4 shows Avrami plots of Wj shown in Fig. 3. All data sets for
T lie on individual lines. Thus, the II-I phase transition of iPBu-1
copolymer can be discussed on the basis of Avrami’s theory [32].

Fig. 5 shows the dependence on Ty of the Avrami index n
obtained from the plots, such as shown in Fig. 3, by Eq. (4).
According to Avrami’s theory, the index n exhibits the geometric
growth mode of a new phase (phase I) from a matrix phase (phase
II) during a phase transition. The values of n at temperatures above
288 K are about unity, as has been reported for homopolymer [26].
For n=1, a possible characteristic process of the II-I phase tran-
sition is one-dimensional growth from multiple primary nuclei
(heterogeneous nucleation) or homogeneous primary nucleation
and “zero-dimensional growth”. In the previous study by Kopp
et al. [27], the formation of a single primary nucleus of phase I and
its rapid three-dimensional growth in a single crystalline domain of
phase Il were confirmed, as mentioned in the Introduction. Thus, it
is concluded that the geometric image of the II-I phase transition
of iPBu-1 copolymer is homogeneous nucleation and “zero-
dimensional growth”. Generally, the iPBu-1 copolymer consists of a
great number of small crystalline lamellar domains. When a single
primary nucleus forms in a crystalline domain, the nucleus rapidly
grows over the domain. Then, the fraction of the remaining phase II
domains decreases sporadically with the primary nucleation in the

1.0

Wios

0.0 =

log[t,, /min]

Fig. 3. Time evolution of the fraction of phase I (W)) at T,y =258 (), 268 (A ), 293
(I"1) 308 (W), and 313 K (<>). The curved lines represent the fitting by Eq. (4).
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Fig. 4. Avrami plots of W shown in Fig. 3: Ty = 258 (), 268 (A ), 293 (| 1) 308 (V/),
and 313 K (<) with the slopes of the fitting lines 0.68, 0.59, 0.92, 1.08, and 1.04,
respectively.

domains. In other words, the rate-determining process of the II—I
phase transition of the iPBu-1 copolymer at temperatures above
288 K is primary nucleation. For temperatures below 288 K, on the
other hand, the Avrami index n becomes lower than one with
decreasing temperature. The Avrami model of the homogeneous
nucleation fails to explain the index n < 1, the physical meaning of
which will be discussed in a subsequent section in detail.

Fig. 6 shows the temperature dependence of the II-I transition
rate of the iPBu-1 copolymer. The transition rate exhibits a bell-
shaped temperature dependence with a maximum near 285K,
similar to what is found for the iPBu-1 homopolymer [21,22].
Assuming that primary nucleation controls the II—I transition rate,
then the II-I transition rate must be proportional to the primary
nucleation rate.

In this case, the temperature dependence of the transition rate is
described by the following theoretical equation:

AG”
V(Te) = Vf/"ﬁ(T“)'eXp<l<B~Ttr>’ (6)
1.5F | I I I il
9]
;| Sy s fe T
v, :.
®
-~
0. e®
0.5+ ¢ o)
0.0 1 1 1 L
240 260 280 300 320
T, /K

Fig. 5. Dependence of Avrami index n on Ty, obtained by fitting of the plots, such as
shown in Fig. 3 by Eq. (4).
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Fig. 6. T,; dependence of the transition rate V" obtained by fitting of the plots, such as
shown in Fig. 3 by Eq. (4). The broken and solid curves represent the results of fitting
by Eqgs. (16) and (17) for T_;; =420 K, respectively.

where V], is a constant, §(Ty) is a molecular diffusion factor, AG" is
the free energy for formation of a critical nucleus, and kg is the
Boltzmann constant. The exponential factor of the critical nucleus
in Eq. (6) mainly determines the behavior of V on the high-
temperature side of the maximum in Fig. 6. According to the
general nucleation theory, AG" for three-dimensional primary
nucleation is in the following form:

. B
= (7)
f(AT2)
where B is a constant, AT = Tj_j; — T is the degree of supercooling

from the transition temperature T;_y, and f(ATZ) is a function of AT.
At low supercooling, flAT?) can be regarded just as AT But for
higher supercooling as in the present case of AT > 100 K, due to the
temperature dependences of the heat and entropy of transition, we
need to consider additional terms. Under the assumption of
constant heat capacity difference between phase II and I, f[AT?) is
approximately expressed as

f(AT2> =AT2 — 2AAT3 + A2AT?, (8)
where A is given by the difference in the heat capacities [33] of

phase II (cyp) and of phase I (cip) and by the heat of transition
(Ahy_y), as follows:

_Acgp
Acigp=cpp(Tion) — ¢ p(T—y) = 0.310 J/g K, (10)
Ahp_y(Ty—y) =Ahp_(Tj—1) — Ahy_(Ty—) = 118 /g, (11)

where the heat of fusion of the respective phases at the transition
temperature Ti_y is approximated by the value at the respective
melting points, Ah;_(Ti—1) and Ahy_i(Ty—1), which were obtained
by differential scanning calorimetry. It is noted that approximately
form of fIAT?) in Eq. (8) gives us the very close value to that
obtained with the following well-known correction factor
proposed by Hoffman [34] for polymer crystallization,

2T, 2
2\ - tr
fon (812) = (521 aT) (12)

Assuming that the primary nucleus of phase I is a hexagonal
prism, where the side surfaces are the (100) and its five equivalent
planes and (001) plane is the basal plane, the constant B in Eq. (7) is
given by

p - 1050 e, (13)
=1

where o5 is the surface free energy of the {100} interface between

phases I and II, and o, is the surface free energy of the {001}

interface.

With regard to the molecular diffusion factor §(Ty;) in Eq. (6),
since the transformation proceeds in the solid phase, the applica-
bility of the following Arrhenius-type temperature dependence
should be examined first,

ﬁ(h)mexp(—%), (14)

where E is activation energy for molecular diffusion and R is the gas
constant. In the present case, however, the observed temperature
dependence of V is not explained well by Eq. (14) as shown below.
Therefore, we apply the William—Landel-Ferry (WLF) type
[35—38] as the temperature dependence for 3(Ty),

where U* is the effective activation energy for chain diffusion and
Ty is the Vogel temperature, which is experimentally given as
Ty = Ty — 51 K for the viscosity and molecular mobility in the liquid
state. The WLF factor introduces the effect on chain diffusion of the
glass transition of polymer molecules and appears to explain the
temperature dependence of the growth rate of polymer crystals
[39]. By using Egs. (7) and (14) or (15), Eq. (6) becomes

E B
V(Ter) = Voexp (‘m) exp l: - kBTtrf(ATZ)] ) (16)

U B
V(Ttl‘) = Voexp<—m>€Xp|:—m:| 5 (17)

for the mobility factors of Arrhenius and WLF type, respectively,
where V) is a constant.

The observed temperature dependence of the II-I transition
rate V* was fitted by Eqgs. (16) and (17). The optimizing parameters
are Vj, E, B, and T,_j; for the Arrhenius type and Vg, U, Ty, B, and Ti_y
for the WLF type, respectively. Among them, the transition
temperature (Ti—j) should be higher than the melting point of
phase I (Ti—L), as shown in schematic diagram of Fig. 1. We have
fixed Ti_y in the range of 410—460 K and examined the optimiza-
tion of the fitting with other parameters. The result of the fitting for
Ti-n1=420K is shown in Figs. 6 and 7. The fitting was satisfactory
for the examined range of Tj_j and the parameters obtained for the
WLF type are shown in Fig. 8. This result indicates that the rate-
determining process of the II-I transition is primary nucleation,
and is consistent with the result of the Avrami analysis of time
evolution.

Assuming that ce=0s and by using ca. Blkg=6.7 x 10’ K
optimized for Ti_;; =420 K in Fig. 8, the surface free energies

0e = 05 = 1.3 x 1072 J/m? (18)

are obtained. According to the kinetic study on the crystallization
of iPBu-1 by Yamashita et al. [20], the surface free energy of the
end interface between phase I and the amorphous phase is
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Fig. 7. Plots of In V" + U"/R(Ty; — Ty,) and In V" + E/RT,; vs. [T f(AT?)]~ . The broken and
solid lines represent the result of fitting by Eqgs. (16) and (17) for T\_;=420K,
respectively.

Oe1-L=5.4 x 1072 ]/m?, and that between phase II and the amor-
phous phase is cey_L=5.7 x 1072 ]/m?. Compared with those
values by Yamashita et al. [20], the g. and ¢ values determined in
this work are in the same order. In the present case, the surface free
energies g. and ¢ correspond to the crystal—crystal (I-II) interface.
On the other hand, g¢j—1 and e j— are the surface free energies
between the crystalline and liquid phases. Therefore, it is easy to
understand that e and o5 are smaller than o -1 and gej—1. Thus,
we consider the surface free energies obtained in this work to be
reasonable values.

3.2. Effect of molecular diffusion on the II—I transition rate

In Figs. 6 and 7, the results of the fitting by Eq. (16) of the
Arrhenius type are shown as well as fitting by Eq. (17) of the WLF
type. Although the fitting is satisfactory also for the Arrhenius type,
there is a serious problem in the prefactor Vj. As seen in Fig. 7, Vj of
Arrhenius type becomes unacceptably high; e.g. for Tj_j; =420K,
Vo >10% min~! which is higher than the attempt frequency kpTi/
h ~ 6 x 10'2 Hz by more than 10%°, where h is a Planck’s constant.
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Fig. 8. Kinetic parameters, Ty (@), U" (A ), Vo (1), and B/kg (W), obtained by fitting of
the plots such as shown in Fig. 6 by Eq. (17) for the respective T,_j.

The factor will also include large number of nucleation sites, but for
the primary nucleation in the crystal domains of submicron size,
the factor of 10°° will be unacceptable. For this reason, the mobility
factor represented by the Arrhenius type has been dismissed. On
the other hand, as shown in Fig. 8, Vj of the WLF type will be within
the acceptable range not far from kgT/h.

It is well know that the WLF equation (Eq. (15)) is based on self-
diffusion in a polymer liquid [35—38] and the segmental motion of
molecules in the amorphous phase. Furthermore, the effect of the
glass transition of polymer molecules on chain diffusion is taken
into account by the WLF formula. The phase transition seems to
freeze at the Vogel temperature. Thus, this result indicates that the
[I-I transition rate is affected by the glass transition of the
molecules.

For viscosity measurements, the effective activation energy of
chain diffusion, U* ~ 17 kJ/mol, and the Vogel temperature,
Ty = T — 51 K, are usually used as “universal” constants [36]. The
obtained values of ca. U'=5.5k]/mol and Ty=217 = Ty — 34K
(with Tg = 251 K) for Ty = 420 K in this work seem to be out of the
rage for the viscosity. For polymer crystallization, however,
U" ~ 6.3 kJ/mol and Ty = Ty — 30 K are often used as optimized set
parameters [34]. If anything, U* = 5.5 k]/mol and Ty =217 K in this
case are comparable to the latter values reported for polymer
crystallization.

The glass transition is generally peculiar to amorphous mole-
cules. Although the II-I phase transition is a solid-to-solid phase
transition that occurs in the crystalline region, the transition
process needs the diffusion of chain segments in the amorphous
region by following reason. The crystalline polymer material has
a stacked lamellar structure that alternates between the crystalline
lamella and the amorphous lamella. Some molecules, such as “cilia”
and “tie” molecules, pass through both the crystalline and amor-
phous phases alike, and molecular rearrangement in the crystalline
lamella must accompany the molecular motion in the amorphous
region. If the mobility of chain segments in the amorphous region
decreases with decreasing temperature because of the glass tran-
sition, the movement of chain segments in the crystalline region
may be regulated, too. The existence of rigid amorphous fraction at
the interface of the crystal and amorphous phases may also
contribute the regulation [40,41].

Another scenario may be proposed to explain the effect of the
glass transition on the transition rate at low temperature. Phase Il is
typical CONDIS crystal [42,43], in which the molecular packing is
loose and the molecules diffuse by hopping between different
conformational states. In such an environment, the phenomenon of
freezing the molecular motion is similar to the glass transition and
is expected to appear. The glass-transition-like behavior may lower
the phase-transition rate. Further investigations are required to
substantiate this speculation.

3.3. Effect of glass transition on the II-I transition rate

The present study makes it clear that the Avrami index becomes
lower than unity with decreasing temperature. In studies on the
glass transition, it is often confirmed that relaxation processes, such
as dielectric relaxation, mechanical relaxation, etc., in supercooled
liquids at temperatures near the glass-transition temperature can
be described by a stretched-exponential form of the relaxation
function ¢(t):

o(t) = eXp[f Gﬂ (19)

where vy is an index (0 <y < 1), and t is a characteristic relaxa-
tion time [38,44,45]. The stretched-exponential behavior of the
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Fig. 9. Cooperatively rearranging regions (CRRs) in the amorphous lamella.

relaxation is explained by the spatial heterogeneity of the velocity
of molecular segmental motion; i.e. the more broadened relaxa-
tion-time distribution corresponds to the smaller index, y < 1 [46].
For the transition rate V, the index n<1 in Eq. (4) can also be
interpreted as stretched-exponential behavior; in this case the
behavior arises from the broadened distribution of the transition
rate V.

Generally, in many types of supercooled polymer liquids, spatial
heterogeneity is observed at temperatures near the glass-transition
temperature, which may be explained by the concept of coopera-
tively rearranging regions (CRRs) [46,47], as shown in Fig. 9.

According to this concept, the entire amorphous region is divided
into many CRRs that include several chain segments moving coop-
eratively; the velocity in one CRR is different from that in another
CRR.In this way, the spatial heterogeneity appears in the amorphous
region. The present results indicate that the II-I transition rate in
one crystalline lamella is controlled by the changing velocity of the
surrounding amorphous molecules around the primary nucleation
site at low temperatures near the glass-transition temperature.
Therefore, we suggest that the broadened distribution of V is caused
by the spatial heterogeneity of the amorphous region.

The sample used in this work was the bulk one. The II-I phase
transition of iPBu-1 is a phenomenon which occurs in the crystal-
line region. Therefore, the transition can be observed for a single
crystal sample as well as for a bulk sample [27,48]. However, there
is a possibility that the II-I phase-transition rate for a perfect single
crystal may be different from that for a bulk sample. As mentioned
above, the experimental results for the bulk sample evidently show
that the solid—solid phase transition in the crystal seems to be
influenced by the glass transition in the surrounding amorphous
molecules. Since it is impossible to apply the same method used in
this work to the measurement of the transition rate for a single
crystal sample, the direct comparison between the II-I transition
rates in a bulk system and a single crystal here. Even though an
isolated single lamellar crystal is used, the amorphous-like chain
segments, which are for example the chain foldings, the cilia
molecules, are considered to remain at the end surface of it.
Therefore, it is considered to be difficult to measure the transition
rate for a pure bare single crystal. One interesting experimental
result of the II-I transition rates of single lamellar crystals was
shown by Lii and Yang [49]. According to them, the II-I phase-
transition time of iPBu-1 seems to be generally prolonged from 9
days for carbon-uncoated single lamellar crystal samples to 120
days for carbon-coated samples. The former is same order as our
data for a bulk sample. They also concluded that this phenomenon

is attributed to a surface fixing effect of evaporated carbon. The
confinement of the mobility of the local amorphous-like chain
segment at the crystal surface seems to retard the phase transition.
This concept is considered to be very similar to our conclusion.

4. Conclusion

We have presented a study of the kinetics of the II-I phase
transition of iPBu-1 crystals, in which we measured the dependence
of the transition period t; on the fraction W of phase I crystal. For the
[I-I phase transition of iPBu-1 at high temperatures, we find through
an Avrami analysis of Wj(ti;) that the Avrami indices n ~ 1. This
indicates that the rate-determining process of the II-I phase tran-
sition of iPBu-1 is primary nucleation. The transition rate Vat various
temperatures T was estimated from the time evolution of W(ty).
The dependence on Ty of V gives a bell-shaped curve with
a maximum at 285 K. This result is thoroughly explained by the
combination of the nucleation theory and the WLF equation.

From the V—Ti behavior at temperatures above the W(Ty)
maximum, we reconfirm that the rate-determining process of the
transition is primary nucleation. However, the V—T; behavior in the
low-temperature region below the maximum is well described by
the WLF equation, which predicts the freeze of the phase transition
at the Vogel temperature Ty. This suggests that the II-I phase
transition in the low-temperature region is affected by the glass
transition. At low temperatures, the time evolution is expressed by
a stretched-exponential function, indicating a broadened distri-
bution of the transition rate. This result indicates that the II-I
transition rate at a low temperature is affected by the spatial
heterogeneity of the molecular motion, which is peculiar to the
glass transition.
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