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ABSTRACT: The melting behavior of double crystalline pehgaprolactoneplockpolyethylene (PCLbk-PE)
copolymers, crystallized at various temperaturgbelow the melting point of both blocks, has been investigated

by time-resolved small-angle X-ray scattering with synchrotron radiation-&#(S), conventional wide-angle
X-ray diffraction (WAXD), and differential scanning calorimetry (DSC). The melting temperature of PCL blocks
TmpcL Was ca. 56°C and that of PE block3y, pe was ca. 96°C, so that the PCL blocks melted first during
heating followed by the melting of PE blocks. This melting behavior was unique when compared with that of
crystalline homopolymers and crystallinamorphous diblock copolymers. That is, the long period (LP) of the
lamellar morphology, an alternating structure consisting of thin crystals and amorphous layers, decreased
considerably aff, pci for PCL-b-PE crystallized at every, investigated (22C < T, < 50 °C). Upon further
heating fromTnpc, LP decreased gradually for PG-PE crystallized at higheT; (>40 °C) (h-PCLb-PE)

while it was constant for PCb-PE crystallized at loweT, (<40 °C). The morphology appearing in h-PQ-

PE betweely, pc. and T, pe Was metastable, and the gradual decrease in LP during heating originated from the
continuous rearrangement of the PE lamellar morphology facilitated by the melting of thinner PE crystals, which
were previously formed by the crystallization of PCL blocksTat

1. Introduction blocks to yield a new morphology more favorable for PCL

The crystallization behavior of double crystalline block Crystallization. Therefore, the melting behavior of PBRE
copolymers is extremely complicated depending on the molec- 1S €xpected to be intimately dependentiaecause the starting
ular characteristics, in particular, the melting temperafiye ~ Morphology is significantly different.
of constituent block$ When Ty, values of two different blocks The melting behavior of crystalline homopolymers has
are close enough we can expect a simultaneous crystallizatior€Xtensively been investigated so #ar¥® and much information
of both the blocks by quenching from a microphase-separatediS available on the detailed morphological change during heating.
melt into low temperatures to yield an interesting morphology 't is well-known from these studies that lamella thickening
that is never observed in binary crystalline/crystalline polymer Occurs during heating to yield a steady increase of the long
blends. This is the case for the di- and triblock copolymers Period (LP), the sum of thin crystal thickness and amorphous
consisting of poly(ethylene oxide) (PEO) and petg@pro- !ayer thlckness, of the !amellar mprphology. We_ have previously
lactone) (PCL), and several studies are reported for the uniqueinvestigated the melting behavior of crystallin@morphous
crystallization behavior and resulting morpholdgg.on the ~ diblock copolymers, PClblockpolybutadiene (PCLb-PB), and
other hand, whefTy, of one block is sufficiently higher than ~ found that LP did not change at all during heating up to
that of the other, we have a different story; that is, we expect Tmpc.:>+3*This is because the crystallized lamellar morphology
a separate crystallization of two blocks, where the highgr- IS controlled by a delicate balance between PCL lamellar crystals
blocks crystallize first to yield a crystallized lamellar morphol- @nd amorphous PB layers; that is, the thickening of PCL
ogy and subsequently the low&; blocks crystallize starting lamellae brings about a free energy penalty for the confor_matlon
from this lamellar morphology. There are also some studies of amorphous PB blocks. We concluded from these studies that

on the crystallization behavior for such double crystalline the melting behavior of crystallireamorphous diblock copoly-

copolymergio-26 mers was substantially different from that of crystalline ho-
We have recently investigated the crystallization behavior and Mopolymers. _ . . .
resulting morphology of PClblock-polyethylene (PCLb-PE) In this study, we investigate the melting behavior of double

copolymergl-22whereT,, of the PCL blocksT, pcL Was ca. 56 crystalline diblock copolymers, PCh-PE, where the starting
°C and that of PE block§mpe 96 °C, and found that the ~ morphology depends significantly oft, and therefore, we
crystallization behavior was greatly influenced by the crystal- €xpectTc-dependent melting behavior during heating. This is
lization temperaturde. As a result, the final morphology after ~ the motivation of this study, and we try to explain the
the crystallization of PCL blocks also depended significantly Ccharacteristic melting behavior of PG-PE mainly observed
onTg; at lowerT, (<35 °C), the PCL blocks crystallized within by time-resolved small-angle X-ray scattering with synchrotron
the pre-existing PE lamellar morphology (i.e., an alternating radiation (SR-SAXS) from the viewpoint of the unique
structure of thin PE crystals and amorphous layers) as a templateNorphology formed in crystallinecrystalline diblock copoly-
while at higherT, (>38 °C), the PE lamellar morphology was Mers.

distorted or partially destroyed by the crystallization of PCL 2. Experimental Section

* Corresponding author. Telephoreg1-3-5734-2132. Fax:-81-3-5734- 2.1. Materials. The samples used in this study are double
2888. E-mail: snojima@polymer.titech.ac.jp. crystalline PCLb-PE diblock copolymers, which were obtained by
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Table 1
PCL:PE EBC Tmpc®  Tmpd
M2  My/My®  (vol%) (mol%)  (°C) (°C)
A2 11000 1.09 69:31 6 55 97
A3 18000 1.18 51:49 5 56 95

aDetermined by membrane osmomethpetermined by GPC: Deter-
mined by 1H NMR (EB: ethyl branch).Determined by DSC for the
samples crystallized at room temperature.
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Figure 1. Thermal history applied to the sample: (a) heating at a

constant rate (ca. 3/min) fromT; up to Tmeeand (b) annealing ak,
betweenTmpc and T pe

the hydrogenation of PCb-PB diblocks anionically synthesized
under vacuum. The methods of P®EPB synthesis and the
subsequent hydrogenation were already repc#tétt334We used
two PCLb-PE copolymers (designated by A2 and A3) in this study
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the SR-SAXS measurement was made until PE blocks completely
melted (i.e., up to 120C). In second thermal history (Figure 1b),
the sample crystallized &t was quickly transferred to a high-
temperaturd, betweenly, pc. and Ty, peand annealed at, where
PCL blocks melted completely while PE blocks still crystallized,
so that the recovery process of the deformed PE lamellar morphol-
ogy was expected during annealing. The-SFAXS measurement
was continued until the scattering curve did not change any more.

2.3. Differential Scanning Calorimetry (DSC) Measurements.
A Perkin-Elmer DSC Pyris | was used with a heating rate of 10
°C/min to obtainTy pe and Tr pc and also crystallinity of each
block (ype andypcy) for A2 and A3 crystallized at variouk; ranging
from 5 to 50°C. In addition, the change igpe and ypc. against
crystallization timet, was obtained for A2 crystallized at = 25
°C (where both PCL and PE blocks crystallized) to investigate the
possibility of the residual (or secondary) crystallization of both
blocks over a long time. The melting temperature was defined as
the temperature at which the endothermic peak was maximum and
xi (i = PCL or PE) was calculated from the endothermic peak area
AH; by

2% = AHJ(AH) @

WhereAHi0 is the heat of fusion for perfect PE crystalsA77
JIg®) or PCL crystals £135 J/d7), andf; is the weight fraction of
each block in PCLb-PE. The DSC exothermic curve during cooling
at a rate of 1C/min was preliminary measured to estimate the
crystallization temperature of each block, where the PE block
crystallized at ca85 °C and the PCL block at c&5 °C. The
temperature and area calibration was performed with inditim (
= 156.6°C) andn-octacosanol T, = 83.2°C).

2.4. Wide-Angle X-ray Diffraction (WAXD) Measurements.
WAXD measurements were performed by using a conventional
equipment (RIGAKU NANG-Viewer) with an image-plate (IP)
detector. The sample thickness wasZeam for all measurements
and the distance between the sample and IP was ca. 80 mm. The
2D WAXD pattern obtained was circularly averaged and relative

to check the generality of melting behavior observed, and their intensity was evaluated as a function of diffraction angleafter
molecular characteristics are shown in Table 1. Both copolymers the hackground correction. Characteristic diffracted intensities were

contain a small amount of ethyl branch (EB). This EB yielded a
broad melting range of PE blocks with the significant reduction of
crystallinity and melting temperature (comparable with the literature
values for model polyethylenes with various branch con#énts

and therefore the resulting PE lamellar morphology may have a
different degree of confinement for the subsequent crystallization
of PCL blocks when compared with the case of linear polyethylenes.

The crystallization behavior and resulting morphology of A2 and
A3 were already reportedd;22and they depended intimately on the
crystallization temperaturg.; at lowerT, (<35 °C) the PCL block
crystallized within the existing PE lamellar morphology as a
template while at highef, (>38 °C) it crystallized by distorting
and/or partially destroying the PE lamellar morphology.

The melting temperature of PCL blocKs, pc. is ca. 56°C and
that of PE blocksTy, peis ca. 96°C, so that the PCL block melts
first during heating to reproduce the PE lamellar morphology
followed by the melting of PE blocks at a high-temperature range
(~100 °C). Therefore, we can expectTa-dependentestoration
of the deformed PE lamellar morphology just after the melting of

PCL blocks, because the degree of deformation is highly influenced

by T., as mentioned above.

2.2. Thermal History Applied to the Samples.We used two
kinds of thermal history to observe the melting behavior of PCL-
b-PE by SR-SAXS, which are shown in Figure 1. The oréder
disorder transition temperature (ODT) of microdomain structure is
above 120C for both samples, but the starting morphology at 120
°C (microdomain structure) is completely replaced with the PE
lamellar morphology during quenching, from which the PCL block
starts to crystallizé?

In first thermal history (Figure 1a), the sample crystallized@at
for a long time was heated at a constant rate (c&C/nin) and

finally obtained as a function df. to evaluate the change in the
crystallinity of each block.

2.5. Time-Resolved SR-SAXS Measurements.The time-
resolved SR SAXS measurements during heating or annealing
were performed at Photon Factory in high energy accelerator
research organization, Tsukuba Japan, with a small-angle X-ray
equipment for solution (SAXES) installed at beamline BL-10C.
Details of the equipment and the instrumentation are described in
our previous publication®:38The scattered intensity was recorded
with a one-dimensional position-sensitive proportional counter
(PSPC). In addition, the incident beam intensity with wave length
A = 0.1488 nm was monitored at before and after the sample by
two ionization chambers for the evaluation of the frame-by-frame
transmission factor of samples and also for the correction of a minor
decrease in intensity during measurements. The SRXS curve
measured was corrected for the background scattering and the
absorption by samples, but not for the smearing effect because
SAXES employed a point-focusing optics. The SAXS curve after
multiplying the Lorentz factor=4xs?) was finally obtained as a
function of s defined bys = (2/1) sin 6, where @ is the scattering
angle.

2.6. Analysis of SR—=SAXS Curves.The SR-SAXS curve had
an intensity peak arising from an alternating structure consisting
of crystalline (PE or PE+ PCL) lamellae and amorphous layers
during heating and annealing. We obtained the long period (LP)
of this structure, peak intensity, and full width at half-maximum
(fwhm) of the peak as a function of temperature (for heating
process) and annealing time (for annealing process).

We also obtained the temperature dependence of invap@ant
during heating, which is defined by
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QM = [, (s ds @
In our SR-SAXS study, however, the time-resolved SAXS curves
were limited to a finite angles(< 0.3 nnT!) owing to the fixed
geometry of the apparatus, so that the wider-angle intensity could 3
not be experimentally obtained. When scattered data in the wide-i
angle region are not available, it is usual that the background’é
scatteringly, is considered constant and the scattered intensity is §
approximated by Porod’s law extrapolation expressed as 2
I(s)s* = constantt 1,s* (3) £
3
The slope in a plot of(s)s* vs s* givesly, arising from composition g
fluctuation. S
Q(T) contains information on the morphology during melting — ;
and can be expressed by a mean-square difference in the electron ¢-00 0.05 10 0.15
density [Ap?Camong different phases s (om)
Figure 2. Typical time-resolved SRSAXS curves during heating at
QM= kaZD 4 f[:i;g °C/min from 39 to 115C for A2 crystallized at 42C for a long
wherek is a constant relating to the X-ray irradiated volume. PCL- o .
b-PE takes a microdomain structure at high temperatur&s, 6o, considering the electron density of PCL crystats03 e/nnj),
so that the system consists of two phases, i.e., amorphous PCLPE crystals£340 e/nni), amorphous PCL=337 e/nni at 100
and PE phases. In this cagkp?[Ican be written as °C), and amorphous PE=@89 e/nm at 100 °C) at each
temperature during heating. That is, the electron density contrast
D °T= (ppea— PreLd Bpe(l — dpc) (%) in the system considerably decreases by the melting of PCL

crystals afly, pci to yield an appreciable decreasd.ihat T pcL

where ¢pcL is the volume fraction of PCL blocks in the system, <1 < T .o On the other hand, substantially arises from the

andppe aand ppcLaare the electron density of amorphous PE and  4nirast between amorph P nd PE crvstalst-
PCL blocks, respectively, which can be evaluated from the contrast between amorphous Phey and crystass

e amorphous PCLgpe ¢ Or ppcL9 because the electron density
Legferature dependence of specific volumgT). For amorphous of PE crystals is nearly equal to that of amorphous PCL. A

small amount of PE crystals melts during heating, as we will
vefT) = 1.1696+ (1.77x 10°4)T (6) discuss later, and the volume fraction of amorphous¢BEa
(<0.5) gradually increases to yield the increase bécause
and for amorphous PCY, is roughly proportional tappe {1 — ¢pe,d(oPEa— PPEJ? WeE
obtained qualitatively similar SRSAXS curves for A2 and A3
vg(T) = 0.9106+ (6.01 x 10°HT @) crystallized at eacH..
Figure 3 shows the temperature dependence of LP (evaluated
wherevs(T) is in cf/g andT in °C. from the angular position of SAXS peaks) (a), peak intensity
At Tmpe > T > TnpcLthe PE blocks crystallize and eventually (b), full width at half-maximum (fwhm) of the peak (c), and

tphé sry]/stem h"és threehphasgél_thit IS, P.fE crystal phars]e, amorp{]‘oqﬁvariant (d) for A2 crystallized at 23C (low T) and 48°C
phase, and amorphous phase, if we assume that amorphoug.. . ; ot
PE blocks segregate completely from amorphous PCL blocks with ﬁngh Tc). We can find several important features characteristic

a sharp interface. In this ca&&o2Tcan be conveniently expressed of the melting in crystalline-crystalline diblock copolymers.

by the combination of two-phase systems, and givelt by First, a considerable decrease in LP is observéihat for
PCL-b-PE crystallized both at highl, and low T.. The
A0’C= (pe a— Prera)’ el — dpc)d — e + temperature at which the decrease of LP terminates exactly

2 2., , corresponds to the temperature at the minimum of peak intensit
(Prea™ Pred (1~ dpc) U 'pe(l — X'pd) + and inFi/ariant (dotted F:ines). Secont, pcL for P(F_)‘,L-b-PE /
(Ppcra— Pred Peci(l — dpc)ipe (8) crystallized at high'. is significantly higher than that at loW
) ) ) but T, peis similar for both cases. The differenceTip pc. for
where pee is the electron density of PE crystals, which can be g cases reflects the difference in the crystallization mechanism

evaluated by assuming that the specific volume of PE crystals is : eting i
1,00 cnilg irrespective of temperatuféand y'ee is the volume and eventually the size of PCL crystals existing in the system.

fraction of crystallized PE blocks against total PE blocks in the Furthermore, the temperature range of melting for PCL blocks

system. By substituting eqs 5 and 8 into eq 4, we carygetas is relatively narrow and that for PE blocks is wide (frd’rﬁ"PE
a function of temperature during heating. to Tp, pg Which are defined as flection points of LP in Figure
3a). These temperature ranges of melting for each block nearly
3. Results and Discussion correspond to those of the endothermic peaks observed by DSC
3.1. Time-Resolved SR-SAXS Curves during Heating. (Figure 5a). Third, LP continues to decrease upon further heating

Figure 2 shows the typical time-resolved SBAXS curves  from Ty pcl for PCLb-PE crystallized at highlc while it is
during heating at ca3 °C/min from 39 to 115°C for A2 almost constant for PCb-PE crystallized at lowl. until PE
crystallized at 42C, where we can see a complicated change blocks start to melt af = T, ¢ In this temperature range

in the SAXS curves; the peak intensityat s ~ 0.04 nnt? (e, TmpeL < T < T;’PE), the fwhm is also significantly
decreases appreciably Bt pci followed by a gradual increase  different between the two cases, suggesting the difference in
of | towardTm pgs and finally a couple of scattered peaks appear the regularity of PE lamellar morphology.

at Tym pg Which arise from a microdomain structure formed in These differences extracted from SBAXS curves certainly
the melt. These changes lircan be successfully explained by originate from the morphological difference in P®GLPE
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(square). The inset shows the thermal history applied to the sample.

crystallized at highl; and lowT.. In this study, we devote our
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Figure 5. (a) Typical DSC curve during heating at 13/min for A2

crystallized at 40C for 30 min. (b) The crystallization time dependence
of ypcL (circle) andype (square) for A2 crystallized at 25C.

One of the possible reason for this change in the PE lamellar
morphology may be the residual (or secondary) crystallization
of PE and/or PCL blocks &t after the completion of the
primary crystallization of PCL blocks, which is usually observed
in crystalline homopolymers over a long period of tidid.hat
is, this residual crystallization may yield a gradual change in
the crystal shape of PCL and/or PE blocks, and once the PCL
block melts completely afmpci, the deformed PE lamella
remains and eventually the system takes more favorable
morphology to reduce LP.

To verify the residual crystallization of each blocKTatover
a long time, we measured the change in crystallinity of PE and
PCL blocks afl; as a function of crystallization timg by DSC
and conventional WAXD techniques. Figure 5a shows a typical
DSC thermogram during heating for A2 crystallized at°4D
for 30 min, from which we evaluated the crystallinity of PE
and PCL blocksype andypct, separately. Figure 5b shows the
tc dependence gfpe (square) angpcy (circle) for A2 crystal-
lized at 25°C, whereypg is nearly constant irrespective tf
but ypcL increases steadily with increasitg indicating that

attention to (1) the considerable decrease in LP observed atth® PCL block crystallizes further after finishing the primary
TmpcLand (2) the temperature dependence of LP (i.e., gradual crystallization. This fact suggests the deformation of PE crystals,

decrease or no change dependinglgrduring heating Tm pcL
< T < T;.pa. and we mainly discuss these points.

3.2. Decrease in Long Period aflmpcL. Figure 4 shows
the difference in LPLiniias — Lsinai, before and after the melting
of PCL blocks plotted again3t for A2 (circle) and A3 (square),
where it is almost constant irrespective ©f but depends
somewhat on the sample (A2 or A3). This indicateg, is
different from the initial LP of the PE lamellar morphology
(Lpp); at T < 35°C, Liinal is significantly smaller thahpg, and
at T¢ > 35 °C Lina is larger or smaller thahpe depending on
Tc. Therefore, the PE lamellar morphology appearing just after
the melting of PCL blocks is not identical with that existing
before the crystallization of PCL blocks. That is, the PE lamellar
morphology changes substantially during the crystallization of
PCL blocks afT..

for example, partial melting and/or thinning of PE lamellae
facilitated by the increase gfeci because LP did not change
during crystallization over a long time & (which was verified
by the conventional SAXS method).

The crystallization-induced melting was first reported by
Hamley et al. for poly(-lactide)block-PCL (PLLA-b-PCL)
diblock copolymerg326where the crystallization of PCL blocks
yielded a partial melting of already crystallized PLLA blocks
in order to compensate the space previously occupied by
amorphous PCL blocks. The present DSC results do not clearly
indicate the melting of PE blocks by the residual crystallization
of PCL blocks, but it is also true that a small change in PE
crystallinity is difficult to evaluate because the PE melting
endotherm is diffuse angke contains much error thaypc,. If
PE lamellae are partially transformed into thinner crystals by
the residual crystallization of PCL blocks, the space on PE
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Figure 6. (a) WAXD patterns of crystallized PCL, high-density PE (HDPE), and A2. The WAXD curves for PCL and HDPE are shifted upward
for legibility. (b) Crystallization time dependence gfe:rc. for A2 crystallized at 25°C.

lamellae available for the accommodation of amorphous PCL 4F s 120 ' ' ' 7
blocks increases compared with the case just before the .§
crystallization of PCL blocks. Consequently, amorphous PCL _ 3L & -
blocks will approach to random-coil conformation after melt- £ § Te |-
ing*243to yield a moderate decrease in LP. H

The DSC results may contain extra phenomena during Y 2r 7
heating, for example, recrystallization of PE blocks usually _q
observed in crystalline homopolymers, which will smear the 1+ O -
facts occurring during the residual crystallization of PCL blocks O
at T.. Therefore, we complementarily employed WAXD method b O g (@)
to investigate the change jwe andypcL during the long-time 0 ;‘0 3'0 4'0 5'0 a

crystallization afT,.

Figure 6a shows the typical WAXD curves from PCL
homopolymer, high-density PE (HDPE), and PBIRE (A2) Figure 7. Change in long period,iniiai — Liinai, during heating from
crystallized at room temperature. Unfortunately the diffraction Tmpctto T, pe plotted againsT. for A2 (circle) and A3 (square). The
pattern from PE is almost identical with that from P&lLso inset shows the thermal history applied to the sample.
that it is impossible to evaluajge andypcL Separately, but the
time dependence of combined crystallinity of PE and PCL
blocks,yperpcL, can be obtained from the following equatitn,

Crystallization Temperature (°C)

between the residual crystallization of PCL blocks and the large
reduction of LP just after the melting of PCL blocks.

3.3. Temperature Dependence of the Long Period between
Tm,pcLand T;,PE. Figure 7 shows the change in LByija —

ﬂ;o SzlC ds Lfinat, during heating fronTy pcto T}, peplotted againsT. for
APEHPCL = " > 9) A2 (circle) and A3 (square). Up td. < 40 °C, it is almost
f(; Szlc ds+ Kj; 52|ad3 zero for both A2 and A3, indicating that LP does not change at
all during heating TmpcL < T < Tjpg. This result is
wherel. is the major diffraction intensity located aff 2= 21 ° consistent with our previous observation during heating for

(110 reflection both for PCL and PE crystals)the amorphous ~ semicrystalline PCLb-PB copolymers? On the other hand,
halo intensity, andk a constant expressing the ratio of diffraction WhenTc > 40°C the change is considerably large, which arises
efficiency betweerl; and |, and inherent in each crystallized from the gradual decrease in LP during heating (Figure 3a). It
block. Actually we decomposed the diffraction curves into may be a plausible reason that the scattering peak appearing at
several peaks (see Figure 6a, bottom) by a conventional TmecL < T < T}, peis the superposition of those from the PE
computer program to obtalg. Howeverl originated both from lamellar morphology (appearing at lower angle) and the

PE and PCL crystals and their volume ratideaatas unknown, microdomain structure (higher angle) and their ratio changes
so that it was impossible to calculatefrom literature values  with increasing temperature to yield the gradual decrease of
of each component. Therefore, we simply put= 1 in eq 9 LP. However, this interpretation is not consistent with our
and obtained. dependence ofperpct. This meangperpc is experimental results. That is, we calculated the composite SAXS
not the actual crystallinity of PB- PCL blocks, but it is only curves consisting of those from the PE lamellar morphology at
a measure for the change of REPCL crystallinity against.. 78 °C and the microdomain structure at 136, and obtained
Figure 6b shows the plot gfgrpcL againstte, whereyperpcr the bimodal scattering peak at every ratio, i.e., two scattering

increases almost linearly with increasiggindicating that the peaks could not merge into one at any ratio. This is because
residual (or secondary) crystallization of PE and/or PCL blocks two scattering peaks are extremely different in their position,
definitely occurs over a long period of time. From this fact, shape, and intensity.

together with DSC results, we conclude that the residual (or Figure 7 clearly indicates that the melting behaviof@pcL
secondary) crystallization of PCL blocks occurs after the primary < T < T;PE relates intimately tdl,, that is, the difference in
crystallization of PCL blocks, and further increaseef. might the starting morphology previously formed at by the
induce the thinning of already crystallized PE lamellae, because crystallization of PCL blocks. To elucidate the origin of this
total LP does not change during this process. At present, difference in the melting behavior between PGIRE copoly-
however, there is no direct evidence to show the relation mers crystallized at low and high, the temperature dependence
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>
of ¥'pe (eq 8) was evaluated fro@(T) and plotted in Figure 8. i;,, %
x'pe decreases slightly with increasing temperature Up}@e 3 251 JowTe i )
followed by a steep decrease in the temperature region between T
TS pe and TE o (dotted lines). Figure 8 implies that an 20 et 1
appropriate amount of PE crystals melts little by little during 20 m 0 100 120
heating even afmpcL. < T < T, pe In addition, it is found Temperature (°C)
from Figure 8 that the decreaseyta for PCL-b-PE crystallized Figure 9. (a) Long period plotted against annealing time af@or
at highTc is slightly larger than that at [oWc in Tmpc, < T < A2 crystallized at 45°C (open circle) and OC (closed circle). The

T: »p Suggesting that higli, PCLb-PE contains a larger  inset shows the thermal history applied to the sample in this case. (b)

: Final long period plotted against annealing temperature for A2
amount of thin PE crystals and these crystals melt gradually C;ysta"ize% ’;t Ihighp tempera%u'res ey o cirgle) o

during heating before reaching tbfr_],PE’_These thin crystals  temperature (0°C, closed square). Open symbols represent the
have been produced by the crystallization of PCL blocKg.at temperature dependence of long period for A2 during heating’&Y 3

that is, the PE lamellar morphology was appreciably deformed min (Figure 3a).

or partially destroyed when PCL blocks crystallized at higher _

T. to yield thin PE crystals. Therefore, it is concluded that the that the metastable morphology appearingTapc. < T <
difference in the temperature dependencg @fbetween PCL-  Tp, peis critically controlled both byT. andT.

b-PE copolymers crystallized at high and I@wshown in Figure Next we evaluated the time necessary to achieve the

8 originates from the difference in the starting morphology after metastable morphology d by considering that this morpho-

the crystallization of PCL blocks at eadh. logical rearrangement is a relaxation process from unstable into
It is interesting to investigate whether the morphology metastable state, and use the following equation to get the

appearing during heatind,pcL < T < T3, pg) is stable or not.  relaxation timer of this process,

To get further information on this morphology we performed

another time-resolved SFSAXS experiments by using the L(t) — L() ={L(0) — L()}exp(-t/7)  (10)

thermal history shown in Figure 1b. That is, the sample,
crystallized afT, for a long time, was quickly transferred to a whereL(ty) is LP att,, L(«) the final LP, andr the relaxation
temperatureT, betweenTmpc and T) pe and the morpho-  time of this process. A typical plot of {b.(ta) — L(0)} against
logical change afl, was pursued by SRSAXS. Figure 9a ta is shown in Figure 10a, and we can gefrom the slope.
shows the plot of LP against annealing tirhefor A2 first Figure 10b shows th&, dependence of for A2 previously
crystallized atT. = 45 (open circle) and OC (closed circle) crystallized at 45°C, wheret is almost constant<27 s)
and subsequently moved to 7G, wheret, dependence of LP  irrespective ofT,, indicating that the morphological rearrange-
is extremely different between two cases; LP for A2 crystallized ment occurs moderately fast compared with the heating rate
at 0 °C does not change at all during annealing, while that employed in the heating studies {@/min).
crystallized at 45C decreases considerably at the early stage ]
of annealing and after that it keeps constant. The decrease ofconclusions
LP at the early stage of annealing suggests the transformation We have investigated the melting behavior of double crystal-
of the morphology formed at 45C into a new morphology  line diblock copolymers, polytcaprolactonellock-poly-
favorable for PCLb-PE at 70°C. ethylene (PCLb-PE), crystallized at various temperaturgs
The final LP is plotted against, in Figure 9b for A2 mainly by employing time-resolved small-angle X-ray scattering
crystallized at 45°C (closed circle) and OC (closed square),  with synchrotron radiation (SRSAXS). This melting behavior
where the change in LP during heating (Figure 3a) is also plotted was unique and extremely different from that of crystalline
(open symbols). LP finally obtained after annealing Tat homopolymers and also crystallinamorphous diblock co-
coincides moderately with that observed during heating for A2 polymers. The following conclusions were obtained from this
crystallized both at high and lowl,, indicating that the study.
morphology appearing during heating is not unstable but at least (1) The long period, an alternating distance of lamellar
metastable depending on each temperature betlges. and crystals and amorphous layers, decreased appreciably by the
Thpe That is, the morphology is successively rearranged melting of PCL blocks for PCIb-PE crystallized both at high
during heating within a short time into the new morphology by and lowT.. The residual crystallization leads to the significant
the melting of thinner PE crystals, which leads to the conclusion increase in PCL crystallinity, which might induce the deforma-
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Figure 10. (a) Typical plot of I{L(ty) — L(e0)} against annealing time
ta at 78 °C for A2. (b) Relaxation timer plotted against annealing
temperaturel, for A2 crystallized at 45C.
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