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Abstract

The lamellar rearrangement upon annealing has been studied by a combination of differential scanning calorimetry (DSC), small-angle X-
ray scattering (SAXS) analysis, and transmission electron microscopy (TEM) observation for solution-crystallized samples of a linear
polyethylene having a narrow molecular weight distribution. The initial unannealed sample showed the regular stacking of single crystal
lamellae of~12 nm thickness, but showed double melting peaks, independent of the measured heating rate (HR). Each of the endotherms
corresponds to the melting of initial lamellae and that of the crystals reorganized during DSC heating, respectively. The annealing behavior
of the sample was significantly affected by both the annealing temperature and the time. A low-temperature anneali6g ahithss
below the peak temperature of the former endotheslowly thickened the whole lamellae without any melting including partial or local
lamellae. Increasing the annealing temperatligeifduces the other type of lamellar rearrangement mechanism where the larapitig
thicken with the cooperative partial melting upon annealing. This rearrangement causes lamellar doubling behavior, showing a thickening of
about twice, which was confirmed on TEM observation of the annealed samples. Because these doubled lamellae increased dt.the higher
the lateral continuity of the initial lamellar stacking was lost. The DSC results revealed that these two different rearrangement mechanisms
competitively coexist upon annealing over 120Their balance predominantly dependsTgnCorrespondingly, the SAXS results indicate
that the initial periodicity of the crystal/amorphous arrangement within the lamellar stacking morphology is lost at theTgriddge of
123C, where these two types of lamellar reorganization overlap. At the higlange of 128C, only a doubly rearranged lamellar structure
remains, which causes an increase in the SAXS peak inte@i8001 Elsevier Science Ltd. All rights reserved.
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1. Introduction significant lamellar doubling in the longitudinal (thickness)
direction on annealing. They concluded that this process is
The rearrangement system for the semi-crystalline poly- not necessarily accompanied by the melting of the sample
mers has been discussed for decades. Several models [1,2]uring annealing. Earlier, Spells and co-workers [5—7] have
were proposed for the interpretation of the morphological also shown that the lamellar thickening during the annealing
changes on annealing. The initial morphology of the sample of a solution-grown crystal mat could occur with no melting,
significantly affects the annealing behavior. For the melt- depending on the conditions, e.g. annealing temperature and
crystallized spherulite morphology, the induced entangle- heating rate up to the given temperature.
ment prevents the stems from sliding along the longitudinal ~ Such lamellar thickening has sometimes been regarded as
chain direction within the crystalline lamellae [3], thus a melt-recrystallization system [8—11], which is usual for
effective annealing simply causes melt-recrystallization at the annealing of a melt-crystallized morphology [12,13].
Ta 0r on cooling fromT,, When the melted portion was limited, this type of melting
In contrast, for the less entangled solution-crystallized during annealing is called “local” or “partial” melting [14—
polyethylene (PE), the lamellar thickening primarily occurs. 17]. Anyhow, the viewpoints of these annealing models are
Even for a linear ultrahigh molecular weight PE, Rastogi concentrated on the possible melting during annealing.
et al. [4] have recently reported that the stacked lamellar In most cases, these rearrangement mechanisms are based
morphology of the solution-crystallized material exhibiteda on the results obtained by small-angle X-ray
[4,7,9,10,12,13] or neutron scattering [5,17,18] and
* Corresponding author. Tel+81-277-30-1332; fax:+81-277-30-1333. Raman measurements [19,20]. For the scattering data analy-
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different electron densities is a key. Thus, they always nuclei, followed by isothermal crystallization at & A
provide lamellar information including not only the crystal- sedimented mat of polyethylene single crystals was
line region but also the amorphous layers. In other words, obtained by slowly filtering the crystal suspension, followed
decreasing scattering intensity during annealing has two by drying in vacuo at room temperature (RT).
possibilities: partial melting or a lack of lamellar stacking
periodicity [7]. 2.2. Annealing procedure
A big advantage of the electron microscopic observation _ )
lies in its direct characterization of the lamellar arrangement A Perkin—Elmer Pyris 1 DSC was used to perform the
within the sample. If different lamellar morphologies coex- iSothermal annealing in a cell. A piece of the sample mats
ist, the scattering data provide an average of the mixed (€@ 0.5mg) sealed in a pan was heated to the annealing
information of these several systems. However, the morpho-temperatureT,) at a high heating rate (HR) of 260/min,
logical analysis by electron microscopy can evaluate thesefollowed by holding isothermally for a given annealing time
different systems individually. (t,). After annealing, the sample pan was rapidly cooled to
Differential scanning calorimetry (DSC) measurements RT at the same high rate of Z@/min.
may also provide quantitative information on the annealing
behavior if their endothermic peaks are split into several 2-3. Measurements

portions corresponding to fche melting Of. the crystal_lme The melting behavior of the unannealed and annealed
lamellae created through different annealing mechanisms. . . .
materials was analyzed by the same Perkin—Elmer Pyris 1

This means that a very sharp endotherm, that is a high pealﬁ:)SC The DSC heating scan was recorded tGCait a HR

resolution, is necessarily required for the analysis of the of 5-4GC/min under a nitrogen gas flow. Calibration of the

annealing effect based on DSC data. For this purpose, a P ; .
! ) . L DSC characteristics, including the melting temperature and
linear PE having a narrow molecular weight (MW) distribu- : SR i

heat of fusion, was made using indium and tin standards

tion was selected in this work to obtain the homogeneity of . .
L o . . at each HR. The baseline subtraction was always done to
the initial lamellar morphology within the starting material. - : :
eliminate equipment noise.

The accuracy of the temperature in the DSC measurements For the TEM observations, the JEOL 1200EXS electron

may be advantageous for clarifying what occurs on anneal- microscope used was operated at 80 kV. The samples were

Ing ata critical "%“”ea"”g temperature of 120—‘?[:_2tbr the stained by Ru@vapor and embedded in epoxy resin. The
solution-crystallized PE, where several annealing systems ) . . )
assembly was cut into thin sections of 60 nm thickness,

have been independently proposed by the different investi- using a Reichert UltraCut S. microtome.

gators .[4_12’16’17]' . The SAXS patterns were recorded on Rigaku type small-
In this work, the lamellar rearrangement upon annealing . .
angle vacuum camera and imaging plate system. ,CuK

?(?rsa biirz;ttset tjigleo(lskzlxg)c;n;glsrla:g%nesgs Dj]g tfgzlr;?sl?cl)i radiation was generated at 40 kV and 150 mA by a Rigaku
y 9 Type RU-200 rotating anode X-ray generator, which was

electron microscope (TEM) observations for the solution- monochromatized with a graphite monochrometer. An

crystallized samples of a linear PE having a narrow MW . . : o
O : : . imaging plate pattern was recorded with the incident beam
distribution. The results obtained under the given condi- ;
tions, including the annealing temperature and the time parallel to the mat surface. The exposure time was always
were,com ared ' 6 h. The scattering diagrams were reduced from the imaging
P ’ plate patterns, using a Rigaku typeaxis reading system.
All of the SAXS measurements were made at RT after the

i i desired annealing.
2. Experimental section

2.1. Sample preparation 3. Results

The material tested was a linear PE with a narrow MW 3.1. Melting behavior of the initial morphology
distribution, supplied by the National Institute of Standards
and Technology (Lot SRM1483). Its weight and number  The melting behavior of the semi-crystalline material is
average molecular weight were 3.2 and 2.90%, respec- often affected by several factors, including initial morphol-
tively. ogy, heating rate, and so on. Fig. 1 shows the HR depen-
A 0.01 wt% dilute p-xylene solution of the sample PE dence of the DSC melting curves for an unannealed
was prepared at the boiling point under a nitrogen gas solution-crystallized mat. The double melting peaks were
flow. This polymer concentration is much lower than the observed at any HR. With increasing HR, the melting
chain overlapping one calculated for the MW range of curve gradually broadens but the balance between these
~3x 10 The hot solution was cooled to ®Dto precipitate peaks exhibits insignificant change; the relative areas of
crystals. The crystal suspension was again heated slowly tolow- and high-temperature peaks maintained their constant
120°C to obtain a homogeneous solution with stabilized values. Similar DSC results have been reported by Manley



H. Matsuda et al. / Polymer 42 (2001) 5013-5021 5015

H.R./ °C/min

L
| _‘IOJ\/L
..__i2..—/"\.—/’/q\._____._m

5 . /\

| | | |
115 120 125 130 135 140
Temperature (°C)

Endo.

Fig. 1. DSC thermograms recorded at different HRs for initial solution-

crystallized mat.

and co-workers [21] for the solution-crystallized low MW

causes these two peaks to merge. A detailed discussion of
the HR dependence of the melting behavior for the initial
mats will be given in the next section.

The highest peak resolution could be obtained at the
lowest HR of 3C/min among those examined in this
work. Thus, this HR was chosen for all other DSC experi-
ments described below.

3.2. Annealing effects on the melting behavior

The melting behavior of the solution-crystallized mat was
significantly affected by the given annealing conditions, i.e.,
annealing temperature and time. Fig. 2A exhibits DSC ther-
mograms of the samples annealed for 1 min at diffefgnt
With increasingT,, the initial double melting peaks gradu-
ally changed and merged into a single peak endotherm.
Annealing atT, = 115°C caused a low-temperature peak
shift to the high-temperature side, but the high-temperature
peak retained its position. The relative peak areas of these
two peaks do not change. At = 120°C, such a peak shift
of the low-temperature peak is accelerated. Additionally,
another difference lies in the slight appearance of a new
peak located near 128 between the low- and high-
temperature peaks @t = 120°C. Clearer evidence of this
new peak can be confirmed on the profileTat= 120°C in
Fig. 2C showing the 30-min annealing results. In this paper,
this peak between the initial double melting endotherm is
called “middle-temperature peak”. Here, the appearance of
this middle-temperature peak could not be recognized at
T, = 115C for any annealing time series examined in this
work.

FromT, = 120 to 122C, the area of this middle-tempera-

PE. These low- and high-temperature peaks are regarded ature peak slightly increases at the highgiin Fig. 2A (the
the melting of initially present lamellae and that of the crys- growth of this middle-temperature peak at tiisrange is
tals reorganized during the DSC heating scan, respectively.more attractive for the 30-min annealing results in Fig. 2C).
Otherwise, normal high density PE having a broad MW The slight shift into the low-temperature side for the high-
distribution shows a broadening of endotherms, which temperature peak in thi§, range can be ascribed to the
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Fig. 2. Comparison of the DSC melting behavior for the solution-crystallized mat annealed at difigfent(A) 1 min; (B) 5 min; and (C) 30 min. The
observed HR was°&/min. The thermograms of the unannealed samples are also included as a reference.
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Fig. 3. TEM images of an initial unannealed mat and the sample annealed at diffggémt 1 min. These annealing conditions are comparable to those in
Fig. 2. The result for an unannealed sample is also included as a reference: (A) Origingl;#RB)15C; (C) 120C; (D) 123C; (E) 126C.

nominal merging of such grown middle- and high-tempera- The position of middle-temperature peak still shifts to the
ture peaks, due to the similar peak heights of both peaks ashigh-temperature side at further high&gs of 125 and
shown afl, = 123C in Fig. 2A. The low-temperature peak 126°C. The shift of the low-temperature peak is more
also exhibits a slight peak shift into the high-temperature rapid, thus, these two peaks appear merged. Evén at
side. 126°C, the predominant peak is the middle-temperature one
At T, = 124C in Fig. 2A, the drastic endotherm change which lies around 13TC.
is visible. The recorded endotherm has only double melting  The other series of the effect ©fon the melting behavior
peaks which lie around 127 and X80 Taking into account  of the annealed materials was compared for diffetgmf 5
the gradual endotherm change described above, the meltingand 30 min. The obtained profiles are shown in Fig. 2B and
peak located around 13D corresponds to the middle- C, respectively. The changes in the endotherm shapelyith
temperature peaks observed at the loWegs. In other for 5-min annealing in Fig. 2B is similar to that of 1-min
words, there is no high-temperature peakTgt= 124C. annealing in Fig. 2A. In contrast, the 30-min annealing
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Fig. 4. TEM images of the sample annealed at diffefEstfor 5 min. These annealing conditions are comparable to those in Fig. Z,(#)115C;
(B) 120°C; (C) 123C; (D) 126C.

causes large differences in the series of the DSC meltingmin annealing, as shown in Fig. 5. However, the thickness
curve shapes, especially at the mid@ijgange, comparedto  of each the lamella gradually increases from 12.3 nm for
those for the shortet,s. For 30-min annealing af, = 1 min to 14.4 nm for 30-min annealing with increasiag
120-122C, the low-temperature peak becomes predomi- IncreasingT, up to 120C causes coexistence of a small
nant, in contrast to the largest area of the high-temperatureamount of the other type of rapidly rearranged lamellae,
peak for the shorter annealing. which has approximately a double thickness of around
20.0 nm. The characteristics of these “doubled” lamellae
lie in their lateral dimension. Both the initial unannealed
and the lowT, = 115C annealed morphologies have a
Annealing also changes the lamellar morphologies, large size (severajum) in the lateral direction of the
depending on the temperature and the time. Figs. 3—5 exhi-single-crystalline lamellae. However, a} = 120°C, the
bit the series of TEM images of an initial unannealed mat lateral dimension of the rearranged lamellae having a
and the sample annealed at differ@gg for 1, 5 and 30 min,  double thickness is restricted within 130-nm width. This
respectively. The gradual changes in the lamellar arrange-phenomenon is especially obvious fgy= 30 min (see
ment are visible, especially at the high&; The initial Fig. 5).
unannealed structure shows the regular stacking of the The middleT, range of 123C produces a larger amount
single crystalline lamellae which are alternatively sand- of the doubled lamellae, compared to thatat= 120°C, for
wiched between the dark layers indicating an amorphous anyt, This type of doubly rearranged lamellar morphology
region. These lamellae have-al2.0-nm thickness. Such exhibits the alternative stacking of the thickened lamellae.

3.3. Morphological changes induced by annealing

a lamellar structure laterally expanded through several- It should be noted that the thickness of the gradually re-
length, which was found from low-magnification images arranged lamellae increases with the elongatiof, &fom
(not shown here). 16.4 nm fort, = 1 min to 17.8 nm for 30 min; however, it

At the lower T, = 115C, the regular stacking of the never exceeds that of the doubly rearranged ones of around
initial lamellar morphology is maintained even after 30- 19.6—21.6 nm, depending dn
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Fig. 5. TEM images of the sample annealed at diffefBgtfor 30 min. These annealing conditions are comparable to those in Fig. 7, A)115C;

(B) 120°C; (C) 123C; (D) 126C.
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Fig. 6. SAXS intensity profiles for a series of unannealed and annealed
samples. The background was subtracted from the original data plots. All

Further increase i, to 126 C causes the majority of the
lamellae to be doubly rearranged at anyTheir lamellar
thickness gradually increases with the increadinfrom
23.3 nm for 1 min to 28.0 nm for 30 min. The limitation
of the lateral dimension of such doubled lamellae also
appears released with increasiat this T, range, that is
their lateral continuity is gradually recovered fron#00 to
~620 nm wide aff, = 126°C. Details of such a relationship
between these morphologies reveled by the TEM observa-
tions and the DSC melting behavior are discussed later with
the next results of the SAXS analysis.

3.4. X-ray scattering analysis

The periodicity change from the initial stacked lamellar
morphology by annealing the samples was also confirmed
by the SAXS measurements. Fig. 6 shows the SAXS profiles
for the series of initial unannealed mat and samples
annealed at 115-126 for 5 min. These data were reduced
from the imaging plate pattern having two scattering arcs
along the equator perpendicular to the film surface. The line
profiles on the equator are plotted in Fig. 6. The background
of the incident beam was subtracted from the observed

these SAXS measurements were made at RT after the desired annealing foPrOfiles. The profile of the initial unannealed single crystal-

5 min.

line mat has a sharp peak located aroun@l=20.73
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corresponding to its long period ef12.0 nm, which shows Combination with the results obtained by the TEM obser-
a good agreement with the results obtained by the directvations can provide the above reasonable explanation for the
TEM observations (see previous section); crystalline and SAXS change with the overlapping of different lamellar
amorphous layers are alternative stacked with a regular peri-rearrangement mechanisms.

odicity. The sample annealed at a lowkrof 115°C still

shows a sharp long period peak, but the position slightly

shifts to a lower 2 angle around~0.7C. (~12.7-nm long

period). The rearrangement at tfigregion was limited to 4. Discussion

the gradual thickening of lamellae without any rapid lamel-

lar doubling, as shown by TEM observation in Figs. 3—-5. 4 1. Different rearrangement mechanisms

Thus, the periodicity of lamellar stacking is still retained at

this T,, which causes the sharp peak in Fig. 6. Atof From the direct TEM observation results, it was found
120°C, the SAXS long period peak further shifts to the that the unannealed sample contains only the regular stack-
lower 20 side up to 2 = 0.65" (~13.6-nm long period);  ing of lamellae of~12.0-nm thickness. However, there are

however, its intensity decreases. Here, it should be notedtwo possible types of the lamellar rearrangements within the
thatthe periodicity of the lamellae determines the SAXS inten- annealed materials: trgradually thickened lamellae hold-
sity. The introduction of the small amount of the doubled ing their initial regular stacking and theapidly doubled
lamellae causes a lack of periodicity of the lamellar stacking, |amellae with their alternative stacking. Fig. 7 schematically
which causes a reduction of the scattering peak intensity.  represents the balance of these two rearrangement systems.
Suddenly atT, = 123C, only a broad scattering peak Atthe lowerT,of 115°C, only the former type of rearranged
was detectable aroundd2= 0.52°. The direct TEM results  |amellae was recognizable. Within the middle rangeTpf
in Figs. 3—5 have already clarified that this mid@lgange  from 120 to 123C, both types of lamellae coexisted, which
overlaps a two different types of lamellar rearrangement: a means that these two different rearrangement mechanisms
gradual lamellar thickening and a rapid lamellar doubling overlapped. The intensity reduction of the SAXS long-
phenomena. Such resultant non-alternative stacking within period peak at this middl&, range was caused by a lack
the whole lamellae produces a broad profile for the sample of periodicity of the lamellar stacking, due to the combina-
annealed at thig;, range. tion of different lamellar arrangements within the sample.
However, a further increase i, causes the recovery of At the higherT, of 126°C, the latter rearrangement became

the peak intensity. AfT, of 126°C, where the lamellar  predominant in contrast to the negligible contribution of the
doubling was dominant as found from the TEM results, former.

the SAXS long period peak around 2= 0.38" has the high-

est intensity and a long period value-£23.0 nm. A single 4.2. Assignment of three melting endotherms

type of lamellar reorganization causes the higher periodicity

of the lamellar arrangement, leading to a re-growth of the  The balance of these two rearrangement mechanisms
SAXS peak intensity af, = 126°C in Fig. 6. This long seems to be controlled by annealing conditions (see
period value is “doubled”, compared to that of the unan- Fig. 7). It could be guantified from the comparison of the
nealed original lamellae~412 nm), which is also coincident  DSC melting curves for the series of annealed samples. For

with the TEM observation results shown in Fig. 3 fgr= evaluation of the relative amount of each type of the lamel-
5 min. lar rearrangement, the endotherms should be assigned to the
T./°C 115 120 123 125 126

Non I\?Ielting / Rearrangement
( Gradual Thickening )
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Fig. 7. Balance map of two rearrangement systems as a functidp of
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melting of the lamellae rearranged through the correspond-workers [21]. However, if the low-temperature peak corre-
ing mechanisms. sponds to the melting of the original lamellae, the higher
There were three possible categories of the melting peaksintensity should be obtainable at the higher HR, which is not
in this work: low-, middle- and high-temperature ones. The true in our case. The point lies in the relative progress
unannealed sample or that annealed at lowgstf 115°C between the lamellar rearrangement and the measured HR.
has only two peaks, i.e., the low- and high-temperature That is, the lamellar doubling occurs quite rapidly, the speed
peaks. The position of the low-temperature peak shifts due of which exceeds the measured HR even if the highest HR
to annealing, but the high-temperature one retained its posi-of 80°C/min is used. With reaching the low-temperature
tion. Here, the TEM results showed that there is only one peak during the DSC heating, only the small amount of
type of lamellae which retains the initial regular stacking the partial melting immediately accelerates the lamellar
with a gradual increase in their thickness. Also, Wheof doubling so that it is impossible to melt all the initial lamel-
115°C is lower than the start of the melting endotherm even lae without the doubling rearrangement. This is the reason
for the unannealed sample. Thus, the low-temperature peakhat the low-temperature peak did not grow even at the
can be assigned to the melting of the lamellae gradually higher HR in Fig. 1.
thickened afl, without any partial melting on annealing. Indeed, the loweil, annealing at 11%, which is much
The middle-temperature peak appeared dyet 120°C, lower than the peak position{123’C) of this low-tempera-
which exceeds the foot of the low-temperature endotherm of ture endotherm for the initial unannealed sample, was
the unannealed sample. This indicates a slight but certaineffective for the higher-temperature side shift of the low-
occurrence of partial melting during annealing at thijs temperature peak even at the shotteas shown in Fig. 2.
range. Correspondingly, the doubled lamellae having the alter-Thus, strictly speaking, the low-temperature peak should be
native stacking were observed on the TEM images. Thus, theascribed to the melting of the lamellae slightly thickened
middle-temperature peak can be attributed to the melting of from the “initial” lamellae during the DSC heating scan, but
these lamellae reorganized through doubling which is accel- not to that of non-thickened lamellae.
erated by the partial melting of thinner lamellae. Similarly, the high-temperature peak for the unannealed
On the other hand, the high-temperature peak is ascribedsample does not represent only one type of the lamellae
to the melting of the lamellae reorganized during the DSC having the same thickness. Actually, 1-min annealing exhi-
heating scan because its position is not affected by whetherbits the rapid doubling rearrangement over 120thus,
annealing was applied or not. Finally, the high-temperature middle-temperature peaks should also exist even for a
peak disappeared beyond a critidalaround 123C, which DSC profile of the unannealed sample at HR°C/min
is coincident with the top of the low-temperature peak for because it takes 1 min for DSC heating from 120 to
the unannealed sample. This indicates that the lamellae arel25°C. Therefore, this high-temperature melting peak is
rearranged sufficiently through the gradual thickening or composed of the “multiple” endotherms corresponding to
rapid doubling so as not to be more reorganizable during the melting of all the lamellae rapidly rearranged at various
the DSC heating scans. In addition, the position of the temperatures over 120 during the DSC heating.
middle-temperature peak at the higher, = 126°C
approaches that of the high-temperature peak for the un-
annealed sample. This means that the lamellae whose melt4.4. Characteristics of the lamellar doubling rearrangement
ing corresponds to this high-temperature peak has been
suddenly doubled during the non-isothermal annealing A lamellar doubling rearrangement was allowed at a pair
(continuous heating) process when the DSC scanning passeef two adjacent lamellae along a limited lateral length.
a critical T, around 123C, where the partial melting is  Thus, the doubled lamellar regions were randomly distrib-
dominant. uted within the annealed sample at the lovilgr Their
Such clear peak separations of the DSC profiles is impos-amount increased with increasirify, which causes the
sible for a normal high density PE with a broad MW distri- growth of the middle-temperature peak in the DSC profiles.
bution, which shows a single but broad melting endotherm This doubling rearrangement may occur only for the stacked

containing all of these three peaks. lamellae morphologies, such as the aggregation of single
crystalline lamellae by filtering into the solution-crystal-
4.3. Double melting peaks for the unannealed sample lized mat prepared in this work, but not for a single lamella

alone [22,23].

These obtained results also provide an answer to the Hindered molecular sliding within the doubled lamellae
long-standing question concerning the HR dependencemight not favor the further division of the lateral dimension
of the double endotherms. As shown in Fig. 1, even of the lamellae. Thus, the tripling or quadrupling of the
the initial unannealed sample exhibits an insignificant HR lamellae was restrained, which could be confirmed by inten-
dependence of the positions of and balance between thesity reduction of the high-temperature peak, corresponding
low- and high-temperature peaks. These characteristics ard@o the melting of the lamellae reorganized upon the DSC
coincident with the results obtained by Manley and co- heating.
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4.5. Evaluation of the overlapping rearrangements

5021

annealing process, the lamellae gradually thickened with
increasingt,. The latter rapidly develops the lamellar

Detection of such an overlapping of two different rear- qoybling. Coexistence of lamellae thickened through these
rangement mechanisms (see Fig. 7) may be difficult for gifferent rearrangement mechanisms causes a significant
analyzing by the scattering techniques alone, because theikaquction of the SAXS long period peak at the middle
relative degree of proceeding cannot be evaluated from they¢ 123C; however, the gradual domination of the latter

lamellar periodicity. This is also true for our SAXS results.

reorganization system brings the re-growth of SAXS peak

Sadler [17] has divided the rearrangement of single crystals 544in at the higheT, of 126°C. Here, the limitation of the

of PE into two sections below and abovg = 123°C.

lateral dimension is recognizable for the doubling behavior

However, based on neutron scattering results, one can findyith the alternative stacking of thickened lamellae.

only which rearrangement mechanism is predominant at a
givenT,without showing their balance. Thus, the misunder-
standing that there are strigt, boundaries for these two
rearrangement categories, not considering the possibility
of their overlapping, has often been proposed. Our inter-
pretation of these two overlapping reorganization systems
could be followed by the combination of the resolved DSC
endotherms and the TEM morphologies, reflecting the
narrow MW distribution of our PE sample.

5. Conclusions

Two reorganization mechanisms for the stacked morphol-
ogy of PE single crystals on annealing was revealed by the
DSC and the SAXS measurements and by the TEM obser-
vations for the solution-crystallized PE. Although the unan-
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