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Abstract

Time-resolved X-ray measurements during melting and detailed structural and morphological analyses of samples heat
treated near their melting temperature for a short time revealed a structural change of isotactic polypropylene (iPP) in which
the melt-crystallized at a cooling rate (CR) of 20 K/min. During melting at a heating rate (HR) of 5 K/min, we observed the
appearance of a peak with a higher melting temperature (7,,); however, we could not clearly observe —231, —161 reflections
that are typical for an a2 crystal. The a2 crystal was a minor component of the heat-treated sample with elevated T}, in which
reorganization was almost completed during the heat treatment. These results suggest that lamellar thickening of the ol
crystal is the main mechanism of reorganization. Lamellar thickening was accompanied by an increase in central diffuse
scattering of small-angle X-ray scattering (SAXS), suggesting that thickening occurred at randomly distributed positions and
resulted in the disordering of lamellar stacking observed based on observations with a transmission electron microscope
(TEM) for the heat-treated samples. The drastically increased long period (L) above 160 °C, which can be attributed to the

partial melting of thin lamellae, was maintained after the heat treatments by the aforementioned reorganization.

Introduction

Since the structure of the crystalline polymer material
obtained using the usual processing method is in a metastable
state, it changes into a stable structure through heating.
Therefore, it is important to elucidate this structural change
because it leads to improvement of material performance.

Isotactic polypropylene (iPP) is a crystalline polymer that
is inexpensive, lightweight (specific gravity of approximately
0.90), has a high melting point (approximately 160 °C), is
easy to mold, and hence is widely used in automotive parts,
home electric appliances, food packaging films, etc. iPP is
also environmentally friendly, highly recyclable, and does
not generate toxic gases even when it is burned; therefore,
replacement with other resins such as engineering plastics
and other ordinary resins is proceeding. As a result,
2.5 million tons are demanded in Japan and approximately
50 million tons are demanded in the world per year.
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In studies of the melting behavior of iPP, the dependence
on the heating rate (HR) of multiple melting behaviors
measured by a differential scanning calorimeter (DSC)
is commonly reported [1]. In the DSC, iPP crystallizes at
130 °C or lower temperatures from a molten state, and an
endothermic peak or a shoulder appears on the high-
temperature side of a primary melting peak when the HR is
2 K/min or less [1, 2]. The increase in melting point due to
thickening of lamellar crystals is more prominent at a lower
HR [2]

With regard to the structural change in iPP, a study of the
conversion of an al crystal by heat treatment (158-162 °C
for 5 min) into the most stable a2 crystal has been reported
[3]. The arrangement of CH-CHj; bonds (upward or
downward) in the unit cell shows complete order in an o2
crystal, whereas it does not in an a1 crystal. The ordering of
the upward and downward arrangement of adjacent poly-
propylene chains in the unit cell of iPP is disordered in an
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al crystal but is regular in an o2 crystal [4]. For the iden-
tification of an a2 crystal, reflections in which & + k equals
an odd number such as —231, —161 in wide-angle X-ray
diffraction (WAXD) are used [4], where /& and k are Miller
indices. Reflections in which & + k equals an even number
are common for ol and o2 crystals. A simple measure of the
ratio of an a2 crystal (M) to the total crystal is calculated
by the ratio 7 (a2)/I (al + a2). I (a2) is the intensity of the
reflection that is unique to the o2 crystal, while 7 (xl + a2)
is the combined intensity of the 071 and 161 reflections that
are unique to the o2 crystal and the —241, 221 reflections
that are common to ol and a2 crystals observed in the same
position [5]

With regard to the morphological change, iPP char-
acterized by a bamboo leaf-like or needle-like morphology
with a melting temperature (7},) near the equilibrium
melting temperature (7,,") was obtained by heating
and annealing a prequenched mesophase sample at a
selected HR and at an annealing temperature of 166 °C for
24 h [6]

However, the type of structural and morphological
change that accompanies melting and heat treatment is not
clear. The purpose of this report is to elucidate the struc-
tural and morphological changes that occur during melting
and heat treatment near the melting temperature (160 °C,
pretreatment of 155 °C for 1 min and 160 °C) for a short
time (total 4 min) by means of an X-ray scattering method
and to clarify the mechanism of reorganization in an iPP
crystal. This clarification of the relationship between
crystal structure and morphology is meaningful to the
understanding of the structural formation of crystalline
polymers.

Experimental section
Sample

The iPP (Mw =298,000, Mw/Mn=7.1, mmmm =
97.2%) was produced by SunAllomer Ltd, where Mw is
the weight-averaged molecular weight and Mw/Mn is the
molecular weight distribution measured by GPC, and
mmmm is a meso-pentad value measured by '*C-NMR, a
measure of isotacticity. The equilibrium melting tem-
perature (T,,%) was estimated as 182 °C considering the
molecular weight [7] and the isotacticity [8]. A 6-7 mg
disk was cut from a sheet (thickness: 0.3 mm) of the iPP
obtained by the casting process. The iPP disk was melted
at 230 °C for 5 min in a DSC pan and was crystallized at a
cooling rate (CR) = 20 K/min to 30 °C. It was then used as
a starting sample (denoted as “230C5m”) for the obser-
vation of structural change during melting and heat
treatments.
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Heat treatment and observation of the melting and
crystallization behavior by DSC

Heat treatment and observation of the melting and crystal-
lization behavior were performed using a Perkin-Elmer
Diamond DSC under a nitrogen flow of 0.15 MPa.

Observation of structural change during melting by
time-resolved X-ray measurement

After the melt-crystallized sample was removed from the
DSC pan, it was wrapped in a Kapton membrane to prevent
the sample from flowing at high temperature and was set in
a heating stage (LINKAM THMS 600). Time-resolved
WAXD/SAXS (small-angle X-ray scattering) measurement
was performed during melting at the prescribed HR at
SPring-8, BL 03 XU, 2nd hatch. The X-rays (wavelength:
0.1 nm, beam size: 100 um x 120 pm) were incident on the
sample surface in the vertical direction (Through). The
camera length was 254 mm for WAXD and 1850 mm for
SAXS. The exposure time of one measurement was 2 s for
WAXD at a high angle (20=17-35°) to examine the
existence of a2 crystals, and 1 s using a Mo 40 pm filter for
WAXD at a low angle (20 =4-16°) to determine crystal-
linity, where 20 is the scattering angle. The exposure time of
one measurement was 0.1 s for SAXS. Considering the
sample damage that occurs due to synchrotron radiation, the
measurement interval was adjusted so that total irradiation
time of a sample was maintained at 180 s for different HRs.

The circle ring average of the two-dimensional (2D)
WAXD profile detected by the Flat Panel Display was
obtained in the range of f=0-20° for the low-angle
region and f = 0-60° for the high-angle region, where f is
the azimuthal angle. The circular ring average of the 2D
SAXS profile detected by the Il + CCD was made across
the entire range of g, where ¢ is the scattering vector.
After the circle ring average, the background was cor-
rected to obtain the scattering intensity (lwaxp (26) and
Isaxs (¢)). The index of crystallinity (y., waxp) was
obtained by separating the Iwaxp profile in the range of
20 =7.9°-15.1° into an amorphous component and a
crystalline component. The calculation was made using a
simplified method based on the Hermans—Weidinger
method [9] (Eq. (1)),

)(c,WAXD(%)
= (S110 + Soa0 + S130 + S111 + S—131,041) /San % 100,

(1)

where Sy is the integrated intensity of the hkl reflection and
San is the total integrated intensity in the mentioned range.
The long period (L) was obtained by L = 2n/qyc,, wWhere
gpeax 1S the peak position of Igaxs after the Lorentz
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correction (g X Isaxs) [10]. The Lorentz correction was
applied to the scattering that originated from periodically
aliened lamellae and was not applied to central diffuse
scattering [11].

Observation of the structure of heat-treated
samples by X-ray measurement

WAXD measurements were performed using a Rigaku
RINT-RAPID with an imaging plate (IP) as a detector at
room temperature. The X-rays (wavelength: 0.154 nm,
beam size: 800 um ¢) were incident on the sample surface
in the vertical direction (Through), and the camera length
was 191 mm. We confirmed that no preferred crystal
orientation existed in the samples by checking the change in
intensity of the 110 and 040 reflections in the B-scan. After
circle ring averaging of the obtained 2D profile, the back-
ground was corrected to obtain Iwaxp (260). The index of
crystallinity (y. waxp) and the measure of the ratio of the o2
crystal (M,,) were obtained using the methods described
above. For the calculation of y. waxp, the range of 260 was
adjusted in order to use the same range of g.

SAXS measurements were performed at SPring-8, BL 03
XU, 2nd hatch at room temperature. The X-rays (wave-
length: 0.15 nm, beam size: 30-40 um ¢) were incident on
the sample surface in the vertical direction (Through), and
the camera length was 3247 mm. The circular ring average
of the 2D scattering profile detected by IP was made across
the entire range of g. After the circle ring average, the
background was corrected to obtain Isaxs (¢). A Lorentz
correction (g% x Isaxs) was applied to the scattering that
originated from periodically aliened lamellae but was not
applied to central diffuse scattering as mentioned above.

Observation of the morphology of heat-treated
samples by optical microscopy and transmission
electron microscope

The morphology of spherulites was observed from a thin
section that was cut from the sample that was removed from
the DSC pan by using a polarized optical microscope
(OLYMPUS BX51) with a quarter-wave plate, U-TP530.
For transmission electron microscope (TEM) observa-
tion, a sample that was cut from the disk that was removed
from the DSC pan was immersed in a 0.5% RuO, aqueous
solution overnight after the surface of the sample was
smoothed with a cryomicrotome. After staining, ultrathin-
sections approximately 100 nm thick were obtained with the
cryomicrotome by cutting at —100°C. The resulting
ultrathin-sections were collected on a mesh with a collodion
membrane and were used as specimens for TEM observa-
tions. TEM observations were conducted using a HITACHI
HF-2200 with a CCD camera, Gatan Orius 600SC at

200 kV of accelerating voltage. Image analysis of the pho-
tographs was performed using the software Image-Pro Plus
5.1J to obtain the lamellar thickness and its distribution. The
border between each lamella and an amorphous region or
other lamellae was made by visual judgment. For each
lamella, thicknesses were measured at 2 to 5 points and their
average value (I.) was calculated. From /. and the length,
which was also measured, the area of each lamella was
calculated and a histogram showing the relation between the
fraction of the area of each lamellae (f (I.)) and [. was
prepared. The average lamellar thickness (</.>) was calcu-
lated by integrating the product of each /. and f ().

Results
Structural change during melting with different HRs

Figure 1 shows the DSC curves during melting of the sample
that was crystallized from the molten state at a CR of 20 K/min
for HR =5 and 20 K/min. We found that the melting curve
showed a single endothermic peak (7}, =162 °C) when the
temperature was rapidly raised at HR = 20 K/min and that it
showed double endothermic peaks (7, =161 and 168 °C)
when the temperature was slowly raised at HR =5 K/min
(where T is the temperature).

Figure 2 shows the change in the WAXD profiles when
the temperature was increased with HR =5 and 20 K/min.
In the both cases, the reflections of —161 and —231 near
20 = 19.5°, which are normally used for the identification of
the a2 crystal [4], were not clear. Figure 3 shows the
temperature dependencies of y.waxp for HR=5 and
20 K/min. y.waxp showed higher values for a low HR of
5 K/min than for a high HR of 20 K/min when T is higher
than 150 °C.

Figure 4 shows the SAXS profiles for HR =5 and
20 K/min. In the comparison of SAXS profiles with
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Fig. 1 DSC profiles for HR =5 and 20 K/min
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Fig. 4 Temperature dependencies of SAXS profiles for HR = 5 and 20
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increasing temperatures at different HRs, the intensity of
central diffuse scattering increased at 140 °C compared to
120 °C for a low HR of 5 K/min but decreased at 140 °C
compared to 120 °C for the high HR of 20 K/min. Figure 5
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Fig. 5 Temperature dependencies of L for HR =5 and 20 K/min

180

shows the temperature dependencies of L for HR =5 and
20 K/min. L rapidly increased above 160 °C, and the degree
of increase was slightly higher for a high HR of 20 K/min
than for a low HR of 5 K/min.

Structure of samples heat-treated near their melting
point for a short time

The heat treatment of the melt-crystallized sample was
conducted under the following two conditions using the
DSC.

Heat treatment at 160 °C for 4 min followed by cooling
at a CR of 20 K/min (denoted as “160C4m”).

Heat treatment at 155 °C for 1 min and further at 160 °C
for 3 min followed by cooling at a CR of 20 K/min (denoted
as “155CIm-160C3m”).

A pretreatment at 155 °C for 1 min of 155C1Im-160C3m
was introduced because it is considered to correspond to
heating at a low HR of 5 K/min. The total time of heat
treatment was chosen as 4 min because the sample remains
between 140 and 160 °C for 4 min during melting at an HR
of 5K/min in the experiment described in the section
“Structural change during melting with different HRs”. The
beginning and final temperatures were 30°C. The HR
between the start and treatment temperatures, as well as that
between the treatment temperatures, was 200 K/min. It was
confirmed that there was no temperature overshooting by
monitoring the temperature of a sample during the heat
treatments. The main heat treatment temperature was cho-
sen as 160 °C for 3 min because it produced the highest
crystallinity measured via the endothermic peak area of
the DSC melting curve for a sample that was heat-treated
at a single temperature. Also, 155°C was chosen as a
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Fig. 6 DSC cooling profiles at CR = 20 K/min and subsequent melting

profiles at HR = 20 K/min after melting at 230 °C for 5 min and after
subsequent heat treatments by different conditions

pretreatment temperature for 1 min prior to the main heat
treatment at 160 °C for 3 min because it produced the
highest crystallinity measured via the endothermic peak
area of the DSC melting curve for a sample that was heat-
treated with the preheating process.

Figure 6 shows the DSC cooling profiles at CR = 20 K/min
after melting at 230 °C for 5 min and after the subsequent heat
treatments of 230C5m under the two different conditions. A
sharp exothermic peak was observed at 109.5 °C after melting
at 230 °C for 5 min, whereas relatively smaller and broader
exothermic peaks were observed at 146—147 °C after the heat
treatments. The exothermic peak of 160C4m was much larger
than those of 155C1m-160C3m.

Figure 6 also shows melting profiles after cooling at a CR
of 20 K/min for the melt-crystallized and the heat-treated
samples. The peaks of the melting curves were 162.2 °C,
174.6 °C, and 170.3 °C for 230C5m, 160C4m, and 155C1m-
160C3m, respectively. The melting peak of 155CIm-
160C3m was sharper compared to that of 160C4m.

Figure 7 shows optical microscopy images for 230C5m,
160C4m, and 155C1Im-160C3m. It is apparent that the
spherulite morphology of 230C5m was maintained after the
subsequent heat treatments. The heat-treated samples
(160C4m and 155C1m-160C3m) showed more pronounced
birefringence than the original melt-crystallized sample
(230C5m).

Figure 8 shows the circle ring average of a 2D WAXD
profile detected by IP for 230C5m, 160C4m, and 155C1m-
160C3m. The 300 reflection of the B crystal was only
observed for 230C5m around 26 =16°. A subtle 117
reflection of the y crystal was only observed for 160C4m
around 20 =20°. The values of y. waxp were 66%, 74%,
and 75% for 230C5m, 160C4m, and 155C1m-160C3m,
respectively. y. waxp increased drastically due to the heat
treatments, and 155C1m-160C3m had slightly higher

230C5m

100 micron

155C1m-160C3m

100 micron

Fig. 7 Optical microscopy images for the sample that was crystallized
from the melt by cooling at CR =20 K/min and for samples subse-
quently heat-treated under different conditions

crystallinity than 160C4m. Figure 8 also shows the WAXD
profile in the high-angle region. The measures of the ratio of
the a2 crystal (M,;) were 0%, 61%, and 41% for 230C5m,
160C4m, and 155C1m-160C3m, respectively. 160C4m had
a much higher a2 crystal content than 155C1m-160C3m.
Figure 9 shows the circle ring average of the 2D
SAXS profile detected by IP for 230C5m, 160C4m, and
155CIm-160C3m. The peak position was drastically
shifted to a lower angle for the heat-treated samples,
suggesting an increase in the long period (L) for those
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Fig. 8 Circle ring average of two-dimensional WAXD profiles for the
sample that was crystallized from the melt by cooling at CR =20 K/
min and for samples subsequently heat-treated under different condi-
tions (above) and profiles in the high-angle region (below)

6000
....... 230C5m
5000 }
----160C4m
é 4000 — 155C1m-160C3m
S 3000
2 2000
=~ :
1000 ".‘. \
o N
003 013 023 033 043 053 063
¢/ nm!
60
....... 230C5m
50 |
----160C4m
~ 40 F
% — 155C1m-160C3m
i
T
0.03 0.23 0.43 0.63 0.83 1.03

¢/ nm!

Fig. 9 Circle ring average of two-dimensional SAXS profiles (above)
and profiles in the wider angle region after the Lorentz correction
(below) for a sample that was crystallized from the melt by cooling at
CR =20 K/min and for samples subsequently heat-treated under dif-
ferent conditions

SPRINGER NATURE

samples. The increase in L was larger for 160C4m than
for 155C1Im-160C3m. The intensity of central diffuse
scattering also increased drastically for the heat-treated
samples. The increase in the intensity of central diffuse
scattering was larger for 160C4m than for 155C1m-
160C3m. We also attempted an analysis of the central
diffuse scattering using a Guinier plot [12], but no region
that satisfied g « 1/R, was found, where R, is the radius
of gyration. Figure 9 also shows the Lorentz-corrected
SAXS profiles for 230C5m, 160C4m, and 155CIm-
160C3m. After the Lorentz correction, a second-order
diffraction peak was observed for all samples. The L
values were 14.9, 34.8, and 28.5nm for 230C5m,
160C4m, and 155C1m-160C3m, respectively. L more
than doubled due to the subsequent heat treatment at
160 °C for 4 min and nearly doubled due to the sub-
sequent heat treatment at 155 °C for 1 min plus 160 °C
for 3 min. The peak corresponding to the long period of
155C1m-160C3m was sharper than that of 160C4m.

Figure 10 shows transmission electron micrographs for
230C5m, 160C4m, and 155CIm-160C3m. An increase in
lamellar thickness (l.) was observed for the heat-treated
samples. The average lamellar thicknesses (</.>) obtained
from the micrographs were 7.8, 11.2, and 9.9nm for
230C5m, 160C4m, and 155C1m-160C3m, respectively.
The regularity of lamellar stacking decreased due to the
heat treatments. The increase in [, and the decrease in the
regularity of lamellar stacking were larger for 160C4m
compared to 155CIm-160C3m. It should also be noted
that lamellae of 160C4m were more discontinuous in the
lateral direction, and as a result, their dimensions in
the lateral direction were much shorter than those of
155C1Im-160C3m.

Table 1 summarizes the experimental results mentioned
above.

Discussion

Structural and morphological changes commonly
associated with melting and heat treatments

Melting at a low HR of 5 K/min and heat treatments near
the melting point for a short time have many common
features. During melt-crystallization via cooling at CR =
20 K/min to produce the initial sample (230C5m), an exo-
thermic peak of crystallization was observed at 109.5 °C
(Fig. 6). During such low-temperature crystallization,
crystals with thin lamellar thicknesses (/) are generated [2].
When the thin lamellar crystal is heated by a low HR, the
melting point increases due to the thickening of lamellar
crystals [2]. Therefore, the higher melting peak of 168 °C
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observed during heating at a low HR of 5 K/min (Fig. 1) is ~ Table 1 Summary of experimental data
considered to correspond to the melting of thick lamellar Tn(°C) Zewaxp  Mup(%) L (nm) <I>
crystals that is generated by reorganization during heating. (%) (nm)
ﬂlfc’ WAX%l‘ZaS fmng/ta“Ted 1}‘}‘ ahlgher;‘?nlllpera}tl‘i;e r‘;glz‘z)“;/t 4 230C5m 1622 66 0 149 78
ower HE 0 min than at a higher HR o M 160C4m 1746 74 61 348 112
(Fig. 3), which supports the above hypothesis. The heat-
155C1m- 1703 75 41 285 99
treated samples (160C4m and 155C1m-160C3m) also 160C3m

showed a higher T, of 174.6 and 170.3 °C (Fig. 6 and
Table 1) and correspondingly larger average lamellar
thicknesses (</.>) of 11.2 and 9.9 nm (Fig. 10 and Table 1)
than those (162.2°C and 7.8 nm) of the starting sample
(230C5m). The increases in /. and T,, can therefore be
understood as a function of lamellar thickening [13].
Experimental [14] and theoretical [15] studies on the
mechanism of lamellar thickening at initial stages of crys-
tallization have been reported for polyethylene. The values
of long periods (L) were more than twice </.> for the heat-
treated samples, which suggests that there are some crys-
talline portions between the lamellae considering the values
of y.. waxp associated with these samples. We did not
clearly recognize these crystalline portions in our TEM
observation, although there are some areas where another

lamella seems to penetrate two thick lamellae in the heat-
treated samples.

The increase in the intensity of central diffuse scattering
of SAXS was also observed both during the melting process
at a low HR of 5 K/min (Fig. 4) and for the samples that
were heat-treated near their melting points for a short time
(Fig. 9). The structural origin of central diffuse scattering is
the existence of scattered components without positional
correlation, and the profile depends on the size and shape of
the scattered components [16]. The increase in diffuse
scattering observed at the low HR of 5 K/min and the heat-
treated samples is considered to be associated with crystals
that were generated by lamellar thickening during heating.

SPRINGER NATURE
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A similar increase in central diffuse scattering of SAXS was
also reported for the crystallization of polyethylene [17].
The TEM micrographs of the heat-treated samples showed
irregularity of lamellar stacking, and the irregularity was
enhanced for 160C4m, for which the holding time at a
higher temperature (160 °C) was longer compared to
155C1m-160C3m. A similar increase in irregularity of
lamellar stacking was also reported for the crystallization of
polypropylene at high temperatures [18].

L rapidly increased above 160 °C and became more than
30 nm during melting both at an HR of 20 and 5 K/min
(Fig. 5). Due to the heat treatments where the HR
from 30 °C to the initial heat treatment temperatures was
200 K/min, L became 34.8 and 28.5 nm for 160C4m and
155C1m-160C3m, respectively, which means that L largely
increased due to changing the heat treatment temperature
from 155 °C to 160 °C in the first 1 min (Fig. 9; Table 1).
These sharp increases in L are due to the melting of thin
lamellar crystals that exist between thick lamellar crystals
[19]. The increased L during the heat treatments due to the
partial melting of the thin lamellae is considered to be
maintained even after the heat treatment procedures
including subsequent cooling are complete due to the
aforementioned reorganization.

Features of the structural and morphological
changes due to melting and heat treatments

The reflections of —161 and —231, a measure of the a2
crystal, were not clear during melting at a low HR of 5 K/
min (Fig. 2), which suggests that the reorganization during
heating at a low HR of 5 K/min does not originate from
recrystallization but from lamellar thickening of the al
crystal. On the other hand, certain amounts of the o2 crystal
My =61% for 160C4m and My, =41% for 155C1m-
160C3m) were observed for the heat-treated samples
(Fig. 8; Table 1). Two reasons can be considered for this
difference. One is due to melting of the al crystal and
recrystallization to an o2 crystal [20]. Another is due to the
existence of a portion of the melt that could not crystallize
during the heat treatments and rather crystallized during
subsequent cooling. As shown in Fig. 6, an exothermic peak
occurs near 146-147 °C, the temperature at which the o2
crystal is formed [3], in the DSC profiles during cooling
after the heat treatments. This suggests that the heat-treated
samples contain the portion of the o2 crystal that formed
during cooling after the heat treatments. The area of the
exothermic peak was much larger for 160C4m compared to
155C1Im-160C3m, suggesting that a larger amount of melt
that could not crystallize remained after the heat treatments.
This could be one of the reasons why M,,; is much larger in
160C4m than in 155C1m-160C3m. In contrast, as shown in
Fig. 8 and Table 1, y. waxp was even slightly higher for

SPRINGER NATURE

155C1Im-160C3m compared to 160C4m, suggesting that
the lamellar thickening had a greater effect on the increase
in crystallinity. The enhancement of crystallization by pre-
heating at 155 °C is interpreted as support that lamellae with
increased /. during preheating acted as nuclei during crys-
tallization at 160 °C [21].

Conclusion

Time-resolved X-ray measurements during melting and
detailed structural and morphological analyses of heat-
treated samples near their melting temperatures for a short
time revealed the type of structural change for an iPP that
was crystallized from the melt at a CR =20 K/min. The
observations performed by X-ray and TEM imaging
suggest that the main mechanism of this reorganization is
lamellar thickening of the al crystals and not melt-
recrystallization. We also found that lamellar stacking was
disordered in this reorganization process at high tem-
peratures. The drastically increased L at the near-melting
temperature was maintained after the heat treatments by
the reorganization of thin lamellae, which partially melted
during heating.
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