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Abstract

The multiple melting behavior and lamellar morphologies of isotactic polystyrene (iPS) isothermally crystallized from the glassy state
have been investigated by differential scanning calorimetry (DSC) and transmission electron microscopy (TEM). The influences of different
experimental variables (such as crystallization temperature and time, heating rate) on the melting behavior of iPS are studied. The
combination of thermal analysis and morphological results indicates that: (1) the ‘annealing peak’ is not associated with the melting of
subsidiary crystals formed by secondary crystallization as often suggested in the literature; (2) two lamellar populations with different
degrees of perfection within a single lamella are responsible for the so-called double melting behavior in iPS. The partial melting and
repairing (via recrystallization) of iPS crystals are observed on lamellar level by TEM observations. From the obtained calorimetric and
morphological results, the applicability of several crystallization and (subsequent) melting models is discussed. © 2001 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Many isothermally crystallized semicrystalline polymers
exhibit double or multiple melting behavior upon heating in
differential scanning calorimetry (DSC). However, there are
considerable controversies in the literature concerning the
origin of the multiple melting phenomenon [1-4], espe-
cially for the lowest-temperature endotherm (usually called
the ‘annealing peak’) whose position is always only a few
degrees above the annealing or crystallization temperatures
[5]. This annealing-induced endotherm is the characteristic
of many semicrystalline semistiff polymers, and as summar-
ized in the literature, its origin can be ascribed to a variety of
sources [1-5]: (1) melting, recrystallization and remelting
during the DSC heating process, (2) the presence of more
than one crystal modifications (polymorphism), (3) varia-
tion in morphology (such as lamellar thickness, distribution,
perfection or stability), (4) physical aging or/and relaxation
of the rigid amorphous fraction, (5) different molecular
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weight species and so on. Obviously, there exist more or
less divergences among these different melting mechan-
isms, and up to now, no consensus has been reached as to
the exact origin of multiple melting behavior of the semi-
crystalline polymers. A unique model that is reasonably
compatible with all physical observations has not yet put
forward. And the multiple melting behavior of polymers
probably originates from very different reasons depending
on the polymer and its crystallization condition. Therefore,
a further understanding of the origin of double or multiple
melting behavior is of great significance and should provide
a new insight into the crystallization and melting process of
crystalline polymers [2].

Regarding isotactic polystyrene (iPS), its multiple melt-
ing behavior has been extensively investigated as an exam-
ple of an isotactic crystalline material [5]. The double
melting peaks in iPS were first reported by Boon et al.,
who ascribed the lower-temperature melting peak to the
original crystals formed upon crystallization, and the higher
one to the recrystallized population during the heating
process [6]. Later, an even lower endotherm about 10°C
above the crystallization or annealing temperature (i.e. the
annealing peak) was discovered in iPS by Pelzbauer and
Manley, which was attributed to the melting of ‘impurities’
such as stereoblock or other sterically inhomogeneous
molecular species [7]. Afterwards, the triple melting
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behavior in iPS was thoroughly investigated by Lemstra et
al. using the DSC [8,9]. They suggested that, the annealing
peak originates from a secondary crystallization of the melt,
trapped within the spherulites or intercrystalline links (for
example, tie molecules). The next (second) melting
endotherm was related to the normal primary crystallization
process. The highest melting peak was attributed to the
second one by continuous melting and recrystallization
during the DSC scan. Although it was mainly based on
thermal analysis results, in the past decades, this melting
model for iPS was accepted by many authors [10-16].

On the other hand, it should be noted that Bell et al.
proposed another melting mechanism to interpret the
double-melting behavior in iPS by analogy with the inves-
tigations on nylon 66 [17,18]. They advocated that the two
endotherms are neither caused by a bimodal crystal size
distribution, nor by recrystallization, nor by orientational
changes, nor by phase changes, but by the melting of two
crystal forms: folded-chain crystals (related to the higher-
temperature endotherm) and less perfect bundle crystals
(associated with the lower). The same conclusion was also
drawn by Lety and Noel [19]. Nevertheless, this dual-
crystal-population model for iPS was thought erroneous
owing to overlooking the recrystallization process on ther-
mal analysis [5], and therefore, usually neglected by many
researchers. As pointed out by Wunderlich in his review [5],
a much more detailed structure analysis (especially on crys-
tal morphology) is necessary before such assignment for
multiple melting peaks can be made. And he further
suspected that most likely both crystal types contain only
minor variations in crystal morphology and molecular
macroconformation. However, to our knowledge, no further
morphological analysis has so far been carried out on the
multiple melting behavior in iPS.

In addition, the extensive studies on multiple melting
behavior are mainly focused on the melt-crystallized poly-
mer samples, and less attention is paid to the cold-crystal-
lized ones (i.e., crystallized from the glassy state). The
melting process is usually studied on bulk materials by
techniques such as DSC, X-ray (WAXS and SAXS) and
density measurements. Since these techniques involve the
study of bulk samples, normally no direct information can
be obtained on the single lamellar level during the melting
process. Especially, although the transmission electron
microscopy (TEM) technique is a powerful tool that can
provide confirmative evidence, the studies at this aspect
are surprisingly scarce. Therefore, a more complete descrip-
tion and understanding on the multiple endothermic beha-
vior require the direct confirmation by morphological
observations using the microscopic techniques such as
TEM.

In our present work, we mainly attempt to revisit the
complex endothermic behavior of isothermally cold-crystal-
lized iPS by combining the TEM technique with the calori-
metry method. Here, it should be noted that the thermal
treatment approach of isothermal crystallization is totally

different from that of stepwise crystallization or annealing,
which can also lead to multiple endothermic melting peaks.
But the reasons of their occurrence can be definitely attrib-
uted to different crystal size populations [20,21]. And iPS is
selected as the studied system based on the following
considerations: (1) the characteristic slow crystallization
rate of this polymer makes it an ideal subject for the study
and refinement of multiple melting in polymers, due to the
possibility of following the crystallization and melting
processes in the DSC; (2) the absence of polymorphism
makes it easier to investigate; (3) it has higher stability to
electron irradiation than most other polymers [22,23].

2. Experimental
2.1. Materials and sample preparation

The powdery iPS sample (M, = 752,000, isotacticity:
97%) was purchased from Polymer Laboratories. Here, it
should be noted that the supplier was not able to further
supply us with the detailed information for our investigation
upon the kind of tacticity or the distribution of polymer
chain sequences, although the tacticity may play an impor-
tant role in the melting process due to the segregation of
molecules in front of the growing tip during the lamellar
crystallization. To obtain amorphous samples, the as-
received iPS was heated to 250°C for 5 min, and subse-
quently quenched into ice water. Then, the amorphous
samples were isothermally crystallized at different tempera-
tures (T¢) for different times (z.) followed by quenching to
room temperature for the use of DSC measurements.

2.2. DSC measurements

DSC experiments were performed in a DSC-2920 from
TA Instruments coupled with a TA-2000 control system.
The temperature was accurately calibrated to be *+0.5°C
in error, with gallium, indium and tin using the standard
procedure. Most of the samples were heated with a scanning
rate of 10°C/min from 50°C. In the present study, the
isothermal cold-crystallization time is used as 6 h because
the crystallization of iPS for this time is believed to be
almost complete [24]. Therefore, for isothermally cold-
crystallized iPS little change on DSC curves can be
observed during the subsequent heating processes from
room temperature or from the used 7.. For studying the
effect of heating rate on the multiple melting behavior, the
samples were scanned from 5 to 50°C/min. The weights of
all the samples were in the range of 5 = 0.1 mg. All crystal-
lization and melting treatments were performed under nitro-
gen atmosphere in order to diminish oxidation.

2.3. TEM observations

Thin films for direct TEM observation were obtained by
the following procedure: firstly, the dilute polymer-xylene
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solution (with concentration of 0.1%-w/v) was dropped onto
mica covered with a carbon film, then the polymer films on
the carbon-support film were floated onto the water surface
and transferred onto electron microscope copper grids,
finally the obtained thin films on the grids were melted at
250°C for 5 min and quenched into ice water. For the TEM
observations, the amorphous thin films were crystallized at
160°C for 6 h, after which the resulting multiple melting
peaks can be well separated in the DSC. The obtained crys-
talline thin film samples were further partially melted or
annealed at different temperatures for different times.

For surface replica experiments, the bulk-crystallized
samples were etched in 1% potassium permanganate in a
mixture of sulphuric acid, phosphoric acid and water (5:2:2
v/v/v) for 2 h at room temperature. After subsequent wash-
ings, following the prescribed procedures by Olley and
Bassett [25], the etched surfaces were examined under
TEM using a standard one-stage replication process, i.e.
making a first replicate in cellulose acetate, subsequently
shadowing it with platinum, finally coating it with a carbon
film. Morphological observations were performed using a
Philips CM200 TEM operated at 200 kV, and the contrast in
the bright-field (BF) electron micrographs of the thin films
was obtained by defocusing the objective lens [26].

3. Results and discussion

3.1. DSC investigations on the multiple melting behavior in
iPS

Influence of crystallization temperature. The effect of
crystallization temperature (7,) on the melting behavior of
iPS (isothermally cold-crystallized at different temperatures
for 6 h) at a constant heating rate of 10°C/min is illustrated
in Fig. 1. It can be observed: (i) the DSC curves exhibit three
endothermic peaks (labeled as T,, T}, ; and T},, in the order
of temperature from low to high) and one exothermic
recrystallization peak (labelled as 7.,, which is located
between the last two melting peaks) for 7, < 170°C; for
the case of T,> 170°C, the recrystallization process is
somewhat inhibited, therefore, the recrystallization
exotherm can not be distinctly seen; when T, > 190°C,
only one melting peak (7y,;) can be observed. (ii) The
lowest-temperature endotherm, the so-called annealing
peak (T,), shifts to higher temperature with increasing 7,
and appears always at ca. 10—15°C above the cold-crystal-
lization or annealing temperature. Its magnitude also
increases slightly with the increase of T.. (iii) As increasing
the T, the T, also shifts to higher temperatures, and finally
merges into the highest endotherm (7},,). Its magnitude is
strongly enhanced. (iv) With the increase of T, the T},
almost remains constant around 220°C while its size gradu-
ally decreases. Accordingly, it is evident that the triple melt-
ing peaks are strongly undercooling dependent, especially
for the intermediate melting peak, T;,;. From Fig. 2, the
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Fig. 1. DSC traces of iPS isothermally cold-crystallized at different
temperatures for 6 h. The heating rate is 10°C/min.

equilibrium melting point of iPS can be approximately
estimated to be 242°C by the Hoffman—Weeks extrapolation
[27], which is well consistent with the values previously
reported for the melt-crystallization studies in iPS [7].
Sequence of crystallization. In order to explore the
sequence of crystal formation during cold crystallization,
the amorphous iPS samples were isothermally crystallized
at 160°C for various times (from 10 min to 48 h) followed
by quenching to room temperature and heating to complete
melting (250°C) at 10°C/min in the DSC. The collective
thermographs are presented in Fig. 3. It can be observed
that: (i) when the crystallization time (z.) is less than
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Fig. 2. Thermal transition temperatures vs crystallization temperature for
iPS isothermally cold-crystallized at different temperatures for 6 h.
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Fig. 3. DSC traces of iPS isothermally cold-crystallized at 160°C (A) and
190°C (B) for different periods of time. The heating rate is 10°C/min.

10 min, no appreciable crystallization has taken place; (ii)
for the case of ¢, =20 min, only a very small and broad
upper endotherm (7,,) is observed around 220°C; (iii)
when the isothermal treatment at 160°C is further prolonged
(e.g. t. = 30 min), an even smaller lower melting peak (T}, ;)
can be seen with careful inspection at about 195°C, in
addition to the further developed upper melting peak
(Th2); (iv) when f, =40 min, the T,,; becomes apparent
and the T}, is well developed, and additionally, the anneal-
ing peak (7,) is now beginning to form with a small
endotherm at about 170°C; (v) the triple endotherms slightly
move to higher temperatures as crystallization proceeds. It
indicates that as increasing the f., the perfection of pre-
existing crystals related to the T;,; is significantly enhanced.
The three endothermic peaks may develop simultaneously,
but the strongest being identified first. Similar observations,
which are strong evidences against the melting-recrys-
tallization explanation, have been reported by Cheng et al.
[28] and Bassett et al. [29] in poly(aryl ether ether ketone)
(PEEK), by Cheng et al. [30] and Cebe et al. [31] in
poly(phenylene sulfide) (PPS).

Influence of heating rate. It is well known that the heating
rate dependence on the multiple melting behavior is often
cited as evidence in favor of the ‘melting-recrystallization’
model [32-39]. The iPS samples, cold-crystallized at 160°C
for 6 h, were heated at different rates (@), and the DSC
results (the thermal transition temperatures and their
apparent enthalpies) are presented in Fig. 4A and B, respec-
tively. It can be seen that, with increasing the heating rate
the T, and T, shift toward higher temperatures (with an
increase in the heats of fusion) probably due to the super-
heating effect caused by a low thermal conductivity of the
samples (i.e. the instrumental factor) [38,39], while the T},
slightly shifts to the opposite direction accompanied with a
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Fig. 4. (A) Thermal transition temperatures and (B) their corresponding
enthalpies for iPS isothermally cold-crystallized at 160°C for 6 h when
performed at different heating rates in DSC.

decrease in its magnitude. Therefore, it is evident that some
recrystallization does take place during the heating process
in the DSC. At higher heating rates, the sample passes
through the recrystallization temperature region so rapidly
that there is insufficient time for the melted materials to
reorganize into new crystals. Hence, the reorganization
process (i.e. partial melting and recrystallization) is largely
inhibited, and can even hardly be observed in the DSC
curves (for example, when the heating rate is higher than
20°C/min, as shown in Fig. 4B). The amount and perfection
of the recrystallized materials decrease with increasing
the heating rate. The consequence is that the parts of
reorganized crystals, which contribute to the highest melting
peak, decrease.

In summary, the following conclusions can be drawn
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based on the above thermal analysis experiments: (i) from
the fact that the 7;,, develops rather simultaneously to the
Ty, it is reasonable that the double melting peaks are
assigned to the coexistence of two lamellar populations
with different perfection; (ii) the experiments of heating
rate dependence on the double melting behavior, especially
the presence of an exothermic crystallization peak just
below the T),,, indicate that a recrystallization does occur
during a heating process in the DSC; (iii) a surprising obser-
vation from DSC is that the high melting material (Ty,,) is
formed preferably at higher undercooling. A reasonable
explanation is as follows. When the samples were crystal-
lized at lower T, the formed crystals are less perfect and
therefore are relatively prone to be annealed during heating
to a crystal population with a higher thermodynamic stabi-
lity. However, at higher T, the formed crystals are relatively
more perfect and therefore are difficult to be further
annealed. In addition, it should be noted that there is no
drastic difference in the shapes of electron diffraction
patterns from iPS crystallized at lower and higher T, except
for the intensity, therefore, a crystal perfectioning during
heating is possible.

3.2. Morphological evidence from TEM observations and on
the origins of the multiple melting peaks in iPS

The proposed mechanisms on the multiple melting beha-
vior for iPS in the literature were more or less deduced from
thermal analysis results, and only few morphological
investigations were carried out. In this section, the morpho-
logical observations are made to investigate the origins of
the multiple melting behavior in iPS using the TEM.

The DSC trace of iPS isothermally cold-crystallized at
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Fig. 5. DSC trace for iPS isothermally cold-crystallized at 160°C for 6 h.
The temperatures where the partial melting experiments are performed are
indicated by arrows.

160°C for 6 h is presented in Fig. 5. Isothermal crystallization
(arrow a) and partial melting experiments (arrow b—f) are
performed at several distinct temperatures as indicated on
the heat flow curve. Fig. 6A and B show the TEM micro-
graphs of an iPS thin film and an etched bulk sample cold-
crystallized at 160°C for 6 h (arrow a in Fig. 5), respectively.
It can be seen from Fig. 6A that, the well-developed spheru-
litic structures consisting of closely packed edge-on
lamellae are the main characteristic morphology for this
crystallization temperature. A number of lamellar stacks
continuously grow outward from the central regions by
splaying and branching. Close inspection of the micrograph
indicates that the shapes, sizes and contrast of the individual
lamellae vary over the spherulite, but no systematic clarifi-
cation into different categories of lamellae can be seen.
However, we do not rule out the possibility of existence
of secondary crystals which are probably formed in-between
the framework of primary crystals due to the confined
growth space (see below). Additionally, in the open regions
of the micrograph, flat-on crystals can be observed, particu-
larly within the spherulitic ‘eyes’ on either side of the
nuclei. Examination of replica surface of bulk-crystallized
iPS samples also revealed the similar morphologies in
continuous stacked-up lamellar form as shown in Fig. 6B.

Fig. 6. (A) Bright field (BF) electron micrograph of an iPS thin film sample
cold-crystallized isothermally at 160°C for 6 h; (B) lamellar morphology of
a bulky iPS sample having the same thermal history as in (A). Replica of an
etched surface.
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The annealing peak in iPS. In order to investigate the
origin of the annealing peak (7,) for iPS from the point of
morphological view, partial melting experiments are
performed. Typically, the sample is thermally treated at a
temperature just above the T, for a short time (e.g. 1 min),
then quenched to room temperature for TEM observations.
If the annealing peak results from the melting of material
formed by a secondary crystallization, as suggested in the
literature, then such a change (i.e. the disappearance of these
secondary crystals) is expected to be observed upon TEM
observations. For this purpose, the thermal treatment
temperature, 190°C, which is just above the annealing
peak (T, = 175°C) but below the intermediate endotherm
(T = 202°C), is chosen for the crystallization temperature
of 160°C. Fig. 7 shows the BF electron micrograph of the
iPS sample as in Fig. 6, which was further thermally treated
at 190°C for 1 min (arrow b in Fig. 5) and quenched to room
temperature. No clear evidence can be seen in the lamellar
morphology from that observed in Fig. 6. Also, there is
almost no morphological changes even for longer annealing
times at 190°C (for example, 1 h). Therefore, it is likely that
the annealing peak is not associated with a melting of
subsidiary crystal populations, as suggested by many other
authors [6,8—16]. Combining this observation with the
temperature-modulated DSC (TMDSC) results in which a
relaxation transition (on the non-reversing heat flow) and a
melting event (on the reversing heat flow) were observed at
ca. 15°C above the T,, we believe that a constrained inter-
phase between the amorphous and crystalline phases plays a
role which may not be ignored for the origin of this anneal-
ing- or crystallization-induced endothermic peak, as
observed in the other polymeric systems, such as PPS,
poly(ethylene terephthalate) (PET) and syndiotactic poly-
propylene (sPP) [3,40].

The double melting peaks in iPS. Similarly, the partial
melting experiments were also performed in order to inves-
tigate the origins of the double melting peaks (7y,; and T}, )
in iPS. The initially crystallized sample was thermally

Fig. 7. BF electron micrograph of an iPS sample as in Fig. 6, which was
further treated at 190°C (above the annealing peak, 175°C) for 1 min and
then quenched to room temperature.

treated at the endothermic peak of the 7}, ; for 1 min, and
quenched to room temperature for subsequent TEM
observations. If the double endothermic behavior results
from the melting of different crystal populations, the less
perfect (less stable) crystals should disappear (be melted),
and only the more stable (or perfect) ones are expected to
remain upon the subsequent TEM observations.

The BF electron micrograph of such a partial melting
experiment performed at 205°C (arrow c in Fig. 5) for
I min (which is approaching to 7,,,), using an iPS sample
which has the same thermal history as that in Fig. 6, is
depicted in Fig. 8A. Note that this thermal treatment
temperature (205°C) is located at the intersection of the
baseline (the dash line in Fig. 5) with the heat flow trace.
From Fig. 8A, most interestingly it can be seen that many
intact lamellae seen in Fig. 6 become segmented and dis-
connected (partially melted). Therefore, it indicates that the
thermal stability along a single lamella is not uniform.
Within an individual lamella, some parts are more stable
or perfect than the others. Hence, the double melting
peaks in iPS are, to a much extent, associated with a distri-
bution of lamellar perfection. In fact, over 20 years ago,

Fig. 8. (A) BF electron micrograph of an iPS sample having the same
thermal history as in Fig. 6, and subsequently treated at 205°C for 1 min
and then quenched to room temperature; (B) BF electron micrograph of an
iPS sample isothermally cold-crystallized at 170°C for 6 h, which was
subsequently treated at 211°C for 1 min and then quenched to room
temperature.
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Petermann et al. have reported upon TEM observations that
the melting of a single lamella in iPS starts at various areas
[41]. They suggested that the occurrence of melting in the
various parts is due to structural variations along the
surfaces of lamellae resulting in a hindrance of the lamellar
thickening process. Nevertheless, in that report the investi-
gations on the lamellar morphologies for iPS was not related
to the multiple melting behavior.

Moreover, from Fig. 1 it can be seen that the amount of
the crystals melted at T, (crystallized at 160°C) is much
smaller than that at 7,,. This is consistent with the TEM
observations (Fig. 8A), in which only a small fraction of
crystals are melted when the partial melting temperature
approaches to Ty, | (e.g. 205°C for 1 min). In order to further
confirm it, an iPS film sample was isothermally crystallized
at a higher temperature (170°C) for 6 h (see Fig. 1), since at
this crystallization temperature the magnitude of the 7}, is
comparable to that of the T},,. As a comparison, when this
sample was treated at a temperature just between the double
melting peaks (211°C for 1 min), it can be clearly observed
that much more lamellar fractions are melted (Fig. 8B).
Additionally, besides the fragmentation of single lamella,
the distance between neighboring lamellae also increases.
This probably indicates the existence of secondary crystals
with lower thermodynamic stability [42,43]. Therefore,
from our DSC measurements and the TEM observations
we have to conclude that two distinct thermally stable frac-
tions along a single lamella exist. The relative amount of
them in a single lamella mainly depends on the tacticity and
the thermal history (e.g. crystallization temperature). A
preliminary result also supports our suggestions: when
using iPS with low tacticity, the amount of less stable part
increases (for the same crystallization temperature and
time). Very interestingly, similar observations were also
performed most recently in sPP lamellar single crystals by
Cheng and his coworkers using TEM and atomic force
microscopy (AFM) coupled with hot stage [44]. Accord-
ingly, this is probably a common observation in semicrystal-
line vinyl polymers. The cause of such an observation is due
to uneven distribution of tacticity along polymer chains,
which leads to one domain with relatively lower tacticity
and other locations with higher tacticity. In the beginning of
crystallization, the molecules with higher tacticity will crys-
tallize first, and those molecules with lower tacticity will be
first rejected and accumulated in the front of crystal growth.
Later on, as soon as these enriched molecules are too many
and cannot diffuse away quickly enough, they have to crys-
tallize to form less perfect crystals. These defective or less
perfect crystals accumulated in certain locations possess
relatively high free energies (that destabilize the crystals)
and provide nuclei for the crystal melting event [44]. There-
fore, it is segregation during crystallization process that
would be responsible for the melting of lamellar domains
with different thermodynamic stability.

It should also be noted that Marand and his
coworkers recently reported the crystallization, melting

and morphology of random ethylene/l-octene copoly-
mers via a combination of DSC and AFM [45]. They tenta-
tively associate two different crystallization mechanisms
(prevalent in separate temperature ranges) with the
coexistence of two distinct crystalline superstructures (i.e.
lamellae and fringed-micellar or chain cluster structures).
They further suggest that the multiple melting behavior of
these copolymers is associated with the existence of
separate morphological entities and is not explained by a
mechanism of melting—recrystallization—remelting. In fact,
the molecular chain structures of isotactic polystyrene (for
instance, here with tacticity of 97%) can also be considered
as a random copolymer of ‘pure’ iPS (with tacticity of
100%) and ‘defective’ atactic polystyrene (aPS). Then, the
present situation in iPS is very similar to that in the random
ethylene/1-octene copolymers.

When further increasing the temperature of the partial
melting experiment (for example, 212°C for 1 min, indi-
cated by the arrow d in Fig. 5), it is seen that the degree
of the disconnection becomes more apparent and only a few
lamellar fractions are left (Fig. 9A). However, the lamellar
fractions grow laterally with increasing annealing time
(212°C for 30 min) as shown in Fig. 9B. The ‘destroyed’
disconnected lamellae are ‘repaired’ due to the recrystalli-
zation/reorganization process, finally become a nearly

Fig. 9. BF electron micrograph of an iPS sample having the same thermal
history as in Fig. 6, which was further treated at 212°C for 1 min (A) and for
30 min (B) and then quenched to room temperature.
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Fig. 10. Surface replica of an etched iPS bulky sample having the same
thermal history as in Fig. 6, which was further treated at 216°C for 1 min
and then quenched to room temperature.

‘connected’ lamellar structure again. Such a repairing
phenomena of the molten domains (via a recrystallization
process while annealing at higher temperature for an
extended period of time) was also observed in sPP by
Cheng and his coworkers [44]. These fragmentation
processes can also be observed from the surface replica
electron micrograph (Fig. 10) for the etched bulk iPS sample
having the same thermal history as in Fig. 6 but further
treated at 216°C for 1 min (arrow e in Fig. 5). When the
partial melting experiment is carried out at an even higher
temperature, for example, 222°C (arrow f in Fig. 5, the peak
temperature of the 7;,,) for 1 min, most of the lamellae are
melted and only a small fraction of them remains (Fig. 11).

3.3. Discussion on several crystallization and melting
models

According to the melting-recrystallization model [6,8—
16,32-39], all lamellae melt at T,,; and give rise to the
lower-temperature endotherm. The melted material under-
goes a continuous recrystallization process into thicker

Fig. 11. BF electron micrograph of an iPS sample having the same thermal
history as in Fig. 6, which was further treated at 222°C for 1 min and then
quenched to room temperature.

lamellae which subsequently melt at higher temperature,
Ty2- This model is based mainly on the observations, that
the higher melting peak is also heating rate dependent, but
shifts to lower temperatures and decreases in magnitude at
higher heating rates (Fig. 4). However, it neglects the observa-
tions on the sequence of the crystallization (Fig. 3), which was
also previously pointed out by several authors in other semi-
crystalline polymers [28—31,46]. While we question the melt-
ing—recrystallization model for the only explanation in the
double melting behavior of the iPS, we do not dispute and
rule out this phenomena of melting-recrystallization in
general. The appearance of the exothermic crystallization
peak T, . just below the high melting endotherm 7, , is a direct
indication that a melting—recrystallization does take place
during the heating process in the DSC. It is even confirmed
by our morphological observations (Fig. 9B).

According to the dual lamellar stack model, which was
originally proposed by Cebe et al. [31,47,48] and by Bassett
et al. [29], and was subsequently extended by other authors
[49-53], there exists a bimodal distribution of lamellar
thicknesses within the semicrystalline polymers, with the
melting of thinner and thicker lamellae associated with the
low and high endotherms, respectively. This is definitely
true when crystallizing at two distinct temperatures. For
the case of isothermal crystallization, two different models
were proposed [54]: the dual lamellar stack model (with the
thick and thin lamellae in separate stacks) [50,55] and the
lamellar insertion model (with the thin lamellae inserted
between thicker lamellae in the same stack) [51-55]. The
lamellar stack model was based on the morphological obser-
vations of two distinctly different types of lamellar popula-
tions revealed by TEM [49]. The primary argument in favor
of the lamellar insertion model comes from observations
using time-resolved small angle X-ray scattering (SAXS)
techniques [51-53]. However recently, using real-time
SAXS, Verma et al. have reported the morphological
changes during long time melt crystallization and subse-
quent melting in PEEK [54,55], in which the SAXS data
are incompatible with the lamellar insertion model and
therefore this model was discarded by them.

According to the dual lamellar stack model, the subsidi-
ary (or secondary) lamellae are often regarded as the crystal-
lites that were formed between the dominant lamellae
during the secondary crystallization process. However,
from our studies on iPS an impingement was not observed
for the presence of the less perfect lamellae. From our
morphological observations in iPS (for example, Fig. 8), a
crystal model with the alternating (perfect and less perfect)
domains along an individual lamella is concluded. A similar
hypothesis has recently emerged from the investigations of
sPP lamellar single crystals based on TEM and AFM obser-
vations [44]. But care should be taken to generalize our
observations from the iPS to other polymers. Due to differ-
ent segmental mobility, chain conformational defects and
diffusive processes, different crystallization and melting
events may occur in different polymers.
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4. Conclusions

The triple melting behavior and lamellar morphologies of
isothermally cold-crystallized iPS have been investigated by
combining DSC and TEM techniques. The thermal analysis
results indicate that the appearance of the multiple melting
peaks (consequently the crystalline morphologies) in iPS is
strongly dependent on the thermal history. By combining
the DSC measurements with TEM morphological observa-
tions, it is concluded that: (1) the annealing peak is not
related to the melting of the subsidiary crystals formed by
secondary crystallization; (2) two lamellar components with
different thermodynamic stability within a single lamella
exist, and they are associated with the double melting
behavior in isothermally crystallized iPS. The lower melting
peak is mainly due to the melting of less perfect lamellar
domain (which serve as melting nuclei), while the higher
melting peak is mainly due to the melting of more perfect
part within the same lamella, and to some less extent, to the
melting of a recrystallized population during heating
process. The occurrence of repairing of molten lamellar
domain via recrystallization is confirmed by morphological
evidence from the TEM observations.
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