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The multiple melting behavior and 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 combination of
thermal analysis and morphological results indicates that two lamellar populations are
responsible for the so-called double melting behavior in iPS. The low-temperature melting
peak is attributed to the melting of less perfect (thinner or defect containing) subsidiary
lamellae formed in the framework of the dominant (thicker or more perfect crystalline)
lamellae upon isothermal crystallization. The high-temperature one is mainly due to the
melting of the dominant thicker lamellae, and to some less extent, the melting of a
recrystallized population coming from the melted defect lamellae during the heating
process in DSC. C© 2000 Kluwer Academic Publishers

1. Introduction
Many semicrystalline polymers, such as poly(ether
ether ketone) (PEEK), poly(ethylene terephthalate)
(PET), poly(phenylene sulfide) (PPS), isotactic poly-
styrene (iPS), exhibit more than one maximum in the
melting endotherms upon scanning in the DSC. Up to
date, there are considerable controversies in the liter-
ature concerning the origin of the so-called multiple
melting behavior, particularly for the low-temperature
endotherm, commonly observed for semicrystalline
polymers. To our knowledge, the explanations for
the origin of the lower melting peak can be approxi-
mately grouped into the following models. (i) Melting-
recrystallization model [1–6], which advocates that the
lower endotherm represents the melting of most of the
lamellae initially present, while that at higher temper-
ature represents the melting of thicker and more per-
fect lamellae formed by recrystallization of partially
melted material. (ii) Dual lamellar thickness model [7–
12], which suggests that the double endothermic behav-
ior is associated with the melting of lamellae having a
bimodal distribution of thickness. The two branches
of this model are the dual lamellar stack model [7, 8]
and the lamellar insertion model [9–10]. (iii) Different-
morphology model [13]. According to Marand and
Prasad, the double melting behavior exhibited in PEEK
for crystallization temperatures above 300◦C can be
due to the formation of two morphologies, spherulitic
and crystal-aggregate-like structures. (iv) Physical ag-
ing model [14], which prefers that the low endotherm
is the enthalpic recovery of a physically aged rigid
amorphous fraction. (v) Perfect and imperfect crys-
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tal model [15, 16]. For instance, the high- and low-
melting peaks of poly(aryl ether ketone)s isothermally
crystallized from the glassy state is attributed to the
perfect and imperfect crystals, respectively. (vi) Differ-
ent crystal structure model [17], which associates the
first melting peak, appearing on linear heating after a
period of isothermal crystallization, with chain-folded
crystals and the second endotherm with crystals con-
taining some partially extended chains. (vii) “Pseudo-
crystalline” phase relaxation model [18], which is re-
cently proposed by our research group. In this model,
the lowest endothermic “annealing peak” is ascribed to
a relaxation of the “pseudo-crystalline” phase into the
relaxed amorphous component. Moreover, some other
models, such as disorientation model, crosslinking
model, and so on, are also proposed to explain the mul-
tiple melting behavior of the semicrystalline polymers.

However, up to the present there exist more or less
divergences among these models as mentioned above.
No consensus has been reached as to the origin of mul-
tiple melting behavior of the semicrystalline polymers.
And a model that is reasonably compatible with all
physical observations has not yet emerged. Therefore,
a complete understanding of the origin of dual or multi-
ple melting behavior (especially of the low-temperature
endotherm) is of great significance and should provide a
new insight into the crystallization and melting process
of crystalline polymers [19]. It is also very likely that
more than one reason may be responsible for multiple
melting peaks of crystalline polymers.

On the other hand, the extensive studies on mul-
tiple melting behavior are mainly focused on the
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melt-crystallized polymer samples, and less attention
is paid to the cold-crystallized ones. In addition, the
melting process is usually studied on bulk materials by
techniques such as calorimetry (DSC), X-ray scatter-
ing (WAXS, 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 processes. Nev-
ertheless, at this aspect, the transmission electron mi-
croscopy (TEM) technique is a powerful tool, which
can provide confirmative evidence. Therefore, a more
complete description and understanding on the multi-
ple endothermic behavior of iPS requires confirmation
by morphological observations using more direct tech-
niques such as TEM and confirmation by other experi-
mental techniques.

In our present study, we attempt to investigate the
complex melting behavior of iPS by combining the
TEM technique with the calorimetry method. This
polymer is chosen as the studied system based on the
following considerations: (1) Characteristic slow over-
all crystallization rate of iPS makes this polymer an
ideal subject for the study and refinement of multiple
melting in polymers, due to the possibility of follow-
ing the crystallization and melting process in the DSC.
(2) It has only one crystal modification, which avoids
the complexity resulting from the polymorphism phe-
nomena. (3) It is less radiation-sensitive than most other
polymers [20], and therefore very suitable for TEM in-
vestigations.

2. Experimental
The powdery iPS sample (Mw= 752000, isotacticity:
97%) was purchased from Polymer Laboratories. To
obtain amorphous samples, pure iPS was heated to
250◦C for 5 min, and subsequently quenched into cold
water. Then the amorphous samples were isothermally
crystallized at 160◦C and 180◦C for different times, re-
spectively. The reasons, why these two temperatures
were selected are as follows: first, at these two tem-
peratures the multiple melting peaks can be well sep-
arated from one another; second, the magnitude of the
low-temperature melting peak (Tm,1) is very different at
160◦C and 180◦C. Therefore, we will present and dis-
cuss the results by dividing two parts in theResults and
discussionsection according to these two crystalliza-
tion temperatures. The originally obtained crystalline
samples were subsequently thermally treated (partial
melting experiments) at different temperatures for dif-
ferent times for the use of DSC measurements or TEM
observations.

DSC experiments were performed in a DSC-2920
from TA Instruments coupled with a TA-2000 con-
trol system. The temperature was accurately calibrated
with tin, gallium, and indium using standard procedure.
All the samples were heated with a scanning rate of
10◦C/min. The weights of all the samples were in the
range of 5± 0.1 mg. All crystallization and melting
treatments were performed under nitrogen atmosphere
in order to diminish oxidation.

Thin films for direct TEM observation were obtained
by the following procedure: firstly, the dilute polymer-

xylene solution (with concentration ofca. 0.1%-w/v)
was dropped onto mica covered with carbon film, then
the polymer films with carbon-support film were floated
on the water surface and transferred onto electron mi-
croscope copper grids, finally the obtained thin films
were melted at 250◦C for 5 min and quenched into cold
water, simulating the procedure of the DSC samples.
The samples were investigated using a Philips CM200
TEM operated at 200 kV, and bright-field (BF) electron
micrographs were obtained by defocusing the objective
lens.

3. Results and discussion
3.1. Investigations on iPS samples

cold-crystallized isothermally at 160◦C
Fig. 1 shows the DSC trace of iPS cold-crystallized
at 160◦C for 12 hours. It can be seen, that three en-
dothermic peaks (labelled as Ta, Tm,1 and Tm,2 in the
order of temperature from low to high) and an exother-
mic recrystallization peak (labelled as Tc,re, which is
located between the last two melting peaks) are ob-
served. The first endotherm (about 175◦C), Ta, is the
so-called “annealing peak”, whose position is always at
ca.10∼15◦C above the cold-crystallization or anneal-
ing temperature. And the positions of Tm,1, Tc,re and
Tm,2 are observed at about 202◦C, 208◦C and 222◦C,
respectively. Almost 30 years ago, Challa and his co-
workers [21–23] also observed the triple melting peaks
for the melt-crystallized iPS samples. They suggested,
that the lowest small endothermic peak (i.e., the “an-
nealing peak”), which was just above the crystalliza-
tion temperature, was originated from secondary crys-
tallization of the melt trapped within the spherulites.
The next melting endotherm was related to the normal
primary crystallization process. And the third melting
peak came from the second one by continuous melt-
ing and recrystallization during the scan. However, our
experimental results from TEM do not confirm exactly
the melting mechanism proposed by Challaet al.

The TEM micrograph and its corresponding electron
diffraction pattern of an iPS thin film isothermally cold-
crystallized at 160◦C for 12 hours is shown in Fig. 2. It

Figure 1 DSC thermogram of iPS isothermally cold-crystallized at
160◦C for 12 hours. The heating rate is 10◦C/min.
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Figure 2 (a) BF electron micrograph and (b) electron diffraction pattern of iPS cold-crystallized isothermally at 160◦C for 12 hours.

can be seen that the spherulitic structures consisting of
closely packed edge-on lamellae are the main charac-
teristic morphology for this crystallization temperature.
A number of lamellar stacks grow from the central re-
gions and continue outward by splaying and branching.
Close inspection of the micrograph indicates, that be-
tween some thicker lamellae (especially for the outer
lamellae) there exist some less perfect lamellae (prob-
ably consisting of some defective crystals, which may
involve lattice defects, surface constrains and other ir-
regularities) observed by a somewhat weaker phase
(defocus) image contrast in the TEM. This morphol-
ogy may be formed by the branching and splaying
growth of individual dominant lamellae followed by
infilling subsidiary growth [24]. The cause of splaying
has been suggested by Kelleret al. [25], resulting from
uncrystallized molecular portions of cilia confined be-
tween lamellae. Here, the term “subsidiary lamellae” is
used to describe these less perfect crystals which have

not enough space to grow and are restricted within the
framework of the dominant lamellae. Additionally, in
the open regions of the film, flat-on crystals can be
observed, particularly within the spherulitic “eyes” on
either side of the nuclei. The contributions of these flat-
on crystals to the electron diffraction (ED) pattern are
the sharp reflection spots as can be seen in Fig. 2b.

It should be noted that the sample of Fig. 2 possesses
triple melting peaks in the DSC heating scan. In order
to investigate the origins of the multiple endotherms
for iPS, the partial melting experiments are performed.
Typically, the sample is thermally treated at a temper-
ature just above the Ta, or Tm,1 for a short time (e.g.,
1 min), and subsequently quenched to room tempera-
ture and then used for the TEM observations. If the mul-
tiple melting behavior results from the melting of differ-
ent crystal populations, only the more stable (or thicker)
lamellae, which have the higher melting temperature,
are expected to be seen in the TEM micrographs. The
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Figure 3 BF electron micrograph of an iPS sample as in Fig. 2, which was further treated at 190◦C for 1 min and then quenched to room temperature.

Figure 4 (a) BF electron micrograph and (b) electron diffraction pattern of an iPS sample as in Fig. 2 but partially melted at 212◦C for 1 min.
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two thermal treatment temperatures (190◦C and 212◦C)
are chosen and indicated in Fig. 1. If the first endotherm
(Ta) had originated from the melting of secondary crys-
tals, as suggested by Challaet al., the secondary crystals
are expected to be melted during the thermal treatment
at 190◦C. Fig. 3 shows the electron micrograph of the
iPS sample as in Fig. 2, which was subsequently heat
treated at 190◦C for 1 min and quenched to room tem-
perature. It can be seen, that there is no evident differ-
ence in the lamellar morphology from that observed in
Fig. 2a. Therefore, it is likely that the first endothermic
peak is not associated with the melting of subsidiary
crystal populations. Concerning the origin of the first
endothermic “annealing peak” for semicrystalline poly-
mers, such as in PET, PPS, iPS and sPP (syndiotactic
polypropyline), it has been pointed out in our other re-
ports [18, 26, 27], that its occurrence is closely related
to the enthalpy relaxation of a pseudo-crystalline inter-
phase between the amorphous and crystalline phases,
and no further discussion will be presented in this paper.

Figure 5 (a) BF electron micrograph and (b) electron diffraction pattern of an iPS sample as in Fig. 2 further treated at 212◦C for 30 min.

From Fig. 1 one can see, that the magnitude of Tm,1
is much smaller than that of Tm,2 for the iPS sample
crystallized at 160◦C. Therefore, when the initial crys-
talline sample undergoes partial melting treatment at
a temperature just above the Tm,1 (such as 208◦C, the
peak temperature of Tc,re), no evident difference can
be expected using the TEM technique. Hence, the par-
tial melting experiments were conducted at a slightly
higher temperature, here, at 212◦C for 1 min, where
fractions of the highest melting crystals (Tm,2) are in-
volved in the melting process. The corresponding TEM
micrograph and ED pattern are presented in Fig. 4. Only
some more stable and thicker lamellae are left after the
melting of the less perfect, thinner lamellae. Compar-
ing the lamellar morphologies shown in Figs 2a and
4a, it is evident that firstly, after partial melting, the
remaining lamellae almost have the same thickness as
in the originally crystalline sample (Fig. 2a), but the
TEM image contrast is improved; secondly, the densely
and continuously packed lamellae become sparse and
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discontinuous; thirdly, the electron diffraction inten-
sity of the Debye Scherrer rings is significantly weak-
ened after partial melting due to a loss in crystallinity
(Fig. 4b).

Fig. 5 shows the TEM micrograph and ED pattern for
the iPS sample further heat treated at 212◦C for 30 min.
One can see, that the “destroyed” (partially melted)
stable lamellae (Fig. 4) are almost “renovated”. The
“renovated” lamellae are slightly thicker than those in
Figs 2a and 4a. This may probably involve a solid-state
thickening process by the consumption of less perfect
lamellae during this longer retention. Also, the growth
of single-crystal-like flat-on lamellae is now preferred.
This can be seen from the open regions of Fig. 5a and
the enhanced electron diffraction intensity of single-
crystal-like diffraction spots (Fig. 5b). Therefore, just
as Keller pointed out [28], during the heating process in
the DSC, two competing processes are involved: melt-
ing and recrystallization. The predominance of the par-

Figure 6 DSC thermogram of iPS cold-crystallized isothermally at
180◦C for 10 hours. The heating rate is 10◦C/min.

Figure 7 BF electron micrograph of iPS cold-crystallized isothermally at 180◦C for 10 hours.

ticular process depends on its rate compared with the
heating rate: with slow heating rates, solid-state thick-
ening is favored; while with fast heating rates, melting
and subsequent recrystallization dominates [20].

The presence of the recrystallization exotherm just
below the last melting peak is a direct indication, that
the highest endotherm is partially originated from a re-
crystallized population originated in the heating pro-
cess of the DSC. The recrystallization process may
involve partial melting, rapid nucleation and recrys-
tallization at the crystal surfaces (self seeding), which
lead to more perfect or thicker crystals than the origi-
nal ones. Due to the self seeding, the recrystallization
is more rapid than ordinary isothermal crystallization
at the same temperature. For iPS, it can be seen that the
melting of subsidiary lamellae takes place just closely
followed by the recrystallization process. As a conse-
quence, the second melting endotherm (Tm,2) is, after
the annealing and recrystallization procedure, shifted
to somewhat higher temperature.

3.2. Investigations on iPS samples
cold-crystallized isothermally at 180◦C

The DSC thermogram and TEM micrograph of the
iPS sample isothermally cold-crystallized at 180◦C for
10 hours are shown in Figs 6 and 7, respectively. With
the increase of crystallization temperature, the positions
of Ta, Tm,1 and Tm,2 are shifted toward higher tempera-
tures, and observed at about 192◦C, 210◦C (with heat of
fusion,1Hm= 11.4 J/g) and 223◦C (1Hm= 13.5 J/g),
respectively. At this higher crystallization tempera-
ture (180◦C), the recrystallization process is some-
what inhibited, therefore, the exothermic recrystalliza-
tion peak, observed in the case of the sample crystal-
lized at 160◦C cannot be clearly seen. Furthermore,
it can be seen, that for crystallization at 180◦C the
magnitude of the low-temperature melting peak (Tm,1)
is strongly enhanced in comparison with the case of
160◦C crystallized samples (compare Figs 1 and 6),
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Figure 8 DSC thermograms of iPS samples as in Fig. 6, which were
partially melted at 214◦C for 1 min (curve A) and 60 min (curve B). The
heating rate is 10◦C/min.

Figure 9 BF electron micrographs of iPS samples, which obtained the same thermal treatment as those in Fig. 8. (a) 1 min and (b) 60 min.

and has become comparable with the high-temperature
endotherm (Tm,2). Accordingly, the temperature
(214◦C) between the last two melting peaks is chosen
as the approximate melting temperature of subsidiary
crystals in the subsequent thermal treatment (indicated
by the arrow in Fig. 8). From the bright field electron
micrograph (Fig. 6) one can see, that the spherulites,
which are formed at 180◦C, mainly consist of closely
packed stacks of parallel lamellae, and their outlines
are less perfect and the overall sizes of spherulites are
smaller than those formed at 160◦C (see Fig. 2a). Close
inspection of the micrograph also indicates, that some
less perfect thinner lamellae are confined within the
framework of the thicker ones.

Partial melting experiments performed on these iPS
samples, cold-crystallized at 180◦C for 10 hours, are
depicted by DSC (Fig. 8) and TEM (Fig. 9) results.
One initially crystalline sample was thermally treated
at 214◦C for 1 min, and subsequently quenched for DSC
and TEM experiments (Fig. 8, curve A; Fig. 9a). The
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Figure 10 BF electron micrograph of iPS sample cold-crystallized isothermally at 180◦C for 10 hours and then partially melted at 218◦C for 1 min.

other one was held at 214◦C for 60 min and quenched
for subsequent measurements (Fig. 8, curve B; Fig. 9b).
The heat flow signals in both DSC scans were normal-
ized to the unit mass of the sample. The curves have
been shifted vertically for the sake of clarity. From the
partial melting experiments (Fig. 8) one can see, that af-
ter the retention at 214◦C for 1 min, the low-temperature
melting peak (Tm,1), which is probably associated with
the subsidiary lamellae, disappears, and the melted sec-
ondary crystals recrystallize during the heating process
in the DSC. Therefore, a broad exotherm can be seen at
about 150◦C on the DSC curve (Fig. 8, curve A). Con-
sequently, the reorganized crystals melt at a slightly
higher temperature (224.0◦C) than the originally crys-
talline sample (223.0◦C). After the retention at 214◦C
for 60 min, the melted subsidiary crystals have enough
time to reorganize into more stable crystals, and there-
fore melt at an even higher temperature (225.2◦C) with
a larger heat of fusion (25.8 J/g) than in the case of
214◦C for 1 min heat treated sample (22.3 J/g). In ad-
dition, a very weak endotherm can still be observed
at about 202◦C in curve B. It probably indicates that,
the thinner lamellae are not completely melted after the
partial melting at 214◦C.

After the heat treatment at 214◦C for 1 min and
60 min and the subsequent quenching, the samples only
exhibit the high endothermic peak in the DSC heating
scan. These changes in the thermal analysis can also
be reflected by the morphological features from TEM
observations. Fig. 9 presents the corresponding TEM
images for the iPS samples with the same thermal his-
tory as in the DSC experiments (Fig. 8). Some thinner
lamellae disappeared, while the thicker lamellae main-
tained but with poor contrast. These results indicate,
that two populations of lamellar crystals exist before
the heating process in the DSC. When the originally
crystalline sample is heated in the DSC, the one lamel-
lar population melts first due to its lower stability; the
remaining stable lamellae will melt at a higher tem-
perature. During this heating process, the melted sub-

sidiary crystals might reorganize, to a lesser extent, into
more stable lamellae. Therefore, the TEM observations
have provided the evidence and proved the speculation
that the low-temperature endotherm is ascribed to the
melting of an unstable subsidiary crystal population
between the more stable dominant ones. It is still un-
clear, and will be the subject of further investigations,
from which reasons the two crystal populations result
and what the precise difference is between the corre-
sponding crystals. When further increasing the temper-
ature in the partial melting experiments, for example, to
218◦C for 1 min, the similar phenomenon as in the case
of 160◦C crystallized and at 212◦C heat treated sam-
ples (Fig. 4a) is observed (Fig. 10). Most of the stable
lamellae are melted and only a small amount of them
remain. Evidently, the high-temperature endotherm is
originated from the originally present stable dominant
crystals, and to a less extent from the melting of the
recrystallized population (which is not the representa-
tive amount of crystals in the material) formed during
thermal scanning.

4. Conclusions
The triple melting endotherms of iPS cold-crystallized
isothermally at two different temperatures (160◦C and
180◦C) are studied using DSC and TEM. Combining
the morphological and thermal analysis studies, the
low-temperature endotherm is attributed to the melt-
ing of less perfect subsidiary crystals formed within the
framework of dominant lamellae upon isothermal crys-
tallization. The high-temperature endotherm is origi-
nated from the originally present stable dominant crys-
tals, and to a less extent from the recrystallization of
the molten population during thermal scanning.

By taking account of the above-mentioned results for
iPS, a three-phase model involving a mobile amorphous
phase, a constrained “pseudo-crystalline” interphase
and a crystalline phase (consisting of subsidiary and
dominant populations) is proposed in order to describe
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the complex melting and relaxation behavior of iPS. In
this suggested model, the three phases play different
roles in the thermal behavior during heating scans in
the DSC, in which the enthalpy relaxation mechanism,
the dual lamellar stack mechanism, and the melting-
recrystallization mechanism are involved. During heat-
ing, firstly, the amorphous phase undergoes the glassy
transition relaxation; then, the constrained interphase
(pseudo crystals) experiences the enthalpic relaxation
process; after that, the melting of subsidiary crystals is
followed; finally, the melting of the dominant crystals
and/or the reorganized ones takes place.
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