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Abstract

For polymers the origin of the multiple melting peaks observed in DSC curves is still controversially discussed. This is due to the difficulty
to investigate the melting of the originally formed crystals exclusively. Recrystallization is a fast process and most experimental techniques
applied so far do not allow fast heating in order to prevent recrystallization totally. Developments in thin-film (chip) calorimetry allow scanning
rates as high as several thousand Kelvin per second. We utilized a chip calorimeter based on a commercially available vacuum gauge, which is
operated under non-adiabatic conditions. The calorimeter was used to study the melting of isothermally crystallized isotactic polystyrene (iPS).
Our results on melting at rates up to 30,000 K/min (500 K/s) give evidence for the validity of a melting—recrystallization—remelting process for iPS
at low scanning rates (DSC). At isothermal conditions iPS forms crystals, which all melt within a few dozens of K slightly above the isothermal
crystallization temperature. There is no evidence for the formation of multimodal populations of crystals with significantly different stability
(melting temperatures). Furthermore, relaxation (devitrification) of the rigid amorphous fraction occurs in parallel to melting. Superheating of the

crystals is of the order of 25 K at 30,000 K/min.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A lamellar stack model describes the morphology of most
semicrystalline polymers reasonable well. Although this mor-
phology feature was discovered already 65 years ago [1] the
question how polymer crystals are formed is still under debate,
see e.g. [2-6] and references therein. It is the chain structure
of the polymer molecules, which forces polymers to form mor-
phologies, build up from folded chain lamellae and spherulites.
The equilibrium structure — the extended chain crystal — is com-
monly not realized. Consequently these structures are not in
thermodynamic equilibrium. The deviation from equilibrium
causes significant reorganization and recrystallization already
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at crystallization or at annealing and heating. Reorganization
at heating of isotactic polystyrene (iPS) was, as an exam-
ple, extensively studied by Strobl et al. [7,8] applying X-ray
diffraction. This makes description of polymer melting a very
complex task. Crystallization at large super cooling yields struc-
tures, which are especially far from thermodynamic equilibrium.
Melting-recrystallization®~remelting sequences are often con-
sidered to describe the complex melting behaviour observed.
Calorimetry and especially differential scanning calorimetry
(DSC) at rates of the order of 10 K/min is commonly applied
to study polymer melting. Other techniques like temperature
dependent X-ray diffraction, e.g. [7,8], transmission electron
microscopy [9] or in situ atomic force microscopy (AFM), e.g.
[10-13], are used to study polymer melting too and partly sup-
port the idea of melting—recrystallization. But other models like
the creation of secondary lamella, the existence of bimodal
crystal stabilities as discussed by Petermann et al. [9] or the

3 Recrystallization is used in a very broad meaning here. It covers all processes
leading to a slightly more stable lamellae or part of single lamellae including
annealing.
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relaxation of the rigid amorphous fraction are considered too to
describe the multiple peaks occurring in DSC curves [14-17].
In a recent paper Cebe et al. [18] report a detailed study on the
crystal melting and relaxation of the rigid amorphous fraction
in iPS using temperature modulated DSC (TMDSC). The main
conclusion drawn was that for iPS the observed three peaks can
be explained by dual reversible crystal melting and irreversible
enthalpic relaxation of the rigid amorphous fraction (RAF).

In a previous study [19] we were able to show that
poly(ethylene terephthalate) (PET) forms a monomodale dis-
tribution of crystallite sizes or crystal stabilities on isothermal
crystallization. At heating with 162,000 K/min (2700 K/s) only a
single melting peak is observed for samples isothermally crystal-
lized in the broad temperature range between 114 and 230 °C.
No separate devitrification of the rigid amorphous fraction of
PET was observed at such high rates.

These studies became possible because of recent devel-
opments in fast scanning calorimetry. Pijpers et al. extended
the heating and cooling rate range of DSC to rates as high
as 500 K/min (HyperDSC™!) [20]. Developments in thin-film
(chip) calorimetry [21-23] allow even much higher rates also
for low thermal conducting polymer samples as shown by Allen
et al. [24-26]. We have developed a chip calorimeter in order
to study polymeric samples at fast scanning [19,27-30]. The
calorimeter is based on a commercially available vacuum gauge
TCG 3880 from Xensor Integration, NI, [31] and allows mea-
surements at rates up to 600,000 K/min (10,000 K/s). In the
present study it was applied to the melting of isothermally crys-
tallized iPS in order to see if a double melting endotherm or a
separate relaxation of the rigid amorphous fraction under con-
ditions when recrystallization is suppressed can be detected.

2. Experimental

DSC and Hyper DSC™ measurements were performed uti-
lizing a Perkin-Elmer Pyris Diamond DSC equipped with an
Intracooler Il and nitrogen purge. The instrument was calibrated
by indium and zinc for temperature at the scanning rate of
interest and by sapphire for heat flow. The sample (1 or 5mg,
depending on heating rate) was wrapped in aluminium foil of a
few milligrams only to minimize thermal lag [20].

Fast scanning experiments were performed applying a chip
calorimeter based on the thermal conductivity gauge TCG-3880
[31] as shown in Fig. 1. The gauge consists of a 0.5 um SigN;
membrane with a thin-film thermopile and a resistive film-heater
placed at the center of the membrane. All electrical connections
are covered by an additional 0.7 um SiO» layer for electrical
isolation and protection. The six hot junctions of a semi con-
ducting thermopile — the white spots around the central region
in the photograph — are placed around the heated area, ca.
50 pm x 100 wm. The cold junctions are placed at the silicon
frame fixing the membrane, ca. 1 mm from the center. Thus the
cold-junction temperature equals the temperature of the holder,
which is close to the temperature of the thermostat. The mea-
surements are performed in an ambient gas atmosphere rather
than under adiabatic conditions. Therefore measurements on
controlled cooling are possible too. The calorimeter allows mea-
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Fig. 1. Thin-film chip calorimeter based on the thermal conductivity gauge
TCG-3880. Scheme (A) and microphotograph of the frame and the membrane
loaded with a sample (B).

(B)

surements at rates up to 600,000 K/min (10,000 K/s). A more
detailed description of the calorimeter, the measurement algo-
rithm, and calibration can be found elsewhere [19,27,28].

Isotactic (90%) polystyrene powder with a weight-average
molecular weight of 400,000 g/mol was obtained from Scientific
Polymer Products Inc. This is the same polymer as studied by
Cebe et al. [18] or Strobl et al. [7,8]. From the powder a tiny
peace of the order of a few hundred nanograms was transferred
on the sensor. The sample was moved on top of the heater of the
calorimetric sensor, see Fig. 1. To avoid damaging of the sensor
membrane (ca. 500 nm thick) the sample was transferred to and
moved on the membrane using a soft cooper wire (diameter
50 wm). A stereomicroscope was used to control the movement.
When the sample was on the right place an electrical current
through the heater was switched on to melt the sample for the
first time. This way the sample was fixed at a position just on
top of the heater. Because of strong adhesive forces the sample-
membrane thermal contact was good and very stable after a
few heating-cooling cycles, which is important for calorimetric
measurements [32,33].

The crystallization conditions were chosen as described in
[18]. The iPS sample was crystallized at 140 and 170°C for
12 and 4 h, respectively. But here the samples were crystallized
from the melt (melt crystallization) while in [18] the sample
were first quenched below glass transition temperature (cold
crystallization). Because of limitations regarding data collection
slow cooling, say 100 K/min, from the melt down below the glass
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transition and slow heating to the crystallization temperature
(cold crystallization) was not possible with the chip calorimeter.
At rates of several thousand Kelvin per minute as commonly
used with the chip calorimeter no difference between cold and
melt crystallization was seen. Therefore all crystallizations were
performed as melt crystallization.

The iPS samples of ca. 5mg, 1 mg and 400ng for DSC,
HyperDSC and the chip calorimeter, respectively, were molten at
250 °C for a very short time to minimize degradation of the sam-
ple. After isothermal crystallization the sample was quenched
below glass transition at 30°C. The quenching rate was 200
and 600,000 K/min (10* K/s) for DSC and the chip calorimeter,
respectively. Then the measurements were performed at differ-
ent heating rates.

3. Results

The multiple melting peaks in isothermally crystallized iPS
are known since long time, see e.g. [17,34,35]. Fig. 2 shows
typical DSC curves at 10 K/min for iPS crystallized at 140 and
170°C, respectively. At large super cooling (low 7¢) a low and
a high melting endotherm is observed. At lower super cooling
(high T¢) even multiple melting peaks occur.

From the DSC scans in Fig. 2 the fractions according a three-
phase model were obtained in the common way from the heat
capacity increment at the glass transition and are given in Table 1.
The values for the sample crystallized at 140 °C are very com-
parable to the values published by Cebe at al. [18] and Strobl
et al. [7,8]. For the sample crystallized at 170 °C crystallinity
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Fig. 2. Temperature dependences of the specific heat capacity of a 4 mg iPS
sample at heating rate 10 K/min. The sample was crystallized at 7; =140°C,
tc =12h (solid line) and 7, =170 °C, tc =4 h (dashed line), and quenched below

glass transition. The curves for amorphous and crystalline iPS are shown too
[36].

Table 1

Fractions according a three-phase model

T: (°C) CRF MAF RAF
140 0.32 0.45 0.23
170 0.33 0.5 0.17

is lower compared to [18] but the same as reported in [8] for
the same material. This is most probably due to the fact that
we used melt crystallization and Cebe et al. [18] performed
cold crystallization. At cooling at moderate rates (<100 K/min)
it is assumed to form nuclei at cooling to the glass transition,
which are missing in case of melt crystallization or much faster
quenching. Why our data are in accordance with the data pre-
sented in [8], which are for cold crystallized samples, is not
understood.

If the high temperature melting peak is only due to recrystal-
lization during the scan it should disappear when recrystalliza-
tion could be prevented by fast heating, provided at the initial
isothermal crystallization a monomodal population of lamellae
was formed. In order to clarify this we performed experiments at
different heating rates. At high heating rates it should be possible
to differentiate between devitrification of the RAF and melting
of the originally formed crystals too.

The results from measurements at different heating rates up
to 30,000 K/min (500 K/s) for samples melt crystallized at 170
and 140 °C are shown in Fig. 3.

The iPS sample melt crystallized at 170 °C, Fig. 3A, shows a
very complex melting behaviour. At the two lowest heating rates
three peaks appear at 180, 205 and 220 °C, respectively. The
high-temperature melting peak decreases at increasing heating
rate. At 500 K/min all three peaks merge to one broad melting
peak ranging from 195 to 240 °C. Obviously, there is no direct
indication for any multimodal distribution in melting temper-
atures, etc. for the crystallization temperature of 170°C. But
the observed peak is very broad and probably the superposi-
tion of multiple peaks. The crystals formed at 140 °C, Fig. 3B,
are less stable. Even at 500 K/min two well separated peaks are
seen, indicating recrystallization. But the increasing low tem-
perature peak and the shift of the second melting peak towards
lower temperatures at increasing heating rate strongly support
the melting—recrystallization—-remelting model for this sample
too. Obviously, 500 K/min is not fast enough to prevent recrys-
tallization.

In order to increase heating rate even more we used the chip
calorimeter described in the experimental part. For both samples
only one peak can be seen at heating rates above 6000 K/min
(100 K/s). For the sample crystallized at 170 °C the broad peak
observed at 500 K/min becomes significantly smaller indicat-
ing the occurrence of recrystallization even at 500 K/min. As
for PET [19] the first peak (annealing peak) must be consid-
ered as part of the melting of the originally formed crystals. For
both samples this peak shifts significantly to higher temperatures
indicating super-heating.

4. Discussion

From DSC and a chip calorimeter we obtained melting
curves for isothermally crystallized iPS for heating rates ranging
from 10 to 30,000 K/min (0.17-500 K/s). For iPS crystallized
at 170°C a heating rate of 500 K/min is high enough to pre-
vent most recrystallization during the scan, see Fig. 3A. With
increasing super cooling (lower T¢) higher and higher rates are
needed to prevent recrystallization during the scan. To illustrate
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Fig. 3. Temperature dependences of the specific heat capacity of 400 ng—4 mg
iPS samples at the following heating rates: 1 — 10 K/min (0.16 K/s) 4mg, 2
— 50 K/min (0.83K/s) 4mg, 3 — 100 K/min (1.6 K/s) 0.5mg, 4 — 200 K/min
(3.3K/s)0.5mg, 5-400 K/min (6.6 K/s) 0.5 mg, 6 — 500 K/min (8.3 K/s) 0.5 mg,
7 — 6000 K/min (100 K/s) 400ng, 8 — 15,000 K/min (250 K/s) 400ng, 9 —
30,000 K/min (500 K/s) 400 ng. The samples were crystallized at 170°C (A)
and 140 °C (B) for 12 and 4 h, respectively. The curves are vertically shifted and
the straight lines are guides to the eyes only.

the behaviour we combined DSC and chip calorimeter results
for the samples crystallized at 170 and 140 °C in Fig. 3.

At increasing heating rate for both crystallization tempera-
tures the highest temperature peak is reduced and shifted to lower
temperatures while the low temperature peak increases in area
and finally takes over the whole melting enthalpy. This observa-
tion is just as expected for a melting—recrystallization—-remelting
model. Our results, covering more than three orders of magni-
tude in heating rate, show that there is no bimodal distribution
in crystal size or crystal stability present in isothermally crystal-
lized iPS. Otherwise one would expect to see a double peaked
melting endotherm even at the highest rates. This finding is
in agreement with the data obtained from X-ray diffraction by
Strobl et al. [7,8] who found no changes in lamellae thickness
during isothermal crystallization but a thickening process on
subsequent heating.

The peak temperature of the low temperature endotherm
depends strongly on heating rate. This is because the peak tem-
perature equals the temperature where the difference between
melting and recrystallization rate is maximal. At slightly higher
temperatures — when the excess heat flow is close to zero — a
balance regarding melting and recrystallization is established.
At low rates, as long as a second melting peak is observed,
the maximum is not at all related to some maximum in the
lamella thickness distribution as considered for the construc-
tion of a Hoffman—Weeks plot [37]. See also a detailed dis-
cussion by Yamada et al. [38,39]. Very high heating rates are
needed to prevent recrystallization during the melting of iPS
and to obtain a meaningful melting temperature for the lamel-
lae formed at isothermal crystallization. Under conditions of
fast heating super-heating has to be considered too. It is there-
fore, from a technical point of view alone, very questionable if
a Hoffman—Weeks extrapolation can give correct values for the
equilibrium melting temperature of iPS.

The sample crystallized at 140 °C shows a complex melt-
ing behaviour including an exothermic effect around 200°C
at heating rate 10 K/min. The occurrence of this pronounced
effect, which disappears at slightly higher rates as seen in
Fig. 3B, can be related to the correspondence of the experimen-
tal time scale and that of melting—recrystallization. This points
to another interesting question namely the temperature depen-
dence of melting and recrystallization rates. So far we can only
say qualitatively that recrystallization rate becomes slower at
higher temperature and in the vicinity of the highest endotherm
it is much slower than melting.

Having a tool in hand to study the melting of isothermally
crystallized iPS without interference of recrystallization allows
us to address the question of relaxation of the RAF on heating.
If relaxation of the RAF occurs separately from crystal melting
one would expect to see a step in heat capacity in the temperature
range of relaxation. According Cebe et al. [18] at low heating
rates the lowest endotherm should be due to the nonreversing
enthalpic relaxation of the RAF. In order to check this hypothesis
we compare in Fig. 4 heat capacities at slow and fast heating, 10
and 30,000 K/min, for the iPS sample crystallized at 140°C.

For both heating rates above glass transition heat capac-
ity follows the line expected from a three-phase model taking
into account crystalline, mobile amorphous and rigid amor-
phous fractions, which are given in Table 1, for details see
e.g. [17,18,40]. For the low heating rate after the first endother-
mic peak heat capacity coincides with that expected according
a two-phase model taking into account crystalline and mobile
amorphous fractions only as already shown by Cebe et al. [18].
If the first endothermic peak is caused by an enthalpic relax-
ation of the RAF one would expect to see a similar effect or at
least some step in the heat capacity curve at temperatures around
160 °C for the fast heating too. But there is nothing to see at fast
heating. Heat capacity reaches the liquid line above the single
melting peak. This indicates that melting of crystals and relax-
ation of the RAF occurs in the temperature range of the broad
single melting peak, most probably simultaneously. It should be
mentioned here that accuracy of heat of fusion measurement is
not as good as for heat capacity outside the melting region at
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Fig. 4. Heat capacity of iPS sample crystallized at 140 °C for 12 h at heating rate
10 K/min (dashed line) and 30,000 K/min (solid line). Expected heat capacities
[36] for the liquid, the crystalline and the semicrystalline iPS according a two-
and three-phase model, see Table 1 are shown too.

fast scanning. From the fast scanning we obtain crystallinity of
0.2 and consequently a rigid amorphous fraction of 0.35. Actu-
ally we do not know if this is real or an experimental artifact.
But in any case there is a solid fraction of about 0.55 as for the
slowly heated sample, which is indicated by the three-phase line
in Fig. 4.

At fast heating we see a significant shift of the glass transition
to higher temperatures. The Ty of the mobile amorphous fraction
shifts from 100 °C at 10 K/min to about 115°C in accordance
with previous data on rate dependence of glass transition [41]. If
we consider the same apparent activation energy for the relax-
ation of the RAF the beginning of the heat capacity increase
(peak or step) should be shifted to 160 °C. But on fast heating
nothing special happens around 160 °C. It is therefore unlikely
that the annealing peak is related to the nonreversing enthalpic
relaxation of the RAF only.

But why do we see the step in heat capacity at the
low temperature endotherm at slow heating? As shown for
polycarbonate and polyhydroxybuterate [40] and by Cebe
et al. for iPS [18] heat capacity changes from the value
expected from a three-phase model to that according a two-
phase model in the temperature range of the low temperature
endotherm. Combining these earlier observations with a contin-
uous melting-recrystallization—-remelting model, which is sup-
ported by the results obtained by Strobl et al. [7,8] too and
the fast heating experiments, one can discuss the observations
as follows. At low heating rates melting of the crystals starts
at the rising flank of the lowest temperature endotherm. Par-
allel to crystal melting the RAF surrounding the just molten
crystals relaxes. As shown in [19,29] the melt is than in a
state (conformation) allowing very rapid (within milliseconds)
recrystallization. This recrystallization creates more stable crys-
tals but does not significantly increase crystallinity. Assuming a
continuous melting—recrystallization—remelting the remaining
amorphous material in between the crystals may not be vitri-
fied as in the case of slow isothermal crystallization [18,40]. If

the amorphous material does not vitrify heat capacity should
be the same as expected from a two-phase model as soon as
the continuous melting-recrystallization—-remelting starts and
that seems to be what we observe. Why the amorphous mate-
rial does not vitrify we can only speculate. May be there are
not enough stable crystals present (they may melt continu-
ously). Or there is not enough time to vitrify the amorphous
material before the crystals melt again. From our study on poly-
carbonate [40] we have seen that after annealing above the
first endotherm the RAF is reestablished after some time. If
the rigid amorphous fraction would be reestablished immedi-
ately continues melting—recrystallization would not be possi-
ble because the presence of RAF would prevent crystallization
at that spot. From Strobl’s X-ray experiments [7,8] we know
additionally that not only crystal thickness but also long spac-
ing increases. This indicates that melting—recrystallization is
not a local process related to single lamellae. There must be
something happen on length scales comparable to the lamel-
lae stack, which is much larger than the thickness of single
lamellae.

5. Conclusion

Fast scanning calorimetry utilizing a thin film vacuum
gauge as calorimeter in combination with DSC covers a scan-
ning rate range between 6 x 10~3 and 6 x 10° K/min (10~
and 10%K/s). These eight orders of magnitude allow study-
ing the Kinetics of different processes. Our results on melting
at rates up to 30,000 K/min (500 K/s) support the validity of
a melting—recrystallization—remelting process for iPS at low
scanning rates (DSC). The iPS forms crystals at isothermal
melt crystallization, which all melt within a few dozens of
K slightly above the isothermal crystallization temperature.
There is no evidence for the formation of multimodal dis-
tributions of crystals with different stability (melting tem-
peratures) at isothermal crystallization of iPS. The single
broad melting peaks at high heating rates show that broad
monomodal distributions of lamellae thicknesses exist. Super-
heating of the crystals is of the order of 25K at 500 K/s.
No evidence was found supporting a separate relaxation of
the RAF. The observed changes of heat capacity at the low-
est endotherm at slow heating can be explained by continuous
melting—recrystallization—remelting assuming no vitrification of
the amorphous material on continuous heating. This assump-
tion is justified because recrystallization needs mobility in the
melt which surrounds the recrystallizing volume. In iPS the
RAF relaxes simultaneously with crystal melting. The crys-
tals created at the isothermal crystallization temperature melt
at temperatures close to the first endotherm. Therefore the RAF
relaxes at that temperature too. That no changes in crystallinity
are observed at the lowest endotherm does not contradict the
melting-recrystallization—-remelting model because recrystal-
lization occurs on a millisecond time scale [19,29] and can not
be resolved with conventional experiments like DSC, IR spec-
troscopy or X-ray scattering at slow heating rates of the order of
Kelvin per minute.
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