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ABSTRACT: A wide set of cooling scans and subsequent melting behavior of isotactic polypropylene (i-PP)
were investigated using differential scanning calorimetry and nanocalorimetry at very high cooling rate. The
latter technique offers, indeed, the distinctive possibility to perform heat capacity measurements at rates of more
than 1000 K/s, both in cooling and in heating, to characterize the crystallization. When the i-PP sample was
solidified with cooling rate larger than 160 K/s, a novel enthalpic process was observed that was related to the
mesomorphic phase formation. Furthermore, at cooling rates higher than 1000 K/s, the i-PP sample did not
crystallize neither in thex nor in the mesomorphic form. The subsequent heating scan starting—fidn?C

showed an exothermic event, between 0 and@Qascribed to the mesophase cold crystallization.

Introduction between 20 and 200 K/s, botkmonoclinic and mesomorphic
phases were detected by WAXS analysis of the solid samples,

Isotactic polypropylene (i-PP) is one of the most investigated - ; .
polypropy (-PP) g the latter prevailing at higher cooling rates.

polymers because of its commercial and industrial importance.
Depending on thermal treatments, molecular mass, and degree Although the fact that the mesomorphic phase develops during
of tacticity, when crystallized from the melt, the i-PP chains crystallization from molten i-PP at cooling rates higher than 20
can organize several spatial arrangements giving rise to threeK/s is known, the mechanism, the temperature range, and the
different crystalline polymorphso-monoclinic, 5-hexagonal, kinetics of formation of the smectic phase are still debated:;
and-triclinic.1~3 Moreover, when i-PP is quenched from the several hypotheses, for instance, have been proposed to explain
melt to low temperature, for example in an ice bath 4CD a the mechanism of initial stages of crystallization from the
biphasic system is obtained: one phase is amorphous, the othepolymer melf8-21 Furthermore, only recently kinetics of
has an order intermediate between the amorphous and the&ormation of the mesophase was considered in a crystallization
crystalline phase, denoted with different names in the litera- kinetics model describing calorimetric results and both morphol-

ture: smectic', paracrystaf,glass? or mesomorphic phaseThe ogy and phase distribution in samples characterized after the
mesomorphic phase is stable at room temperature for long ggjidification4

periods, but it transforms into the-monoclinic form when .
The analysis of quenched samples, however, does not reveal

heated, for example, above 60.” when the crystallization process toward mesomorphic phase
Several studies, which have been carried out on the subject, Y P phic p

of crystallization ofo-phase of i-PP, include the morphology takes place; neither this can be monitored by conventional

of the single crystal&; 1! the Avrami analysis of the isothermal calorimetry, .WhiCh N L_lseql to stu_dy temperalure-activated
crystallization proces&13 and the kinetics of the growth processes, like crystallization, during temperature scans at

rates!415 The classical picture of quiescent polymer crystal- cooling rates up fo 18 Kis?2?as at the_se_ cooling rates the
lization involves, first, the creation of a stable nucleus from Mesomorphic phase does not form. Preliminary results on i-PP
the entangled polymer melt and, second, the growth of crystal- crystalllz_at|on at cool_lng rates up to YQ K/s were published by
line lamellar structures which remain included into quasi- Wunderlich et ak* using a DTA technique.
spherical entities, spherulites, made of both amorphous and Heating rate of calorimeters is generally limited by the total
crystalline phases. heat capacity (samplet addenda), the maximum power
Phase distribution of i-PP samples, after quenching over atransferred to the system, and speed of temperature measure-
wide range of cooling rates, was estimated by a deconvolution ment?® Recently developed quasi-adiabatic nanocalorimeters can
procedure applied to WAXS spectra by Piccarolo et®alo operate at very high heating rat&s° because of very small
investigate the effect of the cooling rate on crystallization, thin addenda and sample heat capacities. Cooling rate, which is not
films were quenched and cooling thermal histories were controlled for the quasi adiabatic systems, is limited by total
carefully monitored. The cooling rate evaluated at®@was heat capacity, sample size, and heat 103%85A thin film
identified for i-PP as representative of a particular cooling nanocalorimeter under nonadiabatic conditions allows cooling
history!” At cooling rates lower than 020 K/s only the  aswell as heating rates of more than 10 000¥A2 and, thus,

Spherulitica-monoclinic phase was observed in the solidified allows monitoring the Crysta”ization of polymers in Coonng
film; above 200 K/s, only the mesomorphic phase was foind;  ranges never explored earlfr33-36

o In this paper, the crystallization under quiescent conditions
T University of Salerno. from the melt and subsequent melting behavior of i-PP is
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The i-PP grade adopted in this study was supplied by Montell, 200
and its commercial name is T30G (nonnucleatdd,= 376 000, Lo
Mw/M, = 6.7, tacticity= 87.6%). The crystallization of the same ‘
resin was object of several studiés’4° A detailed description 04'6 T P S
of the apparatus adopted for the nanocalorimetry experiments is ’ ' ' ' Tim'e © ' ' ' '
available elsewher®:31.33410nly a schematic description is given
below. The sensor, TCG-3880 of Xensor Integration 43 Figure 2. Experimental cooling rate and temperature vs time during
consists of a thin SiNmembrane (thickness ca. 500 nm, size 1 €00ling step at 1000 K/s.

mm x 2 mm), located on a supporting frame. 0 50 100 150 200

A small heater (active area 50m x 100um) is placed in the 1100 L . L . L . L . L 1100
center of the membrane to heat up the sample (see Figure 1). Around 4y, 4 | 1000
the heater there are the six “hot” junctions of a semiconducting
thermopile, which is used to measure the sample’s temperature % —o— 1000 K/s 900
during controlled and essentially linear heating and cooling at rates & 8001 —o— 500 K/s - 800
between 15 and 1000 K/s. The cold junctions are on the edge of¥ o | —©—200K/s L 700
the membrane on a relatively thick support; thus their temperature —+—100K/s
remains equal to the ambient temperature. The thermopile and theg 6007 5%
heater are connected via amplifiers to an ADC-DAC computer board £ 500 1 [ 500
so that the heater voltage can be controlled by the software andS 400 400
actual heater voltage and current as well as thermopile voltage can

. . 300 4 300
be recorded as a function of tinde.

The sensor was placed inside a massive copper block connected ~ 2°°7 200
to a cooling system (Lauda RC-6). The temperature was controlled 100 L 100
by a Julabo MC-E temperature controller using a Pt100 platinum o : : : . : . : o
temperature sensor and a heater; the accessible temperature range 0 50 100 150 200
was from—20 to 150°C for the copper block. All measurements Temperature (°C)
were carried out under a nitrogen atmosphere to prevent oxidative

d dati f th | Figure 3. Cooling rate vs temperature; cooling runs (nominal cooling
egradation of the sample. rate: 100, 200, 500, 1000 K/s) from 210 5 °C.
From the heat balance, taking into account the power needed to

heat sample and addenda at the given rate, heat losses to th@n€ tenth of a second, ensuring that the nominal cooling rate is
surrounding as well as the electrical power applied to the heater, alr]:sady ﬁchlevedllarognd 13Q, as shown in Figure 3, thus well
the total heat capacity can be obtained: for details see refs 30 andP€fore the crystallization process starts.

41. Addenda heat capacity of the order of 150 nJ/K was not . |he cooling characteristic in the interval from 210445 °C of
st@& assembly sample sensor is reported in Figure 3, as cooling rate

vs temperature. The cooling rate is limited by the sample size and
by the cooling system. The final approach to the temperature of
the copper block follows a common exponential decay, as seen
below 0°C in Figure 3.

Tests were performed adopting the experimental protocols
dschematically shown in Figure 4; in particular, the sample was
heated at 50 K/s from-15 to 210°C and held at this temperature
for 0.1 s. The sample was then cooled-tt5 °C with rates in the
range 15-1000 K/s, and after cooling it was maintained at this

the system could be described as quasi-static. Because of the smafemperature for 0.1 s. The minimum cooling rate was 15 K/s due
to limits of the apparatus sensitivity. The sample, after being held

dimension gm) thermal waves and resulting thermal lags are not T .
kim) 9 J 0.1 s at—15°C, was heated again in the nanocalorimenter to 210

important®! In total uncertainty in temperature is up to 10 K slightly - .
depending on rate. Reproducibility of the temperature measurement < &t 50 K/s. Reproducibility was recurrently tested, and differences
is much better, as can be seen from Figure 7. in thermograms were not noticed even after ca. 200 experiments.

A small PP sample was cutfom a pelle under a microscope 172150, Segradaton was conederod negible, s becauce e
and placed very carefully onto the center of the sensor membrane P P g P

as described in refs 30, 33, and 41. An electric current was thenfor only about 0.2 s during each experiment.

applied to the heater to melt the sample and to fix it on the Results and Discussion

membrane of the sensor. The sample of the order of 100 ng becomes . . .
a droplet of 66-80 xm diameter. All the measurements showed in _<00ling ScansAfter melting at 21C0C, the i-PP sample was

this paper were performed with the same sample. Sample mass wadvestigated in the subsequent cooling scans in a wide range of

not independently determined, and therefore the apparent heatcooling rates.

capacity and not specific heat capacity is given in the figures below.  The thermograms of some selected cooling scans are shown
Nominal cooling rates were reached very fast. The cooling rate in Figure 5 (the complete set of cooling scans and the 3D plot

of 1000 K/s, as shown in Figure 2, was reached within less than are reported in the Supporting Information). CDV

for all experiments discussed héfeThe uncertainty of the heat
capacity measurement is about 20% while the reproducibility is
much better (see Figure 7). Temperature calibration is affected by
two serious problems: (i) thermopile sensitivity, which was
determined from melting peaks of indium, tin, and lead at different
cooper block temperatures; (ii) the distance between sample an
thermopile hot junctions. The temperature profile around the heater
was modeled, and the measured values were accordingly cor-
rected®'41 It should be mentioned that even at rates of 1000 K/s
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Figure 4. Experimental protocol, sample, and programmed tempera-
ture. During cooling runs the cooling rate was programmed to be 15
up to 1000 K/s.
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Figure 5. Thermograms of i-PP sample at selected cooling rates (30,
60, 90, 120, 160, 200, 300, and 1000 K/s).

For cooling rates up to about 90 K/s, only one well-defined
exothermal peak is observed. This is in agreement with the
analysis of samples solidified during either standard calorimetric
or gquenching tests, performed on the same i-PP dr&dgyhich
show that at low cooling rate only the-monoclinic form is
obtained during solidification. For a quantitative comparison
between linear cooling and quenching experiméht§jt has
however to be considered that for the latter cooling rates
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Figure 6. Exothermal peak position vs cooling rate from thermograms

at different cooling rates: standard DSC (G:02K/s), nanocalorimeter
(15—300 Ki/s).
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For cooling rates higher than about 90 K/s, a second
exothermal peak appears at low temperatures. At cooling rate
of 120 K/s this new exothermal event takes place between 43
and 12°C (peak position at 29C), and the area of the new
peak slowly increases up to a cooling rate of 160 K/s. At the
cooling rates larger than 150 K/s, the first peak disappears and
also the intensity of the second peak decreases on increasing
cooling rate; a shift of this second exothermal peak to lower
temperatures is also evident as cooling rate increases. Essentially
mesomorphic samples were obtained by quer¢iésf i-PP
to room temperature with cooling rates larger than 100 K/s at
70°C. The low-temperature exothermal event, shown in Figure
5, can thus be ascribed to the mesophase formation. To our
knowledge, this is the first time that the development of the
i-PP mesophase is monitored during solidification from the melt.

Finally, at cooling rates higher than of 1000 K/s, both peaks
are not visible in the heat capacity evolution with temperature,
and the related thermogram appears as a straight line, as reported
in Figure 5. The i-PP sample does not crystallize neither in the
o-form nor in the mesomorphic form and remains amorphous
at—15°C, which is just below the glass transition temperature
of the amorphous i-PP, at aboutl0 °C.

The final level of heat capacity, shown in Figure 5, increases
on increasing the cooling rate. This is consistent with an increase
of the amorphous content with increasing the cooling rate.

The peak temperatures of all the cooling experiments carried

decrease with decreasing temperature. For the quenchingout with the nanocalorimeter apparatus are compared in Figure

experiments cooling rates were determined afCQvhereas,
as shown in Figure 5, crystallization of thephase starts already
at about 120°C. Consequently, cooling rates at 70 during

6 with the peak temperatures detected by standard calorimetry
on the same material. The trend of exothermal peaks is
summarized, plotting the temperature peak position: the first

quenching experiments have to be roughly doubled for a properone at high temperature attributed to thhase and the second

comparison with results of constant cooling rate. The exothermal

at low temperature attributed to the mesophase, observed in the

peak, shown by the thermograms of the sample, which was thermograms at different cooling rates.

cooled with cooling rates equal to or smaller than 90 K/s, can,
thus, certainly be attributed to the melt-crystallization toward
the crystallinea-monoclinic phase.

As expected, on increasing the cooling rate, a shift ofcthe
crystallization peak to lower temperatures is observed. The

The a-phase peak temperatures obtained from nanocalorim-
etry seem to be slightly higher than what is expected from a
simple extrapolation of data obtained from standard DSC, but
it is almost within the uncertainty in temperature. Although the
comparison is between data at very different cooling rates and

temperature of the peak maximum decreases as cooling ratesample sizes, this may suggest that a relevant effect of the

increases; in particular, it decreases from 107 t¢C6or an
increase of cooling rate from 15 to 160 K/s. The width of the

surface on nucleation density could be considered.
The mesophase formation is observed at low temperature.

crystallization peak remains about 60 K, whereas the peak heightThe temperature of the peak maximum decreases as cooling

(and with it final o-crystallinity) decrease with increasing
cooling rate.

rate increases; in particular, it decreases from 40 t6Qor

an increase of cooling rate from 70 to 300 K/s. CDV
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0 50 100 150 200 The thermograms of the heating scans performed after cooling

12107 ' 1:2x10 ramps carried out with cooling rates which did not allow
11x10° L 1.1x10° crystallization neither toward the-form nor completely toward
3 ] _ o the mesomorphic form (namely after cooling ramps carried out
2 5 increasing £ s . . X
> 10x10%] [ F1.0x10 with cooling rates larger than 160 K/s) show an exothermic
8 2] R event, between 0 and 3@ (center position at 7C), and at
g o010 [ 9-0x10 higher temperature they join all other thermograms and closely
g 8.0x107 4 L s oxi0” foIIow_the path of the scans perforr_ned after coolin_g with cooling
= ] rates in the range 160160 K/s, which had crystallized toward
§ 7.0x107 1 -7.0x10” the mesomorphic phase. The exothermic event is consistent with
2 N ; a cold crystallization process to form the mesomorphic phase.
8.0x1071 [6.0x10 The intensity (area) of crystallization peak increases with cooling
5.0x10" .' : : : : 5.0x10” rate applied o_Iuring previo_us solidification; this_ is consi_stent with
0 50 100 150 200 the observation that, during the corresponding cooling ramps,
Temperature (°C) crystallization toward the-monoclinic phase was not observed

and the intensity of the crystallization peak toward the meso-

Figure 7. Selected thermograms of i-PP sample (solidified with cooling morphic phase was found decreases (amorphization effect) on
rates of 30, 60, 90, 160, 300, 500, and 1000 K/s) at a heating rate Ofincreasing cooling rate above 160 K/s.

S0 K The temperature of the mesomorphic crystallization peak
corresponds to the low-temperature peak of the mesomorphic
Subsequent Heating BehaviorsThe i-PP morphologies,  crystallization processes shown in Figure 5. This implies that
resulting from the solidification described in the previous at those temperatures the kinetic is already high enough to
section, namely performed in a wide range of cooling rates, exhaust the crystallization process within about 10 K, which at
were investigated by subsequent heating at 50 K/s. the heating rate of 50 K/s adopted corresponds to a crystalliza-
The thermograms of some selected scans performed at &ion time of the order of 0.1 s; at higher heating rates the
heating rate of 50 K/s are also shown in Figure 7 (the complete crystalllza'glon toward the mesomorphic form would have taken
series of heating scans and the 3D plot are reported in thePlace at higher temperature.
Supporting Information). The results of the analysis of phase distribution in samples
The thermograms in Figure 7 are consistent with those Obtained at high cooling rates (higher than 160 K/s) have to be
reported in Figure 5. Indeed, only one well-defined endothermic considered on the basis of the findings reported above: even if
peak at 160°C is observed in the thermograms of the heating €00ling rate is such to prevent crystallization during the sample
scans performed after solidification at cooling rates from 15 to cooling, in the temperature interva-80 °C the kinetics of
90 K/s, which had given rise to crystallization toward the formation of the mesomorphic phase is such that during any
a-monoclinic phase. That peak is obviously due to the melting type of analysis the equilibrium fraction of the mesomorphic
of the a-monoclinic phase. phase would be reached. Therefore, calibration approaches of
The thermograms performed after crystallization toward the kinetic models on the basi; of results of analysis of quenched
mesomorphic form (during cooling ramps performed with samples should be reconsidered.
cooling rates in the range 16A60 K/s) up to about 70C The exothermic low-temperature crystallization peak toward
closely follow the path of the thermograms performed after the mesomorphic phase was also observed by Caldas*®t al.
crystallizing toward thex-monoclinic phase (during cooling ~ and Miyamoto et at® upon heating quench cooled i-PP samples
ramps performed with cooling rates in the range from 15 to 90 at heating rate of 20 and 10 K/min, respectively.
K/s); at 70°C they deviate, and the deviation ends at about In both cases, the i-PP samples were prepared by melting a
130°C, where again the thermograms performed after crystal- polymer film and then quenching into pentane-at60 °C.
lization toward the mesomorphic form join those performed after Miyamoto et al*® examined WAXS and SAXS intensities on
crystallization toward the.-monoclinic phase. At high temper-  heating of the quench-cooled samples. The WAXS intensity
ature they follow the same endothermic peak observed in the confirmed the crystallization toward mesophase starting from
thermograms of the heating scans performed after solidification about—20 °C.

at cooling rates of 15 and 90 K/s. Furthermore, analyzing the thermogram of the heating of a
The area between the two families of curves identifies an quench-cooled sample in a pentane slush, reported by Caldas
exothermal contribution, in the temperature intervat-730°C, et al.#8 it is possible to compare the heat of crystallization of

which brings the enthalpy of the samples after crystallization exothermic peak, observed at low temperature, with the final
toward the mesomorphic form down to the enthalpy of the heat of fusion ofa-monoclinic phase. In the thermogram of
samples crystallized in the-monoclinic phase. This process Caldas et al*® the ratio between the final heat of fusion (peak
can well be simply a chain reorganization process (meting position at 160°C) and the mesophase formation peak area at
recrystallization) from the mesomorphic phase to dheono- low temperature is about 8 (12.5%). This indicates substantial
clinic phase. The net enthalpic effect accounts for the super- melting recrystallization during the heating scan, and that part
position of two large transitions with opposite signs occurring of the crystallization enthalpy was not considered for peak
almost simultaneously, canceling each other’s contributions integration or the sample prepared by Caldas et al. was not
(reorganizatiof414y, and appears small (about 20%) with completely amorphous before the heating scan. The ratio
respect to the area of tlemelting peak. Obviously, as already  between the same peak areas observed in this work, and reported
observed by other authdfs'” starting from a mesomorphic  in Figure 7, in the heating scan of the sample solidified at
sample, the enthalpy increase related to the mesophase meltingooling rates of 1000 K/s is about 2.5 (40%), again indicating
might be much larger than the net enthalpic effect seen betweena melting recrystallization process probably in the temperature
the curves. range 26-70°C, which was not considered for peak integrati&rbv
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The two observations together indicate that the sample prepared Supporting Information Available: A synoptic table of all the
by Caldas et al. was not completely amorphous before the experiments and the figures showing all results of cooling scans
heating scan. and subsequent melting behaviors. This material is available free

Furthermore, in the heating scan of the sample solidified at of charge via the Intemnet at http://pubs.acs.org.
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