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ABSTRACT: A wide set of crystallization isotherms and the subsequent melting behavior of isotactic
polypropylene (i-PP) were investigated using differential scanning calorimetry and nanocalorimetry with a very
high rate in the cooling step. The latter technique offers, indeed, the distinct possibility to perform isothermal
crystallization experiments at any temperature in between the glass transition and melting, as the test temperature
can be reached at a cooling rate of 1000 K/s, thus, preventing crystallization during the cooling step. Isothermal
tests after such fast cooling were performed at interva K within the temperature rangel5 to 90°C, and

a local exothermal overheating was observed. In particular, for each isotherm, the observed peaks were fitted
using the Kolmogorov Johnsor-Mehl—Avrami model. The plot of the crystallization kinetics constant as function

of temperature gives clear evidence of two kinetic processes. The subsequent heating scan performed starting
from —15 °C showed an exothermic event, between 0 and@0due to the mesophase cold crystallization, for
isotherms at a temperature lower than°Zd

Introduction for a long time (sometimes denoted with different names like
smectic’ paracrystaf,or glas§) and usually obtained in the i-PP

rewarded with a Nobel prize to Natta and Ziegler, the use of processing, the related crystallization kinetics is rarely inves-
polymers in everyday life has steadily increased. It still does t|gaFed W'th tailored experlmelrllFs. )

due to successful research aimed at producing products with Titomanlio and co-workef$!investigated the effect of the
desired mechanical and chemical properties, tailored for a cooling rate on crystallization: thin films were quenched and
specific use (food containers, parts of car bodies, parts of cooling thermal histories were carefully monitored. Moreover,
prosthesis for the human body, components of composite pha_se distribution of final i-PP samplé’safterquenchlng over
material, etc.). Isotactic polypropylene (i-PP) has grown to a a wide range of cooling rates, was estimated by a deconvolution

commodity polymer with numerous grades for specific end uses. Procedure applied to wide-angle X-ray scattering (WAXS)

At present, the physical properties of polypropylene should be SPEctra. The analysis of quenched samples, however, does not
tailored to the requirements with respect to processing and reveal when the crysta[llzatlon process toyvard the mesomorphlc
structure. phase takes place; this cannot be monitored by conventional

Solidification of semicrystalline polymers is largely influenced calorimetry, .Wh'Ch IS L_lseql to stu_dy temperature-activated
by the mobility of the chains in the melt and by the way processes, like crystalhzaglzolr;, during temperature scans at
crystalline structures are generated entrapping large fractionsCOOIIng rates up to 18 Kis**as at these cooling rates the
of the amorphous phase. The particular morphology of semi- mesomorphlc phase does r.10t form.. o
crystalline polymers is responsible for quite a peculiar behavior 1€ heating rate of calorimeters is generally limited by the
in the nucleation and growth of crystals. Such structures are N€at capacity of the sample and the addenda, the thermal
called spherulites, because after nucleation they grow radially cOnductivity and the thickness of the sample, the maximum
in quiescent condition, with the crystalline elements having POWer transferred to the system, and the speed of temperature
elongated shapes (lamellae), roughly disposed along radii, withMeasuremerit. Recently developed quasi-adiabatic nanocalo-
occasional branchingBecause of the amorphous inclusion, Meters can operate at very high heating reté$ because of
complete crystallization can never be achieved. very smgll gddenda and sample heat capacities. The coolmg

Furthermore, i-PP includes a peculiar polymorphism: when rate, which is not controlle_d for the qua_S|-ad|abat|c systems, is
crystallized from the melt, the i-PP chains can organize several I|m|t§d b_y total heat capacity, sample size, z_md h_eat Io’és_]és.
spatial arrangements giving rise to three different crystalline A thin film nanocalorimeter under nonadiabatic conditions

polymorphsga-monoclinic,3-hexagonal, ang-triclinic.2 4 This allows cooling as well as heating rates of more than 10 000

is a peculiar feature with relevant consequences on the way theK/S and, _thus, QHOWS for monitoring the crystallization of
olymers in cooling ranges never explored eariéf.

solidification process develops and on the mechanical propertiesp ) -
Only recently?® a wide set of cooling scans, and subsequent

of the final produc® ] ) ! : ¢
Moreover, when i-PP is quenched from the melt to low melting be_hawor, of |so_tact|c polypropy_lene ("PP) were per-
temperature, also the mesomorphic phase, an order intermediatxrzzorme_oI using nan_ocalorlmetry_at_ Very h'g.h _c_oolmg rates. This
between the amorphous and the crystalline phase is obtainedf‘eChm.que offers, indeed, the distinct possibility to perform heaF
Although the mesomorphic ph&sis known in the literature Capacity measurements at rates of.more than 1OQO K/S’ both in
cooling and in heating, to characterize the crystallization. When
_ ~_the i-PP sample was solidified with a cooling rate larger than
un:s-g.ci)t.\,\lhom correspondence should be addressed. E-mail: fedesantis@ 160 K/§, an enthalpic process, related to the megomorphic phase
t University of Salerno. formation, was observed. Furthermore, at cooling rates higher
* University of Rostock. than 1000 K/s, the i-PP sample did not crystallize in dheor

Since the invention of polypropylene (1954), which was
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Figure 1. Experimental protocol; during the cooling steps the cooling
rate was programmed to be 1000 K/s. Heating rate was 50 Ki/s.

in the mesomorphic form. The subsequent heating scan starting
from —15 °C showed an exothermic event, between 0 and Figure 2. Temperature increase evolution vs time for each isothermal
30 °C, ascribed to the mesophase cold crystallization. test.

In this paper, the crystallization kinetics under quiescent . .
conditions from the melt and subsequent melting behavior of as then cooled te-15°C at the rate of 1000 K/s, and after cooling

. . . . : ; . it was maintained at this temperature for 0.1 s. The sample, after
I-PP IS thorou_ghly investigated using standard d|fferent|a_l being held 0.1 s at15°C, was heated again in the nanocalorimeter
scanning calorimetry and nanocalorimetry at isothermal condi- 14 210°C at 50 K/s.

tions. Reproducibility was recurrently tested, and differences in the
) ) thermograms were negligible. Therefore, degradation and geo-
Experimental Section metrical changes were considered negligible, also because the

The i-PP grade adopted in this study was supplied by Montell sample was held at temperatures above the melting temperature
(now Basell), and its commercial name is T30G (non-nucleated, for only about 0.2 s during each experiment.
My, = 376 000 M/M, = 6.7, tacticity= 87.6%). The crystallization
of the same resin was the object of several stutfigs23
Furthermore, the description of the same apparatus adopted for the Isothermal Tests.After melting at 210°C, the i-PP sample
nanocalorimetry experiments at high cooling rates on the same resinwas investigated in a wide range of isothermal crystallization
is available in ref 20. All measurements were carried out under a tests (-15 to 90°C). During the isothermal tests, performed in
nitrogen atmosphere to prevent oxidative degradation of the sample.io temperature range 5 to 88, a local overheating in the

A small i-PP sample was cut from a pellet under a microscope o mperature evolution was observed in the isothermal step due
and placed very carefully onto the center of the sensor membrane,to the release of the crystallization enthalpy
as described in refs 15, 17, and 18. An electric current was than Isothermal crystallization of i-PP was exblored in a large

applied to the heater to melt the sample and to attach it directly on 26
the membrane of the sensor, without any sample holder. The sampld@nge of temperatures only recentfy?® very low temperatures

of the order of 100 ng becomes a drop|et of—mlum diameter, isotherms were performed thanks to the considerable COOIing
while the thickness is 1620 um. One sample, exactly the same rate before the isothermal step and the short time constant of
as adopted in ref 20, was prepared, and about 200 experiments wer¢he nanocalorimeter. For the isothermal tests performed in this
performed with this single sample. From the heat balance, taking work, at temperatures higher than 85 or lower than 5°C

into account the power needed to heat the sample and addenda ainy local overheating, if present, was too weak to be evaluated.
the given rate, heat losses to the surroundings as well as the The temperature increasaf, vs time, for each isothermal
electrical power applied to the heater, the total heat capacity CaNtast s reported in Figure 2. In this 3D plot the difference in

S e ;
be obtained® Addenda heat capacity of the order of 150 nJ/K was o v stallization kinetic behavior at high and low temperatures
not subtracted because the same sensor and the same sample were

used for all experiments discussed here. The uncertainty of the heat® qune_ evident, gnd the height of the peaks |s_also_ reportgd ?S
capacity measurement is about 20% while the reproducibility is & gradient color in the blue base plane (logarithmic gradient:

much better. Sample mass was not independently determined and@se= blue, maximum height= red). The complete set of

therefore apparent heat capacity and not specific heat capacity isisothermal tests is also reported in the Supporting Information.

given. According to Figure 2, the isothermal crystallization from
Tests were performed adopting the experimental protocols the melt state exhibits a “double” kinetic behavior as recently

schematically shown in Figure 1; in particular, the sample was observed* 2% interestingly, the data sets show a distinct

heated at 50 K/s from-15 to 210°C and held at this temperature  tyrnabout at 43C. The mesophase crystallization occurs during

for 0.1 s. Larger times at the maximum temperature or/and higher sample cooling scans in the temperature range-e4@°C;2°

g;‘?éggli’:; t;:?%ir?ﬁgise ::greS'[Sr?:(:g‘“_)r'ﬁgiatﬁ;%”\fvzgftg;Sgg%ghe observation of this behavior is definitely not an artifact.

to the isothermal test temperature with a rate of 1000 K/s, and after Nevertheless, prystalllzatlon times” have only an indirect

relevance to practical heat-treatment processes because they are

cooling it was maintained at this temperature for the time required g e . . 4
for crystallization. The cooling rate of 1000 K/s before the derived specifically for transformation under isothermal condi-

isothermal step is adopted because it is found capable to keep thdions. In practice, heat-treatment processes are usually concerned
sample amorphow®. Isothermal tests were performed each 5 K Wwith transformations that occur during nonisothermal conditions,

interval within the temperature rangel5 to 90°C. The sample mostly continuous cooling. Indeed, the ability to predict the

Results and Discussion
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1 2010° 0 25 % 75 100 125 150 175 200 1 a010° clinic phase. The net enthalpic effect accounts for the superposi-
o 2X

—=—T_=70°C tion of two large transitions, from 70 to 13, with opposite
signs occurring almost simultaneously, hiding each other’s
contributions (reorganizatidh'®2), and appears small with
respect to the area of the melting peak. Recently, Cao and
Sbarski tried to quantify the enthalpy of the solid-phase
transition for i-PP fibers using a modified DSC technige.
Reorganization and stability of the mesomorphic phase are
also recently the subject of morphological studies of quenched
samples?3 The morphology of the mesomorphic i-PP in the
nanoscopic scale is characterized by the so-called “nodule” of
polygonal or spherical shape as was observed by transmission
electron microscope (TEM} 34 The diameter of the nodule is
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8.0x107 - SRRy

6.0x107 4 - 6.0x10”7

Apparent heat capacity (J/K)

4.0x10” T ; T ; =0 ; 4.0x10”

0 25 50 75 100 125 150 175 200 approximately 10 nm at room temperature. The internodular
Temperature (°C) distance confirmed by small-angle X-ray scattering (SAXS)

Figure 3. Selected thermograms of the i-PP sample (isothermally held Measurement roughly corresponds to the diameter of the nodule
at—15,—7, 0, 10, 20, and 76C for 1.5 s) at a heating rate of 50 K/s.  observed by TEM?

) L " ) Zia et al®! suggest that the mesomorphic-to-monoclinic
transformation kinetics under such conditions is of enormous .o cition in nodular crystals at about 70 is not accompanied

practical significance. _ o by complete melting of the domains and recrystallization, rather
A “double” behavior of the isothermal crystallization rates i"seems to occur at the local scale within existing domains.

was also already observed for other semicrystalline polymers. The thermograms of the heating scans, performed after

7 i i i _
F;)yq[al et aIZ.t obsEtrr\:eld ;n thgg_?ta"?d thbermzzl analysis ?f pto th. isothermal crystallization at temperatures lower thaAQGshow
(butylene terephthalate) ( ), also based on superfast ¢ 'Pan exothermic event, between 0 and 8D (center position at

;:atlorlrtlrehtry, the blmtoddal srr;api O;ith:] |sgtr;]erm\?vli &rﬁtall:z?tlron £°C), and at higher temperature they join all other thermograms
ates. 1hey suggested a mechanism change € nature of 4 closely follow the path of the isotherm at 20, which

Lmznargoi:]pt%?;%ﬁg%?gﬁgigt ;%;2‘; Cer)i/r?tglr, si:aln;trﬂgatlﬂ)r/é 2rhad crystallized toward the mesomorphic phase. This exothermic
9 . 9 y event is related with a cold crystallization process to form the
morphology” oo . : mesomorphic phas¥:36.20
Supaphol and Spruiéfl investigated the isothermal melt The intensit f th tallizati K betw 0
crystallization kinetics in syndiotactic polypropylene (s-PP) by d ;Ol?:ehs' y (area) Od € crys aﬂ:za |ort1hpea I ¢ et teen
the means of differential scanning calorimetry. In their vérk atn ,l_lngrgas:es on _ecrea3||r_1c?f_ et_lso berlmaozgs_rht_emper-
the crystallization half times obtained by isothermal crystal- ature, appiied during previous solidification, below IS

lization from the melt state exhibits a “double” bellshaped curve, could be c;on;lstent with the .obs.ervatlon that, during th?
as a function of temperature. They explained that, for the corresponding isotherms, crystallization toward the mesomorphic

crystallization from the melt state of s-PP, the crystallization phase was completed but the final degree of crystallinity is

process is dominated by heterogeneous nucleation mechanismgep?nd?m on the time and the temperature at which crystal-
until the crystallization temperature drops as low as’60 at ization is carried out. . o
which point the contribution from the homogeneous nucleation  1h€ temperature range of the mesomorphic crystallization
mechanisms start taking effect and increasingly dominates with P€ak corresponds to the low-temperature peak of the mesomor-
a further decrease in crystallization temperature (or further PNIC Crystallization processes shown in Figure 7 of ref 20, for
increase in the degree of undercoolifg). cooling rates larger than 160 K/s. The peak width of gbogt 20
Subsequent Heating BehaviorsThe i-PP morphologies, < between 0 and 30C, at the heating rate of 50 K/s implies
resulting from the solidification described in the previous that at those temperatures the kinetics are already fast enough

section, namely, performed in a wide range of isothermal to exhaust the crystallization process within a crystallization

conditions, were investigated by subsequent heating. As sche-ime of the order of a few tenths of a second.

matized in Figure 1, after isothermal step of 1.5 s, the sample  The thermograms of some selected scans performed at a

was cooled to-15 °C with the rate of 1000 K/s. The sample, heating rate of 50 KIs, after solidification at an isothermal
after being held 0.1 s at15 °C, was heated again in the temperature OC for different times and then cooled tel5 C

nanocalorimeter at 50 K/s. at 1000 K/s, are shown in Figure 4.

The thermograms of some of these selected scans performed Although no local overheating is apparently detected during
at a heating rate of 50 K/s are shown in Figure 3. These the isothermal step at OC, the effect of the increasing
thermograms, after solidification at an isothermal temperature isothermal time is evident. If the isothermal step lasts 0.2 s, the
from —15 to 20°C, are consistent with the similar heating scans thermogram shows an exothermic event, as in Figure 3, the cold
of samples solidified at a high cooling rate reported in ref 20. crystallization process to form the mesomorphic phase between
Indeed, only one well-defined endothermic peak at 163s 0 and 30°C (center position at 7C). On the increase of the
observed in the thermograms of the heating scans performedisothermal step duration from 0.5 to 2.0 s, this exothermic event
after solidification. This peak is obviously due to the melting decreases until deviations are not evident in the thermograms
of thea-monoclinic phase, also usually observed in the heating corresponding to the isotherms lasting 2.0 and 4.0 s. This
of samples crystallized in the-monoclinic phase in standard behavior suggests that isothermal crystallization 4 Qtoward
calorimetry. the mesophase, needs about 2 s.

This process is preceded by a chain reorganization process Kinetic Analysis. The peak observed in temperature evolution
(melting—recrystallization) from the mesomorphic phase to the during isothermal experiments is related to crystallization. The
o-monoclinic phasé? and it is not present in the sample kinetics of first-order phase transitions driven by nucleation and
crystallized at 70C during the isothermal step to temono- growth kinetics are statistically described by the Kolmogerov
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Figure 4. Selected thermograms of the i-PP sample (maintained at
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Johnsor-Mehl—Avrami theory3”-42 Kolmogorov's probabi-
listic argument relates the crystallized fracti§nto the extended
crystallized fractiong,, obtained by assuming that all growth
centers continue unimpeded, by

dé _
a-g %o

)

in which the correcting factor (- &), also known as the
impingement factor, is nothing else but the volume fraction still
available for crystallization. According to the classic form, the
transformed volume fractiorg, as a function of timé can be
evaluated according to the formula

&(t) = 1 — exp[—gq(t)] )

Obviously in the case of i-PP, boihandgo have to be intended
as total crystallized fractions, solidified to the and the
mesomorphic phase. Furthermore, the KIMA model can be
expressed as the parallel of every single phase transfornfation,
relating each extended crystallized fraction to the proper
nucleation and growth rate.

According to the Avrami form, the KIMA model can be also
written as

E(t) =1 — exp[—K'(t — tp)"] 3)

or in the differential form
50 =S =kt — ) expl K- 1) (@)
E=0 Ot=t, (5)

wherek, n andty are the crystallization rate constant, the Avrami
index, and the initial time of the transformation, with the initial
condition, eq 5

The time to transform half of the volumey,, is related to
the rate constank, by

_ [In@)*"

> (6)

1/2

The experimental temperature evolution can be linked to the
crystallization process, assuming that it is the result of sharp

Nanocalorimetry of Isotactic Polypropylene029

-T,

T ) x exp( (@)

cooling

whereTis is the isothermal test temperatuiie, is the sample
temperature at the instant when the programmed temperature
reachesTis, (active cooling switches to ballistic cooling), and

A is the peak area. The parametersn, k, and A of the
temperature evolution, eqs 6 and 7, were determined by
nonlinear regression for each test temperatbre.

The comparison between experimental temperature evolution
and the fit according to eq 7 of the isotherms performed at the
temperatures of 35 and B& is shown in Figures 5 and 6. Itis
worth noticing that calculated temperatures fairly follow the
experimental ones. In order to determine the quality of the fit,
the residual plots are also shown in the insets of Figures 5 and
6. Residuals are the vertical difference between the actual data
points and the fit curve. No large deviations from randomly
scattered residuals around zero are observed, and the plots show
no discernible pattern, i.e., eq 7 describes all parts of the
experimental data similarly well (the complete series of
calculated temperatures evolutions are reported in ref 45, with
tabled fitting parameters and rest¥)s

The Avrami exponent value depends on the dimensionality
of the growth process and on the kind of nucleation. Further-
more, although the fit is not very sensitive to the Avrami index,
the best fitting (minimizing residual sum of squares, RSS) is
obtained withn = 4 for the isothermal tests for temperature
lower than 45°C, as shown in Figure 5 for the isothermal test
at 35°C. The crystallization kinetics of the mesophase at a
temperature of 35C, interpreted through the Kolmogorov
model with an Avrami exponemt= 4, suggests to be the result
of a three-dimensional growth combined with homogeneous
nucleation.

On the other hand, for isothermal tests for temperatures higher
than 45°C, as shown in Figure 6 for the isothermal test at
55 °C, the quality of the fit forn = 3 is comparable to that
obtained fom = 4. In most common cases observed for the
phase crystallization, where three-dimensional growth is com-
bined with heterogeneous nucleation, the Avrami exporent,
assumes the value of 3.

The result of the kinetic analysis, i.e., the reciprocal crystal-
lization rate constark, is reported in Figure 7. The same plot
also shows a large number of kinetic data available in the
literature concerning the isothermal crystallization of 4P
obtained from experiments collected with various methods.
Despite the scatter, the results, plotted in Figure 7, clearly
indicate a concentrated band from 110 to 1®D partially
covered also by standard isothermal calorimetry on the same
resin.

The kinetic data, obtained by interpreting nanocalorimetry
isothermal results obtained in this work, cover a range of
temperatures from 5 to 88C, mostly of that unexplored
previously. On the other hand, they also match well with some
polarized light microscopy data by Magff,as well as with
the general trend of isothermal literature d®t&¢ In Figure 7,
it is evident that at temperatures lower than“4j there is a
variation in the kinetic behavior: we think that below 46,
the mesophase is formed by homogeneous nucleation (Avrami
index n = 4) and above 45C, the a phase prevails due to
heterogeneous nucleation (Avrami index= 3). In both cases,
three-dimensional crystal growth is assumed.

T

s

exponential temperature decay due to the change from coolingConclusions

to isothermal conditior8 followed by an overheating due to
crystallization:

In this paper the isothermal crystallization of an i-PP, with
subsequent heating, was obtained by a novel nanocalorimeter,
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Figure 5. Experimental temperature evolution and fit (left plot with= 3, right plot withn = 4), according to eq 7, of the isotherm performed
at the temperature of 38. The inset shows the difference between experimental and fit curves (residuals).
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Figure 6. Experimental temperature evolution and fit (left plot with= 3, right plot withn = 4), according to eq 7, of the isotherm performed
at the temperature of 58C. The inset shows the difference between experimental and fit curves (residuals).

high cooling rate (1000 K/s); after each isothermal step the
polymer was heated with a heating rate of 50 K/s.

The temperature evolutions of the isothermal steps confirm
that crystallization kinetics exhibit a “double” kinetic behavior;
recently observed on i-P¥#-26

The data sets show a distinct trend change at°@5
suggesting that the well-knowarmonoclinic crystalline phase
forms when the i-PP is solidified at temperatures higher than
45 °C, and mesophase crystallization kinetics prevails at
temperatures lower than £%&.

The “double” kinetic behavior, shown by the isothermal tests,
is confirmed by the behavior during subsequent heating runs,
after isothermal solidification, which in addition show that (i)
on heating at a rate of 50 K/s, the mesomorphic phase transforms
into thea-monoclinic phase in the interval #130°C; (ii) the
thermograms of the heating scans, performed after isothermal
crystallization at temperature lower than 2C, show an
exothermic event, in the temperature intervaBB0 °C consistent
with a cold crystallization process to form the mesomorphic
phase.

The peaks observed in temperature evolution during isother-

which can adopt samples having mass of the order of 100 ngmal experiments can be fitted using the Kolmogerdehnsor-

and of about 1Q«m thickness.

Mehl—Avrami model, and the Avrami index suggests that the

Many isothermal crystallization experiments were carried out crystallization kinetics of the mesophase, at a temperature of
from 90 to—15 °C after cooling from the melt performed at a 35 °C, is attained with homogeneous nucleation.
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Finally, the crystallization kinetics constant, obtained in the
range 5-85 °C through the KIMA model, is compared with
literature results. The crystallization of i-PP, at temperatures
lower than 45°C, reveals a different kinetic behavior related to
the mesophase development.
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