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orphs has been studied iffanucleated metallocenic

isotactic polypropylene, iPP, as a function of the cooling rate and of the isothermal crystallization temperature,

by performing X-ray diffraction and DSC experiments

. It was found that the addition of a 1% by weight of a

typical -nucleating agent is not enough to develop any appreciable amognnoflification, at least under the
crystallization conditions used, which cover a wide range of cooling rates. In comparison, the same amount of
nucleating agent added to a Ziegidtatta iPP leads to almost 100%/®form at low cooling rates. It seems that

such amount off nucleating agent is not enough to co

unterbalance the well-knowacleation ability of the

relatively high content of defects (stereo- and regioerrors) which are present in the studied metallocenic iPP, and

only different proportions ofy and o. modifications are

obtained in this sample, the relative amount of them

depending on the cooling rate. On the contrary, if a 5% nucleating agent is addgtintbdification is also
obtained, in addition to the and o polymorphs. However, now the amount @fcrystals as a function of the
cooling rate follows a trend opposite to that for the Ziegldatta iPP: the higher are the cooling rates (or the
lower are the isothermal crystallization temperatures) the larger proportighsnoflification are obtained. It is
deduced, therefore, that the nucleation ability of the chain errors which leads to the development fufrthe
predominates over that one of tjfenucleating agent. The enthalpies for the 100% crystalline modifications,
estimated from the enthalpies of melting and from the X-ray determined proportions of the different polymorphs,
are rather similar: 162, 159, and 158 J/g for theS andy phases, respectively. These values are inside the

experimental error.

Introduction

Isotactic polypropylene, iPP, is one of the most important
thermoplastic polymers owing to its low manufacturing cost and
rather versatile properties. Moreover, PP exhibits a very
interesting polymorphic behavior, depending on the polymer-
ization procedure, thermal history and use of different nucleants.
Thus, three different polymorphic modifications, 3, andy,
all sharing a 3-fold conformatioh;* have been reported. In
addition, fast quenching of iPP leads to a phase of intermediate
or mesomorphic ordér4-°

The monoclinica. form!® is the most common and stable
modification, being found in all kinds of solution-crystallized
iPP samples and also in most melt-crystallized specifeh¥.11
The trigonals modificatiort?13is a metastable phase that does
not appear on the phase diagr&® and it is produced only
under special crystallization conditions or in the presence of
selective 8 nucleating agents:416-18 The orthorhombicy
form!® has been found in the case of low-molecular weight iPP
and in random copolymers of propylene amalefins}!2411.20
or by the effect of pressuég:.1521.22Moreover, they modifica-
tion is especially favored in the case of iPP synthesized by

lization, resulting on increased crystallization rates and reduced
spherulite sizes. Moreover, as commented above, certain
nucleating agents promote the formation of theaodification,
which is reported to have some interesting properties, namely
a better impact strength and toughness than those foothe
modification!® Moreover, the modification of iPP is also
specially interesting since it was the first example of a frustrated
structure in polymer crystallograpRy.

Most of the studies related to the achievement of fhe
modification refer to traditional ZieglerNatta iPP, where the
p form is produced at the expenses of thenodification. On
the contrary, to our knowledge, very few stude® are
concerned with metallocenic iPP, where thenodification is
also competing with the. form. This competition may have an
important influence on the ability to obtain thepolymorph,
as it will be shown.

The aim of this work is to analyze the effect of crystallization
conditions (cooling rate and isothermal crystallization temper-
ature) on the relative proportions of 5, andy modifications
obtained in a metallocenic iPP additivated with a spegfic
nucleating agent. For comparison, a traditional Zieghatta
iPP is also studied under similar conditions and with the same

metallocene catalysts, because of the presence of errors homoﬁucleating agent.

geneously distributed among the different polymer ch&in®.

Different specific nucleating agents are usually added to iPP
in order to provide additional nucleation sites for the crystal-
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Experimental Part

Two commercial iPP resins have been used: a metallocenic one
(m-iPP) from Basell, and a traditional ZiegteNatta polymer (z-
iPP) supplied by Repsol-YPF. The characteristics of the two
polymers are shown in Table 1.

The S nucleating agent is a mixture of pimelic acid and calcium
stearate (in a 1:2 proportion), supplied by Fluka. This is known to
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Table 1. Characteristics of the Two iPP Samples

sample % [mmmm] stereo defects (%) regiefects (%) total defects (%) 1M, Mw/Mp MFIP
m-iPP 94.3 0.94 0.89 1.83 180 2.1 60
ziPP 91.8 349 4.0 8.5

a2,1 errors, since 1,3 regio-errors have not been deteB®@@D °C/2.16 kg
be a highly selectivg nucleato®3°The iPP resins were blended
with contents in nucleating agent of 1 or 5 wt % by using a Haake modification are obtained, with thg content increasing with
Rheocord 9000 internal mixer, at 18G and 40 rpm for 10 min. decreasing cooling rates, as exped&d.

Films were obtained by compression molding in a Collin press |5 order to check that there was no problem with the
between hot plates (20T for z-iPP and 190C for m-iPP) ata  ,cjeating agent and/or the preparation conditions, a second set
pressure of 10 MPa for 4 min. Two different thermal treatments of specimens was prepared from the Zieglhatta polymer

were applied. The first thermal history, labeled S, consisted of a - 0 . ’
slow cooling (ca. 1.83C/min) from the molten state down to room also with 1% of a nucleating agent. The corresponding X-ray

temperature, at the inherent cooling rate of the press, after the poweidiffractograms are presented in Figure 2. Itis now evident that
was switched off. The second one, named Q, applied a fast quencHor the non-quenched samples the majority of the crystals are
(ca. 200°C/min) between plates refrigerated with cold water after Of the 8 type, with the characteristic reflections of the trigonal
the melting of the material in the press. The specimens for the § modification appearing at 16.1 and 21.2espectively.
different samples and content of nucleating agent are designatedvioreover, thes content decreases very much as a more effective
as follows: the letterz or m for the Ziegler-Natta or the quenching is applied, as expectéd.

metallocenic iPP, respectively, followed by the weight percentage Taking into account all the previous results, a third set of

of nucleating agent and the corresponding code for the cooling ghecimens was prepared, with the metallocenic iPP but now
conditions. For instance, m5Q designates a metallocenic |PPWith 5% of a nucleatin nt. Th " nding Xor

specimen with a 5% of nucleating agent and quenched from the |, o of a nucleating agent. € _corresponding ay
melt in the press. diffractograms are shown in Figure 3. The behavior is rather

Parts of those films were also used to prepare different Specimensinteres.ting, since different proportions of the three modifications
by cooling from the melt at controlled rates in a Mettler FP82HT are obtained, depending on the cooling rate. Thus, and similarly
hot stage. In these cases, the specimens designation is as beforép the m1 specimens, themodification is predominant at low
but with the letterc followed by the cooling rate (ifC/min). Thus, cooling rates, but the majority of the crystals are now offthe
z1c20 indicates a ZiegleiNatta iPP specimen, with a 1% nucleating type in the quenched specimens. This behavior is opposite to
agent, and cooled from the melt in the Mettler hot stage at a rate that found for the z1 samples, where higher proportiong of
of 20 °C/min. . _ crystals are obtained for the lower cooling rates (see Figure 2).

Finally, other specimens were prepared by cooling from the melt The explanation may be found in the specific characteristics
directly to room temperature by removing the molten sample from P n may . pes .
the hot stage. These specimens will be named as gRT, and thePf the metallocenic iPP chal_ns, wher(_a a uniform concentration
estimated cooling rate is around 100/min. of defects (stereo- and regioerrors) is present throughout the

The thermal properties of the different specimens were analyzed different macromolecules. It has been repotté@i®3that the
in a Perkin-Elmer DSC-7 calorimeter connected to a cooling system development of the phase is favored by interrupting isotactic
and calibrated with different standards. The sample weight ranged segments, so that the maximum conteny ahodification that
from 6 to 9 mg, and a heating rate of 2G/min was used. ~ can be formed is directly proportional to the concentration of

Wide-angle X-ray scattering (WAXS) patterns were recorded in those defects, i.e., inversely proportional to the average length
the reflection mode, at room temperature, by using a Philips of jsotactic sequences. Moreover, the proportiory afrystals
diffractometer with a Geiger counter connected to a computer. Ni- is also dependent on the crystallization conditions, and it

filtered Cu Ko radiation was used. The diffraction scans were diminishes very much at low crvstallization temperatétés
collected over a period of 20 min in theé 2ange from 3 to 43 . ery y P
or high cooling rate$®

with a sampling rate of 1 Hz. The goniometer was calibrated with L )
a silicon standard. The present metallocenic iPP polymer is found to have a

The X-ray determinations of the degree of crystallinity were 0.94% of stereo defects and a 0.89% of 2,1 regioerrors (see
performed by subtraction of the corresponding amorphous com- Table 1), while no 1,3 regioerrors have been detected. Therefore,
ponent by comparison with the totally amorphous profile of an the total number of defects amounts to 1.83%, and, from this
elastomeric PP sampté®> _ ~ value and the other data in Table 1, the average length of

The X-ray diffraction experiments with synchrotron r_adlatlon isotactic sequences is calculaétb be around 52, a relatively
were carried out at the soft-condensed matter beamline A2 at g, q) yaiye that explains the high proportiong/ahodification
Hasylab (Hamburg, Germany), with a monochromatized wavelength that can be obtained in the present m-iPP sample
of 0.150 nm. A linear position-sensitive detector was used, covering ’
the approximate @range of 16-30°. The calibration of the spacings Moreover, the fact that the total number of defects, 1.83%,
was performed by employing the diffractions of a crystalline PET Of the m-iPP sample is relatively high, may be responsible for
specimen. Film samples of about 20 mg were covered with the impossibility of observing th¢3 modification in those
aluminum foil to ensure homogeneous heating or cooling and were specimens (at least under the crystallization conditions employed
placed in the temperature controller of the line in vacuum. here). It seems that we need an amount of nucleating agent high
. . enough in order to overwhelm the strong tendency to obtain
Results and Discussion the y form, and then considerable amountsfomodification

Variable Cooling Rate Experiments. An initial set of can be observed, as it happens in the m5 specimens. Evidently,
experiments was carried out in the m1 specimens, i.e., thosedifferent metallocene iPP samples with varying concentration
from the metallocenic iPP with 1% of the nucleating agent. The of defects and different concentrations of nucleating agent should
X-ray diffractograms corresponding to the different specimens be explored to ascertain this conclusion. We have found only
are shown in Figure 1. Surprisingly, and despite the relatively two literature reporfs 28 concerning the achievement of the
high content of nucleating agent, no sign of thenodification modification in metallocenic iPP homopolymers. The concentra-
is observed, which is characterized by a strong reflectiorfat 2 tion of defects is reported in one of those papgémshich deals
= 16.1°. On the contrary, different proportions ¢f and a with a polymer with a considerably lower concentration of
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Figure 1. X-ray diffractograms, at room temperature, for the m1 Figure 3. X-ray diffractograms, at room temperature, for the m5
specimens at the indicated crystallization conditions. specimens at the indicated crystallization conditions.

T T Table 2. X-ray Determined Overall Degree of Crystallinity,

Percentage of Each Modification, Normalized Total Enthalpy of
Melting and Enthalpy Corresponding to the 100 Crystal
Considering the WAXS Crystallinity
% of each form AH100% WAXS

—~ specimen  fWAXS B o y AH (J/g) J/g)
& m1Q 0.56 0 72 28 89 159
E m1gRT 0.57 0 49 51 89.5 157
% c4 mlc20 0.59 0 31 69 92 156
mlc8 0.60 0 28 72 93.5 156
20 mlc4 0.61 0 24 76 95 156
mlS 0.63 0 22 78 99.5 158
RT m5Q 0.55 71 20 9 86 156
9 m5qRT 0.56 54 31 15 87 155
M m5c20 059 19 36 45 88.5 150
P S S m5c8 0.59 12 35 53 91.5 155
8 2 16 20 24 28 mb5c4 0.61 8 34 58 91.5 150
20 m5S 0.62 3 26 71 98 158
z1Q 0.60 12 88 0 97 162
Figure 2. X-ray diffractograms, at room temperature, for the z1 z1gRT 0.61 29 71 0 98.5 161
specimens at the indicated crystallization conditions. For better 2z1c20 0.65 82 18 0 104 160
visualization, the order of the diagrams in this figure is opposite to  z1c4 0.66 91 9 0 107.5 161

that in Figures 1 and 3. . ) ) )

a2 Normalized to the actual iPP content in the specimen.
defects, so that lower proportions pform are obtained in the
raw polymer, and thg modification can be observed at a muc
lower concentration of nucleating agent, this agent being
different to the one used here.

Moreover, high proportions ofs modification are also - - ) ) B
observed in metallocenic iPP by the combined effectgof ~ With this procedure, the proportions of the various modifica-
nucleators and high pressufésr in the case of copolyme?&. tions for the different specimens are those presented in Table

The proportion of the phases present in the different 2_. It is important to subtract first _the amorphous component,
specimens here analyzed can be determined from the deconSINCe it shows a clearly asymmetric profifewith a maximum
volution of the diffractograms shown in Figures 1, 2, and 3. &t 20 around 15.3and a shoulder centered at around.20
The more appropriate procedure may be the following: first, ~ On the other hand, those pure crystal profiles, with varying
the amount of amorphous phase can be determined from theamounts ofx, 3, andy modifications, can be used for obtaining
comparison with the diffraction profile corresponding to a totally the diffraction profiles corresponding to each modification
amorphous, elastomeric, polypropylene sample, obtained in theexclusively, by appropriate linear combination of the different
same diffractometer and configuratihln this way, the total ~ profiles. In principle, this seems to be a straightforward
X-ray crystallinity was determined, and the corresponding values procedure. However, a certain degree of uncertainty arises from
are presented in Table 2. It can be observed that the degree othe fact that those profiles correspond to samples crystallized
crystallinity is around 0.050.07 units lower for the metallocenic ~ under varying conditions, so that the diffraction peaks display
iPP specimens. The more random distribution of defects in the slightly different widths, the width being smaller for the lower
metallocenic iPP is responsible for those lower values, as well crystallization rates, as corresponds to more perfect, thicker
as for the lower melting temperatures (see below). crystals.

Moreover, the diffractograms representing the pure crystalline  Anyway, the appropriate linear combinations lead to the pure
components of each specimen have been obtained from theprofiles shown in Figure 4 for the three pure modifications,
subtraction of the scaled amorphous profile. These pure crystalwhere the corresponding Miller indices are also presented. The
profiles can be used for the subsequent deconvolution of thepure profiles allow checking the validity of the expression

h diffraction peaks corresponding to each modification, so that
the proportion of the different forms can be determined. The
present diffraction peaks are fitted to Voigt profiles as one of
the best options.
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Figure 4. X-ray diffractograms corresponding to the three pure crystal 0 . :
modifications. The Miller indices are indicated. 100 10 L
cooling rate (°C/min)
commonly used for the determination of tAdraction, which Figure 5. Relative proportions of the different polymorphs as a function
readst! of the cooling rate, for the z1 (upper frame), m1 (middle frame), and

mb5 (lower frame) specimens.

K, = Hi It has been reportéti?6 that there is a relation between the
Hg + (Hop + Hoo + Hy) maximum amount ofy form that can be obtained and the
average length of isotactic sequences. The maximum value
whereHg, is the height of the strongegtdiffraction at around reported here, 78%, is slightly higher than those reported
16.2°, the (2D)diffraction, andHq1, Haz, andH,s are the heights  before42%for the actual average length of isotactic sequences.
of the three firsto. peaks, appearing at around 14.1, 16.9, and The reason may be the somewhat more refined method used
18.€, respectively, corresponding to the (110), (040), and (130) here for determining the proportions of the different polymorphs.
diffractions, respectively, of the modification. TheKy value, Much more interesting is the behavior of the m5 specimens,
obtained either from the heights or from the integrated intensity as observed in the lower frame of Figure 5. The three
of the corresponding diffraction peakis!’3¢has to be recog-  polymorphs have been obtained in all the conditions analyzed.
nized as a relative measure of the proportiof# afiodification, Thus, at low cooling rates the proportion®trystals is rather
since it includes in the calculation only selected peaks instead small, but appreciable, while that for themodification is nearly
of the entire collection of diffractions. A similar argument the same as the one obtained in the m1 specimens. It seems,
applies to other proposed methdds. therefore, that at those low cooling rates the formation ofithe
The validity of that equation can be readily checked by crystals is at the expenses of thenodification. However, at
determining the ratio between the intensity of the selected high cooling rates the majority of the crystals are those of
diffractions over the total diffractogram intensity. The values type, and, evidently, they have been formed at the expenses of
deduced from Figure 4 (considering also the small diffractions both they anda modifications.
appearing at higher angles, not shown in Figure 4) are the The conclusion from this study, limited to only one type of
following: 0.80 4 0.03 for the ratio of theg1l peak over the metallocenic iPP and to only two concentrations of a particular
entire diffractogram, and 0.65 0.03 for the one corresponding  nucleating agent, is the following: the nucleation ability of the
to the first threea peaks over the total. chain errors that leads to the development of thdorm
It follows, therefore, that th&s values are not representing predominates over that one of tfiewucleating agent. Accord-
the actual proportion off crystals, and now that computer ingly, the 8 modification is only obtained in high proportions
facilities are readily available, the consideration of all the when this agent is in contents high enough and whenythe
diffraction peaks is more appropriate for determining the nucleation ability of the errors diminishes, i.e., at high cooling
proportion of the different polymorphs, as it has been made for rates.
calculating the values presented in Table 2. Anyway, it is interesting to note that opposite trends are
The relative proportions of each modification, at room obtained for ZieglerNatta and metallocenic iPPs: the propor-
temperature, for the different polymers and specimens are plottedtion of 5 crystals increases as the cooling rate decreases in z-iPP,
in Figure 5 as a function of decreasing cooling rates. The upper but it does so when the cooling rate increases in m-iPP.
frame corresponds to the z1 specimens. A clear increase of the Isothermal Experiments. In order to have a better under-
S component is observed as the cooling rate decreases (as thetanding on the effect of crystallization conditions, an additional
crystallization range takes place at higher temperatures), reach-analysis has been carried out by performing isothermal experi-
ing a value of more than 90% for the lowest cooling rate. ments in a synchrotron source. The corresponding results are
Evidently, the increase of th&proportion in this case is atthe  shown in Figure 6. It has to be considered that these values
expenses of the. modification. correspond to the ones deduced from the last diffractogram of
Regarding the m1 specimens (middle frame in Figure 5), no each experiment, i.e., they represent the actual proportions of
identifiable § crystals were observed for any of the tested each phase at the end of the crystallization experiment at the
cooling rates, as commented above. Now, the competition is corresponding isothermal temperature. For practical reasons,
between they and a. modifications, and at the lower cooling these experiments are limited by two facts: the lowest crystal-
rates the majority of the crystals are of theype, although it lization temperature is restricted by the time required for
seems that an asymptotic value of around 80% will be reached.temperature equilibration in the sample, so that the total
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Figure 6. Relative proportions of the different polymorphs as a function
of the isothermal crystallization temperature, for the z1 (upper frame)
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Figure 7. DSC melting curves for the z1 specimens at the indicated
crystallization conditions. For better visualization, the order of the
diagrams in this figure is opposite to that in Figures 8 and 9.

crystallization time shall not be smaller than arouneimin.
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cally the high-temperature endotherm, as corresponds to a
sample of around 90% crystals. The low-temperature region
presents a barely seen peak at around 1@3 which may
correspond to the melting of a small fraction of thih
crystallites, presumably formed at high undercoolings when
quenching.

Although the relative intensities of the two endotherms reflect
somehow the ratio of anda crystals initially present in the
sample (deduced from Figure 2), it is well-known that the
modification undergoes an important recrystallization into the
o form,}” specially when the samples, as it happens here, have
been cooled down below the so-called critical temperature
(105 °C). The implication is that the determination from the
melting endotherms of the relative proportion of each modifica-
tion in the initial sample is not straightforward, although the
recrystallization may be not very significant in the present case,
since the melting curves have been recorded aiG@ein.

A certain idea of the recrystallization may be extracted, for
instance, from the comparison of the melting curves for
specimens z1c4 and z1¢20 in Figure 7. Since the recrystallization
ability of the 5 form is expected to be enhanced in the more
imperfect crystals, that recrystallization will be, in principle,
more important in specimen z1c20. In fact, the double melting
peak of thex. endotherm may be due to the melting of the initial
o crystals and those recrystallized from fhphase. The whole
o endotherm comprises around 23% of the total enthalpy,
while its high-temperature component involves around 5%.
Considering that the percentage wfphase deduced from the
X-ray diffractogram is 18% (see Table 2), one may conclude
that the high-temperature component of thendotherm arises
from recrystallization off crystals. However, we cannot
disregard the possibility of that high-temperature component
arising from the recrystallization of the own crystals. Real-
time variable-temperature diffraction experiments employing
synchrotron radiation are envisaged in order to solve this
question.

On the other hand, the. endotherm for specimen zlc4
comprises around 9% of the total enthalpy, i.e., exactly the same
percentage than the one deduced from the X-ray diffractogram.
And now it seems that the endotherm is not split, indicating

On the other hand, the crystallization times have been fixed to that the recrystallization is not so evident, as it may be expected
a maximum of around 60 min. From previous results obtained considering that more perfect crystats ¢ndj) are formed at

in the calorimeter, the useful range of isothermal crystallization
temperatures is confined within the interval from around 126
to 142°C for z1, and from 116 to 128C for m5.

It is evident from the results in Figure 6 that the conclusions

this slow cooling rate.

Anyway, the DSC results are in agreement with the previously
commented X-ray diffraction findings: the majority of the
crystals arex-type in the quenched specimens, while they are

from the isothermal experiments are practically the same than g-type in those samples crystallized at low cooling rates.

those extracted from the measurements after variable cooling
rates. Thus, in the case of the z1 sample, higher proportions of

S modification are obtained at the higher crystallization tem-

peratures, i.e., at the lower crystallization rates, and the opposit

is found for the m5 sample.

Moreover, a close inspection of Figure 6 and its comparison

with Figure 5 reinforces the above-mentioned similarity, since

e

Figure 8 shows the melting curves for the m1 specimens.
These results also agree with the X-ray findings, since the curves
show now the two endotherms typical of the melting of varying
proportions ofy and a crystals, theo. melting endotherm
appearing at a higher temperature and with a decreasing intensity
as the cooling rate decreases.

the results deduced in the isothermal experiments match almost  1he melting curves for the mS specimens are shown in Figure
perfectly to those obtained at variable cooling rates in the 9- The melting patterns are, evidently, rather complicated,

interval from around 30 to 3C/min.
Thermal Behavior. The thermal behavior of the different

because of the presence of the three modifications. Moreover,
significant recrystallizations are evident in the quenched speci-

samples has been also analyzed. Thus, Figure 7 shows the DSEeNS, since four peaks or shoulders are observed, and none of

melting curves corresponding to the z1 specimens. Focusing

the attention on the sample crystallized &CImin, it presents
a main melting endotherm at 154€, and a smaller one at
164 °C, assigned to the melting of th® and o crystals,

respectively. The Q specimen, however, shows almost practi-

them seems to correspond to the melting of the very small
amount ofy-type crystals present in those specimens.

Considering the difficulty for the deconvolution of the melting
curves into the different components, only the total enthalpy of
melting has been determined for each specimen. The corre-
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Figure 10. WAXS-determined and DSC-determined degrees of
6 crystallinity as a function of the cooling rate for the different samples.
enthalpies are not very different, even the one for the
® 4 modification.
B However, there is an important drawback for the previous
Y calculations: they rely on the premise that what is determined
= as crystal from the WAXS measurements will contribute in a
3 2 directly proportional way to the enthalpy. Evidently, this premise
may be wrong if it is considered that there is an intermediate
region, the interphase, where the physical properties of the
crystal are smoothly transformed into those ones of the
0 L disordered amorphous regions. This interphase may contribute
100 120 140 160 differently to the WAXS crystallinity or to the enthalpy, thus
T (°C) leading to different values of the crystallinity by the two

techniques: X-rays and DSC.

These concepts have been invokem explain the crystal-
linity differences between those two techniques in iPP, since
sponding results, after normalization to the actual iPP contentthe DSC results were determined to be considerably smaller
in the samples, are presented in Table 2. when the enthalpy of the 100% crystalline polymer (in the

At this point, it is possible to estimate the overall enthalpy modification) is taken as 209 J/g, obtained from data in
of the 100% crystalline samples by considering the total enthalpy polymer—diluent system$-42 This is the most cited value for
of melting and the corresponding WAXS-determined crystal- the enthalpy of melting of a perfect iPP crystal, but, evidently,
linity. The values for this overall enthalpy, designated as has been determined with a third, different, technique, so that
AH100% WAXS gre shown in the last column of Table 2. All the it may imply new disadvantages. Anyway, if the true value of
values lie in the interval from 150 to 162 J/g, which is practically the 100%ca crystals is 209 J/g instead of the 162 J/g obtained
inside the experimental error when considering that the estimatedhere by using the WAXS crystallinity, the enthalpies of the other
uncertainties on the WAXS crystallinity and on the total enthalpy two polymorphs may be scaled, most probably, in a rather
of melting are around:0.02 units andt1 J/g, respectively. similar proportion, so that the enthalpies for tfieand y

Since our specimens display very different contents on the modifications will be 205 and 203 J/g, respectively. With
three polymorphs, a preliminary conclusion from all these results these values, the DSC crystallinities can be estimated. The
is that the enthalpies of melting of the three modifications cannot corresponding values are plotted in Figure 10, compared with
be very different. the WAXS crystallinities. It can be observed that in all the

The values reported in the literature fhH100% WAXS gre the cases the DSC values are around 0.16 units lower than the
following: 167 J/g for thea modification3” (although a WAXS crystallinities, in good agreement with the previous
scattering from 138 to 221 J/g can be folifichnd 150 J/g for results?°
the y phasé'* Our previous result§3° indicate also a value A final issue is the effect of the nucleant on the crystallization
around 164 J/g for the polymorph. Regarding thg form, an rate, which can be estimated just from the DSC crystallization
enthalpy of 113 J/g is generally quot&ef? although some exotherm on cooling from the isotropic melt. The corresponding
experimental results seem to indicate that the real value shouldDSC curves, at a cooling rate of 2G/min, are shown in Figure
be higher® 11. The upper part represents the curves for z-iPP, and it can

In the present case, and considering the overall enthalpiesbe observed that there is a rather important nucleating effect,
and the corresponding percentages of each modification, a sesince the crystallization exotherm appears at 1@1for the
of equations can be postulated, with the three unknowns of the specimen with 1% of a nucleating agent, a valu€Caigher
enthalpies for each polymorph. By appropriate linear combina- than the one exhibited by the raw z-iPP sample.
tions, the solution of that system leads to the following values:  The behavior is just opposite in the case of the m-iPP
1624+ 10, 1594 10, and 158+ 10 J/g forAH00% WAXS of the specimens, as observed in the lower part of Figure 11. Thus,
o, f andy phases, respectively. As anticipated before, these the raw polymer presents the crystallization exotherm at

Figure 9. DSC melting curves for the m5 specimens at the indicated
crystallization conditions.
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Figure 11. DSC curves on cooling from the melt at 20/min for the

indicated samples.

100

115°C, while it appears at 113C for the m1 specimen, and at
108 °C for the m5 sample. Therefore, in the case of the
metallocenic iPP, th¢g nucleating agent actually delays the
crystallization (as it has been also observed when analyzing th
isothermal crystallization rate for these specimens).

It is interesting to note that these crystallization exotherms
show only a single peak, in spite of the formation of the different
modifications. It follows, therefore, that the formation of the
various polymorphs occurs rather simultaneously.

Conclusions

The addition to a metallocenic iPP of a 1% by weight of a
typical -nucleating agent is not enough to develop any
appreciable amount off modification, at least under the
crystallization conditions used, which cover a wide range of
cooling rates. By comparison, the same amount of nucleating
agent added to a ZiegleNatta iPP leads to almost 100% /of
form at low cooling rates. It seems, therefore, that such amount
of B nucleating agent is not enough to counterbalance the well-
knowny nucleation ability of the 1.83% of defects (stereo- and
regioerrors) which are present in the studied metallocenic iPP,
and only different proportions of and a modifications are
obtained in this sample, the relative amount depending on the
cooling rate.

On the contrary, if a 5% nucleating agent is added, fhe
modification is also obtained, in addition to the and a
polymorphs. However, now the amount/®type crystals as a
function of the cooling rate follows a trend opposite to that found
for the Ziegler-Natta iPP: higher proportions gfmodification
are obtained at the higher cooling rates (or at the lower
isothermal crystallization temperatures).

Moreover, the analysis of the crystallization exotherms on
cooling from the melt indicates a real nucleating effect, as
expected, by incorporation of the agent in the Zieghatta

iPP. Consequently, the exotherm appears in the specimen with

1% of 8 nucleator at a temperature 18 above that presented
for the raw iPP sample. On the contrary, the opposite effect is
found in the metallocenic iPP. Thus, the exotherms for the
specimens withf nucleator appear at temperatures lower than
that for the raw polymer. Therefore, tfeucleating agent leads

in this case to a retardation of the crystallization.

The enthalpies corresponding to the 100% crystalline modi-
fications, estimated from the total enthalpy of melting and from
the X-ray determined proportions of the different polymorphs,
are rather similar: 162, 159, and 158 J/g for thes, andy
phases, respectively, values inside the experimental error,
estimated to be around 10 J/g.
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