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ABSTRACT: The influence of an organic phosphate derivative in the crystallization of
the monoclinic phase of isotactic polypropylene was studied by differential scanning
calorimetry. To analyze the nucleation activity of the additive, the self-nucleation
process of the pure polymer was also studied by thermal techniques. A large increase in
crystallization temperatures was obtained even for the lowest concentration of the
additive, and its nucleating efficiency is the highest observed for a-nucleating agents in
isotactic polypropylene. The nucleating agent was also observed to increase the stability
of the crystals formed. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 84: 1669-1679, 2002;

DOI 10.1002/app.10546

Key words:
etry

INTRODUCTION

Crystallization occurs when a polymer is cooled
well below its melting temperature, and the
phase transformation that takes place can be de-
scribed by a nucleation and growth mechanism.
Nucleation is the process by which a new crystal-
line phase is initiated and the nuclei can be
formed either homogeneously or heterogeneously.
Homogeneous nucleation originates from statisti-
cal fluctuations of the polymer chains in the melt
and takes place at a constant rate. In contrast,
heterogeneous nucleation is caused by the pres-
ence of heterogeneities that induce the develop-
ment of crystallinity and the rate of nucleation is
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variable. These heterogeneities can be impurities,
residual polymer crystals, as in the case of the
self-nucleation process, or specific substances
that may act as nucleating agents.

Isotactic polypropylene (iPP) has a very com-
plex structural behavior and can crystallize in
four different crystal forms'~3: a (monoclinic), 8
(hexagonal), vy (triclinic), and smectic. The « form
is the thermodynamically stable crystalline mod-
ification and is that usually obtained under com-
mon processing conditions. In iPP, the crystalli-
zation process is controlled by nucleation.” In the
region of crystallization where heterogeneous nu-
cleation occurs, this process can be improved by
the addition of specific additives or nucleating
agents which shorten the induction time of crys-
tallization of a given polymer, providing foreign
surfaces or nuclei that reduce the free energy of
formation of a new polymer nucleus.'® They are
commonly used in the polymer industry to
shorten injection-molding cycle times, thus reduc-
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ing production costs, generating smaller spheru-
lites, and thus improving the optical and mechan-
ical properties, as is the case for iPP.!* A large
number of compounds were reported to nucleate
the o form of iPP,'1°~* and several others act as
nucleating agents of the B form,'®27 depending
on the dispersion and concentration of the addi-
tives and the cooling rates.

The established method to evaluate nucleating
agent efficiency is to determine either the crystal-
lization temperature of the nucleated system in a
dynamic DSC experiment, or the time needed to
reach a given crystallization transformation in an
isothermal DSC experiment, and to compare
these with the same parameter obtained for the
polymer without additives. Fillon et al.?®?° have
developed a method to determine this efficiency
considering the nonnucleated system as the lower
limit, and a wholly self-nucleated polymer as the
upper limit of the nucleation efficiency scale. The
best a-nucleators reported for iPP have efficien-
cies in the 50-66% range,?®?° and dibenzylidine
sorbitol, which is commonly used to significantly
increase transparency in iPP, has an efficiency of
40%, far removed from optimum performance
that would correspond with wholly self-nucleated
polypropylene (PP).

As part of a broad project related to the devel-
opment of transparent and high-modulus materi-
als based on PP, this article presents a study of
the nucleating efficiency of a new organic phos-
phate derivative in the crystallization process of
the monoclinic phase of iPP. The nucleating effi-
ciency was evaluated by using differential scan-
ning calorimetry, and the influence of the concen-
tration of the nucleating agent and the thermal
treatments were analyzed. To determine the up-
per limit of the nucleation efficiency scale, the
self-nucleation process in our pure iPP sample
has also been investigated.

EXPERIMENTAL

Materials

The iPP sample used in this study is a commercial
grade supplied by REPSOL-YPF (Madrid, Spain)
with an isotacticity of 95% as determined by so-
lution NMR. The viscosity average molecular
weight was obtained by intrinsic viscosity mea-
surements by using a modified Ubbelholde
viscometer in decalin solutions at 135°C. A con-
centration of 0.1 g dL.”! was used, and the mea-

surements were carried out under nitrogen atmo-
sphere. The intrinsic viscosity—molecular weight
relationship is given by>’:

[n]=1.10 X 104 MO%

The intrinsic viscosity was found to be 1.64 dL g !
and the calculated M, was 164.000.

The nucleating agent used is methylene-
bis(4,6-di-tert-butylphenyl) phosphate sodium
salt, ADK STAB NA 11 UH, provided by Asahi
Denka Kogyo K.K. (Tokyo, Japan), which we will
call NA11.

The dispersion of the nucleating additive in the
polymer was achieved by melt blending in a twin-
screw extruder (MP 2030) (APV Baker, Peterbor-
ough, UK) at a rotor speed of 150 rpm. The con-
centration of NA11 was between 0.05 and 0.5 wt
%. To incorporate such a small concentration of
the nucleating additive, a compound of the nucle-
ating agent and the iPP powder, obtained by cryo-
genic grinding, was previously prepared.

Physical Properties

The thermal stability of all samples was studied
by thermogravimetric analysis by using a Mettler
TA-4000/TG-50 thermobalance in an oxygen at-
mosphere and at a heating rate of 20°C min 1.

The thermal properties were analyzed under
dynamic conditions in a Perkin—Elmer DSC-7/
7700/UNIX differential scanning calorimeter
(DSC), calibrated with indium (7, = 156°C, AH,,
= 28.45 J g~ 1). The experiments were carried out
in a nitrogen atmosphere by using 10-12 mg of
sample sealed in an aluminum pan. The transi-
tion temperatures were taken as the peak max-
ima in the calorimetric curves. The degree of crys-
tallinity (1 — A) was calculated from the ratio
AH,/AH,, where AH, and AH,, are the apparent
and the completely crystalline heats of fusion,
respectively. For AH,, the value of 177.0 J g *
was used.?!

The self-nucleation experiments in pure iPP
were performed by using four thermal steps, de-
scribed later.

Crystallization experiments under dynamic
conditions were carried out on pure iPP and the
nucleated systems by cooling to 40°C at cooling
rates of 1, 2, 5, 10, and 20°C min ", after melting
the samples at 210°C for 10 min. All samples were
heated to 210°C at 10°C min ! after crystalliza-
tion.



HIGHLY EFFICIENT ADDITIVE FOR ISOTACTIC PP 1671

X-ray diffractograms of the samples at room
temperature were obtained by using a Rigaku
Geigerflex-D/max X-ray diffractometer fitted with
a Rigaku RU-200 rotating anode generator, at 1°
min~ ! in a 26 range between 5 and 35° using
Ni-filtered CuKa radiation. Samples were pre-
pared as films by compression molding with ther-
mal histories identical to those investigated by
DSC.

RESULTS AND DISCUSSION

Prior to the investigation of the thermal behavior,
the thermal stabilities of all the materials were
determined under more drastic conditions than
the DSC experiments (i.e., in an oxygen atmo-
sphere). An initial degradation temperature of
243°C was obtained for NA11 and 225°C for pure
iPP, both well above the melting temperature
used in this work. The thermal stabilities of the
nucleated systems were similar to that of pure
iPP, which indicated that blending does not affect
the stability of the PP matrix.

To select the thermal history to be imposed on
the samples prior to the determination of the
rates of crystallization, melt-phase memory ef-
fects were considered, because the crystallization
rate is highly conditioned by the thermal history.
At the beginning of the crystallization process,
the nuclei present in the system are heteroge-
neous nuclei, formed by particles chemically dif-
ferent from the crystallizing polymer, and ather-
mal homogeneous nuclei. Although the heteroge-
neous nuclei are hardly affected by the thermal
history of the melt, the concentration of athermal
homogeneous nuclei (i.e., residual polymer crystal
fragments left from previous structures) is very
dependent on the melting temperature and melt-
ing time.??33 The influence of the melting temper-
ature and residence time in the melt on the crys-
tallization rate was investigated at a given iso-
thermal crystallization temperature. The kinetic
crystallization parameter used to monitor this ef-
fect was the time needed to reach 10% of the
crystalline transformation, 7;,, obtained from the
partial integral of the corresponding DSC crystal-
lization exotherm. A crystallization temperature
of 128°C was used because the development of
crystallinity at this temperature takes place at
intermediate transformation times. Thus, exper-
imental problems related to the rapid develop-
ment of crystallinity at very large undercoolings,
or difficulties in the determination of the DSC

baseline at extremely long transformation times
at high crystallization temperatures, are elimi-
nated. The heating rate applied to reach the melt
temperature was 200°C min ! to limit the pres-
ence of residual nuclei in the melt.?3:34

When the influence of the melt temperature at
a fixed time of 10 min and at several crystalliza-
tion temperatures was analyzed, an increase in
T10 Was observed with melt temperature up to a
temperature of 210°C, from which 7,4 remained
constant. The influence of the residence time at
different melt temperatures was also analyzed
and it was observed that by increasing the time
the sample remained in the melt at a constant
temperature, the crystallization time 7, in-
creased, indicating a gradual reduction of the
number of athermal nuclei. At high-melt temper-
atures, 210-230°C, the values of 7;, were almost
constant for residence times of 10 min and longer,
because the initial number of athermal nuclei is
relatively low. However, at lower melt tempera-
tures, closer to the melting point of iPP, for ex-
ample, 190°C, a much higher number of athermal
nuclei are initially present. In this case, with
increasing residence time in the melt, 7, was
seen to increase as the number of athermal nuclei
decreased, even for the longest residence times,
demonstrating the importance of the contribution
of the athermal nuclei to the crystallization rates.

These results are in perfect agreement with
those described by Alfonso and Ziabicki®® and
Carfagna et al.,>* but contradict those of Janimak
et al.,>® who did not observe any dependence of
crystallization rates on melting thermal history
in isothermal crystallization studies. From these
results, a thermal history of melting at 210°C for
10 min, after heating at 200°C min !, was se-
lected to investigate the nonisothermal crystalli-
zation of the iPP sample and the nucleated sys-
tems in the absence of melt-phase memory effects.

Given that crystallization depends on the mo-
lecular characteristics and the thermal history
imposed, prior to the study of the crystallization
behavior of all the samples and the evaluation of
the efficiency of the nucleating additives, we have
evaluated the self-nucleation of the iPP used in
this study, as this must be analyzed for each
particular sample as has been previously estab-
lished.?® Self-nucleation in polymers was first in-
troduced by Blundell et al.?® to describe the nu-
cleation of chain-folded crystals in solution by
crystal fragments of high-molecular weight
present in the same solution. Now, the term self-
nucleation is generally applied to describe nucle-



1672 MARCO ET AL.

30

ENDO

dQidT

30 -u-n....|nuun-lnnuu-l.ununlu-u..-.

80 90 100 110 120

130 140 150 160 170 180
T(°C)

Figure 1 Crystallization exotherms of iPP cooled at 10°C min~ ' after partial melting

at indicated values of T.

ation of polymers in the melt or in solution in-
duced by previously produced polymer crystals.
Self-nucleation phenomena can be generated in
DSC by using four thermal steps, which corre-
spond t0%82937 (1) erasure of previous thermal
history; (2) creation of a crystalline state in pre-
determined dynamic or isothermal conditions; (3)
partial melting at a temperature located in the
melting range, T;; and (4) isothermal or dynamic
crystallization.

The experimental conditions used to generate
self-nucleation in our iPP sample are described
below. In step 1, to eliminate the melt-phase
memory effects the sample was held at 210°C
during 10 min. Step 2 comprised an isothermal
crystallization at 128°C for 45 min after cooling
from the melt at 64°C min . In step 3, which is
the essential step in self-nucleation, the samples
were heated at 10°C min ' to values of T selected
between 175 and 160°C and maintained at these
temperatures for 5 min. In step 4, a dynamic
crystallization was carried out, cooling the sam-
ples to 40°C at 10°C min . The subsequent heat-
ing process, at 10°C min ! to 210°C, was also
investigated. The crystallization exotherms ob-
tained under dynamic conditions after partial
melting at different values of T, are shown in
Figure 1. When T is located in the upper part of

the melting range known as region II, 165°C = T,
= 170°C, a decrease of the crystallization temper-
atures is observed as T increases. This behavior
is related to a drastic reduction of the nucleation
density because of a decrease in the concentration
of remaining crystalline fragments. In contrast,
when melting takes place at Ty > 170°C, located
at the end of the melting endotherm, region I, the
number of nuclei remain minimal and constant,
and the crystallization occurs at the same tem-
perature. The crystallization behavior when the
sample is melted at 7, < 165°C, which corre-
sponds to region III in the lower part of the melt-
ing endotherm, is rather complex. A double exo-
therm is observed with a large reduction of the
material that has recrystallized. It is clear that
the melting process is incomplete and only the
smaller and imperfect crystals are melted,
whereas the others may experience an annealing
process during heating.

The heating of the samples after the recrystal-
lization process described above is shown in Fig-
ure 2. In the iPP samples which have been par-
tially melted at 7, < 165°C, two endothermic
peaks are observed, one at high temperature lo-
cated at 172-176°C and the other at tempera-
tures below 170°C. The low-temperature peak
corresponds to the melting of crystals formed dur-
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Figure 2 Melting endotherms of iPP heated at 10°C min ™! after the recrystallization

process in Figure 1.

ing the cooling process. However, the peak at high
temperatures can be associated with those crys-
tals that have not melted at 7, < 165°C, and
experience an increase in their crystal sizes be-
cause of an annealing process on heating. When
T, increases, but is still in region III, the intensity
of the higher temperature endotherm decreases
because the concentration of crystals which may
be annealed is smaller, but the temperature of the
peak is higher because the annealing takes place
at high temperatures, as was previously observed
by Fillon et al.?® When the conditioning time at
fixed T is increased, the temperature of the high-
temperature endotherm increases, as can be ob-
served in Figure 3. This behavior confirms that an
annealing process generates this endotherm.
The double peak observed in the crystallization
and melting can be explained by modifications of
the monoclinic structure of iPP during the an-
nealing process, and two phases «; and «, have
been described.?® Phase «, is generated during
the cooling process, whereas phase a, is that
formed at high temperature with higher melting
temperature. This phase is probably generated
from the nuclei produced during the self-nucle-
ation experiment. It is evident that the crystalli-
zation temperature obtained during the self-nu-
cleation process is completely dependent on the

conditioning temperature where the partial melt-
ing has been performed, 7,. At values of T
> 170°C, a constant crystallization temperature
was obtained, considered the crystallization tem-
perature of the non-nucleated iPP. For values of
T, in the interval between 165 and 170°C, a self-
nucleation process is generated and the crystalli-
zation temperature decreases with 7', reaching a
maximum value of 140°C. This temperature is
considered the crystallization temperature of the
best self-nucleated sample. When 7T is below
165°C, the self-nucleation process competes with
an annealing process that becomes more impor-
tant as T and the conditioning time increase.
The evolution of the crystallization temperatures
and their corresponding enthalpies, and melting
temperatures with T, is shown in Figure 4. In re-
gion I, crystallization temperatures and enthalpies
are constant, and the crystals formed at the lowest
crystallization temperatures are the smallest and
melt at very low temperatures (i.e., at 160°C). These
imperfect crystals experience a melting-recrystal-
lization-melting process on heating which gener-
ates a second endotherm at 165-166°C (see Fig.
2). In region II, as previously mentioned, the crys-
tallization temperatures increase with a slight
increase in enthalpy when 7', decreases. A single
endotherm is observed between 163 and 166°C as
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Figure 3 Melting endotherms of iPP heated at 10°C min ! after partial melting at
162°C at the conditioning times indicated, and recrystallization on cooling at 10°C

min 1.

T, increases. In region III, the crystallization en-
thalpies decrease with 7', and a double exotherm
and endotherm are observed because of a predom-
inant annealing process instead of self-nucle-
ation, as explained above.

The crystallization behavior of the nucleated
iPP/NA11 systems were studied by DSC under
dynamic conditions and their corresponding exo-
therms are shown in Figure 5. The crystallization
temperatures increase with increasing concentra-
tion of the nucleating agent and depend strongly
on the cooling rate. Figure 6 shows the changes in
the crystallization temperatures for different
cooling rates. It can be clearly observed that for
all cooling rates the crystallization temperature
increases relative to the value of iPP without nu-
cleating agent. This increase is spectacular for
the lowest concentration of the additive (i.e., of
0.05%) and continues to increase, although at a
lower rate for higher concentrations. At the high-
est concentration of NA11 studied, an increment
of 21°C in the crystallization temperature is ob-
served, much higher than that previously re-
ported in the literature for this nucleating
agent.?® The samples crystallized under dynamic
conditions at different cooling rates were studied

by X-ray diffraction at room temperature. The
diffractograms of all systems corresponded to the
o form of iPP with the characteristic reflections of
the monoclinic structure, as shown in Figure 7(b),
together with the crystalline structure of the nu-
cleating agent [Fig. 7(a)].

The increase in crystallization rates induced by
the nucleating agent NA11 is also reflected in the
increase in concentration of crystalline nuclei, as
shown in Figure 8. The progress of the spherulitic
growth at a cooling rate 1°C min ' of nonnucle-
ated iPP is shown in Figure 8(a—d) at tempera-
tures between 128 and 121°C and is compared
with the dense spherulitic morphology observed
for nucleated iPP with 0.05% NA11l at 137°C
cooled at the same rate [Fig. 8(e)]. It is important
to point out that the nucleation density increases
with addition of the nucleating agent because the
nucleation rate becomes more predominant than
the spherulitic growth rate, resulting in an in-
crease in the overall rate of crystallization, which
leads to smaller spherulites. When the size of the
spherulites is smaller than the wavelength of
light, there is no refraction and the transparency
of the material is improved. The increase in nu-
cleation density and the consequent increase in
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Figure 8 Optical micrographs of the crystallization process on cooling at 1°C min—

1

for pure iPP at (a) 128°C, (b) 126°C, (c) 124°C, (d) 121°C, and (e) for iPP/NA11 0.05% at

137°C.

the concentration of crystalline entities produced
correlates with an increase in crystallization en-
thalpies when the concentration of the nucleating
agent is incremented and the cooling rate re-
duced. A maximum value of 62% is obtained for
the crystallinity of the nucleated systems com-
pared to 52% for the nonnucleated iPP, at a cool-
ing rate of 1°C min~'. This increment in crystal-
linity reduces the material’s flexibility, producing
an increase in the flexural modulus and tensile
strength, as will be demonstrated elsewhere.*®

As previously mentioned, a method used to cal-
culate the nucleating efficiency of an additive con-
siders the best nucleated polymer as that ob-
tained by a self-nucleation process, 2829:36:41.42
The presence of crystal fragments in the melt of
iPP, produced by a self-nucleation process, can act
as an ideal nucleating agent because the concen-
tration, dispersion, and interactions are the best
that can be achieved between the additive and the
matrix. The method considers the non-nucleated
sample and the best self-nucleated sample as the
two extreme limits of the efficiency scale for a
particular polymer. The nucleating efficiency,
NE, varies from 0 to 100 and is given by:

NE = 100 (T, = Te)/(Te2 max — Te1) (1)
where T'.; and T, ,,.x are the crystallization tem-
peratures of the non-nucleated and the self-nucle-
ated polymer, respectively.*> A value of 140°C
was used for 7,5 .. Obtained from the self-nucle-
ation experiments, and the calculated nucleation
efficiency for a nucleated system with a 0.5% con-
centration of NA1l was 71%. This efficiency is
higher than any value reported for nucleating
additives in iPP, which vary for the a-nucleators
from 50 to 66%.%°

Finally, the melting behavior of all the nucle-
ated systems was also analyzed. The heating of
samples crystallized under dynamic conditions at
different cooling rates showed two endotherms for
nonnucleated iPP with peak maxima very depen-
dent on cooling and heating rates. However, in
the nucleated systems the endotherm at lower
temperature is hardly observable and the endo-
therm at high temperature is observed in the
range between 164 and 170°C, as previously re-
ported,*® although some authors have observed a
double melting peak in nucleated systems.** Fig-
ure 9 shows the heating DSC curves of non-
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nucleated iPP and a nucleated iPP sample with
0.5% NA11. In the absence of different crystalline
forms, the observation of multiple melting endo-
therms in isotactic PP was assigned to the exis-
tence of two different spherulitic structures,*® dif-
ferent crystal sizes,*® and recrystallization and
reorganization of the imperfect monoclinic crys-
tals during heating.*”*® In our study the forma-
tion of the B-form was excluded from the results of
the X-ray diffraction experiments. Therefore, the
double endotherm observed in pure iPP is due to
a melting-recrystallization-melting process of the
iPP crystals. In the nucleated systems these crys-
tals are formed at much higher temperatures and
only one endotherm is observed in the DSC curves
even at very low heating rates (1°C min!). The
nucleating additives used, while they increase the
crystallization temperature, reduce the tendency
of the crystals to recrystallize (i.e., increase the
stability of the crystals formed).

CONCLUSION

The nucleation efficiency of the organic phosphate
derivative analyzed in the crystallization of the «

phase of isotactic PP is the highest value obtained
when compared with previously reported data.
The effect of the nucleating agent on the crystal-
lization temperature of iPP is very important at a
very low concentration of the additive (i.e.,
0.05%). This increase in crystallization rate con-
tinues smoothly for the higher additive contents
investigated. Differences in the melting behavior
of the nucleated and nonnucleated polymer were
determined, demonstrating an increase in stabil-
ity of the crystals formed in the nucleated poly-
mers, reducing the incidence of reorganization on
heating.
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