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ABSTRACT: The influence of a nonpigmenting �-nucleat-
ing additive in the crystallization of isotactic polypropylene
(iPP) is investigated by differential scanning calorimetry and
X-ray diffraction. It is found that this additive induces the
formation of a very high level of the trigonal modification of
iPP. The crystallization and melting behavior of the nucle-
ated systems are studied as a function of the cooling and
heating rates and the control of the final temperature during
the cooling process. The nucleating agent exerts an impor-

tant effect on the crystallization temperatures and the poly-
morphic transitions of iPP, delaying the �–� recrystalliza-
tion process through an increase in the stability of the trigo-
nal crystals. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 86:
531–539, 2002
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INTRODUCTION

Isotactic polypropylene (iPP) is a polymorphic mate-
rial that can crystallize in monoclinic (�), trigonal (�),
orthorhombic (�), and smectic modifications, all with a
31 helix (tgtg) conformation but with different orien-
tations and packing of the polymer chains in the crys-
tal lattice.1–12 Of these polymorphs, the � form is the
thermodynamically stable crystalline modification
and is predominant under common processing condi-
tions. The � form occurs more rarely because of its
lower stability than the � form, although it has a
higher growth rate. However, the formation of the �
modification can be influenced by specific thermal
histories such as high crystallization rates,4 high crys-
tallization temperatures,1,2 high temperature gradi-
ents,13 or rapid cooling from the melt to 130–135°C.5

The � form transforms into the � form when heated or
annealed by recrystallization and/or transformation
of phases.14–17 The � form can also be obtained from
melts exposed to shear stress,18–21 but it cannot be

obtained in fibers because of transformation into the �
phase during the orientation process.22 Also demon-
strated was the formation of the � modification in-
duced by monoclinic nuclei that develop on the sur-
face of bubbles generated by contraction of the melt
during the crystallization process.23

The crystallization of iPP from the melt can be im-
proved in the crystallization region where heteroge-
neous nucleation occurs by the addition of foreign
nuclei to the polymer melt. Nucleating agents reduce
the induction time for crystallization because they
provide foreign surfaces or nuclei onto which the crys-
tallization is initiated. The presence of solid particles,
liquids, and even gas bubbles can nucleate the � form
of iPP.24–28 A series of substances that can act as
nucleating agents for the � form, depending on the
concentration and dispersion of the additives and the
cooling rates, were also described.14,29–38 The addition
of these additives can reduce the cycle time during
melt processing because of the higher crystallization
rates and influence their physical and mechanical
properties. Further, these additives can influence the
polymorphic behavior and substantially modify the
balance of the final properties of the polymer. As such,
the control of the crystallization conditions under
which a specific crystalline modification can be
formed is essential to the design of materials based on
iPP.

The main objective of this study is the investigation
of the nucleating activity of a naphthalene dicarbox-
amide derivative in the crystallization of the � modi-
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fication of iPP. The thermal behavior of the nucleated
iPP was determined under very different crystalliza-
tion conditions, and the transformations between �
and � polymorphs of iPP were also studied as a func-
tion of the thermal history and additive concentration.

EXPERIMENTAL

Materials

The iPP sample that was used was a commercial grade
supplied by REPSOL-YPF, and it had a viscosity-av-
erage molecular weight of 164,700. The characteriza-
tion is described elsewhere.39 The nucleating agent
was N,N�-dicyclohexyl-2,6-naphthalene dicarboxam-
ide (NJSTAR NU100) supplied by NJC-RIKA. The nu-
cleated systems were prepared by melt blending in a
twin-screw extruder with a NJSTAR NU100 concen-
tration between 0.05 and 0.3% by weight, using the
conditions previously described.39

Physical properties

The thermal stability of all samples was studied by
thermogravimetric analysis using a Mettler TA-4000/
TG-50 thermobalance in an oxygen atmosphere and at
a heating rate of 20°C min�1. The temperature that
corresponds to the start of the thermal decomposition
(Ti) was obtained from the thermogravimetric curves.

The thermal properties were analyzed under dy-
namic conditions in a Perkin–Elmer DSC7/7700/
UNIX differential scanning calorimetry (DSC) instru-
ment calibrated with indium (melting temperature,
Tm, � 156°C; melting enthalpy, �Hm, � 28.45 J g�1).
The experiments were carried out in a nitrogen atmo-
sphere using 10–12 mg of sample sealed in an alumi-
num pan. The Tm values were taken as the peak max-
imums of the endothermic curves. The temperatures
that correspond to the initiation of the crystallization
(Tic) and the maxim of the exothermic peak (Tc) were
chosen as the characteristic temperatures for the dy-
namic crystallization process. The degree of crystallin-
ity (1 � �) was calculated from the ratio �Ha/�Hu,
where �Ha and �Hu are the apparent and completely
crystalline heats of fusion, respectively. The values of
177.0 and 168.5 J g�1 were used for the �Hu for 100%
crystalline �-iPP and 100% crystalline �-iPP, respec-
tively.40 Different thermal treatments were investi-
gated by DSC after melting the samples in the calo-
rimeter at 210°C for 10 min: in one treatment they
were cooled to 40°C at 1, 2, 5, 10, and 20°C min�1 and
subsequently heated to 210°C at 10°C min�1; in the
other they were cooled to 40°C at 1 and 20°C min�1

and subsequently heated to 210°C at 1 or 20°C min�1.
Thermooptical studies were carried out in transmit-

ted visible light by using a Reichert Zetopan Pol po-

larizing microscope and a Mettler FP-80HT hot stage
with a Nikkon FX35A 35-mm SLR camera.

Wide angle X-ray (WAXS) diffractograms of the
samples were obtained at room temperature using a
Rigaku Geigerflex-D/max X-ray diffractometer (fitted
with a RU-200 rotating anode generator) at 1° min�1 in
a 2� range between 5 and 35° using Ni-filtered CuK�
radiation. Real-time WAXS and small angle X-ray dif-
fraction (SAXS) patterns were simultaneously re-
corded using synchrotron radiation at the polymer
beamline at Hasylab (DESY, Hamburg) with a double
focusing camera.41 The beam was monochromatized
(0.15 nm) by Bragg reflection at a germanium single
crystal, which was bent in order to focus the beam in
the horizontal direction. A mirror was used for focus-
ing in the vertical direction. The WAXS and SAXS
scatter was detected using linear Gabriel detectors.
Further details regarding the instrumentation are
given elsewhere.42 The scattering intensity was di-
vided by the intensity of the primary beam, which was
measured by an ionization chamber in relative units,
in order to consider the change of the intensity of the
primary beam during the measurements. The back-
ground scattering obtained when no samples were
present in the beam was subtracted from all measured
curves after proper correction with respect to absorp-
tion. Lorentz correction of the SAXS data was per-
formed by multiplying the intensity by s2, where s
� 2sin �/�, 2� is the scattering angle, and � is the
wavelength. The long period (L) was obtained from
the maximum of the SAXS curve. Samples were pre-
pared as films by compression molding. The following
thermal histories were investigated: cooling from 210
to 120 or 40°C at 1 and 20°C min�1 or heating the
samples crystallized under the former conditions at
1°C min�1.

RESULTS AND DISCUSSION

The thermal stability of all samples in an oxygen at-
mosphere (i.e., under more drastic conditions than the
DSC experiments) was determined to confirm that no
thermal degradation took place during the different
thermal cycles that were performed. The initial degra-
dation temperatures of 225 and 310°C were obtained
for iPP and the nucleating agent NJSTAR NU100,
respectively. The degradation of the nucleated iPP/
NJSTAR NU100 systems started at temperatures be-
tween 222 and 226°C, demonstrating that all the ma-
terials decompose at temperatures far above the melt-
ing temperature used in this work.

The influence of the melting temperature and resi-
dence time in the melt on the crystallization rate of the
same iPP material was previously investigated in a
study of the efficiency of an �-nucleating agent.39

From this work a thermal history of melting at 210°C
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for 10 min was selected to eliminate melt phase mem-
ory effects in the determination of the crystallization
rates of the nucleated systems.43,44

Figure 1 shows the evolution of the crystallization
temperature (Tc) with the concentration of the nucle-
ating agent at different cooling rates. In all cases a
single exotherm was observed and a very important
increase in the Tc was found for the lowest concentra-
tion of the additive, which levels out at the highest
concentration of nucleating agent, reaching a maxi-
mum increment between 15 and 18°C. The same be-
havior was observed when the temperature that cor-
responds to the Tic was monitored, although a slightly
lower increment was observed. The Tc values and the
corresponding changes in crystallization enthalpy
(�Hci) are shown in Table I for the five cooling rates
used in the study.

The X-ray diffraction patterns of a sample of iPP
with 0.05% NJSTAR NU100 were recorded at room
temperature after dynamic crystallization at the indi-
cated cooling rates, which are shown in Figure 2. The
two main reflections characteristic of the iPP � modi-
fication are clearly observed at 2� � 16.2 and 21.2°,
which are associated with the (300) and (301) planes,
respectively, together with three other reflections of
very low intensity at 2� � 14.2, 17, and 18.8°, which
correspond to the respective (110), (040), and (130)

planes of the � modification. From the X-ray diffrac-
tion patterns, the relative proportion of the � form was
calculated using the Turner-Jones et al. parameter4 (k�)
that is given by

k� � {(I�1)/[I�1 � (I�1 � I�2 � I�3)]} (1)

where I�1 is the intensity of the (300) reflection of the
� modification and I�1, I�2, and I�3 are the intensities of
the (110), (040), and (130) reflections, respectively, of
the � modification. Values of k� between 0.85 and 0.95
were obtained for all nucleated systems; the higher the
cooling rate, the larger the increase in the level of the
� form, indicating that increasing the cooling rate
considerably reduces the number of monoclinic crys-
tallites formed during the dynamic crystallization pro-
cess.

The values of the melting temperatures obtained in
heating cycles at 10°C min�1 subsequent to the dy-
namic crystallization at different cooling rates are in-
dicated in Table II. Multiple endotherms were ob-
served in all cases, as can be seen in the example in
Figure 3. In the absence of different crystalline forms,
the observation of multiple endotherms in iPP was
assigned to the existence of two different spherulitic

Figure 1 The variation of the crystallization temperatures
with the concentration of NJSTAR NU100 at cooling rates of
(�) 20, (F) 10, (�) 5, (�) 2, and (Œ) 1 °C min�1.

TABLE I
Crystallization Temperatures and Enthalpies for iPP-Nucleated Systems at Different Cooling Rates as Function of

Nucleating Agent Composition

Nucleating agent
(%)

Tc20
(°C)

Tc10
(°C)

Tc5
(°C)

Tc2
(°C)

Tc1
(°C)

�Hc20
(°C)

�Hc10
(°C)

�Hc5
(°C)

�Hc2
(°C)

�Hc1
(°C)

0 104.9 110.1 113.2 117.9 121.2 89.3 93.5 94.8 95.5 94.9
0.05 121.1 125.4 129.2 132.9 135.0 85.0 90.1 93.3 95.6 97.4
0.1 122.0 125.9 129.6 133.3 136.1 86.1 90.7 92.9 95.4 96.5
0.3 122.5 126.1 130.0 134.0 136.7 86.4 91.6 94.9 96.8 98.3

Figure 2 WAXS diffractograms recorded at room temper-
ature for iPP nucleated with 0.05% NJSTAR NU100 and
crystallized at cooling rates of (a) 20, (b) 10, and (c) 1 °C
min�1.

�-NUCLEATING AGENT FOR IPP 533



structures,45 different crystal sizes,46 and recrystalliza-
tion and reorganization of the imperfect monoclinic
crystals during heating.47 The double melting peak
can also be associated with the recrystallization of the
monoclinic �1 phase into the more ordered �2 phase.48

In our case, the low temperature endotherm is located
between 153 and 159°C and corresponds to the melt-
ing of the � crystals. The peak maximum of the endo-
therm does not change with the content of nucleating
agent; but it increases in temperature when the cool-
ing rate of the dynamic crystallization decreases, in-
dicating the formation of more perfect or larger crys-
tals.

The endotherm at high temperature can be associ-
ated with the melting of the � crystals, and it is located
between 168 and 171°C with a very low enthalpy. The
peak maximum is also independent of the nucleating
additive concentration, but its relative area diminishes
when the cooling rate of the crystallization process is
reduced. These results contradict those explained
above from the X-ray diffraction experiments, which
showed a decrease of the �-crystalline fraction with an
increase in the cooling rate during the crystallization

process. Figure 3 clearly shows that the relationship
between the areas of the endotherms associated with
the melting of trigonal and monoclinic crystals (A�/
A�) decreases with an increasing cooling rate. The
evolution of each independent endotherm with the
composition and cooling rate can be obtained by ap-
plying a peak deconvolution process to the total DSC
endotherm (Table II), although it should be pointed
out that the effect of the exothermic �–� recrystalliza-
tion, which takes place during the heating cycle, on
the enthalpy values is very difficult to assess. The
degree of crystallinity (1 � �) associated with each
phase can be obtained from the deconvoluted peaks
using the values of �Hu, which correspond to the
100% crystalline �- and �-polypropylene, respec-
tively,40 as described in the Experimental section. The
� fraction (X�) was estimated from DSC by the follow-
ing expression:

X� � (1 � �)�/[(1 � �)� � (1 � �)�] (2)

Figure 4 shows the variation of (1 � �) associated with
each phase for an iPP sample nucleated with 0.05%
NJSTAR NU100. We observed that as the cooling rate
of the crystallization process increases, the degree of
crystallinity of the � phase diminishes and the degree
of crystallinity of the � phase increases.

Several other conclusions can be reached from the
thermograms shown in Figure 3. Splitting of the low
temperature endotherm associated with the � crystals
is not observed, indicating the absence of a �–�� re-
crystallization, as could be expected because the sam-
ples were cooled to 40°C, which is well below the
critical temperature (T��) described by Varga et al.14,15

Further, an exothermic process between both endo-
therms is not observed, which may indicate the ab-

TABLE II
Melting Temperatures Subsequent to Dynamic

Crystallization at Different Cooling Rates as Function of
Nucleating Agent Composition

Nucleating
agent (%)

Tm20
(°C)

Tm10
(°C)

Tm5
(°C)

Tm2
(°C)

Tm1
(°C)

0 168.7 166.2 164.5 164.5 166.9
0.05 153.7 155.3 156.1 157.5 158.6

170.4 169.9 169.9 168.2 168.3
0.1 153.7 155.5 156.8 158.1 158.7

170.4 170.6 169.9 169.6 168.3
0.3 154.7 155.4 156.7 158.4 159.4

170.4 170.6 169.0 168.8 168.2

Figure 3 Melting endotherms of iPP with 0.05% NJSTAR
NU100 recorded at 10°C min�1 after crystallization at cool-
ing rates of (a) 1, (b) 2, (c) 5, (d) 10, and (e) 20°C min�1.

Figure 4 The variation of the crystallinity associated with
the (�) � and (E) � form in iPP/NJSTAR NU100 with 0.05%
additive concentration, which is obtained from the melting
endotherms recorded at 10°C min�1 as a function of the
cooling rate.
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sence of �–� recrystallization, which usually takes
place when the samples are cooled below T��.14,15

However, the comparison between the fraction of �
crystals obtained from the DSC data and the amount
of the � phase in the material calculated from the
X-ray diffractograms (Fig. 5) demonstrates the exis-
tence of a �–� transition that considerably increases
the fraction of monoclinic crystals that melt, increasing
the area of the high temperature endotherm. The more
imperfect the trigonal crystals are (i.e., at higher cool-
ing rates), the more important the �–� transition be-
comes.

Several crystallization and melting cycles were per-
formed at different rates to clarify the melting behav-
ior of the iPP nucleated systems with NJSTAR NU100.
As an example of the behavior observed in all nucle-
ated systems, Figure 6 shows the melting thermo-
grams for iPP with 0.05% nucleating agent. When the
sample is cooled from the melt to 40°C at 20°C min�1

and subsequently heated at 1°C min�1, an exothermic
�–� transition is observed immediately after the low
temperature endotherm located at 152°C [Fig. 6(a)]. It
was stated14,15 that �-iPP samples are susceptible to
�–� recrystallization before melting if they are cooled
below T��, which is induced by the � phase formed
during secondary crystallization at temperatures be-
low T��.1,13,30,49–51 Further, if we compare the ratio of
peak areas A�/A� obtained in Figure 6(a) to that in
Figure 3, the relation is inverted, showing an increase
in the fraction of monoclinic crystals in the transition.
The same behavior is observed when the sample is
cooled to 40°C at 1°C min�1 and subsequently heated
at 1°C min�1 [Fig. 6(b)]. However, in this case the area
associated with the monoclinic phase does not display
such a spectacular increase with respect to the trigonal
phase, which indicates lower nucleating activity of
these crystals; rather, it shows a splitting of the endo-

therm associated with the �1 and �2 phases at 167 and
169°C, respectively. The new monoclinic crystals that
form during the �–� transition are �2 and melt at a
higher temperature than the �1 monoclinic crystals
formed during cooling from the melt. The tendency
for �–� recrystallization in iPP was attributed to the
formation of monoclinic crystals within the � spheru-
lites because of secondary crystallization in the cool-
ing process below T��. These finely distributed mon-
oclinic crystals act as �-nucleating agents during the
partial melting of the � phase and generate the mon-
oclinic �2 phase.7,14,38

The morphology of the iPP/NJSTAR NU100 sam-
ples developed during these thermal cycles was ana-
lyzed by polarized optical microscopy. Figure 7(a)
shows the presence of two types of spherulites formed
on cooling to 40°C at 1°C min�1. Highly birefringent,
type III spherulites characteristic of the � phase are
observed, together with mixed radial spherulites as-
sociated with the � phase. On heating at temperatures
between 145 and 154°C, these type III spherulites
adopt a different spherulitic structure with a lower
birefringence and are dissimilar from the mixed radial
� spherulites [Fig. 7(b–d)]. These new spherulites are
stable at 160°C and melt at 170°C [Fig. 7(e)].

The crystallization and melting processes of the nu-
cleating systems were also investigated by real-time
WAXS and SAXS experiments using synchrotron ra-
diation. In Figure 8 the WAXS diffractograms re-
corded during the cooling process at 1°C min�1 are
shown for iPP with 0.05% nucleating agent. The for-
mation of the (300) and (301) reflections associated
with the � phase are clearly observed at 134°C and
completely developed at 120°C, together with the very
low intensity (110) reflection corresponding to the �
phase that appears at 134°C. When heated, the growth

Figure 6 Melting endotherms of iPP/NJSTAR NU100 with
0.05% additive concentration recorded at 1°C min�1 after
dynamic crystallization under the following conditions:
cooling to 40°C at (a) 20 and (b) 1°C min�1 and (c) cooling to
120°C at 20°C min�1.

Figure 5 A comparison of k� values obtained from the
WAXS diffractograms at (F) room temperature and the frac-
tion of the � form obtained from the melting endotherm
heating at (E) 10°C min�1 for iPP/NJSTAR NU100 with
0.05% additive concentration.
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of the (110), (040), (130), and (301) reflections of the �
phase are observed at 150°C, as is a reduction in the
intensity of those associated with the � phase, which
completely disappears at 156°C (Fig. 9). The Lorentz
corrected SAXS data recorded simultaneously during
the same heating cycle show changes in the intensity
and position of the peak maxims. The intensity of the
SAXS peak decreases on heating, reaching a minimum
at 152°C, followed by a slight increase and leveling out
at 157–159°C and a subsequent decrease up to 170°C.
This behavior is presented in Figure 10, along with
that corresponding to the variation with temperature
of the L associated with the maximum of the SAXS
peak. The increase observed in L values between 130
and 140°C can be explained by the melting of the small
and imperfect � crystals generated during crystalliza-
tion from the melt. At 145°C an important increase in
L and a decrease in intensity are observed that corre-
sponds to the melting of the more perfect and bigger
�-form crystals. From 150 to 155°C the decrease ob-
served in the L values and the changes at the same
temperature in the WAXS patterns shown in Figure 9
can be associated with the formation of monoclinic
crystals by recrystallization from � structures, and
these demonstrate the existence of a �–� transforma-
tion.

Figure 11 compares the variation with temperature
of the k� obtained from the WAXS data with the
evolution of the total area of the SAXS peak. Up to
142°C the fraction of � crystals remains constant while
the total area falls slightly, and this can be related to
the melting of small � crystals. From 142 to 153°C an
accelerated decrease in the k parameter is observed
that is due to complete melting of all the � crystals.
The area decreases up to 152°C, but from this temper-
ature to around 156°C an increase is observed that
correlates with the formation of � crystals.

The diffraction results and those obtained by DSC
and optical microscopy demonstrate that in our nucle-
ated systems monoclinic crystals form from the melt-
ing process of the trigonal crystals generated during
crystallization, which is in agreement with similar
observations for other �-nucleating agents.52,53

A number of different interpretations for the mech-
anism of the �–� transformation were suggested. Sam-
uels and Yee54 proposed the formation of a liquid
phase because of the considerable differences in the
unit cell of the two structures; Asano and Fujiwara55

suggested that this transformation occurs by unfold-

Figure 7 Optical micrographs of iPP/NJSTAR NU100 with
0.05% additive concentration under the following condi-
tions: (a) at 40°C after crystallization when cooling from
210°C at 1°C min�1 and when heating the sample at 1°C
min�1 to (b) 145, (c) 150, (d) 154, and (e) 160°C.

Figure 8 WAXS diffractograms of iPP nucleated with
0.05% NJSTAR NU100 when cooling from 210 to 40°C at 1°C
min�1.
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ing, melting, and recrystallization; and Garbarczyk et
al.53 suggested that �–� recrystallization is preceded
by the transition of the � phase into a disordered state.
The �–� transformation does not take place automat-
ically with the disappearance of the � form; it occurs

only when the necessary energy to overcome the en-
ergy barrier of the transformation is reached.56 Exten-
sive DSC studies by Varga et al.14,15 demonstrated
partial melting of the � form during the heating cycle
after cooling below 100°C, results that were confirmed
by Fillon et al.17 by DSC and optical microscopy mea-
surements.

The influence of the final temperature that was se-
lected on cooling from the melt was analyzed in our
nucleated iPP systems by cooling the samples to 120°C
at 20°C min�1, a temperature above the critical tem-
perature T��. The subsequent heating cycle at 1°C
min�1 is shown in Figure 6(c) for the system with
0.05% NJSTAR NU100 as an example. A splitting of
the melting peak of the � phase can be clearly ob-
served and is related to a �–�� transition, and an
important decrease in the endotherm associated with
the monoclinic phase is also found. The �–�� transi-
tion is related to a stabilization or perfection of the
structure of the � modification without a transition
between different crystalline forms, as can be con-
firmed in the X-ray data presented in Figure 12. The
existence of the �–�� transformation indicates struc-
tural instability of the � phase, favored in this case by
a very low heating rate.14,15

One of the more effective families of �-nucleating
agents are pimelic acid/calcium stearate blends,
which give k� values of between 0.6 and 0.94, depend-
ing on the relative concentration of both components
and the total concentration and degree of dispersion of
the nucleating agents.36,37,57,58 Calcium suberate was
also recently shown to be an effective and selective
�-nucleation agent.59 Another typical nucleating agent
that efficiently induces the crystallization of iPP in the
� modification is quinacridone (commercially known
as E3P),60 which generates k� values of 0.6–0.7 for iPP
systems prepared by roll mixing or 0.28–0.54 for sam-
ples prepared by extrusion.31 It was recently deter-

Figure 9 WAXS diffractograms of iPP nucleated with
0.05% NJSTAR NU100 when heating at 1°C min�1 after the
crystallization cycle shown in Figure 8

Figure 10 The variation of (E) L and the intensity of the (�)
SAXS peak for iPP nucleated with 0.05% NJSTAR NU100
when heating at 1°C min�1 after dynamic crystallization by
cooling from 210 to 40°C at 1°C min�1.

Figure 11 The total area obtained from the (E) SAXS peak
and the variation of (�) k� obtained from the WAXS diffrac-
tograms of iPP nucleated with 0.05% NJSTAR NU100 when
heating at 1°C min�1 after dynamic crystallization by cool-
ing from 210 to 40°C at 1°C min�1.
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mined that the use of pigments in polypropylene fi-
bers give �-form contents that are dependent on the
spinning velocity, reducing k� to 0.11–0.4, for exam-
ple, when the fibers are spun at high velocity.61 How-
ever, k� values of 0.9 were obtained with other pig-
ments,62 and the important influence of the nucleating
agent concentration was demonstrated.63 Garbarczyk
and Paukszta29,64 studied the influence of a series of
additives (based on aromatic amines and their sulfur
derivatives) on the formation of the � modification of
iPP. They determined k� values between 0.07 and 0.67
for mercaptobenzimidazole, phenothiazine, and triph-
enodithiazin and k� values between 0.25 and 0.30 for
anthracene and phenanthrene. They concluded that
the � form occurs only when the structure of the
additives is quasiplanar, suggesting the formation of
complexes of the additive and the polymer. They also
established that the �–� transformation is retarded or
eliminated, depending on different physicochemical fac-
tors related to the �-nucleating agent.29 They found that
those additives with high k� values showed a greater
influence on the retardation phenomena. A retardation

factor can be obtained from the slope of log(��k � 102/
k20) versus temperature, where �k is the difference be-
tween k at a given temperature and k at 20°C.

Figure 13 compares the results obtained for iPP
nucleated with NJSTAR NU100 with the results of the
behavior of other nucleating agents from the litera-
ture.29 Observe that the data obtained from the X-ray
measurements are in perfect agreement with those
obtained from DSC in the same crystallization condi-
tions, assuming that the �–� transition takes place at a
higher temperature and the faster the rate is the higher
the fraction of � crystals in the material, as was de-
scribed for some nucleating agents with similar struc-
ture and k� values higher than 0.3.29

In a study of organic pigments with �-nucleating
activity, which all have fused benzene rings or hetero-
cycles in their molecular structure, a wide range of k�

values was observed (Table III). It was shown that a
common feature in the diffraction patterns was that
the strongest or second strongest reflection was lo-
cated at a d-spacing of 0.283 nm,65 a value that is about
half that of the � form (300), which is 0.564 nm. In later
studies of the nucleation of iPP with �-quinacridone,
triphenodithiazin, and dicyclohexylterephthalamide,
it was established that the nucleating agents with a
periodicity of 0.65 nm and an orthogonal geometry on
the contact face can induce a � modification.34,66 When

Figure 12 WAXS diffractograms of iPP nucleated with
0.05% NJSTAR NU100 when heating at 1°C min�1 after
dynamic crystallization by cooling from 210 to 120°C at 20°C
min�1.

Figure 13 A comparison of the retardation factor for iPP
nucleated with 0.05% NJSTAR NU100 heated at 1°C min�1

after dynamic crystallization when cooling from 210 to 40°C
at 1°C min�1 versus the additives described in Beck.26

TABLE III
Values of k� Observed for Concentration of 0.05% of

Range of Organic Pigments

Pigment name k�

Indigosol Brown IRRD 0.54
Indigosol Red Violet IRH 0.68
Cibantine Orange HR 0.82
Indigosol Pink IR 0.82
Cibantine Blue 2B 0.86
Indigosol Golden Yellow IGK 0.92
Indigosol Grey IBL 0.95
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the X-ray diffractograms of the nucleating agent
NJSTAR NU100 and other iPP nucleated samples are
compared, it should be pointed out that none of the
above characteristics for other �-nucleating agents ex-
ist in this additive, and only an overlap between the
reflections at 2� � 21° with a d-spacing of 0.42 nm is
observed.

CONCLUSIONS

The investigation of a nonpigmenting nucleating
agent found it to be very efficient at inducing the
crystallization of iPP into the � modification with k�

values between 0.85 and 0.95, depending on the con-
centration of the additive and the cooling rate. The
crystallization temperatures of the nucleated system
are strongly affected, showing an important increase
even for the lowest concentration of the additive. The
melting behavior of the nucleated iPP was also ana-
lyzed, and the influence of the additive on the exis-
tence and nature of the �–� transformation was estab-
lished. In the presence of NJSTAR NU100 the �–�
transition is retarded with respect to other additives,
taking place at higher temperature and over a very
small temperature interval.
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