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ABSTRACT: N,N′-Dicyclohexyl-2,6-naphthalenedicarboxamide (NJS) is an efficient nucleating agent to prepare
isotactic polypropylene (iPP) samples rich in theâ-modification (â-iPP). However, NJS is not a selective
â-nucleating agent, as the related samples always contain bothR andâ modification of iPP. Depending on the
final temperature of heating (Tf), NJS may be partially or completely dissolved in the iPP melt. The dual nucleation
ability of NJS was studied by polarized light microscopy (PLM) and calorimetry (DSC). It was established that
the lateral surface of the needle crystals of NJS acts asR-nucleating agent. Because of the solubility and dual
nucleating ability of NJS, a wide variety of supermolecular structures may form in its presence. The feature of
the structure formed during the crystallization of iPP depends on the concentration of the nucleating agent, on
the end temperature of heating, and on the thermal conditions during cooling and crystallization. In this study we
observed anRâ-transcrystalline layer development on the lateral surface of the needle crystals of NJS, dendritic
and microcrystalline structures, and a spectacular “flower”-like agglomerate ofâ- and R-crystallites. A model
was proposed to explain the dual nucleating effect of NJS.

Introduction

In the past two decades numerous research groups dedicated
considerable attention to the preparation of theâ-modification
of isotactic polypropylene (â-iPP) under laboratory and indus-
trial conditions. The crystalline structure, melting, and crystal-
lization characteristics as well as properties ofâ-iPP formed
were extensively studied (see refs 1 and 2 and references
therein). The toughness (ductility) and impact resistance ofâ-iPP
are superior to those of the traditionalR-form of iPP (R-iPP).1,2

These characteristics ofâ-iPP, which are very advantageous in
several applications, justify the extensive basic and applied
research related to this material.

Under practical conditionsâ-iPP can be produced with the
help of efficient, selectiveâ-nucleating agents. An overview
about the availableâ-nucleating agents was published recently.1

The selectivity ofâ-nucleating agents is characterized by the
polymorphic composition of the polymer, which is expressed
quantitatively by thek value derived from X-ray diffraction
measurements3 or by the area of the melting peak of the
â-modification determined by calorimetry.4 The efficiency of
nucleating agents is usually evaluated by calorimetry. The
increasing rate of crystallization and higher peak temperature
of crystallization determined at a constant cooling rate indicate
larger efficiency.4

The first efficientâ-nucleating agent was theγ-form of linear
trans-quinacridone introduced by Leugering.5 The efficiency of
a two-componentâ-nucleating agent consisting of pimelic acid
and calcium stearate was demonstrated by Shi et al.6 Similarly
efficient compounds, which have more defined composition and
structure, are the calcium salts of pimelic and suberic acid
produced in our laboratory.7,8

N,N′-Dicyclohexyl-2,6-naphthalenedicarboxamide is also an
efficientâ-nucleating agent, which was developed and marketed

in the past few years.9 This nucleating agent is sold under the
trade name of NJ Star NU 100, and it is available for scientists
only through industrial contacts. This nucleator is designated
as NJS in this paper. The nucleation efficiency of NJS was
proved by X-ray diffraction measurements and detailed calo-
rimetric studies.4,9-18 NJS proved to be an efficient nucleating
agent also in production under industrial conditions. Theâ-phase
content, ork value, of compression-molded,16,17extruded,18 and
injection-molded19-26 parts produced with NJS is relatively high.
The mechanical and other properties of the processed parts were
determined as well. The results of mechanical measurements
and fracture mechanics studies done on PP samples nucleated
with NJS confirmed the previous observations about the
advantageous properties ofâ-iPP.1,2 The discussion of the results
of these studies is out of the scope of this work; a more detailed
analysis can be found in the chapter of Grein.2 Experimental
results achieved under real processing conditions indicated that
the NJS concentration should surpass a lower threshold value
(∼300 ppm) to get products rich in theâ-iPP. Accordingly,
certain authors refer to sub- and supercritical concentrations of
this nucleating agent.19,21

The supermolecular structure of iPP nucleated with NJS was
studied mostly by PLM on sections cut from processed
samples.11,22,25 Microcrystalline structure was found in these
samples, probably due to the large concentration of the
nucleating agent and the high cooling rate prevailing under the
processing conditions used. However, unambiguous conclusions
about the structure formation cannot be drawn from these
studies, since cooling conditions were not controlled sufficiently.
It is worth noting that AFM studies of Zhou et al.27,28and PLM
observations of Behrendt et al.29 delivered useful information,
which helped for a better understanding of the nucleating
mechanism of NJS.

Attention should be paid to the fact that the effect ofâR-
recrystallization, which seriously complicates the proper deter-
mination of polymorphic composition, usually has not been
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eliminated during the calorimetric studies of iPP samples
nucleated with NJS. Such recrystallization occurs during the
heating of samples previously cooled under the criticalTR

/ )
100 °C temperature.1 In microsections, cut from processed
samples, the occurrence ofâR-recrystallization cannot be
avoided. Thus, a smaller or larger melting peak of theR-iPP
can be practically always observed on the melting traces of such
samples.16-26 Consequently, conclusions drawn from calori-
metric measurements done on samples cooled belowTR

/ must
be treated with the utmost caution.1,4 This note holds for those
contributions which consider the melting peaks to estimate the
amount ofâ-phase and its melting temperature. The critical
evaluation of these results is again beyond the scope of this
article.

In a previous paper we presented a comparative study of
variousâ-nucleating agents.4 By eliminating theâR-recrystal-
lization, we have demonstrated that calcium pimelate and
suberate have the highest selectivity among all knownâ-nu-
cleating agents. It was also pinpointed that NJS is not a selective
â-nucleating agent, andR-iPP always forms in its presence. This
behavior of NJS was termed as dual nucleating ability. The
critical concentration observed for this nucleating agent is related
to its partial solution in the iPP melt.4 The subject of this paper
is a more detailed study on how the solubility of NJS affects
the crystallization, polymorphic composition, and supermolecu-
lar structure of iPP. The conclusions are supported by PLM
and calorimetric measurements. The observations related to the
dual nucleation of NJS are discussed in detail.

Experimental Section

Materials. The Tipplen H 890 grade iPP homopolymer (MFR
) 0.35 g/10 min at 230°C/2.16 kg), used in the study, was supplied
by TVK, Hungary. Commercial NJS was added to the polymer in
the concentration range (C) from 10 to 1000 ppm. The polymer
and the nucleating agent were homogenized in a Brabender W 50
EH internal mixer at 200°C and 50 rpm for 10 min.

Methods. The structure, crystallization, and melting character-
istics of the nucleated samples were studied by polarized light
microscopy (PLM) and differential scanning calorimetry (DSC).
PLM studies were performed in polarized light using a Leitz Dialux
20 microscope equipped with a Mettler FP82 hot stage. In order to
determine of the optical character of the samples studied, aλ plate
was located diagonally between the crossed polarizers. The colored
PLM micrographs were recorded by a DMC model 1 digital camera
and the Image Pro-Plus photo editor software. The samples were
crystallized under isothermal or nonisothermal conditions after the
elimination of thermal and mechanical history by holding the
samples atT ) 200 °C for 5 min and then cooled to room
temperature. Subsequently, the samples were heated up to the final
temperature of heating (Tf) somewhere between 180 and 260°C.
At Tf, the time of heat treatment (tf) was 5 min. The melted samples
were cooled fromTf to the crystallization temperature (Tc) at a rate
of 5 °C/min or quenched. Samples partially crystallized at a given
temperature (Tc) were always heated up fromTc without cooling
to lower temperature. In this case, theâ-phase melts separately
withoutâR-recrystallization at about 155°C.1 The heating rate was
5 °C/min. Pictures from the residual structure of the partially melted
samples were captured. We should emphasize here that the samples
were not subjected to temperatures higher than 200°C before the
systematic PLM study in order to minimize of the influence of the
partial dissolution of NJS and avoid the thermooxidative degradation
of the sample. The crystallization and melting curves were registered
by a Perkin-Elmer DSC-7 calorimeter at heating and cooling rate
Vh ) Vc ) 10 °C/min after erasing of the thermal history of the
samples by heating atT ) 200°C for 5 min. During nonisothermal
crystallization, the end temperature of cooling was set toTR

/ ) 100
°C to eliminate the effect ofâR-recrystallization disturbing the

determination of polymorphic composition.1 SEM micrographs were
taken from selected samples using JEOL ISM 5600 LV equipment.
The surface of the samples was etched with a permanganate
solution.30

Results and Discussion

Supermolecular Structure of â-Nucleated Samples.The
crystallization of samples containing different amounts of
nucleating agents was studied under various conditions by PLM.
Additional information about the structure formation and
structural characteristics of the samples of mixed polymorphic
composition was obtained after the separate melting of theâ-iPP.
Recall thatâ-iPP melts at lower temperature thanR-iPP.1

PLM studies proved that NJS dissolves partially or completely
in the iPP melt and recrystallizes during cooling. The extent of
dissolution, the size of the recrystallized nucleating agent, and
the supermolecular structure formed depend on the concentration
of the nucleating agent, on the final temperature of heating (Tf),
on the cooling conditions, and on the thermal conditions of
crystallization. According to our PLM studies, very diverse
structures can develop in the presence of NJS. Depending on
the combination of the factors listed above, we observed the
development of the following characteristic morphologies: (i)
formation of a transcrystalline layer on the crystal surface of
the nucleating agent, (ii) formation of dendritic structures, (iii)
development of microcrystalline agglomerates, and (iv) forma-
tion of “flower”-like structure.

In the studied concentration range, the particles of the
dispersed nucleating agent cannot be detected by PLM in melt
films prepared from the polymer containing NJS. However, at
larger nucleating agent concentration (300 ppm and above) and
at high final temperature of heating (Tf), the dissolved nucleating
agent recrystallizes from the melt in the form of needlelike
crystals. Using multiple melting and recrystallization cycles with
continuously increasingTf, we can increase the size of NJS
needle crystals (Figure 1a). Transcrystalline structure forms on
the surface of the crystals, which helps us to explain several
characteristics of the nucleation mechanism of NJS. Mixed
polymorphic structure forms on the lateral surface of the needle
crystals below theT(âR) temperature,1 while a structure richer
in theâ-iPP appears around the tip of the needles (Figure 1b,c).
These structures can be unambiguously identified by the analysis
of the structure left behind by the separate melting of theâ-phase
(Figure 1c). The birefringence of theâ-phase formed on the
surface of the needle crystals is strong, indicating (Figure 1b)
that the chain-folded lamellae of theâ-phase stand on their edge.
Consequently, the molecular chains are lying nearly in the plane
of the sample.1 This latter observation agrees well with the AFM
studies of Zhou et al.27,28 PLM micrographs prove that NJS is
not a selectiveâ-nucleating agent due to the partialR-nucleating
effect of its lateral crystal surface. ThisR-nucleating effect can
be shown also directly. For this purpose the nucleated sample
was crystallized above the critical upper temperature of the
formation of â-iPP, namelyT(âR) ) 141 °C.1 In this case a
transcrystalline layer forms, which consists entirely of theR-iPP
(Figure 2). TheR-nucleating effect is proved by the fact that
nucleus density is much larger on the surface of NJS than in
bulk.

The characteristics of the supermolecular structure developing
around the needle crystals are demonstrated by the model
presented in Figure 3. AnR-transcrystalline front develops from
the R-nuclei being in abundant large density on the lateral
surface of the needles. On the other hand, triangular spherulite
slices grow from individualâ-nuclei located randomly on the
lateral surface of NJS. A straight boundary line forms between
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the R-transcrystalline layer and theâ-spherulite slices. In
accordance with our earlier quantitative analysis,31,32 the slope
of the straight line (æ) depends on the relative growth rate of
the R- andâ-phases (Vr ) Vâ/VR):

The initial stage of crystallization on the surface of the
nucleating agent, when both theR- andâ-crystalline fronts grow
unrestricted, is shown in the lower part of Figure 3. SinceVr >
1 in the temperature range betweenT(âR) and T(Râ),1,31,33

â-spherulite slices grow faster and thus hinder the expansion
of the R-transcrystalline front in the later stages of the
crystallization. As a consequence, theR-transcrystalline layer
forming on the lateral surface of the needle crystal remains back
as an inclusion, as shown by the sketch in the upper part of
Figure 3. The formation of the inclusion ofR-phase is
demonstrated by the PLM micrograph presented in Figure 4.
We can clearly recognize that the transcrystalline inclusions of
theR-modification (shown by arrow) formed on the surface of

Figure 1. PLM micrographs demonstrating the crystallization of iPP on the surface of NJS needle crystals (C ) 500 ppm,Tf ) 240 °C, Vc ) 5
°C/min, Tc ) 135 °C): (a) needle crystal of NJS recrystallized during cooling atTc ) 135 °C; (b) crystallization of iPP atTc ) 135 °C, tc ) 40
min; (c) structure left behind by the separate melting of theâ-phase at 156°C; (d) needle crystal of NJS remaining in the melt at 220°C.

Figure 2. Development ofR-transcrystalline structure on the lateral
surface of NJS atTc ) 145 °C above the upper limit temperature of
the formation ofâ-iPP (T(âR)) (C ) 500 ppm,Tf ) 240 °C, Vc ) 5
°C/min): (a) tc ) 30 min, (b)tc ) 105 min.

Figure 3. Model for the mechanism of crystal growth on the surface
of iPP on the surface of NJS leading to the formation of a mixed
polymorphic composition: (a) free growth of theR- andâ-crystalline
front; (b) free growth of theâ-phase after the inclusion of theR-phase.

Vr ) 1
cosæ
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the nucleating agent are remaining after the separate melting
of the â-phase. Assuming as an ideal case that aâ-nucleus is
located at the tip of the needle, which would induce the
formation of aâ-spherulite, then the phase structure and the
âR-boundary line would develop according to the scheme shown
in Figure 3. This assumption could explain the largerâ-phase
content in the vicinity of the tip of the needle. However, the
slope of theâR-interface in the PLM micrograph (Figures 1c
and 4b) does not agree with that shown in Figure 3. This
contradiction probably results from the disturbance caused by
the microcrystalline nucleating agent forming around the tip of
the needle. We illustrate this effect in a subsequent section.

The relative amount of theâ-phase in the mixed polymorphic
transcrystalline structure increases with decreasing the temper-
ature of crystallization. The increase of theâ-content is caused
by the continuous increase of the number ofâ-nucleating sites
formed on the lateral surface of needle crystals and by increase
of Vr with decreasingTc.1,31,33 Hence, the growth of the
R-transcrystalline front stopped earlier and earlier by the
â-spherulite slices. This is well discernible after the separate
melting of theâ-phase in Figure 4b. LargerVr is indicated by
the steeper slope of the interface between theR- andâ-phases
in the PLM micrographs.

Melting curves of isothermally crystallized samples are shown
in Figure 5 as a function of temperature. Samples crystallized
above T(âR) (Tc ) 142 and 145°C) contain only the
R-modification of iPP. The melting curves resemble very much
those recorded on samples isothermally crystallized at high
temperatures.34 Note that for samples crystallized at high
temperatures the twinning of the melting peak of theR-phase
is often related to a modification transition fromR1 to R2 crystals

(see ref 33 and references therein). The melting peak of the
â-phase superposes onto the twoR-peaks in the melting curves
of samples crystallized belowT(âR) (Figure 5,Tc ) 135-140
°C). AsTc decreases, the melting peak of theâ-phase becomes
more and more pronounced in accordance with the explanation
given above. IfTc e 130 °C, the peak duplication ofR-phase
does not take place.34 Consequently, on the melting curves only
two peaks appear, indicating the melting of theR- andâ-phases.
The melting temperature of both theR- andâ-phases increases
with increasingTc according to the kinetic theory of crystal-
lization.33

A characteristic dendritic structure forms, if samples contain-
ing a large amount of nucleating agent (500 and 1000 ppm) are
quenched from highTf (Tf ) 260 °C) to the temperature of
crystallization (Figure 6). The formation of this structure can
be explained by the fact that the crystallization of the nucleating
agent is faster than the crystallization of iPP. Dendrites have
mixed polymorphic composition proved by the presence of
R-crystallites left behind by the separate melting of theâ-phase
(Figure 6c). Since the nucleating agent crystallizes in the form
of very fine needle crystals upon fast cooling, the crystallites
of the R-phase of iPP growing on the lateral surface of the
needles show a very fine, network-like distribution. If the sample
slightly cooled after the separate melting of theâ-phase, the
further growth of the residualR-crystallites marks this network
structure (Figure 6d). It is worth noting that theâ-phase grows
slightly further during the melting experiment, forming a thin
spherulite ring with higher melting temperature. This ring is
conserved during cautious melting, and it can serve as marker
for the position of the crystalline front (Figure 6d marked by
arrow). PLM micrographs prove also that theâ-modification,
which grows faster than theR-phase, occludes completely the
primary R-crystallites as crystallization proceeds. Later, the
growing crystalline front contains only theâ-phase of iPP.
R-Crystallites cannot be detected in theâ-phase formed after
occlusion. This was proved by the PLM micrograph taken after
the separate melting of theâ-phase (Figure 6c,d).

At small concentrations, the nucleating agent recrystallizes
at lower temperature, at which the rate of crystallization of iPP

Figure 4. PLM micrographs showing the crystallization of iPP on the
surface of NJS needle crystals atTc ) 130 °C (C ) 500 ppm,Tf )
240 °C, Vc ) 5 °C/min): (a) structure formed aftertc ) 20 min; (b)
structure left behind after the separate melting of theâ-phase at 156
°C.

Figure 5. Effect of the temperature of crystallization on the DSC
melting traces ofâ-nucleated iPP samples (C ) 1000 ppm,Tf ) 220
°C, TR ) Tc, Vh ) 10 °C/min).
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is comparable to that of the nucleating agent. This results in
simultaneous crystallization of the two components, i.e., iPP
and NJS. In such cases a mixed polymorphic microcrystalline
structure forms, in which crystallites of theR-modification are
homogeneously distributed in theâ-phase (Figure 7). This
morphology is confirmed by the structure left behind by the
separate melting of theâ-crystals. Figure 7 also shows that the
growth rate of the microcrystalline phase is larger than that of
the individualR-spherulites formed simultaneously. This state-
ment is supported by the formation of the leaflikeR-spherulite
inclusion shown in Figure 7. We note here that a similar
structure may form also in samples containing simultaneously
R- and â-spherulites. Processes leading to the formation of
inclusions are analyzed quantitatively in ref 31.

Spectacular structure forms when a sample containing the
needle crystals of the nucleating agent is heated to relatively
low Tf (220 °C). Under these conditions, the NJS crystals do
not dissolve completely in the melt. In subsequent crystallization
and melting cycle with loweredTf (Tf ) 180 °C), a “flower”-
like structure forms, which consists of a needle crystal of
nucleator with transcrystalline overgrown and a microcrystalline
agglomerate at its tip (Figure 8). The structure formation around
the tip of the nondissolved needle crystal was induced by the
recrystallized nucleating agent. This structure has mixed a
polymorphic composition similarly to the microcrystalline
structure discussed above (Figure 7). The micrographs presented
in Figure 8 display that the dissolution of the nucleating agent
is a direction-dependent (anisotropic) process; the preferred
location of dissolution is the tip of the needle. On the other
hand, dissolution does not seem to occur along the lateral surface
of the needles (Figure 8b).

At high temperatures mainlyR-spherulites form in samples
containing small amounts of NJS. Melt inclusions form inside
the spherulitic structure at latter stages of crystallization. The
concentration of dissolved NJS increases monotonously inside
the melt inclusion during iPP crystallization and starts to
crystallize upon saturation. As a consequence, mixed polymor-
phic microcrystalline agglomerates form inside the melt inclu-
sions, similar to those presented in Figure 7. This is shown in
Figure 9 by a series of micrographs. SEM micrographs taken
from the etched surface of a microcrystalline aggregate indicate
the presence ofâ-lamellae laying flat on and standing edge on
(Figure 10a,b) as well.

Relevant information related to the results presented in
previous paragraphs was published recently by other groups.
Zhou et al.27,28 showed that NJS crystals grown from solution
(and not from iPP melt) induce the epitaxial growth of the
â-phase of iPP. Behrendt et al.29 observed the formation of
dendritic structures similar to those shown in Figure 6 during
the crystallization of samples heated to highTf temperatures
and containing a large amount of NJS. These authors called
already the attention to the partial dissolution of NJS but did
not study in detail the crystallization process and its controlling
factors. They did not carry out melting experiments either, which
could have supplied valuable information about the development
of the crystalline structure. In a recent paper by Vychopnova et
al.,35 one can find a PLM micrograph of a microsection cut
from a sample crystallized isothermally at 140°C. The structure
resembles the “microcrystalline” agglomerate, or something like
that. For the formation of this structure, the authors have given
a speculative explanation based on theâ- to R-growth transition,1

Figure 6. Dendritic crystallization of theâ-phase of iPP on the surface of recrystallized NJS at 130°C (C ) 1000 ppm,Tf ) 260 °C): (a)
crystallization during quenching toTc ) 130 °C; (b) Tc ) 130 °C, tc ) 3 min; (c) structure left behind after the separate melting of theâ-phase of
iPP atT ) 154 °C; (d) crystallization ofR-iPP induced by microcrystallineR-phase agglomerates during cooling down to about 135°C.
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which seems to be inconsistent with our experimental observa-
tions.

PLM micrographs indicated that the structure developing in
the presence of NJS differs significantly from that which
occurred in the samples containing calcium pimelate and
suberate nucleating agents. In the presence of the later,â-he-
drites form in the early stage of the crystallization, which
become randomized during their growth and transformed into
quasi-spherulites.1,36,37 The characteristics of the structure
induced by NJS are determined by the dual nucleation, i.e.,
triggering the growth ofR- and â-phase simultaneously, and
solubility of this nucleating agent, as well as by the thermal
conditions during cooling and crystallization.

Effect of the Final Temperature of Heating on the
Crystallization and Polymorphic Composition in iPP. Abun-
dant experimental information is available in the open literature
about the effect of the final temperature of melting (Tf) on the
crystallization of iPP (see ref 31 and references therein). These
results suggest that a smaller or larger number of self-nuclei
remain in the melt above the melting point of the polymer. These
self-nuclei considerably influence the rate of recrystallization
after melting and the characteristics of the resulting supermo-
lecular structure. However, a criticalTf

/ temperature exists,
above which an “empty” melt free of self-nuclei is present.
Further increase of the final temperature of heating above this
threshold does not influence the recrystallization of the poly-
mer.31 We must note here thatTf

/ depends also on the time of
heating and on the supermolecular structure of the initial sample.

The effect of melting conditions on the crystallization and
melting behavior of iPP becomes markedly more complicated
in the presence of partially soluble nucleating agents, since the
amount of dissolved and heterogeneous (nondissolved) nucleat-

ing agent depends onTf. The relations are complicated even
more by the fact that the amount of nondissolved, heterogeneous
nucleating agent influences also the polymorphic composition
of the sample. Recall that the relative fraction of theâ-phase
depends on the concentration of the nucleating agent.4 The
â-nucleating agents work only if their crystallites are present
in the iPP melt. As a consequence, the initial concentration of
the nucleating agent, its recrystallization during cooling, and
the final temperature of heating all influence the crystallization,
the polymorphic composition, and the supermolecular structure
of the samples. It has to be emphasized that microcrystalline
agglomerates ofR-phase form always during the cooling of
â-nucleated iPP samples, whenTf is lower thanTf

/.31,38

The effect of the factors mentioned above is demonstrated
by the calorimetric melting curves in Figure 11a which were
recorded on samples crystallized after heating them to system-
atically increasingTf temperatures. The melting curve of the
sample crystallized after the first heating to 220°C is inserted
at the top of Figure 11a (similarly to Figures 12 and 14). Note
that the NJS content of the sample (100 ppm) was smaller than
the “critical” value. Nevertheless, a product rich in theâ-iPP
forms at lowTf values (Tf e 205°C). Theâ-content decreases
with increasingTf, and practically only theR-modification forms
at Tf g 220 °C (Figure 11a). The experimental results, which
are in accordance with those obtained by PLM, unambiguously
indicate that NJS dissolves in the melt, and the extent of its
dissolution increases withTf, leading to a decrease in efficiency.
These results agree well with the observation that the peak
temperature as well as the temperature range of crystallization
shift toward lower values with increasingTf (Figure 11b). It
should be noticed that after highTf the crystallization did not
finish always during cooling (Figure 11b). In this case, the

Figure 7. Formation of a microcrystalline agglomerate with mixed polymorphic composition on the surface of recrystallized NJS atTc ) 135 °C
(C ) 50 ppm,Tf ) 240 °C): (a) tc ) 15 min, (b)tc ) 30 min, (c)tc ) 60 min, (d) structure left behind after the separate melting of theâ-phase
at 154°C.
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samples were kept for 5 min at this temperature for finishing
the crystallization. We note here that the increase of the peak

temperature of crystallization (Tcp) with decreasingTf cannot
be traced to increasing number of self-nuclei of theR-form.

Figure 8. “Flower”-like structure formed in the vicinity of the tip of a NJS needle crystal (C ) 300 ppm,Tf ) 180 °C, Tc ) 135 °C, quenched
sample): (a)tc ) 1 min, (b) tc ) 5 min, (c) tc ) 20 min, (d) structure left behind after the separate melting of theR-phase at 156°C.

Figure 9. Structure formed on the surface of NJS recrystallized inside a melt inclusion (C ) 50 ppm,Tf ) 220 °C, quenched sample,Tc ) 130
°C): (a) tc ) 12, (b) tc ) 15, (c) tc ) 20, (d) structure after overall crystallization.
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This would certainly lead to the formation of a structure with
increasingR-phase content.38 The experimental results indicate
just the opposite trend (Figure 11a).

According to our results, samples containing mainlyâ-iPP
can be produced also at small NJS content, ifTf is sufficiently
low. At 50 ppm nucleating agent content this occurs whenTf

e 195 °C (Figure 12). In Figure 13 we show the dependence
of the peak temperature of crystallization on the final temper-
ature of heating at “subcritical” nucleating agent content. The
peak temperatures monotonously decreased with increasingTf

at both concentrations of NJS, which is connected with its partial
dissolution. The dramatic decrease ofTcp, shown by dashed line
in Figure 13, seems to indicate the complete dissolution of NJS.
The reproducibility of the experiments is excellent, which is
proved also by the series of experiments shown in Figure 14.
In this series, theTf has been changed in a systematic way.
First we crystallized the sample heated to a higher temperature
(Tf ) 220 °C), then repeated the process three times with a
smallerTf value, and finally we increasedTf again. It can be
claimed that the value ofTf unambiguously governs the
polymorphic composition of the sample (Figure 14a) and the
crystallization process (Figure 14b).

The “critical” nucleating agent content seems to be a relative
quantity, since its numerical value depends onTf. The optimum
amount of nucleating agent must be selected according to the
maximum Tf value prevailing during the processing of the
polymer. It is also obvious that the higher is the maximum melt
temperature reached during processing, the more nucleating
agent must be added to iPP in order to prepare a product rich
in â-phase content. The observation that the “critical” nucleating
agent content necessary for the production of injection-molded

parts with a highâ-phase content is around 300 ppm can be
explained by the fact that the temperature of the melt was
relatively high (240°C) in this case.19 It is worth mentioning
that the samples obtained with “critical” nucleator concentration
possess highest toughness.19,23 On the contrary, the toughness
of “supercritically” nucleated samples is lower, in spite of its
â-content, which basically influenced the impact strength,2

which is higher. This apparent contradiction can be explained
with the difference in crystal habit or size of NJS in the
“critically” and “supercrytically” nucleated samples. Indeed, NJS
seems to be totally dissolved in iPP melt in the “critical”
concentration range and recrystallized from the melt in finely
dispersed form (Figure 7), which induced a very uniform

Figure 10. SEM micrograph taken from the etched surface of a film
with a mixed Râ-microcrystalline structure formed inside a melt
inclusion (C ) 50 ppm,Tf ) 220°C, Tc ) 130°C): (a) total area; (b)
structure of the mixedR- andâ- phase shown at larger magnification.

Figure 11. Effect of the final temperature of heating on the
characteristics of melting (a) and crystallization (b) traces (C ) 100
ppm,Vc ) Vh ) 10 °C/min).
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structure. In the “supercritically” nucleated samples, a part of
introduced NJS remains in the primary form, leading to the
formation of a rougher and inhomogeneous supermolecular
structure, which is disadvantageous for toughness. Based on our
experience, the results of Nezbedova et al.,16 which showed that
the fracture properties of compression-molded samples (Tf )
220 °C), were better after slow cooling than after quenching
can be also explained easily. The thermal conditions for the
recrystallization of the nucleating agent partially dissolved in
the polymer are obviously more advantageous when the sample
is cooled slowly than in the case of quenching, what leads to
higher efficiency. This yields a higherâ-content in compression-
molded parts.

Conclusions

PLM and DSC studies showed the partial or complete
dissolution and a dual (R andâ) nucleating effect of NJS. The
amount of not dissolved, heterogeneous nucleating agent content
of the melt is determined by its initial concentration and by the
final temperature of melting. These factors as well as the thermal
conditions of cooling and crystallization strongly influence the

crystallization process, the polymorphic composition, and the
resulting supermolecular structure of the product. Dual nucle-
ation results from the partialR-nucleating ability of the lateral
surface of NJS needle crystals. The model proposed in this
article explains fairly well both structure formation and the dual
nucleation feature of NJS.
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