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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 themodification (3-iPP). However, NJS is not a selective
pB-nucleating agent, as the related samples always containobatid 3 modification of iPP. Depending on the

final temperature of heatind{), 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-ascleating 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 am-transcrystalline layer development on the lateral surface of the needle crystals of NJS, dendritic
and microcrystalline structures, and a spectacular “flower”-like agglomergfe afd o-crystallites. A model

was proposed to explain the dual nucleating effect of NJS.

Introduction in the past few yearsThis nucleating agent is sold under the

In the past two decades numerous research groups dedicateHade name Of_ NJ St"?“ NU 100, and ?t is available_ for sc_ientists
considerable attention to the preparation of fheaodification only thro_ugh _mdustrlal contacts. Th|s nuc_Ie_ator is designated
of isotactic polypropylenei-iPP) under laboratory and indus- 25 NJ(;Sb'n this szﬁ?f- The nucleation eff|(:|enc<|:ydof ’\IUdS W?S
trial conditions. The crystalline structure, melting, and crystal- P'OV€d bY X-ray diffraction measurements and detailed calo-

lization characteristics as well as propertiespefPP formed rimetric St“_dieé’gﬁlg NJS provgd to b? an eff_ic_ient nucleating
were extensively studied (see refs 1 and 2 and references?dent also in production under industrial conditions. Bhghase

therein). The toughness (ductility) and impact resistangkiBP pqntgnt, ok value,zgf compression-mqldéél,”gxtrudgdl,B angl
are superior to those of the traditiomaform of iPP (@-iPP)1?2 |nject|on-mol_deéf% parts produce_d with NJS is relatively high.
These characteristics g£iPP, which are very advantageous in The mechanical and other properties of the processed parts were

several applications, justify the extensive basic and applied determined as well. The res_ults of mechanical measurements
research related to this material and fracture mechanics studies done on PP samples nucleated

Under practical conditiong-iPP can be produced with the with NJS confirmed_ the previous (_)bserv_ations about the
help of efficient, selectivgg-nucleating agents. An overview advantageou_s pr_opertles[bfPP.l'zThe d|s_cuSS|on of the resultg
about the availablg-nucleating agents was published recehtly. of these studies is out of the scope of this work; a more detailed

The selectivity ofg-nucleating agents is characterized by the analysis can be found in the chaptgr of G&Expgrlmental
polymorphic composition of the polymer, which is expressed results achieved un(_JIer real processing conditions indicated that
quantitatively by thek value derived frorrll X-ray diffraction the NJS concentration should surpass a lower threshold value

measurementsor by the area of the melting peak of the (300 PPm) to get products rich in th@iPP. Accordingly,

p-modification determined by calorimetfyThe efficiency of ce_rtain auth_ors refer t(;lsub- and supercritical concentrations of
nucleating agents is usually evaluated by calorimetry. The this nucleating agerit:
increasing rate of crystallization and higher peak temperature The supermolecular structure of iPP nucleated with NJS was
of crystallization determined at a constant cooling rate indicate studied mostly by PLM on sections cut from processed
larger efficiencyt samples1:22.25 Microcrystalline structure was found in these
The first efficients-nucleating agent was theform of linear samples, probably due to the large concentration of the
trans-quinacridone introduced by Leugerih@he efficiency of nucleating agent and the high cooling rate prevailing under the
a two-componeng-nucleating agent consisting of pimelic acid Processing conditions used. However, unambiguous conclusions
and calcium stearate was demonstrated by Shi%S8ahilarly about the structure formation cannot be drawn from these

efficient Compoundsy which have more defined Composition and studies, since C00|ing conditions were not controlled SUfﬁCientIy.
structure, are the calcium salts of pimelic and suberic acid Itis worth noting that AFM studies of Zhou et #?*and PLM

produced in our laborator8 observations of Behrendt et @l delivered useful information,
N,N'-Dicyclohexyl-2,6-naphthalenedicarboxamide is also an Which helped for a better understanding of the nucleating
efficient 8-nucleating agent, which was developed and marketed Mechanism of NJS.
Attention should be paid to the fact that the effectfof-

*To whom correspondence should be addressed: Fax 36-1-463-3474,"€crystallization, which seriously complicates the proper deter-
e-mail amenyhard@mail.ome.hu. mination of polymorphic composition, usually has not been
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eliminated during the calorimetric studies of iPP samples determination of polymorphic compositidi8EM micrographs were
nucleated with NJS. Such recrystallization occurs during the taken from selected samples using JEOL ISM 5600 LV equipment.
heating of samples previously cooled under the critial= The .sur;‘?ce of the samples was etched with a permanganate
100 °C temperaturé. In microsections, cut from processed ~S°lution:

samples, the occurrence ¢fo-recrystallization cannot be
avoided. Thus, a smaller or larger melting peak of thiPP
can be practically always observed on the melting traces of such  Supermolecular Structure of -Nucleated SamplesThe
sampleds-26 Consequently, conclusions drawn from calori- crystall!zanon of samples. containing .dlfferent -amounts of
metric measurements done on samples cooled b&fomust nucl_e_atlng agents was studied under various condltlon_s by PLM.
be treated with the utmost cautidfThis note holds for those ~ Additional information about the structure formation and
contributions which consider the melting peaks to estimate the Structural characteristics of the samples of mixed polymorphic
amount of8-phase and its melting temperature. The critical COMPOSition was obtained after the separate melting g-4f>.

H 7 1
evaluation of these results is again beyond the scope of thisRecall that-iPP melts at lower temperature therPP:
article. 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 healipg (

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)

Results and Discussion

In a previous paper we presented a comparative study of
various-nucleating agentsBy eliminating thefo-recrystal-
lization, we have demonstrated that calcium pimelate and
suberate have the highest selectivity among all kn@amu-
cleating agents. It was also pinpointed that NJS is not a selective
B-nucleating agent, ana-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 méliThe subject of this paper
is a more detailed study on how the solubility of NJS affects
the crystalllzatlon, polymorphic composmon, and supermolecu- development of microcrystalline agglomerates, and (iv) forma-
lar structure of iPP. The conclusions are supported by PLM ti "_like struct

d calorimetric measurements. The observations related to the - 0y, |ovver “IKE SUCIUTE. .
an In the studied concentration range, the particles of the

dual nucleation of NJS are discussed in detail, 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
Materials. The Tipplen H 890 grade iPP homopolymer (MFR  at high final temperature of heating), the dissolved nucleating
= 0.35 g/10 min at 230C/2.16 kg), used in the study, was supplied agent recrystallizes from the melt in the form of needlelike
by TVK, Hungary. Commercial NJS was added to the polymer in crystals. Using multiple melting and recrystallization cycles with
the concentration rangeC) from 10 to 1000 ppm. The polymer continuously increasingy, we can increase the size of NJS
Erl‘_idimgrggflﬁﬂg}ga?%%rgé”g% h500mroge?|zefo|n a Brabender W 50,0 je crystals (Figure 1a). Transcrystalline structure forms on
) prp or m'n', the surface of the crystals, which helps us to explain several
_ Methods. The structure, crystallization, and melting character- oo acteristics of the nucleation mechanism of NJS. Mixed
istics of the nucleated samples were studied by polarized light polymorphic structure forms on the lateral surface of the needle

microscopy (PLM) and differential scanning calorimetry (DSC). . )
PLM studies were performed in polarized light using a Leitz Dialux crystals below thd(fa) temperaturé,while a structure richer

20 microscope equipped with a Mettler FP82 hot stage. In order to I the/3-iPP appears around the tip of the needles (Figure 1b,c).
determine of the optical character of the samples studigglate These structures can be unambiguously identified by the analysis
was located diagonally between the crossed polarizers. The coloreddf the structure left behind by the separate melting ofphase

PLM micrographs were recorded by a DMC model 1 digital camera (Figure 1c). The birefringence of thephase formed on the
and the Image Pro-Plus photo editor software. The samples weresurface of the needle crystals is strong, indicating (Figure 1b)
crystallized under isothermal or nonisothermal conditions after the that the chain-folded lamellae of tffephase stand on their edge.
elimination of thermal and mechanical history by holding the - consequently, the molecular chains are lying nearly in the plane
famplest att S= b200 ~ tflor tg min alnd then k(}:ootleg to trot?]mf. f the samplé.This latter observation agrees well with the AFM
emperature. subsequently, the samples were heated up 10 e Ay, | jieg of Zhou et @728 PLM micrographs prove that NJS is

temperature of heatingl{) somewhere between 180 and 28D. - . . -
At T;, the time of heat treatmerttwas 5 min. The melted samples not a selectivg-nucleating agent due to the partiehucleating

were cooled fronT; to the crystallization temperaturgj atarate ~ effect of its lateral crystal surface. Thisnucleating effect can

of 5 °C/min or quenched. Samples partially crystallized at a given be shown also directly. For this purpose the nucleated sample
temperature ;) were always heated up froif without cooling was crystallized above the critical upper temperature of the
to lower temperature. In this case, tfephase melts separately formation of 5-iPP, namelyT(8a) = 141 °C2 In this case a
without Soi-recrystallization at about 15%.1 The heating rate was  transcrystalline layer forms, which consists entirely of@hi®@P

5 °C/min. Pictures from the residual structure of the partially melted (Figure 2). Thea-nucleating effect is proved by the fact that

samples were captured. We should emphasize here that the samplegcleus density is much larger on the surface of NJS than in
were not subjected to temperatures higher than°ZD@efore the bulk.

systematic PLM study in order to minimize of the influence of the - .
p)allrtial dissolution of NBGS and avoid the thermooxidative degradation The characteristics of the supermolecular structure developing
of the sample. The crystallization and melting curves were registered 20Und the needle crystals are demonstrated by the model
by a Perkin-Elmer DSC-7 calorimeter at heating and cooling rate Presented in Figure 3. Am-transcrystalline front develops from

Vi = V, = 10 °C/min after erasing of the thermal history of the the a-nuclei being in abundant large density on the lateral
samples by heating at= 200°C for 5 min. During nonisothermal ~ surface of the needles. On the other hand, triangular spherulite
crystallization, the end temperature of cooling was séfte 100 slices grow from individuas-nuclei located randomly on the

°C to eliminate the effect ofa-recrystallization disturbing the  lateral surface of NJS. A straight boundary line forms between

Experimental Section
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Figure 1. PLM micrographs demonstrating the crystallization of iPP on the surface of NJS needle ci@stals00 ppm,T; = 240°C, V. =5
°C/min, T, = 135°C): (a) needle crystal of NJS recrystallized during coolingat 135 °C; (b) crystallization of iPP af. = 135°C, t. = 40
min; (c) structure left behind by the separate melting of gighase at 156C; (d) needle crystal of NJS remaining in the melt at 220

b)

Figure 2. Development of-transcrystalline structure on the lateral
surface of NJS al, = 145 °C above the upper limit temperature of
the formation ofg-iPP (T(Aa)) (C = 500 ppm,T; = 240°C, V. =5
°C/min): (a)tc = 30 min, (b)tc = 105 min.

[ ¢t-phase

D B-phase Growth of f-crystalline front after the inclusion of - phase

Free growth of a- and p- crystal fronts in the early stage of crystallization

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 te andj-crystalline
front; (b) free growth of thgg-phase after the inclusion of thephase.

the a-transcrystalline layer and thg-spherulite slices. In
accordance with our earlier quantitative analy$i&the slope
of the straight line ¢) depends on the relative growth rate of
the o- and g-phases\(; = Vp/V,):

1

" cosg

The initial stage of crystallization on the surface of the
nucleating agent, when both the andg-crystalline fronts grow
unrestricted, is shown in the lower part of Figure 3. Sikgce

1 in the temperature range betwe&@o) and T(as),13133
pB-spherulite slices grow faster and thus hinder the expansion
of the o-transcrystalline front in the later stages of the
crystallization. As a consequence, theranscrystalline 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 ofi-phase is
demonstrated by the PLM micrograph presented in Figure 4.
We can clearly recognize that the transcrystalline inclusions of
the a-modification (shown by arrow) formed on the surface of
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Figure 5. Effect of the temperature of crystallization on the DSC

melting traces ofs-nucleated iPP sample€ & 1000 ppm,T; = 220
°C, Tr = T¢, Vo = 10 °C/min).

(see ref 33 and references therein). The melting peak of the
pB-phase superposes onto the twpeaks in the melting curves

b) of samples crystallized beloW(3a) (Figure 5,Tc = 135-140
Figure 4. PLM micrographs showing the crystallization of iPP on the °C). AsTc decreases, the me.ltmg peak of ﬁnp_hase becomes.
surface of NJS needle crystals Bt= 130°C (C = 500 ppm,T; = more and more pronounced in accordance with the explanation
240°C, V; = 5 °C/min). (a) structure formed afta¢ = 20 min; (b) given above. IfT; < 130°C, the peak duplication af-phase
structure left behind after the separate melting of fRehase at 156 does not take plac&.Consequently, on the melting curves only
C. two peaks appear, indicating the melting of theandS-phases.

the nucleating agent are remaining after the separate melting! '€ Melting temperature of both tbe and/}-phases increases
of the B-phase. Assuming as an ideal case thatraucleus is with increasingT. according to the kinetic theory of crystal-

located at the tip of the needle, which would induce the lization®
formation of ag-spherulite, then the phase structure and the A characteristic dendritic structure forms, if samples contain-
Ba-boundary line would develop according to the scheme shown ing a large amount of nucleating agent (500 and 1000 ppm) are
in Figure 3. This assumption could explain the larggshase ~ quenched from highl; (Tr = 260 °C) to the temperature of
content in the vicinity of the tip of the needle. However, the crystallization (Figure 6). The formation of this structure can
slope of thefa-interface in the PLM micrograph (Figures 1c  be explained by the fact that the crystallization of the nucleating
and 4b) does not agree with that shown in Figure 3. This agent is faster than the crystallization of iPP. Dendrites have
contradiction probably results from the disturbance caused by mixed polymorphic composition proved by the presence of
the microcrystalline nucleating agent forming around the tip of a-crystallites left behind by the separate melting of fhghase
the needle. We illustrate this effect in a subsequent section. (Figure 6c). Since the nucleating agent crystallizes in the form
The relative amount of thé-phase in the mixed polymorphic ~ of very fine needle crystals upon fast cooling, the crystallites
transcrystalline structure increases with decreasing the temperof the a-phase of iPP growing on the lateral surface of the
ature of crystallization. The increase of fheontent is caused ~ needles show a very fine, network-like distribution. If the sample
by the continuous increase of the numbepaiucleating sites  slightly cooled after the separate melting of {fiehase, the
formed on the lateral surface of needle crystals and by increasefurther growth of the residual-crystallites marks this network
of V; with decreasingT..13:3 Hence, the growth of the  structure (Figure 6d). It is worth noting that tfiephase grows
a-transcrystalline front stopped earlier and earlier by the slightly further during the melting experiment, forming a thin
S-spherulite slices. This is well discernible after the separate spherulite ring with higher melting temperature. This ring is
melting of theB-phase in Figure 4b. Largaf; is indicated by conserved during cautious melting, and it can serve as marker
the steeper slope of the interface betweendthand-phases  for the position of the crystalline front (Figure 6d marked by
in the PLM micrographs. arrow). PLM micrographs prove also that tAemodification,
Melting curves of isothermally crystallized samples are shown Which grows faster than the-phase, occludes completely the
in Figure 5 as a function of temperature. Samples crystallized Primary a-crystallites as crystallization proceeds. Later, the
above T(Ba) (T = 142 and 145°C) contain only the growing crystalline front contains only thg-phase of iPP.
a-modification of iPP. The melting curves resemble very much o-Crystallites cannot be detected in thephase formed after
those recorded on samples isothermally crystallized at high occlusion. This was proved by the PLM micrograph taken after
temperature®* Note that for samples crystallized at high the separate melting of th&phase (Figure 6c,d).
temperatures the twinning of the melting peak of thphase At small concentrations, the nucleating agent recrystallizes
is often related to a modification transition fram to o, crystals at lower temperature, at which the rate of crystallization of iPP
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Figure 6. Dendritic crystallization of the-phase of iPP on the surface of recrystallized NJS at IBEC = 1000 ppm,T; = 260 °C): (a)
crystallization during quenching & = 130°C; (b) T. = 130°C, t = 3 min; (c) structure left behind after the separate melting oftfphase of
iPP atT = 154 °C; (d) crystallization ofo-iPP induced by microcrystalline-phase agglomerates during cooling down to about 135

is comparable to that of the nucleating agent. This results in At high temperatures mainlg.-spherulites form in samples
simultaneous crystallization of the two components, i.e., iPP containing small amounts of NJS. Melt inclusions form inside
and NJS. In such cases a mixed polymorphic microcrystalline the spherulitic structure at latter stages of crystallization. The
structure forms, in which crystallites of tlemodification are concentration of dissolved NJS increases monotonously inside
homogeneously distributed in the-phase (Figure 7). This  the melt inclusion during iPP crystallization and starts to
morphology is confirmed by the structure left behind by the crystallize upon saturation. As a consequence, mixed polymor-
separate melting of the-crystals. Figure 7 also shows that the phic microcrystalline agglomerates form inside the melt inclu-
growth rate of the microcrystalline phase is larger than that of sjons, similar to those presented in Figure 7. This is shown in
the individuala-spherulites formgd simultaneoqsly. This state- Figure 9 by a series of micrographs. SEM micrographs taken
ment is supported by the formation of the leaflikespherulite o the etched surface of a microcrystalline aggregate indicate

inclusion shown in Figure 7. We note here that a similar ¢ hresence g-lamellae laying flat on and standing edge on
structure may form also in samples containing simultaneously (Figure 10a,b) as well

o- and S-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 T; (220 °C). Under these conditions, the NJS crystals do
not dissolve completely in the melt. In subsequent crystallization
and melting cycle with lowered; (T = 180 °C), a “flower”-

Relevant information related to the results presented in
previous paragraphs was published recently by other groups.
Zhou et ak”28 showed that NJS crystals grown from solution
(and not from iPP melt) induce the epitaxial growth of the
B-phase of iPP. Behrendt et @l.observed the formation of
dendritic structures similar to those shown in Figure 6 during

like structure forms, which consists of a needle crystal of the crystallization of samples heated to hightemperatures

nucleator with transcrystalline overgrown and a microcrystalline @1d containing a large amount of NJS. These authors called
agglomerate atits tip (Figure 8). The structure formation around @/réady the attention to the partial dissolution of NJS but did
the tip of the nondissolved needle crystal was induced by the NOt study in def[all the crystalhzatpn process and its controlll-ng
recrystallized nucleating agent. This structure has mixed a factors. They did not carry out melting experiments either, which
polymorphic composition similarly to the microcrystalline could have supplied valuable information about the development
structure discussed above (Figure 7). The micrographs presente@f the crystalline structure. In a recent paper by Vychopnova et
in Figure 8 display that the dissolution of the nucleating agent al.*® one can find a PLM micrograph of a microsection cut
is a direction-dependent (anisotropic) process; the preferredfrom a sample crystallized isothermally at 14D The structure
location of dissolution is the tip of the needle. On the other resembles the “microcrystalline” agglomerate, or something like
hand, dissolution does not seem to occur along the lateral surfacehat. For the formation of this structure, the authors have given
of the needles (Figure 8b). a speculative explanation based onfhéo a-growth transitiort,
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Figure 7. Formation of a microcrystalline agglomerate with mixed polymorphic composition on the surface of recrystallizedT\N3S1&5 °C
(C =50 ppm,T; = 240°C): (a)tc = 15 min, (b)t. = 30 min, (c)t. = 60 min, (d) structure left behind after the separate melting ofstpbase
at 154°C.

which seems to be inconsistent with our experimental observa-ing agent depends of. The relations are complicated even
tions. more by the fact that the amount of nondissolved, heterogeneous
PLM micrographs indicated that the structure developing in nucleating agent influences also the polymorphic composition
the presence of NJS differs significantly from that which of the sample. Recall that the relative fraction of fhehase
occurred in the samples containing calcium pimelate and depends on the concentration of the nucleating atdite
suberate nucleating agents. In the presence of the [atee; pB-nucleating agents work only if their crystallites are present
drites form in the early stage of the crystallization, which in the iPP melt. As a consequence, the initial concentration of
become randomized during their growth and transformed into the nucleating agent, its recrystallization during cooling, and
quasi-spherulite$36:37 The characteristics of the structure the final temperature of heating all influence the crystallization,
induced by NJS are determined by the dual nucleation, i.e., the polymorphic composition, and the supermolecular structure
triggering the growth oft- and -phase simultaneously, and of the samples. It has to be emphasized that microcrystalline
solubility of this nucleating agent, as well as by the thermal agglomerates oéi-phase form always during the cooling of

conditions during cooling and crystallization. p-nucleated iPP samples, wh@&nis lower thanT;.3138
Effect of the Final Temperature of Heating on the The effect of the factors mentioned above is demonstrated
Crystallization and Polymorphic Composition in iPP. Abun- by the calorimetric melting curves in Figure 11a which were

dant experimental information is available in the open literature recorded on samples crystallized after heating them to system-
about the effect of the final temperature of meltifig) on the atically increasingT; temperatures. The melting curve of the
crystallization of iPP (see ref 31 and references therein). Thesesample crystallized after the first heating to ZZDis inserted
results suggest that a smaller or larger number of self-nuclei at the top of Figure 11a (similarly to Figures 12 and 14). Note
remain in the melt above the melting point of the polymer. These that the NJS content of the sample (100 ppm) was smaller than
self-nuclei considerably influence the rate of recrystallization the “critical” value. Nevertheless, a product rich in {BéPP
after melting and the characteristics of the resulting supermo- forms at lowT; values 7 < 205 °C). Thef-content decreases
lecular structure. However, a criticd temperature exists,  with increasingTy, and practically only the-modification forms
above which an “empty” melt free of self-nuclei is present. atT; > 220°C (Figure 11a). The experimental results, which
Further increase of the final temperature of heating above this are in accordance with those obtained by PLM, unambiguously
threshold does not influence the recrystallization of the poly- indicate that NJS dissolves in the melt, and the extent of its
mer3! We must note here thdf depends also on the time of  dissolution increases wiff, leading to a decrease in efficiency.
heating and on the supermolecular structure of the initial sample. These results agree well with the observation that the peak
The effect of melting conditions on the crystallization and temperature as well as the temperature range of crystallization
melting behavior of iPP becomes markedly more complicated shift toward lower values with increasing (Figure 11b). It
in the presence of partially soluble nucleating agents, since theshould be noticed that after high the crystallization did not
amount of dissolved and heterogeneous (nondissolved) nucleatfinish always during cooling (Figure 11b). In this case, the
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Figure 8. “Flower"-like structure formed in the vicinity of the tip of a NJS needle crys@H 300 ppm,T; = 180 °C, T, = 135°C, quenched
sample): (afc = 1 min, (b)t. = 5 min, (c)tc = 20 min, (d) structure left behind after the separate melting oftimhase at 156C.

] d)
Figure 9. Structure formed on the surface of NJS recrystallized inside a melt incluSien %0 ppm,T; = 220 °C, quenched sampl&, = 130
°C): (@) tc =12, (b)t. = 15, (c)tc. = 20, (d) structure after overall crystallization.

samples were kept for 5 min at this temperature for finishing temperature of crystallizationT{,) with decreasingl; cannot
the crystallization. We note here that the increase of the peakbe traced to increasing number of self-nuclei of tadéorm.
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Figure 10. SEM micrograph taken from the etched surface of a film 2 Y
with a mixed af-microcrystalline structure formed inside a melt 3] _/\ T,=185°C
inclusion € = 50 ppm,T; = 220°C, Tc = 130°C): (a) total area; (b) I
structure of the mixed:- and3- phase shown at larger magnification. g _/\ T,=190°C
This would certainly lead to the formation of a structure with Z _/\ 1= 195°C
increasingx-phase conter® The experimental results indicate k)
just the opposite trend (Figure 11a). ) _/\ T,=200°C

According to our results, samples containing maifiPP g /\

can be produced also at small NJS contenf; i sufficiently g T, =205°C
low. At 50 ppm nucleating agent content this occurs whign =
< 195°C (Figure 12). In Figure 13 we show the dependence &‘3 T,=210°C
of the peak temperature of crystallization on the final temper-
ature of heating at “subcritical” nucleating agent content. The T,=220°C
peak temperatures monotonously decreased with incred@sing
at both concentrations of NJS, which is connected with its partial —,——
dissolution. The dramatic decreaseTlgf, shown by dashed line 100 110 120 130 140 150 160 170 180
in Figure 13, seems to indicate the complete dissolution of NJS. Temperature (°C)
The reproducibility of the experiments is excellent, which is b)

proved also by the series of experiments shown in Figure 14. Fiaure 11 Effect of the final temperature of heating on the
Ir! this series, t.heTf has been changed in a _systemat|c way. ch%racteristics of melting (a) and crysFZaIIization (b) tracﬁgm( 100
First we crystallized the sample heated to a higher temperatureppm v, = v, = 10 °C/min).
(Ts = 220 °C), then repeated the process three times with a
smallerT; value, and finally we increaseft again. It can be parts with a high3-phase content is around 300 ppm can be
claimed that the value offy unambiguously governs the explained by the fact that the temperature of the melt was
polymorphic composition of the sample (Figure 14a) and the relatively high (240°C) in this casé? It is worth mentioning
crystallization process (Figure 14b). that the samples obtained with “critical” nucleator concentration
The “critical” nucleating agent content seems to be a relative possess highest toughné&s3 On the contrary, the toughness
guantity, since its numerical value dependsTarThe optimum of “supercritically” nucleated samples is lower, in spite of its
amount of nucleating agent must be selected according to theS-content, which basically influenced the impact strerigth,
maximum T value prevailing during the processing of the which is higher. This apparent contradiction can be explained
polymer. It is also obvious that the higher is the maximum melt with the difference in crystal habit or size of NJS in the
temperature reached during processing, the more nucleating‘critically” and “supercrytically” nucleated samples. Indeed, NJS
agent must be added to iPP in order to prepare a product richseems to be totally dissolved in iPP melt in the “critical”
in 5-phase content. The observation that the “critical” nucleating concentration range and recrystallized from the melt in finely
agent content necessary for the production of injection-molded dispersed form (Figure 7), which induced a very uniform
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characteristics of melting trace€ & 50 ppm,V; = V, = 10 °C/min).
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Figure 13. Peak temperature of crystallizatiof§) characterizing the

efficiency of the nucleating agent plotted against the final temperature
of heating T%).

e

T,=220°C

structure. In the “supercritically” nucleated samples, a part of 100 110 120 130 140 150 160 170 180
introduced NJS remains in the primary form, leading to the Temperature (°C)

formation of a rougher and inhomogeneous supermolecular b

Strucwre' which is disadvantageous for toughness. Based on Ou\’:igure 14. Melting (a) and crystallization (b) traces recorded on
experience, the results of Nezbedova etf@lhich showed that samples with different thermal historg (= 100 ppm,Ve = Vi, = 10
the fracture properties of compression-molded samplies=( °C/min).

220 °C), were better after slow cooling than after quenching

can be also explained easily. The thermal conditions for the crystallization process, the polymorphic composition, and the
recrystallization of the nucleating agent partially dissolved in resulting supermolecular structure of the product. Dual nucle-
the polymer are obviously more advantageous when the sampleation results from the partial-nucleating ability of the lateral

is cooled slowly than in the case of quenching, what leads to surface of NJS needle crystals. The model proposed in this
higher efficiency. This yields a highgrcontent in compression-  article explains fairly well both structure formation and the dual
molded parts. nucleation feature of NJS.
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