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Preface

1. Preface
Isotactic polypropylene (iPP) is one of the most commodity polymers used in
the largest quantity today. Its relatively low price and good mechanical properties
result in continuous growth of its production and expansion of its market. Its
continuously increasing application accelerates research on all related fields,
including catalysis, structure, processing and properties as well. The Department
of Plastics and Rubber Technology at the Budapest University of Technology and
Economics has been contributed to pioneering research on iPP since the middle of
the 80ies. The Department has been recently renamed to Laboratory of Plastics
and Rubber Technology at Department of Physical Chemistry and Material
Science, as a part of the structural reorganization of the Faculty of Chemical and
Biochemical Engineering at the Budapest University of Technology and
Economics.
iPP is a crystalline polymer with three different crystalline modifications,
which are the monoclinic Į-, the trigonal ȕ- and the orthorombic Ȗ-form. The
study of the crystalline structure of iPP has at least 50 years of history. This thesis
is dedicated to the study of the crystalline structure of the ȕ-modification of iPP
(ȕ-iPP). The production of ȕ-iPP is in the focus of attention of the industry due to
its high impact resistance compared to the traditional Į-form. In industrial practice
the application of highly selective ȕ-nucleating agents is the most reliable method
to prepare iPP rich in the ȕ-modification.
The first part of the results presented in the thesis relates to a systematic
comparative study of several special ȕ-nucleating agents using the same iPP type
and experimental conditions. Some of these additives are commercially available,
some are patented by our Department, and one is an experimental product of Ciba
Specialty Chemicals. According to our knowledge, a similar study has not been
reported.
The second part of the thesis discusses the results obtained in the
morphological study of several blends based on ȕ-iPP. Such blends have been
studied continuously at the Department since two decades. This thesis forms only
one part of the entire work. The goal of this study is to clarify the conditions for
the preparation of polymer blends based on ȕ-iPP and to determine the effect of
the second crystalline polymer on the morphology and polymorphic composition
of the ȕ-iPP matrix.
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Introduction

2. Introduction
Isotactic polypropylene (iPP) is one of the most commonly used polymers.
Semicrystalline iPP is a polymorphic material, with several crystalline modifications including the monoclinic (Į), the trigonal (ȕ), and the orthorhombic (Ȗ)
forms [1, 2]. The commercial grades of iPP crystallize essentially in the Į-form,
which is thermodynamically stable. Crystallization in a temperature gradient or in
sheared or strained melt encourages the development of ȕ-iPP in commercial
polypropylene [3], but the most reliable method to prepare ȕ-iPP is the introduction of special nucleating agents, which are selective to the ȕ-form. The Ȗ-form
can be observed in copolymers, or in degraded iPP samples. Moreover, considerable amount of Ȗ-iPP may form during the crystallization of iPP with low molecular weight or at high pressure [4]. A smectic form can be observed in iPP samples
quenched under 80 °C [5] and it is present in all conventionally processed parts in
some extent.

2.1.

The ȕ-modification of iPP

In practice, selective ȕ-nucleating agents have to be introduced into the polymer for the preparation of the ȕ-modification of iPP (ȕ-iPP) [3]. In the last two
decades numerous research groups dedicated considerable attention to the preparation of E-iPP under laboratory and industrial conditions. The crystalline structure,
melting and crystallization characteristics as well as properties of E-iPP were
extensively studied [3, 6 and references therein]. These studies revealed that the
formation of pure ȕ-iPP has an upper (T(ȕĮ) = 140 – 141 °C) [7] and a lower
(T(Įȕ) § 105 °C) [8, 9] temperature limit. The toughness (ductility) and impact
resistance of E-iPP are superior to those of the traditional D-form of iPP (D-iPP)
[3, 6]. These characteristics of E-iPP, which are very advantageous in several
applications, justify the extensive basic and applied research related to this material. A detailed description of the preparation, structure, processing and applications of ȕ-iPP is given in the review paper of Varga [3 and references therein].

2.1.1. Preparation of ȕ-iPP
2.1.1.1.

Preparation of ȕ-iPP under laboratory conditions

The most reliable method for the preparation of ȕ-iPP is the introduction of
efficient, selective E-nucleating agents. An overview about the available Enucleating agents was published recently [3]. The selectivity of E-nucleating
agents is characterized by the polymorphic composition of iPP, which is expressed
quantitatively by the area under the melting peak (ȕc) of the E-modification deter9
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mined by calorimetry (DSC) [11], or by the k value (frequently called TurnerJones index) derived from wide angle X-ray diffraction (WAXS) measurements
[10] (equation 1)
k

H E1
H E 1  HD1  HD 2  HD 3

(1)

where HĮ1, HĮ2, HĮ3 are the Į-diffraction peaks appearing in the spectrum at angles
ș = 7.1°, 8.5° and 9.4° respectively, and Hȕ1 is the intensity of ȕ-diffraction peak
detected at angle 8.1°. It should be pointed out that the k value is a relative measure for the polymorphic composition, but it does not give information about the
absolute value of ȕ-content. The efficiency of nucleating agents is usually evaluated by calorimetry. Increasing rate of crystallization and higher peak temperature
of crystallization determined at a constant cooling rate indicate enhanced nucleating efficiency.
The first efficient E-nucleating agent was the J-form of linear transquinacridone (LTQ) introduced by Leugering [12]. The efficiency of a twocomponent E-nucleating agent consisting of pimelic acid and calcium stearate was
demonstrated by Shi et al. [13]. Similarly efficient compounds, which have more
defined composition and structure, are the calcium salts of pimelic and suberic
acid produced in our laboratory (Ca-sub and Ca-pim) [14, 15]. N,N’-dicyclohexyl2,6-naphthalene-dicarboxamide is also an efficient E-nucleating agent, which was
developed and marketed in the last few years [16]. This nucleating agent is sold
under the trade name of NJ Star NU 100 and abbreviated as NJS throughout this
thesis.
One of the goals of this thesis is to compare the efficiency, selectivity and nucleation mechanism of the ȕ-nucleating agents available using the same polymer
and identical experimental conditions [11].
2.1.1.2.

Processing of ȕ-iPP

Highly active and selective ȕ-nucleating agents are applied in industrial practice to prepare products rich in ȕ-iPP. The nucleation efficiency of these ȕnucleating agents was proven by X-ray diffraction measurements and detailed
calorimetric studies [11-17]. The ȕ-nucleating agents studied proved to be efficient also in production under industrial conditions [3, 18]. The E-phase content,
or k value, of compression molded [18-21], injection molded [21-32] and extruded
[18, 33-36] parts produced with the above mentioned ȕ-nucleating agents is relatively high. Normally, the E-content of iPP increases with increasing concentration of the different nucleating agents [13-15]. However, the ȕ-content of iPP has
a maximum value as a function of the concentration of LTQ [22]. This fact results
from to the insufficient selectivity of LTQ, so its Į-nucleating efficiency is not
negligible. Moreover, it should be pointed out that experimental results indicate
that the concentration of NJS should surpass a lower threshold value (approximately 300 ppm) to obtain products rich in E-iPP. Accordingly, certain authors
10
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refer to sub- and supercritical concentrations in the case of this nucleating agent
[11, 29, 32].
The critical concentration observed in the case of NJS is related to its partial
solubility in the iPP melt [11]. Another subject of this thesis is a more detailed
study on the effect of solubility of NJS on the crystallization, polymorphic composition and supermolecular structure of iPP. The conclusions drawn are supported
by polarized light microscopy (PLM) and calorimetric measurements. The observations related to the dual nucleation effect of NJS are discussed in detail.
Based on previous references [3, 11-33] on the preparation of products containing predominantly ȕ-iPP, we can establish that some prerequisites should be
fulfilled with respect to processing conditions:
-

application of ȕ-nucleating agents with high activity, selectivity and with
sufficient thermal stability,
appropriate selection of processing parameters for crystallization in the
temperature range between T(Įȕ) and T(ȕĮ),
optimization of the flow and relaxation conditions of the melt in order to
avoid or minimize the formation of row-nucleated Į-phase,
absence of additives (filler, pigments, stabilizers, etc.) with Į-nucleating
ability in ȕ-iPP compounds.

ȕ-iPP can be produced by all of the traditional processing techniques (compression and injection molding, or extrusion), if the above mentioned prerequisites
are fulfilled. Despite the fact that compression molding is an unusual method for
processing thermoplastics, it is preferred for ȕ-nucleated products for research
applications, because the temperature of crystallization can be set easily between
T(Įȕ) and T(ȕĮ). Very complex thermal and flow conditions prevail in the mold
cavity during injection molding. A so called skin-core structure is formed during
the injection molding process. The skin has a complex morphology, but usually it
consists of oriented Į-cylindrites, which are formed on row nuclei induced by
shearing of the melt. The core has spherulitic structure due to the relaxation of the
oriented melt before the onset of crystallization. Hence, in injection molded ȕnucleated samples, the skin consists predominantly of the Į-form and the core has
a mixed polymorphic structure the composition of which depends on the thermal
condition of cooling. The polymorphic composition of an extruded product depends significantly on cooling conditions and on take-off rate.

2.1.2. Structure of ȕ-iPP
2.1.2.1.

Crystal structure

The crystal structure of ȕ-iPP was a “long standing structural puzzle”, which
was solved by Meille [37] and Lotz et al. [2]. The ȕ-iPP has a trigonal unit cell
with parameters a = b = 1.101 nm, c = 0.65 nm containing three isochiral helices.
The cell is frustrated: the three helices do not have identical azimuthal orientation
[2].
11
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2.1.2.2.

Supermolecular structure

Several monographs and review papers are available, which deal with the supermolecular structure of iPP, and ȕ-iPP [3, 38, 39]. Within the characteristic
temperature interval of the formation of pure ȕ-iPP, different types of supermolecular structures form during the crystallization of quiescent melt. Depending on
the crystallization temperature negative radial (ȕIII), or negative banded
ȕ-spherulites (ȕIV) can form [3, 38].
Radial type of spherulites form below 120 °C, and the banded ones
form at higher (up to 135 °C) temperatures. Hedritic structure can be
observed in the early stage of crystallization of ȕ-iPP at high temperatures [3, 40]. Hedrites might transform into ȕ-spherulites during the
a
later stages of crystallization. Fully
developed hedrites can only be observed during crystallization at high
temperature (near to T(ȕĮ)). These
characteristic morphological units
can be observed in Figure 2.1. The
ȕ-spherulites have stronger negative
birefringence compared to the Įones.
The supermolecular structure of
iPP nucleated by a selective ȕ-nucb
leating agent can be studied mostly
by PLM during crystallization from
isotropic melt [1, 3, 38-40], or on
sections cut from processed samples
[24, 27-29]. The structure depends
basically on the concentration of the
nucleating agent and on thermal
conditions like cooling rate and
crystallization temperature. The
formation of well developed ȕspherulites can be observed in isotropic melt at high crystallization
c
temperature (130 – 140 °C) in the
Figure 2.1 PLM micrograph of negative
case of low ȕ-nucleating agent conradial ȕ-spherulite (Tc= 120 °C) (a),
tent. The size of spherulites denegative banded ȕ-spherulite (Tc=130 °C)
creases with increasing nucleating
(b) and ȕ-hedrites (near T(ȕĮ)) (c)
agent content due to increasing nucleation density. Lower crystallization temperature and fast cooling result in the
formation of smaller supermolecular units during crystallization. The characteris12
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tic features of crystallization, like crystal growth rate and ȕĮ-bifurcation, can only
be studied in the case of formation of individual spherulites. Microcrystalline
structure develops at higher of nucleating agent content (CNA  500 ppm), or in the
case of samples cut from processed samples. The lamellar structure of iPP can be
studied by scanning electron microscopy (SEM) [3, 14, 17, 40-44], but atomic
force microscopy (AFM) [45-50] observations may also deliver useful information, which help the better understanding of the nucleating mechanism of highly
active ȕ-nucleating agents.
2.1.2.3.

Unique melting characteristics of ȕ-iPP

The melting behavior of ȕ-iPP depends strongly on the thermal history of the
sample. This unique melting behavior is called as “melting memory effect” [8].
During the heating of a ȕ-iPP sample previously cooled below the critical TR* =
100 qC temperature, it recrystallizes into the Į-modification during the partial
melting of the ȕ-phase (ȕĮ-recrystallization), which results in enhanced apparent
Į-content determined from the melting curves. On the contrary, no ȕĮrecrystallization occurs during heating, and a well defined separate ȕ-melting peak
appears on the DSC trace, if ȕ-iPP is not cooled down below TR* after crystallization. In this case, the polymorphic composition of ȕ-nucleated samples having
mixed polymorphic content can be determined from the calorimetric melting
curves. Attention should be paid to the fact that ED-recrystallization, which seriously complicates the proper determination of polymorphic composition, usually
is not eliminated during the calorimetric studies of iPP samples nucleated with ȕnucleating agents. Consequently, conclusions drawn from calorimetric measurements done on samples cooled below TR* must be treated with utmost caution [3,
11]. This remark holds for those contributions, in which melting peaks are used
for the estimation of the amount of the E-phase and its melting temperature.
The pure ȕ-iPP forms only in the presence of completely selective nucleating
agents. Thus, a smaller or larger melting peak of the D-form can be practically
always observed on melting traces in the presence of non-selective ȕ-nucleating
agent, or in processed samples cooled below TR* [3, 18, 39].
2.1.2.4.

Specific features of the crystallization of iPP

ȕ- and Į-iPP crystallize simultaneously and only one calorimetric peak can be
recorded by DSC during cooling. The characteristic features of crystallization can
be studied by PLM better. An interesting feature of the growth of ȕ-iPP is the
transition from the ȕ to the Į-modification, or the ȕĮ-bifurcation of growth [7, 38,
51]. During ȕĮ-growth transition, Į-iPP nuclei form on the surface of the growing
ȕ-crystal front, which finally induces the formation of Į-spherulitic segments [39].
The kinetic precondition for phase transition on the growing crystal front is that
the growth rate of the new phase should be higher than that of the basic crystal
front. A detailed description of ȕĮ-growth transition can be found in the review
papers of Varga [3] and Lotz [52] respectively.

13
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2.1.2.5.

Properties and application of ȕ-iPP

Some properties of ȕ-iPP differ significantly from those of the traditional Įform. The crystal density, the melting point, and heat of fusion of the ȕ-form are
smaller. The properties of ȕ-iPP are summarized in the review papers of Varga [3,
39]. The results of mechanical measurements and fracture mechanics studies done
on PP samples nucleated with ȕ-nucleating agents confirmed clearly that the ȕform has several advantageous properties compared to the traditional Į-form [3,
6]. The most important feature of ȕ-iPP is its high impact resistance. Several studies compare the mechanical properties of ȕ- and Į-iPP [6, 22, 53, 54]. The stressstrain diagram of ȕ-iPP corresponds to the characteristic curve of crystalline
polymers and it consists of three typical regions: elastic deformation, orientation
during necking and elastic deformation of the necked specimens until they break.
The only difference is the slightly increase of stress in the orientation region in the
case of ȕ-iPP. This might be related to the ȕ- to Į-transition occurring during
necking, which leads to the formation of an Į-phase with enhanced strength. This
phenomenon is called strain hardening [3, 19, 54, 55].
The application of ȕ-iPP is favored in some fields which utilize the high impact resistance and toughness of this modification. Other applications are exploiting the formation of micro-voids during stretching [56] and strain hardening. In
the industrial practice ȕ-iPP is used for the following applications: pipeline constructions [57], dielectric capacitors with roughened surface [56, 33], paper-like
films, stretched microporous membranes [58].

2.2.

Blends based on ȕ-iPP

The primary goal of the preparation of polymer blends is to achieve properties, which are more advantageous than those of the components. The improvement of the impact strength of traditional iPP by the introduction of elastomers is
one of the most important examples for blending in industrial practice. iPP-based
blends are widely studied and discussed in the literature [59-61]. Most of the polymer blends are heterogeneous systems. Consequently different compatibilizers are
introduced into the blends as third components in order to achieve a fine dispersion of the additive polymers [62]. The compatibilizing agent plays an important
role in the case of blends containing polar and non-polar components. The
iPP/PA6 blend is a good example to point out the importance of compatibilizers
[63-69]. The structure of the blend depends strongly on the characteristics of the
additive polymers. Semicrystalline polymers may have Į-nucleating effect on iPP
depending on their crystallization temperature interval.
As a consequence of the advantageous properties of ȕ-iPP, systematic studies
have been made since decades to prepare blends from iPP, which contains only
the ȕ-form as matrix. According to the results of previous studies (Table 2.1), iPP
blends with ȕ-iPP matrix could be prepared easily, when the polymers added were
amorphous, i. e. elastomers or semicrystalline polymers being in melt state during
the crystallization of iPP [3, 6, 18 70-73]. When semicrystalline polymers are
14
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added to iPP, the most important factor, which influences the polymorphic composition of the iPP matrix, is the Į-nucleation ability of the second polymer [18,
74]. The other important factor is the crystallization temperature interval of a
semicrystalline additive polymer.
One of the goals of this work was to continue previous study done in our
laboratory and clarify the basic conditions for the preparation ȕ-iPP based blends.
Based on these results, several semicrystalline polymers with different crystallization temperatures were studied during this work, like syndiotactic polypropylene
(sPP), poly(vinylidene-fluoride) (PVDF), and polyamide 6 (PA6) [75-78]. The
results obtained during the study of these blends will be discussed in chapter 4.2.
Table 2.1 The results of the previously studied blends
Characteristics of the second component
Polymorphic
Crystallization Į-nucleating
Type
Phase state
composition
ability
interval1
EPM

EVA
LDPE
LLDPE
HDPE

1

exclusively ȕform

Ref.

6, 18,

amorphous

-

low crystalline
semicrystalline
semicrystalline
semicrystalline

lower

no

lower

weak

overlapping

weak

mixed

74

similar

weak

mixed

18, 74

no

70-72

exclusively ȕ18
form
ȕ-form
18, 74
(up to 60 wt %)

Crystallization interval compared to that of iPP
15
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3. Experimental
3.1.

Materials

The Tipplen H-890 grade iPP homopolymer (MFR = 0.35 g/10 min at
230 °C/2.16 kg, Mw = 455300 g/mol, Pd = 3.7) supplied by Tisza Chemical Works
(TVK, Hungary) was used during the study of different ȕ-nucleating agents, which
were compared to each other by systematic research (see Chapter 4.1). The
characteristics of the studied nucleating agents are listed in Table 3.1.
Table 3.1 The most important characteristics of the ȕ-nucleating agents studied
Chemical strucTm1
TD2
Name
Supplier
ture
(°C)
(°C)
Ca-suberate
(Ca-sub)
Ca-pimelate
(Ca-pim)

2+

~ 380

~ 465

Synthesized
in our lab.

2+

O

~ 390

~ 430

Synthesized
in our lab.

H
N

290 – 300

~ 350

Commercial
product

decomposition
before
melting

~ 560

Commercial
product

decomposition
before
melting

~ 440

Experimental
product

O

-

O

-

O

O

O

-

O

O

Ca

-

Ca

O

NJ-Star NU-100
(NJS)

N
H

O

O

Linear Ȗ transquinacridone
(LTQ)

H
N

N
H
O
CH3

CH3
O
HN

CG
(CG)

H
N
O

O
H3C

NH

CH3

CH3

H3C

The experimental product has been provided by Ciba Specialty Chemicals
Inc. for the present investigations. Ca-sub and Ca-pim were prepared by our laboratory according to a two step reaction demonstrated in Figure 3.1. Equimolar
amounts of an aqueous solution of CaCl2 were added to the aqueous solution of a
sodium salt of the selected dicarboxylic acid while stirring. Analytical grade of

1
2

End temperature of calorimetric melting peak
Decomposition temperature based on TGA measurements
17
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raw materials were used
OH
for the synthesis and
OH
they were applied withO
+ NaOH
out further purification.
1
O
Na
The thermal stabilO
+HO
ity, decomposition and
O
+ CaCl
crystal water content
O
Na
of the prepared ȕ-nucO
O
leating agents was de- 2
termined by TGA meaO
+ 2 NaCl
surement. Their melting
O
Ca
point was determined by
O
DSC. According to the Figure 3.1 The reaction scheme of preparing Ca-sub
results these ȕ-nucle- and Ca-pim
ating agents have excellent thermal stability. All compounds lose 1 mol of crystal water between 110 and
150 °C. Their decomposition starts at around 390 °C in the vicinity of their melting point, where the organic substances decompose and CaCO3 forms. CaCO3
transforms to CaO above 550 °C. TGA experiments were carried out both in N2
and O2 atmosphere. The recorded mass losses are listed in Table 3.2. The results
of experimentally measured losses of mass agreed well with the theoretical calculations.
+

-

2

-

2

+

-

-

2+

Table 3.2 The results of TGA experiments of Ca-sub and Ca-pim
Decomposed
Mass loss (wt %)
substance
Measured
Calculated
O2
N2
Crystal water

7.8

7.8

7.6

Organic substance

43.7

44.6

47.9

CO2

19.1

18.1

18.3

The structure of the ȕ-nucleating agents was studied by WAXS. The homologous sequence of Ca-salt of dicarboxylic acids from C2 to C10 was studied by
powder diffractometry. The WAXS patterns of C5 – C10 are shown in Figure 3.2.
Two possible molecular structures may exist for these salts, a linear and a cyclic
structure. The results suggested that above four carbon atoms the studied salts
have probably linear structure. The reflection peaks are shifted to lower angles
with increasing number of C atoms and the shift corresponds to the size of a CH2
group.
Polymer blends were prepared using different additive polymers in order to
study the characteristics of ȕ-nucleated iPP matrix. The Tipplen H-781 homopolymer (MFR = 0.7 g/10 min at 230 °C/2.16 kg, Mw = 434100 g/mol, Pd =
18
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3.98) produced by Tisza
Chemical Works (TVK,
Hungary) and its ȕnucleated form were used
as iPP component in
iPP/PVDF and iPP/sPP
blends. The other blends
contained Tipplen H-890
and its ȕ-form as matrix as
it was mentioned above.
The additive polymers
used in this research and
their amount in the different blends are shown in Figure 3.2 WAXS patterns recorded on the Ca-salts of
Table 3.2.
the homologous sequence of dicarboxylic acids
Table 3.2 The most important characteristics of the additive polymers used
Additive
Content
Characteristics
Chapter
polymer
(wt %)
WG 17 sPP
MFR=3.2 g/10 min at 230 °C/5 kg
0 – 100
4.2.1.
sPP
Mw= 230000 g/mol
(Hoechst AG)
TIPPLEN R-806
MFR=0.25 g/10 min at 230 °C
80 – 100
4.2.2.
r-iPP
ethylene content = 3.5–4.5 wt %
(TVK)
SOLEF 6010
MFR = 2 g/10 min at 230 °C/2.16 kg
PVDF
1 – 30
4.2.3.
(Solvay)
DANAMID E
Șrel = 2.7 Pas determined in 1 % solution of
1 – 30
4.2.4.
PA6
H2SO4 (96%)
(Zoltek)
1.POLYBOND 3150 (Uniroyal Chemical)
MFR=50 g/10 min at 230 °C and 2.16 kg
AL3=0.5 wt%
2.EXXELOR PO 1015 (Exxon)
10
4.2.5.
MAPP
MFR=150 g/10 min at 230 °C and 2.16 kg
AL=1 wt%
3.LICOMONT AR 503 (Clariant)
Ș = 500 – 800 mPas at 170 °C, AL=3 wt%
10 (PA6)
1 – 10
4.2.6.
MAPP/PA6 See above
(MAPP)
3

Anhydride level
19
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3.2.

Sample preparation

Samples for the comparative study of different nucleating agents were homogenized at 200 °C, and 50 rpm using a Brabender W 50 EH internal mixer for 5
min after complete melting. The iPP/sPP, iPP/PVDF and iPP/PA6 blends were
prepared using a Brabender DSK 42/7 twin-screw compounder driven by a Brabender Plasti-Corder PLE 3000 unit at the screw speed of 50 rpm. The temperature of the barrel was set to 195 °C, 200 °C, 205 °C, while the temperature of the
die was 205 °C. Because of the high melting temperature of PA6, which is close
to 220 °C, iPP/PA6 blends were extruded at 220 °C, 240 °C, 250 °C barrel and
250 °C die temperature. The rest of the blends were homogenized at 220 °C, and
50 rpm using a Brabender W 50 EH internal mixer for 5 min after complete melting.

3.3.

Methods

The structure, crystallization and melting characteristics of nucleated samples
were studied by polarized light microscopy (PLM), differential scanning calorimetry (DSC, TMDSC), wide angle X-ray scattering (WAXS) and scanning electron microscopy (SEM).

3.3.1. Structural studies (PLM, SEM, WAXS)
PLM studies were performed in polarized light using a Leitz Dialux 20 or a
Zeiss Axioscop 20 microscope equipped with a Mettler FP82 hot stage. In order to
determine the optical character of the samples studied, a O plate located diagonally
between the crossed polarizers was used in the experiments. The colored PLM
micrographs were recorded by a DMC Model 1 digital camera and the Image ProPlus photo editor software or a Leica DFC-320 digital camera with a Leica IM 50
software. The samples were crystallized under isothermal or non-isothermal conditions after the elimination of thermal and mechanical history by holding the
samples at T = 220 qC for 5 min. In order to study the supermolecular structure
formed during non-isothermal crystallization, the samples were cooled to the
chosen TR at a rate of Vc = 5 °C/min. The samples were cooled to various crystallization temperatures (Tc) at a rate of 5 °C/min, or quenched (uncontrolled cooling
to Tc as fast as possible) and the structure formed during these isothermal experiments was studied by PLM. In the case of NJS the samples were heated up to the
final temperature of heating (Tf) somewhere between 180 and 260 qC in order to
investigate the dissolution of a nucleating agent [79]. The melted samples were
cooled down from Tf to the crystallization temperature (Tc) at a rate of 5 qC/min or
were quenched in this case as well. The samples partially crystallized at a given
temperature were always heated up from Tc without prior cooling. In this case the
E-phase melts separately without ED-recrystallization [3, 11]. The heating rate
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(Vh) was 5 qC/min and the structure of the partially melted samples was captured
on micrographs.
Wide angle X-ray scattering (WAXS) patterns were recorded using a Philips
PW 1830/PW type equipment with CuKĮ radiation at 40 kV and 35 mA.
SEM micrographs were taken from selected samples using a JEOL ISM 5600
LV equipment. The surface of the samples was etched with a permanganate solution according to the method prepared by Olley [80].

3.3.2. Calorimetric (DSC) studies
Crystallization and melting traces were recorded by a Perkin Elmer DSC-7
calorimeter at heating and cooling rates of Vh=Vc=10 °C/min after erasing the
thermal and mechanical history of the samples by heating at T=220 °C for 10 min.
During non-isothermal crystallization, the end temperature of cooling
was set to TR*=100 °C, to eliminate
the effect of ED-recrystallization,
which disturbs the determination of
polymorphic composition. The temperature program used is shown in
Figure 3.3 [11].
In order to study the solubility of
ȕ-nucleating agent (see Chapter 4.2),
two special temperature programs
were used (Figure 3.4). First the final
temperature of heating (Tf) was varied from 180 to 220 °C (Figure 3.4b),
and the end temperature of cooling
Figure 3.3 The standard temperature
(TR) was set to 110 °C in order to
program for study the polymorph compocertainly avoid ȕĮ-recrystallization.
sition of ȕ-nucleated iPP
In the other temperature program Tf
was set to 220 °C first than to 180 °C for three times (Figure 3.4a). After the repeated melting with the end temperature of heating to 180 °C, the Tf was set again
to 220 °C. TR was always set irrespectively to the methods to 110 °C.
The ȕĮ-recrystallization process was studied by temperature modulated DSC
measurements (TMDSC). This technique is able to separate the endotherm melting of ȕ- and Į-form of iPP from the exotherm ȕĮ-recrystallization [11, 81-85].
The experiments were carried out using a Universal V4.0B TA Instrument. Temperature modulated melting curves of samples crystallized at a cooling rate of Vc =
10 °C/min were recorded from room temperature with Vh = 2 °C/min, ± 0.3 °C
with 50 s modulation. The Tf was set to 220 °C in all measurements.
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a)
b)
Figure 3.4 Special temperature programs for the study of the solubility of ȕ-nucleating agents
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4. Results and discussion
4.1. Comparison of different ȕ-nucleating agents
The nucleating efficiency and selectivity of different E-nucleating agents was
characterized and compared by differential scanning calorimetry, (DSC), temperature-modulated DSC (TMDSC) as well as wide angle X-ray scattering (WAXS)
measurements. The properties of the nucleating agents studied are summarized in
Table 3.1. The characteristic features of ȕ-nucleating agents were studied in the
same base polymer and under identical experimental conditions.

4.1.1. Comparison of the selectivity and efficiency of different ȕnucleating agents for isotactic polypropylene [11]
In this chapter the efficiency and selectivity of different ȕ-nucleating agents
are discussed in detail. Efficiency was characterized by the peak temperature of
crystallization (Tcp) determined during cooling at a rate of 10 °C/min. The ȕ-phase
content of iPP (ȕc) was used to characterize the selectivity of the different ȕnucleating agents. The polymorphic composition of ȕ-nucleated iPP can be determined by DSC and WAXS measurements. The k value determined by WAXS
measurements according to Turner-Jones [10] (Equation 1) is a relative measure
of ȕ-content. It should be pointed that this value is not equal to the percentage
amount of the ȕ-form. The main advantage of this method is that WAXS is a nondestructive technique and it is able to characterize the polymorphic composition of
any product. The exact amount of the ȕ-phase, which characterizes the selectivity
of a ȕ-nucleating agent, can be determined by DSC measurements on samples
melted from Tc  TR  TR*. We also studied the influence of the nature of different
ȕ-nucleating agents on the ȕĮ-recrystallization process taking place during the
heating of ȕ-iPP cooled down to room temperature. ȕĮ-recrystallization can be
followed directly by synchrotron radiation [86-90], which makes possible online
study due to its fast scanning rate. In this approach, the decrease of ȕ-content
during heating can be followed by the determination of the k value. The drawback
of this method is that the k value is only a semiquantitative measure of ȕ-content.
Moreover, the synchrotron radiation is a very expensive method for the routine
measurements. For the study of ȕĮ-recrystallization, temperature-modulated DSC
(TMDSC) seems to be a useful method, because according to former observations,
it permits the separation melting and recrystallization processes [3, 81-85, 91, 92].

[11] Menyhárd, A., Varga, J., Molnár, G., Comparison of Different ȕ-Nucleating Agents for Isotactic
Polypropylene, Characterization by DSC and Temperature Modulated DSC (TMDSC) Measurements, J. Thermal Anal., 83. 625-630 (2006)
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However, this phenomenon has not been studied systematically by TMDSC yet.
Moreover, samples with different thermal history can be prepared directly in the
calorimeter [8, 18].
The melting and crystallization traces of ȕ-nucleated iPP samples recorded after cooling to TR* are plotted in Figure 4.1. According to the melting curves (Figure 4.1a) Ca-sub and Ca-pim are extremely selective and efficient, practically only
the ȕ-modification of iPP forms in their presence in agreement with the former
observations [93]. NJS is also very efficient, but it is not completely selective,

Figure 4.1a Melting traces of samples containing 1000 ppm of ȕnucleating agents (TR = TR* = 100 °C, Vc = Vh = 10 qC/min)
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Figure 4.1b Crystallization traces of samples containing 1000 ppm of
ȕ-nucleating agents (TR = TR* = 100 °C, Vc = Vh = 10 qC/min)
since always some Į-phase can be also detected in the samples. A considerable
amount of Į-modification formed always as concomitant phase in the presence of
LTQ and CG indicating the moderate selectivity of these nucleating agents. The
exact determination of ȕ-content is difficult for these nucleating agents because
the melting peaks of the Į- and ȕ-modifications overlap each other. Both the Įand ȕ- modifications are crystallizing simultaneously and only one crystallization
peak can be registered during cooling (Figure 4.1b).
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The polymorphic composition can be approximately estimated by evaluating
the calorimetric peak areas. The melting peak of the Į- and ȕ-form may overlap
each other in the case of high Į-content. The two peaks can be separated at the
minimum values and the relative ȕc value is the ratio of the total peak area and the
area of the melting peak of ȕ-iPP. The polymorphic composition of the samples
was also characterized by k values determined from X-ray diffraction according to
the method of Turner-Jones et al. [10]. The ȕc and k values are indicated on the
melting curves in Figure
4.1. We should call the
attention to the fact that
ȕc indicates practically
pure ȕ-iPP (ȕc = 0.99)
for Ca-sub and Ca-pim,
but the k value is the
largest for NJS, in spite
of Į-iPP being observed
on the DSC trace and
WAXS patterns as well.
This contradiction can
be explained by the
analysis of the WAXS
pattern, as demonstrated Figure 4.2 WAXS patterns of iPP samples nucleated
by Figure 4.2. The posi- with different ȕ-nucleating agents
tion of reflection peaks
agree well with literature data cited in the introduction part. The ȕ1 peak of the
sample containing NJS has superior intensity compared with the other samples,
which results in the high k value. The reflections of the Į-form can be observed
only in the material prepared with of NJS, LTQ and CG. These results clearly
prove that pure ȕ-iPP is formed only in the presence of Ca-sub and Ca-pim, which
is in good agreement with the DSC results.
The effect of the nucleating agents on the crystallization of iPP was studied in
a wide concentration range (10-1000 ppm) in order to compare their efficiency
and selectivity. Melting curves recorded in the presence of different nucleating
agents after cooling to TR* are plotted in Figures 4.3 – 4.7. The highly active and
selective Ca-sub and Ca-pim are efficient already in very small amounts. iPP crystallizes practically exclusively in the ȕ-form if their concentration is larger than 10
ppm (Figures 4.3 and 4.4). NJS is not efficient in small amounts. Samples rich in
the ȕ-phase form only if the concentration of NJS exceeds 300 ppm (Figure 4.5).
Kotek et al. [29] observed a similar critical nucleating agent concentration for the
formation of ȕ-iPP, but they did not give an unambiguous explanation for the
phenomenon. We have found that the existence of a critical nucleating agent concentration is connected with the partial dissolution of NJS in the polypropylene
melt. This dissolution leads to some anomalies in the crystallization and melting
behavior in the presence of this ȕ-nucleating agent (See chapter 4.2 for details).
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Figure 4.3 Melting curves of samples containing Ca-sub in the concentration range of 10-1000 ppm; (TR = TR* = 100 °C, Vc = Vh = 10 qC/min)
Melting curves reveal that NJS, LTQ and CG are not selective ȕ-nucleating
agents, since the Į-phase is presence in the entire concentration range used (Figures 4.5 – 4.7). The ȕ-nucleating agents LTQ and CG are efficient already in very
small concentrations in spite of their insufficient selectivity, which is reflected in
the formation a considerable amount of the Į-phase in their presence. In the case
of LTQ (Figure 4.6), the relative ȕ-content has a maximum of 82.1 % in the low
concentration range, around 50 ppm, of the nucleating agent. The existence of the
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maximum in ȕ-content as a function of nucleating agent concentration agrees well
with earlier observations [3, 23, 34, 53, 92]. The maximum value of ȕ-content in
samples nucleated with CG (Figure 4.7) is reached already at the lowest concentration (10 ppm).The melting curves of samples nucleated with LTQ and CG reveal that these ȕ-nucleating agents possess pronounced Į-nucleating effect as well.
The two polymorphic modifications forming two separate phases crystallize

Figure 4.4 Melting curves of samples containing Ca-pim in the concentration range of 10-1000 ppm (TR = TR* = 100 °C, Vc = Vh = 10 qC/min)
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simultaneously. The crystallization peak temperatures (Tcp) and the overall enthalpy of crystallization (ǻHc), respectively, are plotted in Figures 4.8 and 4.9 as a
function of the concentration of the nucleating agents. It seems that Tcp characterizes the overall nucleating (simultaneous formation of the Į- and the ȕmodification) ability of the additives.

Figure 4.5 Melting curves of samples containing NJS in the concentration range of 10-1000 ppm (TR = TR* = 100 °C, Vc = Vh = 10 qC/min)
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The ȕ-nucleating agents with moderate selectivity (LTQ and CG) have
stronger overall nucleating effect, i.e. higher Tcp values compared with selective
nucleating agents. The enthalpy of crystallization is also an average value including the crystallization enthalpy of both polymorphic forms. Figure 4.9 shows
clearly that ǻHc values are larger for nucleating agents with moderate selectivity

Figure 4.6 Melting curves of samples containing LTQ in concentration range of 10-1000 ppm; (TR = TR* = 100 °C, Vc = Vh = 10 qC/min)
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Figure 4.7 Melting curves of samples containing CG in concentration
range of 10-1000 ppm; (TR = TR* = 100 °C, Vc = Vh = 10 qC/min)
(LTQ and CG). The ǻHc values correlate well with the peak temperature of crystallization (Tcp). The higher is the peak temperature (or the temperature interval) of
crystallization, the larger is the enthalpy of crystallization (compare Figures 4.8
and 4.9). Since the Į-phase possesses larger enthalpy of phase transformation
(fusion or crystallization) [23], larger Į-content results in increased ǻHc for the
nucleating agents with moderate selectivity.
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The melting curves
of ȕ-nucleated samples
cooled down to room
temperature are shown
in Figure 4.10. The
samples nucleated by
Ca-sub, Ca-pim and
NJS have rather complicated melting curves
as a result of the superimposed traces of endothermic partial melting of the ȕ-phase,
exothermic ȕĮ-recrystallization and endoFigure 4.8 Dependence of the peak temperature of thermic melting of the
crystallization on the concentration of different ȕ- Į-phase formed during
nucleating agents
recrystallization
or
being present originally
in samples with mixed
polymorphic composition [3, 39, 86]. As it
was shown in former
studies, ȕĮ-recrystallization is induced by a
finely dispersed Įphase formed during
secondary crystallization below TR* within
the ȕ-phase [39, 86].
Surprisingly,
at
this heating rate, the
melting curves of iPP
nucleated with LTQ
Figure 4.9 Dependence of the enthalpy of crystalliza- and CG do not reflect
tion on the concentration of different ȕ-nucleating differences in thermal
agents
history. The relative
intensity of the Į- and
ȕ-melting peaks of samples, which were or were not recooled, respectively, are
practically identical (compare Figures 4.1a and 4.10). However, at low heating
rate (Vh =2 °C/min) the ȕĮ-recrystallization occurs in the presence of these ȕnucleating agents. This unexpected behavior of the ȕ-phase can be explained by
the moderate selectivity (simultaneous Į-and ȕ-nucleating activity) of these ȕnucleating agents.
The three processes mentioned above reflected in the total heat flow recorded
during traditional DSC measurement (Figure 4.11, curve 1) can be separated by
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TMDSC technique [91, 94, 95]. The total heat flow has a reversible and an irreversible component [81-85]. The partial melting of the ȕ-phase is a reversible
process with a peak temperature of 146.5 °C (Figure 4.11 curve 2). On the contrary, exothermic ȕĮ-recrystallization is an irreversible process with a peak temperature of 147.5 °C (Figure 4.11, curve 3). It can be seen well in Figure 4.11 that
the temperature lag between the reversible melting of ȕ-phase and the irreversible
ȕĮ-recrystallization is very small (about 1 °C), i.e. the melted ȕ-phase immediately
recrystallizes into the Į-phase. The melting of the Į-phase contains both reversible
and irreversible components. Similar results were obtained with Ca-sub, Ca-pim,
LTQ and CG.

Figure 4.10 Melting curves of recooled samples containing ȕ-nucleating agents in 1000 ppm (TR = RT, Vc = Vh = 10 qC/min)
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Figure 4.11 TMDSC curves of a ȕ-nucleated sample containing
500 ppm NJS (TR = RT)
The peak temperatures of irreversible ȕĮ-recrystallization, Tcp-ȕĮ is shown in
Figure 4.12 as a function of the concentration of the different ȕ-nucleating agents.
The peak temperature of the reversible melting of the ȕ-phase is plotted against
nucleating agent concentration in Figure 4.13. It was proven earlier that the tendency to ȕĮ-recrystallization depends on the structural stability of the ȕ-phase [3,
8, 18, 39]. Hence, samples crystallized at lower temperatures (at larger supercooling) have less structural stability and enhanced tendency to recrystallization. The
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surprising fact that samples crystallized in the presence of ȕ-nucleating agents
with moderate selectivity have higher melting temperature (Tmp-ȕ-rev) and recrystallize at higher temperature (Tcp-ȕĮ) is in good agreement with the higher crystallization temperatures presented in Figure 4.7.
A systematic study of several ȕ-nucleating agents was discussed in this chapter. These results obtain useful information in the case of the application of these
nucleators in the industrial practice.

Figure 4.12 Dependence of the peak temperature of
irreversible ȕĮ-crystallization on the concentration of
different ȕ-nucleating agents (The subcritical concentration range of NJS is indicated by a dashed line)

Figure 4.13 Dependence of the peak temperature of
reversible melting of the ȕ-phase on the concentration
of different ȕ-nucleating agents
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4.1.2. Solubility and dual nucleating ability of N,N’-dicyclohexil2,6-naphtalene-dicarboxamide (NJ-Star NU100) [79]
The existence of a “critical” nucleating agent concentration for NJS indicated
by the results of the previous chapter is discussed in detail in this chapter. All of the
studied ȕ-nucleating agents are heterogeneous nucleators, and they can express their
effect in heterogeneous phase. NJS is an efficient nucleating agent to prepare isotactic polypropylene (iPP) samples rich in the ȕ-modification (ȕ-iPP). However, it is
not completely selective for ȕ-iPP (see chapter 4.1.1). The special features of crystallization and nucleation and supermolecular structure formed in is presence was
studied by polarized light microscopy (PLM) and calorimetry (DSC).
The crystallization of samples containing different amounts of NJS was studied
under various conditions. Additional information about structure formation and
about the structural characteristics of samples with mixed polymorphic composition
was obtained after the separate melting of the ȕ-phase. One should recall that ȕ-iPP
melts at a lower temperature than Į-iPP. 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 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:
- formation of a transcrystalline layer on the crystal surface of the nucleating
agent,
- formation of dendritic structures,
- development of microcrystalline agglomerates,
- formation of “flower-like” structures.
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 needle-like crystals. Using multiple melting and
recrystallization cycles with continuously increasing Tf, we can increase the size of
NJS needle crystals (Figure 4.14a).
A transcrystalline structure forms on the surface of the crystals, which helps us
to explain several characteristics of the nucleation mechanism of NJS. Mixed polymorphic structures form on the lateral surface of the needle crystals below the T(ȕĮ)
temperature [3], while a structure richer in ȕ-iPP appears around the tip of the nee-

[79] Varga, J., Menyhárd, A., The Effect of Solubility and Nucleating Duality of N,N'-Dicyclohexyl-2,6Naphthalene-Dicarboxamide on the Supermolecular Structure of Isotactic Polypropylene, Macromolecules, 40. 2422-2431 (2007)
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Figure 4.14 PLM micrographs demonstrating the crystallization of iPP on the surface of NJS needle crystals (CNA = 500 ppm, Tf = 240 qC, Vc = 5 qC/min, Tc = 135
qC); a) needle crystal of NJS recrystallized during cooling at Tc = 135 qC, b) crystallization of iPP at Tc = 135 qC, tc = 40 min, c) structure left behind by the separate
melting of the E-phase at 156 qC, d) needle crystal of NJS remaining in the melt at
220 qC
dles (Figures 4.14b and c). These structures can be unambiguously identified by the
analysis of the structure left behind by the separate melting of the ȕ-phase (Figure
4.14c). The birefringence of the ȕ-phase formed on the surface of the needle crystals
is strong, indicating (Figure 4.14b) that the chain folded lamellae of the ȕ-phase
stand on their edge [3]. Consequently, the molecular chains are lying nearly in the
plane of the sample. This latter observation agrees well with the AFM studies of
Zhou et al. [49, 50]. The nucleating agent needles disappear at high temperature
during the heating run after crystallization. This phenomenon is the consequence of
the dissolution of the nucleating agent in the iPP melt. PLM micrographs prove that
NJS is not a selective ȕ-nucleating agent due to the partial Į-nucleating effect of its
lateral crystal surface. This Į-nucleating effect can also be shown directly. For this
purpose the nucleated sample was crystallized above the critical upper temperature
of the formation of ȕ-iPP namely T(ȕĮ)=141 °C [3]. In this case a transcrystalline
layer forms, which consists entirely of Į-iPP (Figure 4.15). The Į-nucleating effect
is proven by the fact that nucleus density is much larger on the surface of NJS than
in bulk.
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Figure 4.15 Development of D-transcrystalline structure on the lateral surface of
NJS at Tc = 145 qC above the upper limit temperature of the formation of ȕ-iPP
(T(ED)) (CNA = 500 ppm, Tf = 240 qC, Vc = 5 qC/min); a) tc = 30 min, b) tc =
105 min
The characteristics of the supermolecular structure developing around the needle crystals are demonstrated by the model presented in Figure 4.16. An Įtranscrystalline front develops from the Į-nuclei being in abundant large density on
the lateral surface of the needles. On the other hand, triangular spherulite slices

Figure 4.16 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 the D- and E-crystalline front, b) free growth of the E-phase after the
inclusion of the D-phase
grow from individual ȕ-nuclei located randomly on the lateral surface of NJS. A
straight boundary line forms between the Į-transcrystalline layer and the ȕspherulite slices. In accordance with our earlier quantitative analysis [38, 96] the
slope of the straight line (ĳ) depends on the relative growth rate of the Į- and ȕphases (Vr = Vȕ/VĮ) (4.1 equation):
Vr
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The initial stage of crystallization on the surface of the nucleating agent, when
both the Į- and ȕ-crystalline fronts grow unrestricted, is shown in the lower part of
Figure 4.16. Since Vr > 1 in the temperature range between T(Įȕ) and T(ȕĮ) [3, 38,
39], ȕ-spherulite slices grow faster and thus hinder the expansion of the Įtranscrystalline front in the later stages of the crystallization. As a consequence, the
Į-transcrystalline layer forming on the lateral surface of the needle crystal forms
inclusions as shown by the sketch in the upper part of Figure 4.16. The formation of
the inclusions of the Į-phase is demonstrated by the PLM micrograph presented in
Figure 4.17. We can clearly recognize that the transcrystalline inclusions of the Įmodification (shown by arrows) formed on the surface of the nucleating agent are
remaining after the separate melting of the ȕ-phase. Assuming as ideal case that a ȕnucleus is located at the tip of the needle, which would induce the formation of a ȕspherulite, then the phase structure and the ȕĮ-boundary line would develop according to the scheme shown in Figure 4.16. This assumption could explain the larger ȕphase content in the vicinity of the tip of the needle. However, the slope of the ȕĮinterface in the PLM micrograph (Figure 4.14c and Figure 4.17b) does not agree
with the one shown in Figure 4.16. This contradiction probably results from the
disturbance caused by the microcrystalline nucleating agent forming around the tip
of the needle. We will illustrate this effect in a subsequent section.

Figure 4.17 PLM micrographs showing the crystallization of iPP on the surface of
NJS needle crystals at Tc = 130 qC. (CNA = 500 ppm, Tf = 240 qC, Vc = 5 qC/min);
a) structure formed after tc = 20 min, b) structure left behind after the separate
melting of the E-phase at 156 qC
The relative amount of the ȕ-phase in the mixed polymorphic transcrystalline
structure increases with decreasing temperature of crystallization. The increase of ȕc
is caused by the continuous increase of the number of ȕ-nucleating sites formed on
the lateral surface of the needle crystals and by the increase of Vr with decreasing Tc.
Hence the growth of the Į-transcrystalline front is stopped earlier and earlier by the
ȕ-spherulite slices. This can be seen well after the separate melting of the ȕ-phase in
Figure 4-17b. Larger Vr is indicated by the steeper slope of the interface between the
Į- and ȕ-phases in the PLM micrographs.
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Melting curves of isothermally crystallized samples are shown in Figure 4.18 as
a function of temperature. Samples crystallized above T(ȕĮ) (Tc = 142 and 145 °C)
contain only the Į-modification of iPP. The melting curves resemble very much
those recorded on samples isothermally crystallized at high temperatures [97]. Note
that for samples crystallized at high temperatures the twinning of the melting peak of
the Į-phase is often related to a modification transition from Į1 to Į2 crystals [39 and

Figure 4.18 Effect of the temperature of crystallization on the DSC
melting traces of E-nucleated iPP samples (CNA = 1000 ppm, Tf =
220 qC, TR = Tc, Vh = 10 qC/min)
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references therein]. The melting peak of the ȕ-phase superposes onto the two Įpeaks in the melting curves of samples crystallized below T(ȕĮ) (Figure 4.18, Tc =
135-140 °C). As Tc decreases, the melting peak of the ȕ-phase becomes more and
more pronounced in accordance with the explanation given above. If Tc  130 °C the
peak duplication of the Į-phase does not take place [97]. Consequently only two
peaks appear on the melting curves, which belong to the melting of the Į- and ȕphases, respectively. The melting temperature of both the Į- and the ȕ-phases increase with increasing Tc due to the increasing thickness of lamellas [39].

Figure 4.19 Dendritic crystallization of the E-phase of iPP on the surface of recrystallized NJS at 130 qC (CNA = 1000 ppm, Tf = 260 qC); a) crystallization during
quenching to Tc = 130 qC, b) Tc = 130 qC, tc = 3 min, c) structure left behind after
the separate melting of the E-phase of iPP at T = 154 qC, d) crystallization of D-iPP
induced by microcrystalline D-phase agglomerates during cooling down to about
135 qC
A characteristic dendritic structure forms when samples containing a large
amount of nucleating agent (500 and 1000 ppm) are quenched from high Tf (Tf = 260
°C) to the temperature of crystallization (Figure 4.19). 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 a mixed polymorphic composition proven by the presence of Į-crystallites left behind by the separate melting of
the ȕ-phase (Figure 4.19c). Since the nucleating agent crystallizes in the form of
very fine needle crystals upon fast cooling, the crystallites of the Į-phase of iPP
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growing on the lateral surface of the needles show a very fine, network-like distribution. If the sample is cooled slightly after the separate melting of the ȕ-phase, the
further growth of the residual Į-crystallites marks this network structure (Figure
4.19d). It is worth to note that the ȕ-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 4.19d marked by arrow). PLM micrographs also prove
that the ȕ-modification, which grows faster than the Į-phase, occludes completely
the primary Į-crystallites as crystallization proceeds. Later, the growing crystalline
front contains only the ȕ-phase of iPP. Į-crystallites cannot be detected in the ȕphase formed after occlusion. This is proved by the PLM micrograph taken after the
separate melting of the ȕ-phase (Figures 4.19c and d).

Figure 4.20 Formation of microcrystalline agglomerate with mixed polymorphic
composition on the surface of recrystallized NJS at Tc = 135 qC (CNA = 50 ppm, Tf =
240 qC); a) tc = 15 min, b) tc = 30 min, c) tc = 60 min, d) structure left behind after
the separate melting of the E phase at 154 qC
At small concentrations, the nucleating agent recrystallizes at lower temperature, at which the rate of crystallization of iPP 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 the Į-modification are homogeneously distributed in the ȕphase (Figure 4.20). This morphology is confirmed by the structure left behind by
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the separate melting of the ȕ-crystals. Figure 4.20 also shows that the growth rate of
the microcrystalline phase is larger than that of the individual Į-spherulites formed
simultaneously. This statement is supported by the formation of the leaf-like Įspherulite inclusion shown in Figure 4.20. We note here, that a similar structure may
form also in samples containing simultaneously Į- and ȕ-spherulites. Processes
leading to the formation of inclusions are analyzed quantitatively in Ref. 8.
A rather 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 lowered Tf (Tf = 180 °C) a “flower-like” structure (Figure
4.21) forms, which consist of a needle crystal of the nucleating agent with transcrystalline overgrowth and a microcrystalline agglomerate at its tip. The structure formation around the tip of the non-dissolved needle crystal was induced by the recrystallized nucleating agent. This structure has a mixed polymorphic composition similar
to the microcrystalline structure discussed above (Figure 4.20). The micrographs
presented in Figure 4.21 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 4.21 “Flower-like” structure formed in the vicinity of the tip of a NJS needle
crystal (CNA = 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 the
Į-phase at 156 °C
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At high temperatures mainly Į-spherulites form in samples containing small
amounts of NJS. Melt inclusions form inside the spherulitic structure at the later
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 polymorphic microcrystalline agglomerates form inside the melt inclusions, similar to those presented in Figure 4.21. This
is shown in Figure 4.22 by a series of micrographs. SEM micrographs taken from
the etched surface of a microcrystalline aggregate indicate the presence of ȕlamellae laying flat and standing edge on (Figure 4.23), as well.

Figure 4.22 Structure formed on the surface of NJS recrystallized inside a melt
inclusion (CNA = 50 ppm, Tf = 220 qC, quenched sample, Tc = 130 qC); a) tc = 12, b)
tc = 15, c) tc = 20, d) structure after overall crystallization
Relevant information related to the results presented in previous paragraphs,
was published recently by other groups. Zhou et al. [49, 50] showed that NJS crystals grown from solution (and not from iPP melt) induce the epitaxial growth of the
ȕ-phase of iPP. Behrendt et al. [98] observed the formation of dendritic structures
similar to those shown in Figure 4.19 during the crystallization of samples heated to
high Tf temperatures and containing large amounts of NJS. These authors already
called the attention to the partial dissolution of NJS, but did not study the crystallization process and its controlling factors in detail. 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 at al. [99], one
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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 similar to that. For the formation of this structure, the authors gave a
speculative explanation based on E to D-growth transition1, which seems to be inconsistent with our experimental observations.

Figure 4.23 SEM micrograph taken from the etched surface of a film with a mixed

DE-microcrystalline structure formed inside a melt inclusion (CNA = 50 ppm, Tf =
220 qC, Tc = 130 qC); a) total area, b) structure shown at larger magnification
PLM micrographs indicated that the structure developing in the presence of NJS
differs significantly from the one forming in the samples containing calcium pimelate and suberate nucleating agents. In the presence of the latter, ȕ-hedrites form in
the early stage of the crystallization, which randomize during their growth and transform into quasi-spherulites [3, 40, 47]. The characteristics of the structure induced
by NJS are determined by its dual nucleation effect, i.e. triggering the growth of Įand ȕ-phase simultaneously, by the solubility of this nucleating agent, and by the
thermal conditions during cooling and crystallization.
Abundant experimental information is available in the open literature about the
effect of the final temperature of melting (Tf) on the crystallization of iPP [38 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 supermolecular structure. However, a critical Tf* 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 polymer. We must note here, that Tf* 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 (non-dissolved) nucleating agent depends on Tf. The relations are complicated even more by the fact
that the amount of non-dissolved, heterogeneous nucleating agent influences also the
polymorphic composition of the sample. One should recall that the relative fraction
of the ȕ-phase depends on the concentration of the nucleating agent [11]. ȕ45
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nucleating agents exert they effect 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 underlined that always microcrystalline agglomerates of Įphase form during the cooling of ȕ-nucleated iPP samples, when Tf is lower than Tf*
[38, 100].
The effect of the factors mentioned above is demonstrated by the calorimetric
melting curves in Figure 4.24a, which were recorded on samples crystallized after

Figure 4.24a Effect of the final temperature of heating on the characteristics of melting traces (CNA = 100 ppm, Vc = Vh = 10 qC/min)
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heating them up to systematically increasing Tf temperatures. The melting curve of
the sample crystallized after the first heating to 220°C is inserted on top of Figure
4.24. (similarly to Figure 4.25). Note that the NJS content of the sample (100 ppm)
was smaller than the “critical” value. Nevertheless, a product rich in the ȕ-iPP forms
at low Tf values (Tf  205 °C). The ȕ-content decreases with increasing Tf and practically only the Į-modification forms at Tf  220 °C (Figure 4.24a). 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 with
Tf leading to a decrease in efficiency.

Figure 4.24b Effect of the final temperature of heating on the characteristics of crystallization traces (CNA = 100 ppm, Vc = Vh = 10 qC/min)
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These results agree well with the observation that the peak temperature as well
as the temperature range of crystallization shift towards lower values with increasing
Tf (Figure 4.24b). It should be noticed that at high Tf, the crystallization was not
always completed during cooling (Figure 4.24b). In this case, the samples were kept
for 5 min at this temperature to complete the crystallization. We note here that the
increase of Tcp with decreasing Tf can not be traced back to an increasing number of
self nuclei of the Į-form. This would certainly lead to the formation of a structure
with increasing Į-phase content [100]. The experimental results indicate just the
opposite trend (Figure 4.24a).

Figure 4.25 Effect of the final temperature of heating on the characteristics of melting traces (CNA = 50 ppm, Vc = Vh = 10 qC/min)
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According to our results, samples containing mainly ȕ-iPP can be produced also
at small NJS content, if Tf is sufficiently low. At 50 ppm nucleating agent content
this occurs when Tf  195 °C (Figure 4.25). However, this approach cannot be applied in industrial practice. In Figure 4.26 we show the dependence of the peak temperature of crystallization on the final temperature of heating at “subcritical” nucleating agent content. Peak temperatures monotonously decrease with increasing Tf at
both concentrations of
NJS, due to its partial
dissolution. The dramatically decrease of
Tcp, shown by the dashed
lines in Figure 4.26
seems to indicate the
complete dissolution of
NJS.
The reproducibility
of the experiments is
excellent, which is also
proven by the series
experiments shown in
Figure 4.27a-b. In this Figure 4.26 Peak temperature of crystallization (Tcp)
series, Tf has been characterizing the efficiency of the nucleating agent
changed in a systematic plotted against the final temperature of heating (Tf)
way. First we crystallized the sample heated to a higher temperature (Tf = 220 °C), then repeated the
process three times with a smaller Tf value, and finally we increased Tf again. We
can unambiguously state that Tf governs the polymorphic composition, Tcp and the
rate of crystallization of the sample (Figure 4.27a-b).
The “critical” nucleating agent content seems to be a relative quantity, since its
numerical value depends on Tf. 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 ȕ-phase content. The observation that the “critical” nucleating
agent content necessary for the production of injection molded parts with a high ȕphase 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 [29].
It is worth to mention that samples prepared with the “critical” nucleating agent
concentration possess the highest toughness [29, 31]. On the contrary, the toughness
of “supercritically” nucleated samples is lower, in spite of their higher E-content,
which should determine the impact strength [6]. This apparent contradiction can be
explained with the difference in crystal habit or size of NJS in the “critically” and
“supercritically” nucleated samples. Indeed, NJS seems to be totally dissolved in the
iPP melt in the “critical” concentration range and recrystallize from the melt in
finely dispersed form (Figure 4.20), which induces a very uniform structure.
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In the “supercritically” nucleated samples, a part of the NJS added retains its
particle structure 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. [21], which showed that the fracture
properties of compression molded samples (Tp = 220 °C) were better after slow
cooling than after quenching, can also be 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

Figure 4.27a Melting traces recorded on samples with different thermal history (CNA = 100 ppm, Vc = Vh = 10 qC/min)
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quenching, which leads to higher efficiency. This yields a higher ȕ-content in compression molded parts.
The solubility and duality of NJS was discussed in this chapter. PLM and DSC
studies show clearly the partial or complete dissolution and a dual (Į and ȕ) nucleating effect of NJS. We have published first in the literature, that NJS has a “critical”
concentration around of 300 ppm [11, 79] and we have gave an adequate explanation to this fact as well. These results should be taken account when the commercially available NJS is used for preparing ȕ-nucleated product in the industrial practice.

Figure 4.27b Crystallization traces recorded on samples with different thermal history (CNA = 100 ppm, Vc = Vh = 10 qC/min)
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4.2. Polymer blends based on the ȕ-modification of polypropylene
iPP/sPP, iPP/rPP, iPP/PVDF and iPP/PA6 blends, and their ȕ-nucleated forms
were prepared in the present study. The melting and crystallization characteristics
as well as the structure and polymorphic composition of these blends were studied
by polarized light microscopy (PLM) and differential scanning calorimetry (DSC).
Several blend based on ȕ-iPP were characterized in this chapter (Table 4.1)
Table 4.1 Some characteristics of the second polymer components of the blends
studied in this work
Second component
Phase state

Crystallization interval
compared to iPP

sPP

semicrystalline

lower [101]

r-iPP

semicrystalline

overlapping

PVDF

semicrystalline

higher

PA6

semicrystalline

higher

MAPP1

semicrystalline

similar2

Name

This part of the work is a contribution of a systematic research. Numerous
blends were prepared during the previous work (see Introduction, Table 2.1) containing several amorphous and semicrystalline additive polymers. Generally, it was
found that the crucial factor is the Į-nucleating ability and the crystallization temperature range of the additive polymers. In the present work we added several
semicrystalline polymers to iPP, which have different crystallization temperature
range compared to iPP. The crystallization temperature range of the additive polymers used in this study is summarized in Table 4.1.

4.2.1. iPP/sPP blends [77]
iPP/syndiotactic polypropylene (sPP) blends and their ȕ-nucleated forms are
discussed in the present chapter. The melting and crystallization characteristics, as
1
2

iPP grafted by maleic anhydride (designated as iPP-g-MAH in several paper).
The crystallization interval depends on the anhydride content.

[77] Menyhárd, A., Varga, J., Liber, Á., Belina, G., Polymer Blends Based on the E-modification of
Polypropylene, Eur. Polym. J., 41. 669-677 (2005)
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Figure 4.28 Melting curves of non-nucleated iPP/sPP blends of different compositions; (TR= 110 °C)
well as the structure of these non-nucleated and E-nucleated iPP blends were studied and compared to each other. Despite the fact that sPP is a semicrystalline polymer, hypothetically it will not influence the polymorphic composition of the matrix, because it has a lower crystallization interval compared to iPP, and the iPP
matrix is already in the crystalline state when the additive polymer starts to crystallize. All blends containing additive polymers with lower crystallization interval
than iPP can be modeled with this iPP/sPP system.
The melting curves of non-nucleated and ȕ-nucleated iPP/sPP blends are
shown in Figures 4.28 and 4.29. The melting peaks of the components appear sepa54
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rately on the endotherms (Figure 4.28). The double peak in the temperature range
of 125 – 137 °C corresponds to the melting of the sPP component. The peak duplication indicates the possibility of recrystallization during heating. The peak in the
vicinity of 160 °C corresponds to the melting of the Į-iPP component. The positions of the melting peaks of the components on the temperature scale are independent of composition. Peak intensities change proportionally to the relative
amount of the components. Accordingly, these polymers are not isomorphic in the
crystalline state.

Figure 4.29 Calorimetric melting curves of ȕ-nucleated iPP/sPP
blends of different compositions crystallized at a cooling rate of
Vc=10 °C/min. Heating rate of Vh=10 °C/min; TR= 110 °C
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The melting curves of ȕ-nucleated iPP/sPP blends are shown in Figure 4.29.
The double melting peak near 135 °C belongs to the sPP component, which can be
detected only at high sPP contents (40 wt %). It is worth to mention that peak duplication is less pronounced in the presence of the ȕ-nucleating agent. This ȕnucleating agent seems to be efficient in the crystallization of sPP as well. The
peaks appearing in the vicinity of 150 °C belong to the melting of ȕ-iPP. The melting peak of the Į-modification (T § 160 °C) appears only above 80 wt % of sPP
content. Accordingly, sPP has only a weak Į-nucleating effect, since ȕ-iPP matrix
can form exclusively up to very high sPP contents.
The PLM micrograph of a ȕ-nucleated iPP/sPP blend is shown in Figure 4.30,
confirming the results of DSC measurements, since only ȕ-iPP can be observed in
the sample. We proved
previously [18, 39, 70]
that hedrites form in the
early stage of the crystallization of ȕ iPP,
which develop into
quasi-spherulites later
on. A similar structure
forms
in
iPP/sPP
blends as well. Two
different
formations
can be distinguished in
the micrograph: a large
number
of
quasispherulites with high
negative birefringence,
which developed from
Figure 4.30 PLM micrograph of ȕ-nucleated iPP/sPP
hedrites edge on, as
blend containing 20 wt % sPP
well as a few hedrites
of hexagonal shapes (hexagonites) with low negative birefringence. The hexagonites represent hedrites flat on [39]. The mutual influence of iPP and sPP on the
crystallization and polymorphism of the other component was discussed in detail in
an earlier PhD thesis [101].

4.2.2. iPP/r-iPP blends [77]
The tendency of random propylene copolymers to form ȕ-crystals is lower
than that of homopolymers. We found earlier that the Į-modification of iPP forms
regularly as a concomitant phase during the crystallization of ȕ-nucleated r-iPP
samples [102]. Therefore, it is interesting to study the effect of an iPP homopoly[77] Menyhárd, A., Varga, J., Liber, Á., Belina, G., Polymer Blends Based on the E-modification of
Polypropylene, Eur. Polym. J., 41. 669-677 (2005)
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mer on the ȕ-crystallization tendency of r-iPP. We suspected that the ȕcrystallization tendency of r-iPP can be enhanced by the introduction of i-PP homopolymer.
The calorimetric melting and crystallization curves of ȕ-nucleated iPP/r-iPP
blends are shown in Figures 4.31 and 4.32. All blends with different compositions
have only one crystallization peak in the entire composition range. The peak temperature of crystallization increases monotonously and shifts to higher temperatures with increasing homopolymer content (Figure 4.31). The simple crystalliza-

Figure 4.31 Crystallization curves of ȕ-nucleated iPP/random PP copolymer blends (TR = TR*= 100 °C)
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tion peak indicates that the components crystallize simultaneously. This fact hints
at the miscibility of the components in the molten state. According to the PLM
micrographs, these blends are homogeneous on the optical level in molten phase
indeed. In addition, measurements of crystal growth kinetics also corroborate the
above assumption. PLM measurements proved that the growth rate of the ȕ-form
increased monotonously with increasing homopolymer content in the blends.
Several peaks appear on the melting curves of ȕ-nucleated blends (Figure
4.32), which can be assigned to the melting of the different modifications of iPP.

Figure 4.32 Melting curves of ȕ-nucleated r-iPP and iPP/r-iPP
blends (TR = TR* = 100 °C)
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Besides the large ȕ-melting peak, a small peak appears on the melting curve of ȕnucleated r-iPP at higher temperature range, which corresponds to the melting of
the Į-modification of iPP. The intensity of this Į-melting peak decreases monotonously with increasing homopolymer content and disappears above 5 wt %. Consequently, the ȕ-crystallization tendency of r-iPP can be enhanced by adding iPP
homopolymer to it.
The double peaks appearing at around 140 °C correspond to the melting of
the ȕ-phase. It seems that two populations of ȕ-crystals having two separate, partially overlapping melting peaks exist in the samples. We should mention that
double Į-melting peaks appeared on the melting curves of non-nucleated iPP/r-iPP
blends (not shown) have the same reason. The fraction of ȕ-crystals with the
higher melting peak temperature forms probably from the homopolymer component. Accordingly the intensity of this peak increases and both shift towards
higher temperatures with increasing homopolymer content. It is worth to mention
that the duplication of the ȕ-peak can not be explained by recrystallization within
the ȕ-phase, which may lead to the perfection of the structure during heating [39].
In the presence of the homopolymer, the interval of crystallization shifts to higher
temperatures, which leads to the formation of thermally more stable crystals with
lower tendency to recrystallization. This would result in a reverse tendency in the
changes of peak intensity ratio with increasing homopolymer content contrary to
the experimental observation.
It should be pointed out that the random copolymers often contain Ȗmodification of iPP. WAXS experiments provide detailed information about Ȗ-iPP
frequently present in random copolymers. The detailed WAXS analysis of r-iPP is
discussed in an earlier PhD thesis [103].
iPP/r-iPP blends are interesting examples for the case when the components
are miscible in the molten state. Moreover our experimental results clearly prove
that the ȕ-crystallization tendency of r-iPP copolymers can be enhanced by adding
an iPP homopolymer.

4.2.3. PP/PVDF blends [76, 77]
Blends were prepared from isotactic polypropylene (iPP) and poly(vinylidene-fluoride) (PVDF) as well as their ȕ-nucleated form. The phase structure of
iPP/PVDF blends is heterogeneous in the molten state. The temperature range of
crystallization of PVDF during cooling is higher than that of iPP. It is interesting
to investigate, how the polymorphic composition of the ȕ-nucleated iPP matrix is
influenced by a polymer which is in crystalline state during the crystallization of
the matrix.

[76] Varga, J., Menyhárd, A., Crystallization, Melting and Structure of Polypropylene/Poly(VinyideneFluoride) Blends, J. Therm. Anal. Calorim., 73. 735-743 (2003)
[77] Menyhárd, A., Varga, J., Liber, Á., Belina, G., Polymer Blends Based on the E-modification of
Polypropylene, Eur. Polym. J., 41. 669-677 (2005)

59

Chapter 4.2.3
The crystallization and melting characteristics of the blends were investigated
by differential scanning calorimetry. The crystallization curves of the nonnucleated blends are shown in Figure 4.33. The crystallization peak of iPP is located in the vicinity of 110 °C and shifts to 120 °C in blends containing different
amounts of PVDF. This shift indicates the Į-nucleating effect of PVDF. The crystallization peak of PVDF is situated at a higher temperature, at about 140 °C, but
it can be detected only at larger PVDF contents.
The melting curves of non-nucleated blends presented in Figure 4.34. The
sharp melting peak observed at around 165 °C corresponds to the melting of Į-

Figure 4.33 Crystallization curves of iPP/PVDF blends of different
composition (TR = 25 °C)
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iPP. The melting peak of PVDF is located at around 172 °C and can be detected
only in blends containing 5 wt% or more PVDF. This peak becomes more pronounced with increasing PVDF content.
The crystallization traces of ȕ-nucleated iPP/PVDF blends are shown in Figure 4.35. The temperature range of crystallization of the iPP component is situated
near 120 °C independently of the PVDF content, as a consequence of the cooperative effect of the ȕ-nucleating agent and the dispersed polymer phase. The

Figure 4.34 Calorimetric melting curves of iPP/PVDF blends of different composition (TR = TR* = 100 °C)
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crystallization peak of PVDF could be detected only at higher (§ 5 wt%) concentration in this case, too. A mixed polymorphic composition of iPP is formed in the
ȕ-nucleated blends; the ȕ-peak appearing near 150 °C. We should note that the ȕpeak decreases dramatically with increasing of PVDF content. The more intense
peaks at around 160 °C correspond to the melting of Į-iPP. The melting peak of
PVDF at around 170 °C becomes sufficiently intensive at 5 wt% and higher
PVDF content. The intensity of the Į-peak increases monotonously with increasing PVDF content at the expense of the ȕ-peak.
To show the Į-nucleating ability of PVDF, isothermal DSC measurements
were carried out on non-nucleated PP/PVDF blends. Crystallization isotherms
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Figure 4.35 Crystallization curves of ȕ-nucleated iPP/PVDF blends
of different composition TR = 25 °C

iPP/PVDF blends
were recorded at 135 °C. Figure 4.37 shows the isotherm crystallization curves.
The rate of crystallization was characterized by the time of the highest crystallization rate (tmax). Figure 4.38 shows tmax values as a function of PVDF content. The
tmax values decrease dramatically, when PVDF is present, but the increase of the
amount of PVDF does not matter much. Similarly to the above-mentioned DSC
and PLM measurements, this experiment also verified that PVDF has a strong Įnucleating effect.
The phase morphology of the blends in the molten state was studied by PLM.
Figure 4.39 shows a PLM micrograph captured at 200 °C on a blend containing

Figure 4.36 Calorimetric melting curves of ȕ-nucleated iPP/PVDF
blends of different composition TR = 110 °C
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5 wt% PVDF. At this
temperature, both components are molten. PVDF is
dispersed in the form of
droplets in a continuous
iPP matrix. Such heterogeneous phase structure
forms in the melt when the
components are immiscible. The size of the droplets changes in a relatively
wide range (~ 5 – 25 µm).
In Figure 4.40 the features of crystallization are
illustrated by a series of Figure 4.37 Isotherm crystallization curves of
micrographs of a blend iPP/PVDF blends at Tc=135 °C
containing 10 w% of
PVDF. During sample
preparation, the dispersed
droplets can accidentally
coalesce and form relatively large PVDF units,
which is advantageous for
the PLM study (Figure
4.40a). PVDF with a higher melting point crystallizes first at around
155 °C, and forms negative radial spherulites. iPP
is in the molten state at
this temperature (Figure
4.40b). The sample was Figure 4.38 The crystallization peak time (tmax) as a
cooled at a rate of 5 function of PVDF content at Tc=135 °C
°C/min and when the temperature reached 135 °C, crystallization was continued
under isothermal conditions (Figure 4.40b – d). This moment is reported as the
starting point of the isothermal crystallization process. The crystallization of iPP is
induced on the surface of the dispersed PVDF droplets where an Į-transcrystalline
layer develops (Figure 4.40c and d). In spite of the presence of the highly active ȕnucleating agent, the iPP matrix crystallizes predominantly in the Į-form. As a
consequence, the iPP matrix consists mostly of the Į-modification and ȕspherulites with negative birefringence can be observed only sporadically in the
sample. The PLM micrographs clearly prove, in good correlation with the calorimetric studies, that PVDF has a strong Į-nucleating effect in iPP and it suppresses the formation of ȕ-iPP in the blends.
In order to demonstrate further the Į-nucleating effect of PVDF and study the
structure of the transcrystalline layer formed in iPP/PVDF blends, special three
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layered samples were prepared for PLM
observations. These samples contains of
an internal thin PVDF layer between
two thin iPP films. The crystallization
process and the formation of a transcrystalline structure in this multilayered sample are shown in Figure 4.41.
PVDF spherulites become hazy during
crystallization because of the presence
of the external iPP layers. An Įtranscrystalline front develops from the
Į-nuclei being present in abundant density on the lateral surface of the PVDF Figure 4.39 PLM micrograph on
layer similarly to the heterogeneous nu- iPP/PVDF blend containing 5 wt%
cleating agents. It is worth to mention PVDF (T = 200 °C)
that the recent studies of Haata et al.
[104], as well as Wang and Hwang [105-108] proved that another fluorine containing polymer – PTFE – is a strong Į-nucleating agent for iPP as well. Accordingly, a transcrystalline structure develops on the surface of PTFE [104-109].

Figure 4.40 PLM micrographs of ȕ-nucleated iPP/PVDF blend (10 wt. %
PVDF) recorded during cooling of the sample; a) phase structure of the melt at
200 °C; b) structure of the blend at Tc = 135 °C, tc= 0 min; c) at tc= 10 min; d)
at tc = 15 min
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Figure 4.41 PLM micrographs of three layered ȕnucleated iPP/PVDF film recorded under isothermal
condition; a) Tc = 130 °C, tc = 0 min; b) tc = 20 min
On the basis of the results of PLM and DSC experiments, we can conclude
that PVDF suppresses the formation of the E-phase in E-nucleated iPP/PVDF
blends and iPP crystallizes predominantly in the D-form. The main reason for this
phenomenon is that PVDF crystallizes at a higher temperature range than iPP, and
the crystals formed exert a strong D-nucleating effect.
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4.2.4. iPP/PA6 blends [77]
iPP and PA6 are incompatible polymers; PA6 exerts a weak nucleating effect
on the crystallization of iPP [64, 66, 67, 110-113]. Accordingly, the peak temperature (and temperature interval) of the crystallization of iPP shifts to higher temperatures in the presence of PA6 [69]. The formation of transcrystalline-like structure on the surface of PA6 particles dispersed [68] or on PA6 fibres embedded in

Figure 4.42 Calorimetric crystallization curves of non-nucleated
iPP/PA6 blends (TR=TR* = 100°C)
[77] Menyhárd, A., Varga, J., Liber, Á., Belina, G., Polymer Blends Based on the E-modification of
Polypropylene, Eur. Polym. J., 41. 669-677 (2005)
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iPP melt [111-113] also proves the nucleating effect. The preparation and characterization of various iPP/PA6 blends are widely discussed in the literature [58, 6269, 110].
The main goal of this chapter is to characterize the crystalline structure of
iPP/PA6 blends and their ȕ-nucleated forms. Similarly to PVDF mentioned in the
previous chapter, PA6 is also a semicrystalline polymer with Į-nucleating ability
and it crystallizes at a higher temperature compared to the iPP matrix. According
to our assumption, the iPP/PA6 blend should be similar to the iPP/PVDF combination.

Figure 4.43 Calorimetric melting curves of ȕ-nucleated iPP/PA6
blends (TR=TR* = 100°C)
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The crystallization curves of non-nucleated blends are shown in Figure 4.42.
Similarly to PVDF, PA6 also crystallizes at higher temperatures than the iPP matrix. The crystallization peak appearing in the vicinity of 190 °C belongs to the
crystallization of PA6, and the peak close to 120 °C to the crystallization of the
polypropylene matrix. The crystallization peak of PA6 is detected only at higher
than 5 wt% PA6 content. The crystallization peak of iPP shifts to higher temperatures with increasing amount of PA6, which demonstrates its nucleating effect.
These observations agree well with literature data.
The melting curves of ȕ-nucleated PP/PA6 blends are shown in Figure 4.43.
The peaks appearing at around 150 °C and 165 °C belong to the melting of the Įand ȕ-modification of iPP, respectively. The double peaks detected at around
220 °C indicate the melting of different modifications of polyamide-6. We can
conclude that PA6 suppresses the formation of ȕ-iPP, since the presence of ȕ-iPP
can be detected only below 3 wt% PA6 content.

Figure 4.44 PLM micrographs of a ȕ-nucleated iPP/PA6 blend containing
5 wt% PA6. Isothermal crystallization at Tc = 135 °C; a) tc = 0 min; b) tc = 21
min; c) tc = 45 min; d) tc = 60 min
According to PLM micrographs, the blends have heterogeneous structure. At
low concentration, PA6 is finely dispersed in the iPP matrix (Figure 4.44a). PA6
with a higher melting point crystallizes first at around 190 °C. In spite of the presence of a highly active ȕ-nucleating agent, the matrix forms a mixed polymorphic
structure consisting of Į- and ȕ-spherulites. ȕ-spherulites with higher birefringence can be observed in the sample containing 5 wt% PA6 content (Figure 4.44b
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and d). We must mention here that the thermal conditions of crystallization were
different during the calorimetric and the PLM studies, leading to different polymorphic compositions. At higher PA6 content the dispersed droplets can accidentally coalesce and form relatively large PA6 units. A transcrystalline layer appears
on the surface of these large (d >10-20 µm) droplets during crystallization and the
matrix crystallizes predominantly in the Į-form (Figure 4.45). Surprisingly, fine
droplets do not induce the formation of transcrystalline structure. The PLM observations clearly prove that PA6, similarly to PVDF nucleates the Į-form of iPP.
Our experimental results agree well with former observations about the Įnucleating ability of some aliphatic polyamides in iPP [39, 113-118].
According to previous results the Į-nucleating effect of PA6 could be an obvious explanation for the suppression of the formation of ȕ-modification in its
presence. However, the effect of PA6 and PVDF differs somewhat from each
other. The Į-nucleating activity of PA6 is less pronounced than that of PVDF, i.e.
individual ȕ-spherulites can form in its presence and the transcrystallization on the
surface of PA6 phase has some specific features as well. These blends were studied from a different
point of view to give a
satisfying explanation
for the differences.
In order to study
the specific effect of
PA6 on the nucleation
of iPP the nucleating
agent was introduced in
different order into the
internal mixer. In the
first two experiments,
the nucleating agent was Figure 4.45 PLM micrograph of a ȕ-nucleated iPP/PA6
added either to the iPP blend containing 20 wt% of PA6; Tc = 135 °C, tc =
(ȕ-iPP/PA6) or to the 15 min
PA6 phase (iPP/ȕ-PA6)
first then the second polymer was added. In the third experiment, the nucleating
agent was introduced into the homogenized melt of the polymers at 250 °C [ȕ(iPP/PA6)]. In the fourth case, the two polymers were homogenized at 250 °C,
and then the blend was cooled to 170 °C, where PA6 was crystallized already. The
nucleating agent was added to the blend at this temperature (ȕ-iPP/crystallinePA6).
The melting traces of the four blends recorded after limited recooling are presented in Figure 4.46. The sharp peak in the temperature range of 160-170 °C corresponds to the melting of Į-iPP, while the peak appearing in the vicinity of
150 °C is related to that of ȕ-iPP. The double peaks at high temperature, at around
220 °C, indicate the melting of PA6. A small exothermic peak at around 170 °C
(not shown by figure) results from the crystallization of PA6. The evaluation of
these diffuse peaks is not reliable at this PA6 content, therefore we derived values
from the calorimetric traces only for the iPP component and discuss them through70
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out this chapter. It is evident that the iPP matrix crystallizes in the Į-form if PA6
is in the melt state during the introduction of the ȕ-nucleating agent.
On the contrary, the iPP matrix consists predominantly of the ȕ-form, when
PA6 crystallized already before the introduction of the nucleating agent into the
blend. We may explain these results by the selective encapsulation, dissolution or
chemical reaction of the nucleating agent in the molten PA6. Our results suggest
that selective encapsulation of the nucleating agent takes place by the molten PA6
phase due to specific interactions between PA6 and the nucleating agent similarly,
to the partitioning of heterogeneous fillers in immiscible blends.

Figure 4.46 Calorimetric melting curves of iPP/PA6 blends, prepared
by different compounding techniques (TR = TR* = 100 °C)
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We can conclude from these results that the reason for this unique behavior is
probably the selective encapsulation of the ȕ-nucleating agent in the polar PA6
phase. The distribution of the nucleating agent between the different phases of incompatible blends is an open question in general. Only a few studies have been
reported on this topic [3, and references therein]. The possibility of preparing
iPP/PA6 blends with a ȕ-iPP matrix is discussed more in detail in further chapters.

Figure 4.47 Crystallization curves of MAPP polymers with different
anhydride content (TR = 25 °C)
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4.2.5. iPP/MAPP blends [78]
The crucial point of preparing iPP/PA6 blends containing a ȕ-iPP matrix is
the prevention of the transport of the nucleating agent to the PA6 phase. A possibility to suppress this transport process is the modification of the interphase between the two components by the introduction of compatibilizing agent. The compatibilizer is expected to interact strongly with both components. iPP grafted by
maleic anhydride is widely used as compatibilizer in iPP/PA6 blends. The anhydride group can form chemical bonds with PA6, and the PP chains interact with
the iPP matrix. The application of the compatibilizer leads to the improvement of the mechanical properties of the
blends. In order to understand the effect of a
compatibilizer on the
crystalline structure of ȕnucleated
iPP/PA6
blends, the compatibilizer itself should be
characterized first. The
effect of a ȕ-nucleating
agent on the crystallization of various MAPP
grades was studied first, Figure 4.48 The crystallization interval of MAPP as
and then ȕ-nucleation a function of the anhydride content
was
investigated
in
iPP/MAPP blends. For this purpose three commercial grades of MAPP (MAPP IIII) with different anhydride content were used in this part of the work (see Chapter 3.1). We should point out that the studied MAPP types did not differ only in
the anhydride content but also in other characteristics. However, we found that the
anhydride unit content (AL) played the most important role in compatibilizing efficiency and in iPP/PA6 interaction.
According to calorimetric studies, the higher is the anhydride content of a
MAPP the lower is its crystallization tendency. The crystallization curves of the
different MAPP grades studied are plotted in Figure 4.47. The peak temperature of
crystallization shift towards the lower temperatures for MAPP-II and MAPP-III,
and the enthalpy of crystallization decreases as well. The crystallization peak of
MAPP-III is wider because it contains a large number of anhydride units along the
chain; moreover, it has low molecular weight and high polydispersity (Figure

[78] Menyhárd, A., Varga, J.: The Effect of Compatibilizers on the Crystallisation, Melting and Polymorphic Composition of E-Nucleated Isotactic Polypropylene and Polyamide-6 Blends. Eur.
Polym. J., 42. 3257–3268 (2006)
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4.47) as well. The rate of crystallization is the highest in the case of MAPP-I with
low anhydride content.
The difference between the crystallization of nucleated and non-nucleated
MAPP polymers can be observed more in detail in Figure 4.48 as well. The higher
is the anhydride content of a MAPP the larger is the temperature window of crystallization of different non-nucleated MAPP grades. The smaller is this ǻTc value,
the stronger is the crystallization tendency. The decrease of ǻTc is less pronounced

Figure 4.49 The melting curves of MAPPs recorded after limited recooling (TR*=100 °C)
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in the case of the ȕ-nucleated ones, because of the presence of a highly active nucleating agent.
The same tendency can be seen on the melting curves of MAPP polymers recorded after limited recooling (Figure 4.49), i.e. the melting peak shifts towards
the lower temperatures with increasing anhydride content. The enthalpy of fusion
is decreases too. However, the melting curves have some special characteristics

Figure 4.50 Melting curves of ȕ-nucleated MAPP polymers recorded
after limited recooling (TR*=100 °C)
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compared to that of unmodified iPP. In every case a doubled melting peak appears
on the calorimetric traces. This peak multiplication can be explained by the perfection of the crystalline structure during heating. This means, that an unstable
structure forms during the crystallization of MAPP grades. It must be mentioned
that TR* = 100 °C is very close to the crystallization temperature of MAPP-II and
MAPP-III, and this may have an influence on the value of the enthalpy of fusion.
The melting curves recorded after the limited recooling of the ȕ-nucleated
MAPP polymers are shown in Figure 4.50. The ȕ-form forms in the case of

Figure 4.51 Melting curves of ȕ-nucleated MAPP grades recorded
during heating from room temperature (TR=25 °C)
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Figure 4.52 PLM micrographs of the a) non nucleated
MAPP I (Tc = 130 °C; tc = 10 min) and b) ȕ-nucleated
MAPP I (T = 135 °C; t = 10 min)
MAPP-I having the lowest anhydride content. ȕ-iPP is susceptible to ȕĮrecrystallization, if the sample is cooled below TR* = 100 °C (see Chapter 2). The
melting curves recorded after cooling to room temperature (TR = 25 °C) are plotted in Figure 4.51. Recrystallization can be observed only on the melting curve of
ȕ-nucleated MAPP-I.
The supermolecular structure of MAPP-I is shown in Figure 4.52. The samples were crystallized from the melt under isothermal conditions at 130 °C. Nonnucleated MAPP-I crystallizes in the Į-form. We should call the attention to the
fact that well developed spherulites can not form in some areas of the sample,
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Figure 4.53 PLM micrographs of the a) non-nucleated MAPP II (Tc = 130 °C;
tc = 45 min), b) ȕ-nucleated MAPP II (Tc = 135 °C; tc = 45 min), c) nonnucleated MAPP III (Tc = 130 °C; tc = 10 min) and d) ȕ-nucleated MAPP III
(Tc = 135 °C; tc = 10 min)

Figure 4.54 The WAXS patterns of the different types
of MAPP polymers, and their ȕ-nucleated forms
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probably, because of the inhomogeneous distribution of the anhydride units (Figure 4.52a.). In the presence of nucleating agent, the optical experiments were carried out at a higher temperature (135 °C), in order to obtain a more fully developed spherulitic structure. The nucleated sample is crystallizes predominantly in
the ȕ-form (Figure 4.52b.).
In the case of the other two MAPP grades, the spherulites could not develop
completely, therefore the birefringence of the samples is very low. The maleic an-

Figure 4.55 Melting curves of iPP/MAPP (10 wt% MAPP content)
blends recorded after limited recooling (TR* = 100 °C)
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hydride units distributed along the chain hinder the formation of well developed
spherulites, and the formation of lamella branches can be observed separately during the crystallization. Nucleation has no visible effect on the supermolecular
structure, and these two MAPP polymers are crystallized into the Į-form (Figure
4.53.).
Table 4.2 Melting and crystallization characteristics of non-nucleated and nucleated MAPP polymers and their iPP/MAPP blends
Melting
Nucleation

no

yes

no3

yes3

Tmp
(°C)

Sample

Crystallization
ǻHm
(J/g)

ȕc
(%)

Tcp
(°C)

ǻHc
(J/g)

Į1

Į2

ȕ

MAPP-I

162.9

-

-

93.1

-

112.3

98.0

MAPP-II

141.7

150.6

-

69.4

-

100.0

76.4

MAPP-III

141.0

152.2

-

50.3

-

101.3

58.6

MAPP-I

-

-

124.3

88.4

MAPP-II

141.7

150.2

-

59.2

-

101.0

69.5

MAPP-III

140.2

150.9

-

50.1

-

104.8

58.5

MAPP-I

160.4

-

-

87.3

-

109.6

89.9

MAPP-II

149.2

-

-

80.9

-

108.3

84.5

MAPP-III

160.2

-

-

87.4

-

108.8

88.7

MAPP-I

-

-

147.9 85.6 97.4

119.3

83.3

MAPP-II

-

-

148.9 82.4 95.7

115.1

77.5

MAPP-III

-

-

144.6
80.6 97.4
151.0

113.6

79.4

152.5 93.9 98.4

Tmp – Melting peak temperature determined after limited recooling
Tcp – Crystallization peak temperature determined during limited recooling
ǻHm – enthalpy of fusion of iPP
ǻHc – enthalpy of crystallization of iPP
ȕc – ȕ-content derived from the melting curve after limited recooling

3

iPP/MAPP blends containing 10 wt% of different MAPP grades
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Figure 4.56 Melting curves of iPP/MAPP blends recorded during
heating from room temperature (TR = 25 °C; MAPP 10 wt%)
The WAXS patterns of the different ȕ-nucleated MAPP polymers are plotted
in Figure 4.54. The crystallinity of MAPP-I is larger, than that of the other two
grades. The intensity of the peaks decreases with the increasing anhydride content.
The sharp peak in the vicinity of 2ș = 16° what can be assigned to the ȕmodification of iPP. This peak appears only in MAPP-I, what means that only this
polymer is able to crystallize into the ȕ-form.
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These compatibilizers are usually used in small amount (1 – 5 wt%). Hence, it
is useful to study the influence of small amounts of MAPP on the ȕ-crystallization
ability of iPP. The DSC traces of different non-nucleated and ȕ-nucleated
MAPP/iPP blends recorded after limited recooling are presented in Figure 4.55.
The melting peak at around 150 °C can be related to ȕ-iPP. All blends crystallize
into the ȕ-form in the presence of Ca-suberate. We can conclude from the results
that the small amount of MAPP added (up to 10 wt%) does not suppress the formation of the ȕ-form in iPP/MAPP blends. However, the crystalline structure of
the blends becomes more unstable compared to unmodified iPP, and a more pronounced peak multiplication can be observed on the DSC traces with increasing
anhydride level The multiplication of the melting peak can be related to the perfection of the crystals within the ȕ-form.
The DSC traces recorded during the third heating run with TR = RT (see Figure 3.3 in Chapter 3), are shown in Figure 4.56. A pronounced ȕĮ-recrystallization
process superposes onto the partial melting of the ȕ-phase. It is worth to mention,
that recrystallization becomes more difficult with increasing anhydride content,
because an unstable structure of ȕ-iPP forms in the presence of the maleic anhydride groups.
The same tendency can be observed on the DSC traces recorded during third
heating run as during the melting after limited recooling step. The peak multiplication within the ȕ-form becomes more pronounced with increasing anhydride level.
The characteristic data evaluated from the DSC traces are given in Table 4.2.
The results of this work demonstrate clearly, that the presence of maleic anhydride units in iPP disturbs chain regularity, and decreases dramatically the crystallization tendency of iPP and of its ȕ-nucleated form as well. The ȕ-modification
of iPP can form only, when the anhydride level of the polymer is smaller than
0.5 wt%. In spite of the lack of ȕ-crystallization ability of MAPP polymers with
higher anhydride content, they can be used in small amounts in ȕ-nucleated iPP
blends. According to these result, MAPP can be used as compatibilizer in multicomponent iPP blends, and in their ȕ-nucleated forms in amounts below 10 wt%.
In such amounts they do not suppress the formation of the ȕ-form.

4.2.6. iPP/MAPP/PA6 blends [78]
iPP/PA6 blends and their ȕ-nucleated forms were prepared and characterized,
with using maleic anhydride (MAPP) functionalized PP as compatibilizer, where
iPP component was applied as matrix polymer. The iPP/PA6 blends have heterogeneous structure. According to our previous study, the formation of ȕ-iPP is suppressed in the presence of PA6, because the nucleating agent is encapsulated in
the polar PA6 phase (see Chapter 4.2.4.) similar to fillers in heterogeneous composites containing phases with different polarity. MAPP can be applied as com[78] Menyhárd, A., Varga, J.: The Effect of Compatibilizers on the Crystallisation, Melting and Polymorphic Composition of E-Nucleated Isotactic Polypropylene and Polyamide-6 Blends. Eur.
Polym. J., 42. 3257–3268 (2006)
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patibilizer in ȕ-nucleated iPP/PA6 blends (see chapter 4.2.5.) in order to achieve a
better dispersion of the PA6 phase. The compatibilizer might also hinder the encapsulation of the ȕ-nucleating agent in PA6. As a consequence, the main goal of
this part of the work was to study the melting and crystallization characteristics as
well as the polymorphic composition of iPP/MAPP/PA6 multicomponent blends.
The melting curves of non-nucleated iPP/PA6/MAPP-I blends are presented
in Figure 4.57. The matrix crystallizes completely in the Į-modification, which is

Figure 4.57 Melting curves of iPP/PA6/MAPP-I blends recorded during heating from room temperature (TR*= 25 °C)
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proven by the location of the melting peak detected at 160 °C. The double peaks at
high temperatures in the vicinity of 220 °C, indicate the melting of PA6. A small
exothermic peak appearing at around 170 °C (not shown by figure) can be assigned to the crystallization of PA6 similarly to iPP/PA6 blends (see in chapter
4.2.4). The evaluation of these diffuse peaks is not reliable at this PA6 content,
therefore we derived values from the calorimetric traces only for the iPP component. Compatibilizers do not influence considerably the melting characteristic of
these blends. Melting and crystallization characteristics of the blends derived from
DSC measurements are compiled in Table 4.3.

Figure 4.58 Melting curves of ȕ-nucleated iPP/PA6/MAPP-I blends
recorded after limited recooling (TR*= 100 °C)
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Table 4.3 Melting and crystallization characteristics of PP component in nonnucleated PP/PA6 and PP/PA6/MAPP blends (10 wt% PA6)
Melting
MAPP grade

Amount of MAPP
(wt%)

Crystallization

Tmp
(°C)

ǻHm
(J/g)

Tcp
(°C)

ǻHc
(J/g)

without

0

163.4

73.7

115.6

86.0

MAPP-I

1

161.4-

83.3

116.3

85.0

MAPP-I

3

160.9-

78.9

115.8

81.4

MAPP-I

5

161.5-

70.9

115.5

85.1

MAPP-I

10

161.2-

78.3

115.1

84.8

MAPP-II

1

164.2-

64.1

116.5

91.2

MAPP-II

3

162.2-

63.1

117.1

87.0

MAPP-II

5

162.4-

61.1

115.0

86.5

MAPP-II

10

162.0-

58.0

114.1

84.2

MAPP-III

1

160.7-

76.7

114.1

81.9

MAPP-III

3

159.9-

70.6

112.6

80.7

MAPP-III

5

158.7-

79.5

111.3

79.7

MAPP-III

10

157.7-

77.1

109.6

78.3

Tmp – Melting peak temperature determined after limited recooling
Tcp – Crystallization peak temperature determined during limited recooling
ǻHm – enthalpy of fusion of iPP
ǻHc – enthalpy of crystallization of iPP

Melting curves recorded after limited recooling of ȕ-nucleated blends not
containing compatibilizer and those of the ȕ-nucleated iPP/PA6/MAPP-I blends
are presented in Figure 4.58. The effect of the compatibilizer is evident in the ȕnucleated samples. The matrix crystallizes in the Į-modification in the case of ȕnucleated, compatibilizer-free blends; only an indistinct, small ȕ-peak appears on
the melting curve. On the contrary, iPP matrix rich in ȕ-modification forms even
at the lowest concentration (1 wt%) of MAPP-I in ternary blends. The relative
amount of ȕ-iPP is increasing in the matrix with elevating compatibilizer content
85

Chapter 4.2.6
(Table 4.4). The enhanced ȕ-content of compatibilized, nucleated blends indicates
that the compatibilizer modified the partitioning of the nucleating agent in the iPP
and PA6 phases respectively, and a certain amount of nucleating agent, sufficient
for effective ȕ-nucleation, seems to remain in the iPP phase. The same phenomenon occurred in the other two blends compatibilized with MAPP-II and MAPP-III
(Figures 4.59 and 4.60).

Figure 4.59 Melting curves of ȕ-nucleated iPP/PA6/MAPP-II blends
recorded after limited recooling (TR= 100 °C)
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Table 4.4 Melting and crystallization characteristics of PP in ȕ-nucleated
PP/PA6 and PP/PA6/MAPP blends (PA6 content is 10 wt%, nucleating agent
content 0.1 wt%)
Amount
of
MAPP grade
MAPP
(wt%)

Melting
Tmp1
(°C)

Tmp2
(°C)

Į

ȕ

Į

ȕ

-

161.9

-

Crystallization
ǻHm ȕc
(J/g) (%)

Tcp
(°C)

ǻHc
(J/g)

73.2

118.3

83.8

without

0

161.5

-

MAPP-I

1

161.2 148.4 161.7 148.0 71.6 79.1

118.0

76.9

MAPP-I

3

160.7 148.4 161.5 148.0 73.2 85.6

118.0

77.0

MAPP-I

5

161.0 148.5 165.7 147.9 73.5 87.0

117.6

77.4

MAPP-I

10

160.7 148.4 165.4 147.9 73.6 86.5

117.3

79.6

MAPP-II

1

160.8 148.9 161.2 148.0 88.6 78.1

117.8

71.6

MAPP-II

3

161.6 150.4 165.7 148.5 84.0 89.0

117.0

70.6

MAPP-II

5

160.3 148.7 165.9 147.9 80.5 90.6

117.5

69.0

MAPP-II

10

160.8 150.4 165.7 148.5 69.2 98.7

117.3

69.1

MAPP-III

1

160.2 147.5 165.2 147.2 72.9 93.7

117.8

74.0

MAPP-III

3

160.1 147.7 165.2 147.2 69.7 95.0

117.8

73.4

MAPP-III

5

159.2 146.7 164.0 146.4 74.6 91.6

117.3

69.4

MAPP-III

10

158.8 146.0 161.2 145.4 76.0 85.1

116.1

72.1

Tmp1 and Tmp2 – Melting peak temperature registered after limited recooling and during heating from
room temperature
Tcp –Crystallization peak temperature registered during limited recooling
ǻHm – enthalpy of fusion of iPP
ǻHc – enthalpy of crystallization of iPP
ȕc – ȕ-content derived from the melting curve after limited recooling

The only difference can be observed in iPP/PA6/MAPP-III blends is a pronounced melting peak duplication as the amount of the compatibilizer content, indicating the presence of a more unstable ȕ-form, which forms at a lower temperature interval according the crystallization curves (Tables 4.2 and 4.3). The relative
amount of the ȕ-phase derived from the melting curves of ȕ-nucleated iPP/MAPP
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blends is plotted in Figure 4.61 as a function of compatibilizer content. ȕ-content
increases with increasing concentration of MAPP-I and MAPP-II. On the contrary, it decreases in the presence of MAPP-III, but its amount is relatively high at
the lowest MAPP-III content. Apparently the anhydride content even has an optimum value and too much anhydride is disadvantageous for the formation of ȕmatrix.
The melting curves of iPP/PA6/MAPP-I blends cooled down to room temperature are presented in Figure 4.62. Considerable amount of ȕ-iPP can be de-

Figure 4.60 Melting curves of ȕ-nucleated iPP/PA6/MAPP-III blends
recorded after limited recooling (TR= 100 °C)
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tected on the DSC trace. Similar melting curves were obtained also for blends
containing MAPP-II and MAPP-III and the characteristics derived from those
traces are listed in Table 4.4. In accordance with previous experiments [3, 18, 39],
ȕĮ-recrystallization occurs in the presence of MAPP-II and MAPP-III, as it was
discussed in chapter
4.1.1.
The
ȕĮrecrystallization superimposes onto the partial
melting of ȕ-iPP. As a
consequence, the shape
of the melting peak of
the ȕ-iPP does not provide reliable information about the ȕ-content
of the matrix [3]. The
apparent ȕ-phase content calculated from the
melting peak of samples
cooled to room temperature is smaller than the
real value (compare Figure 4.61 ȕ-content of iPP/MAPP blends as a function of compatibilizer content (10 wt% of PA6 content)
Figure 4.58 and 4-61).
The double melting peak appearing at around 160 and 170 °C belongs to two
different fractions of Į-iPP crystals. The lower temperature peak relates to the
melting of Į-crystals formed during primary crystallization, which are always present in small amounts in iPP/PA6 blends. The other fraction of crystals with the
higher melting temperature forms during ȕĮ-recrystallization. It is worth to mention here that the area of the high temperature peak increases with increasing
amount of MAPP-I, i.e. with larger ȕ-content. We may also establish that the melting memory effect of ȕ-iPP [3, 18, and 39] can be observed in these blends as
well.
The PLM micrographs presented in Figure 4.63 show the isothermal
crystallization of a ȕ-nucleated iPP/PA6 blend, at 130 °C, i.e. within the critical
temperature-range of the formation of ȕ-iPP [3, 39]. The dispersed polyamide
droplets crystallize before reaching the temperature of isothermal crystallization
(Figure 4.63a). The iPP matrix crystallizes in spherulitic structure, which contains
predominantly Į-spherulites with the occasional formation of a few individual ȕspherulites (Figure 4.63b and 4.63c). We can see that the majority of the PA6
droplets are covered by Į- and ȕ- spherulites. This is even more perceptible after
the separate melting of the ȕ-phase (Figure 4.63d). Occasionally, the formation of
a transcrystalline-like structure is also visible on the surface of a few PA6 droplets. In contrast with PVDF having strong Į-nucleating effect in its blends with
iPP [77], the majority of PA6 droplets do not induce transcrystallization. The reason for the occasional formation of transcrystalline-like structure is not entirely
clear. A possible explanation is that PA6 droplets are overgrown by a single Į-
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Figure 4.62 Melting curves of ȕ-nucleated iPP/PA6/MAPP-I blends
cooled down to room temperature (TR= 25 °C)
spherulite formed as a consequence of interfacial nucleation. The PA6 droplets are
not always situated in the spherulite centre, indeed.
In order to visualise the effect of the compatibilizer on the supermolecular structure of the blends, we prepared twin slides. The iPP/PA6 blend is located
on the left-hand side of the sample and its compatibilized form (iPP/PA6/MAPP-I)
on the right.
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Figure 4.63 PLM micrographs of a ȕ-nucleated iPP/PA6 blend containing
10 wt% PA6 crystallized isothermally at Tc = 130 °C; a) tc = 0 min; b) tc= 10
min; c) tc= 30 min; d) after separate melting of ȕ-phase at T = 150 °C
The crystallization of such a twin slide at 125 °C is shown in Figure 4.64.
Because of the compatibilizing effect of MAPP-I, the size of PA6 droplets is
smaller on the right-hand side of the slide (Figure 4.64a). During cooling, the PA6
component crystallizes first and forms microcrystalline structure at around 170
°C, while the matrix remains in the molten state. Isothermal crystallization was
carried out at 125 °C. The starting point of the isothermal crystallization step is
shown in Figure 4.64b. The subsequent evolution of structure is presented in Figure 4.64c-d. The compatibilizer free matrix (left-hand side) crystallizes predominantly in the Į-modification of iPP, but contains occasionally a few ȕ-spherulites.
On the other hand, the compatibilized blend (right-hand side of the twin slide)
crystallizes predominantly in the ȕ-form. The results obtained here are in complete
agreement with literature data [39, 65, and 118].
We assume that MAPP is located on the surface of the dispersed PA6 phase.
Therefore the compatibilizer seems to hinder the selective encapsulation or dissolution of the ȕ-nucleating agent in the PA6 phase. This protecting effect can be
explained by the formation of chemical bonds between PA6 and MAPP, resulting
from the reaction of the pendant maleic anhydride groups of the compatibilizer
and the amine end groups of PA [65, 114].
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Figure 4.64 PLM micrographs of a ȕ-nucleated iPP/PA6/MAPP-I blend recorded
during the cooling of the sample; a) structure of the melt at 235 °C; b) crystallization of PA6 around 170 °C; c) Tc = 125 °C, tc= 0 min; d) Tc = 125 °C, tc= 3 min
We found that in non-compatibilized ȕ-nucleated iPP/PA6 blends, the iPP
matrix consists mainly of Į-iPP already at low PA6 content (see in chapter 4.2.4).
On the contrary, predominantly ȕ-iPP matrix develops in the presence of MAPP
compatibilizers. The results obtained on blends into which the nucleating agent
was added in different order suggest that the PA6 phase encapsulate selectively
the nucleating agent. The results obtained by calorimetric and PLM measurements
prove clearly that the compatibilizer influences the partitioning of the ȕ-nucleating
agent in the components and promotes of the formation of a matrix rich in ȕ-iPP.
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5. Conclusions
This work had two goals: One was the systematic characterization and comparison of the efficiency and selectivity of several ȕ-nucleating agents using the
same polymer and identical experimental conditions, while the other was the determination of the conditions of preparation, which allow the preparation of polymer blends based on the ȕ-modification of iPP.
The results clearly show that the efficiency of all nucleating agents studied is
high. The peak temperature of crystallization shifts to higher temperatures in their
presence. However, the efficiency of the highly selective nucleating agents is
moderate compared to the non-selective ȕ-nucleating additives. It was proven unambiguously that only Ca-sub and Ca-pim are completely selective to the ȕ-form
of iPP. The other additives studied are not selective ȕ-nucleating agents and a considerable amount of Į-iPP forms always in their presence. We could make an interesting observation during our systematic study: the polymorphic composition
depends strongly on the final temperature of heating when NJ-Star NU100 is used
as nucleating agent. We found that this compound dissolves partially or totally in
the iPP melt. Its dissolution was proven by calorimetric and optical measurements.
According to PLM observations the supermolecular structure of iPP containing
this additive depends on the concentration of the nucleating agent, on the final
temperature of heating, on cooling conditions and on the thermal conditions of
crystallization. Depending on the combination of the factors listed above, we observed the development of the following characteristic morphologies:
- formation of a transcrystalline layer on the crystal surface of the nucleating
agent,
- formation of dendritic structures,
- development of microcrystalline agglomerates,
- “flower-like” formations.
Dual nucleation results from the partial Į-nucleating ability of the lateral surface of NJS needle crystals. The model proposed in this communication explains
fairly well both structure formation and the dual nucleation feature of NJS.
The study of various blends showed that the crucial condition for the preparation of blends based on the ȕ-form of iPP is the absence of additive polymer with
Į-nucleating effect (Table 5.1). In the case of an additive with Į-nucleating ability,
the crystallization temperature range of the additive polymer should be lower, than
that of ȕ-iPP. According to the observations carried out on several polymer
blends, selective ȕ-nucleating agents can be encapsulated in a polar additive polymer phase. iPP/PA6 blends are good examples for the encapsulation of the nucleating agent used. The partitioning of the nucleating agent can be influenced by
compatibilization. iPP grafted by maleic anhydride is an efficient compatibilizer
for iPP/PA6 blends. MAPP can only crystallize into ȕ-modification if the anhydride content is lower than 0.5 wt% due to the disturbing effect of MA groups on
the chain regularity. However, ȕ-modification was formed in iPP/MAPP blends up
to 10 wt % of MAPP content independently of anhydride content. Therefore
93

Chapter 5
MAPP can be applied as compatibilizer in ȕ-nucleated iPP/PA6 blends up to 10
wt%. We managed to prepare iPP/PA6/MAPP blends containing predominantly
the ȕ-modification, by using different MAPP polymers as compatibilizer. The ȕcontent of the iPP phase is influenced disadvantageously by the anhydride content
of the compatibilizer. The efficiency of the compatibilization increases with the
anhydride content of MAPP, therefore there is an optimum anhydride level around
of 1 wt%.
Table 5.1 ȕ-nucleation in iPP based blends studied
Characteristics of the second component
Polymorphic
Type

sPP

Crystallization
Phase strucinterval comture
pared to iPP
semilower
crystalline

Į-nucleating
effect

ȕ-form
weak
(up to 80 wt %)

semirPP

composition

predominantly
overlapping

none
ȕ-form

crystalline
semiPVDF

predominantly
higher

strong
Į-form

crystalline
semiPA6

none

predominantly

(encapsulation)

Į-iPP matrix

higher
crystalline
semi-

PA6/MAPP

predominantly
higher

none

crystalline

ȕ-form

5.1. New scientific results summarized in points
1.

94

We proved that the efficiency of various additives used as E nucleating
agents, as well as their selectivity in the initiation of the E-form of PP differ considerably from each other. The higher is the selectivity, the lower
is the efficiency of the E-nucleating agents studied. Both selectivity and
efficiency must be considered in practical applications. [11]
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2.

We established that heterogeneous E-nucleating agents may dissolve partially or completely in the iPP melt, which modifies their effect. The
solubility of the nucleating agent depends on its concentration and on the
final temperature of heating. Depending on concentration, the final temperature of heating and on the conditions of cooling the formation of the
following supermolecular structures can be observed in the presence of
soluble non-selective E nucleating agents [79]:
a. transcrystalline structure forming on the lateral surface of
the nucleating agent,
b. dendritic structure,
c. microcrystalline aggregates,
d. flower-like formations.

3.

We proposed a model for the interpretation of the supermolecular structure with mixed polymorphic composition, which forms in the presence
of a non-selective nucleating agent dissolving partially or completely in
the PP melt. The model takes into account the D-nucleating effect of the
lateral surface of the nucleating agent. [79].

4.

We proved that the basic condition for the preparation of polymer blends
with E-iPP matrix is the absence of any D-nucleating effect of the additive polymer. If the second polymer nucleates the D-modification of iPP,
the polymorphic composition of the matrix depends on the conditions of
crystallization. If the crystallization temperature of the second polymer is
below that of the E-nucleated iPP matrix, the latter crystallizes in the Eform. [76-78].

5.

We showed that if the polarity of the components of iPP based blends
differs considerably, the heterogeneous nucleating agent is partitioned
between them, and its quantity might dominate in one of the phases. If
the majority of the E-nucleating agent is located in the polar component,
the iPP matrix crystallizes in the D-form. [78].

6.

We proved that the use of a compatibilizing agent modifies the distribution of the nucleating agent among the phases and under appropriate conditions a blend can be produced, in which the PP matrix crystallizes
mainly in the E-form [78].
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List of symbols

List of symbols
Symbol

Explanation

iPP

isotactic polypropylene

Į-iPP

Į-modification of isotactic polypropylene

ȕ-iPP

ȕ-modification of isotactic polypropylene

T(ȕĮ)

upper temperature limit of the formation of ȕ-iPP

T(Įȕ)

lower temperature limit of the formation of ȕ-iPP
relative measuring value of polymorphic composition of iPP
derived from X-ray diffraction measurement
quantitative value of polymorphic composition of iPP derived
from calorimetric measurement
differential scanning calorimetry

k
ȕc
DSC
WAXS

LTQ

wide angle X-ray scattering
intensity of diffraction peak related
7.1°
intensity of diffraction peak related
8.5°
intensity of diffraction peak related
9.4°
intensity of diffraction peak related
8.1°
J-form of linear trans-quinacridone

Ca-sub

calcium salt of suberic acid

Ca-pim

calcium salt of pimelic acid

NJS

N,N’-dicyclohexyl-2,6-naphthalene-dicarboxamide

PLM

polarized light microscopy

ȕIII

negative radial spherulite of ȕ-iPP

ȕIV

negative banded spherulite of ȕ-iPP

CNA

content of nucleating agent

SEM

scanning electron microscopy

AFM

PA6

atomic force microscopy
critical recooling temperature limit in order to avoid the ȕĮrecrystallization
polyamide 6

sPP

syndiotactic polypropylene

HĮ1
HĮ2
HĮ3
Hȕ1

TR*

to Į-iPP registered at ș =
to Į-iPP registered at ș =
to Į-iPP registered at ș =
to ȕ-iPP registered at ș =
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List of symbols
Symbol

Explanation

PVDF

poly(vinylidene-fluoride)

EPM

ethylene-propylene elastomer

EVA

ethylen-vinylacetate copolymer

LDPE

low density polyethylene

LLDPE

linear low density polyethylene

HDPE

high density polyethylene

Tipplen H-890

commercial type of polypropylene supplied by TVK

Tipplen H-781

commercial type of polypropylene supplied by TVK

MFR

melt flow rate (g/10 min)

TVK

Tm

Tisza Chemical Works Ltd., Tiszaújváros Hungary
experimental ȕ-nucleating agent supplied by Ciba Specialty
Chemical
end temperature of calorimetric melting curve

TD

decomposition temperature based on TGA measurements

TGA

thermogravimetric analysis

wt %

weight percent

WG 17 sPP

commercial type of sPP

Mw

weight average molecular weight (g/mol)

r-iPP

propylene-ethylene random copolymer

Solef 6010

commercial type of PVDF supplied by Solvay

Danamid-E

commercial type of PA6 supplied by Zoltek

Șrel

relative viscosity (Pas)

MAPP

maleic anhydride grafted isotactic polypropylene

Polybond 3150

commercial type of MAPP supplied by Uniroyal Chemical

Exxelor PO1015

commercial type of MAPP supplied by Exxon

Licomont AR 503

commercial type of MAPP supplied by Clariant

TMDSC

temperature modulated differential scanning calorimetry

Vc

cooling rate (°C/min)

Tc

crystallization temperature (°C)

Tf

final temperature of heating run (°C)

Vh

heating rate (°C/min)

CG
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List of symbols
Symbol

Explanation

TR

recooling temperature during cooling run (°C)

RT

room temperature

Tcp

peak temperature of crystallization curve (°C)

ǻHc

enthalpy of crystallization (J/g)

ǻHm

tc

enthalpy of fusion
peak temperature of ȕĮ-recrystallization reflected on the
irreversible components of TMDSC measurement (°C)
peak temperature of the melting of ȕ-iPP reflected on the
reversible component of TMDSC measurement (°C)
crystallization time (min) at Tc

Vȕ

growth rate of ȕ-modification

VĮ

growth rate of Į-modification

Vr

relative growth rate of ȕ- and Į-modification

ĳ

Tp

angle of the boundary line of ȕĮ-crystal front
critical final temperature of heating in the case of complete
dissolution (°C)
temperature of pressing (°C)

PTFE

poly(tetrafluor-ethylene)

Tcp-ȕĮ
Tmp-ȕ-rev

Tf *

109

List of symbols

110

Acknowledgement

Acknowledgement
Firstly I wish to express my indebtedness to my supervisor, Prof. József
Varga for his valuable contribution to this work. He has rendered me the scientific
point of view; his guidance as a teacher and a colleague full with his ideas,
advices and suggestions has been provided throughout these years. Additionally
he is continuously trying to teach me on the ways of thinking and to play chess. I
would like to say thanks to the head of the Laboratory of Plastics and Rubber
Technology at the Department of Physical Chemistry and Material Science, Prof.
Béla Pukánszky for his support and help. My warmest thanks are due to my
colleagues for the pleasant atmosphere and lot of help and assistance. I am
particularly indebted to Dr. István Sajó, Dr. Katalin Marthi for the assistance in
the WAXS and SEM measurements. I express my special thanks to my students
Ádám Liber, Gábor Molnár and Gábor Faludi for their tremendous experimental
work. I wish to say thanks to the companies (Ciba Specialty Chemicals, Tisza
Chemical Works) for their support of materials, and their valuable remarks. Nor
should I forget to say thanks to my whole family for their patience and support. At
last but not least I express my sincere thanks to my wife Andrea Pál for the
relaxed and peaceful atmosphere at home, which has enabled me to carry out the
whole work.

111

Acknowledgement

112

Publication list

Publication list
The thesis is based on the following publications
[1]

[2]

[3]
[4]

[5]

Menyhárd, A., Varga, J., Molnár, G., Comparison of Different ȕNucleators for Isotactic Polypropylene, Characterisation by DSC and
Temperature-Modulated DSC (TMDSC) Measurements, J. Therm. Anal.
Calorim. 83. 625-630 (2006)
Varga, J., Menyhárd, A., The Effect of Solubility and Nucleating Duality
of
N,N'-Dicyclohexyl-2,6-Naphthalene-Dicarboxamide
on
the
Supermolecular Structure of Isotactic Polypropylenne, Macromolecules
40. 2422-2431 (2007)
Menyhárd, A., Varga, J., Liber, A., Belina, G., Polymer Blends Based on
the ȕ-Modification of Polypropylene, Eur. Polym. J. 41. 669-677 (2005)
Varga, J., Menyhárd, A., Crystallization, Melting and Structure of
Polypropylene/Poly(Vinylidene-Fluoride) Blends, J. Therm. Anal.
Calorim. 73. 735-743 (2003)
Menyhárd, A., Varga, J., The Effect of Compatibilizers on the
Crystallisation, Melting and Polymorphic Composition of ȕ-Nucleated
Isotactic Polypropylene and Polyamide 6 Blends, Eur. Polym. J. 42.
3257-3268 (2006)

Other publications
[1]
[2]

[3]

[4]
[5]

[6]
[7]

Belina G., Menyhárd A., Juhász P., Belina K., Heterogén gócképzĘk
hatékonysága PET hulladékban, MĦanyag és Gumi, 38. 441-446 (2001)
Belina G., Menyhárd A., Juhász P., Belina K., GócképzĘk hatékonysága
különbözĘ szerkezetĦ polipropilénekben, MĦanyag és Gumi, 38. 255-259
(2001)
Varga J., Menyhárd A., Polipropilén/poli(vinilidén-fluorid) alapú
keverékek szerkezete és tulajdonságai, MĦanyag és Gumi, 39. (8), 251256 (2002)
Menyhárd A., MĦanyag- és Gumiipari Tanszék, MĦanyag- és Gumiipari
Évkönyv, 1. 22-24 (2003)
Menyhárd A., Pukánszky B., Varga J., Nagy G., Mester A., The influence
of transparency by different types of highly active nucleating agents in
polypropylene systems, Periodica Polytechnica: Chemical Engineering,
47, 76-77 (2003)
Menyhárd A., Molnár G., Nagy átlátszóságú polipropilén elĘállításának
modern technikái, MĦanyag- és Gumiipari Évkönyv, 3. 40-45 (2005)
Móczó J., Menyhárd A., Pukánszky B., A BME MĦanyag- és Gumiipari
Laboratóriumának szakmai tevékenysége, MĦanyag és Gumi, 44. (2) 4851 (2007)

113

Publication list

Conference presentations
1.

2.
3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

114

Varga J., Menyhárd A., Polipropilén-poli(vinilidén-fluorid) alapú
polimerkeverékek MKE MĦanyag Kollokvium. Szeged. 2001. május 1011.
Varga J., Menyhárd A., GócképzĘ hatású adalékanyagok polimerekben
MKE MĦanyag Kollokvium. Balatonföldvár. 2003. jún. 12-13.
Menyhárd A., Pukánszky B., Varga J., Nagy G., Orbánné M. Á.,
KülönbözĘ gócképzĘk átlátszóságra gyakorolt hatása iPP rendszerekben
MKE MĦanyag Kollokvium. Balatonföldvár. 2003. jún. 12-13.
A. Menyhárd, Á. Liber, G. Belina, J. Varga, Polymer Blends Based on
the E-Modification of Polypropylene PC2003 Polymer Crystallization
and Structure Formation in Processing, September 19-20. 2003-Linz
J. Varga, A. Menyhárd, Interfacial Morphology in Polypropylene Blends
and Composites International Conference on Interfaces and Interphases
in Multicomponent Materials (IIMM) October 5-8, 2003, Balatonfüred
A. Menyhárd, Á. Liber, G. Belina, J. Varga, Polymer Blends Based on
the ȕ-Modification of Polyproplylene International Conference on
Interfaces and Interphases in Multicomponent Materials (IIMM) October
5-8, 2003 Balatonfüred.
Molnár G., Menyhárd A., Varga J., Heterogén E-gócképzĘ parciális
oldódásának hatása az iPP polimorf összetételére MTA
TermészetesPolimerek és MĦanyag Munkabizottságainak ülése. 2005.
április 26.
Molnár G., Menyhárd A., Varga J.: A polipropilén ȕ-gócképzĘi
hatékonyságának összehasonlító vizsgálata termoanalitikai módszerekkel
MTA Termoanalitikai Munkabizottság ülése. 2005. május 2.
A. Menyhárd, G. Molnár, J. Varga, Characterization and Comparison of
Different ȕ-nucleants for Isotactic Polypropylene by DSC and MDSC
Measurements European Conference on Calorimetry and Thermal
Analysis for Enviroment (ECCTAE 2005) September 6-11 2005.
Zakopane
A. Menyhárd, J. Varga, Influence of the Partial Dissolution of a ȕNucleating Agent on the Crystallisation and the Structure of Isotactic
Polypropylene European Symposium on Thermal Analysis and
Calorimetry (ESTAC 9) August 27-31 2006. Kraków.
Menyhárd A., Varga J., Pozsgay T., ȕ-gócképzĘ parciális oldódásának
hatása a polipropilén kristályosodására Kutatóközponti Tudományos
Napok MTA KK, 2006 Május 18-19
A. Menyhárd, J. Varga: New Aspects of E-Nucleating Agents for
Isotactic Polypropylene: Solubility, Selectivity and Efficiency. 8th
Austrian Polymer Meeting, Sept. 20-22, 2006. Linz
Faludi G., Menyhárd A., Varga J., Maleinsavval ojtott polipropilén ȕ9
nukleált változatának olvadási és kristályosodási jellegzetességei MTA
Termoanalitikai Munkabizottság ülése. 2007. február 20.

Publication list
14.
15.

Faludi G., Menyhárd A., Varga J., Polipropilén keverékek és E-nukleált
változatainak elĘállítása és vizsgálata OTDK Szeged 2007. ápr. 2-4.
Faludi G., Menyhárd A., Varga J., Polipropilén keverékek és E-nukleált
változatainak elĘállítása és vizsgálata X. Doktori Kémiai Iskola
Mátraháza 2007. máj. 7-9.

115

