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ABSTRAKT

Cilem této diplomové prace je studie krystalizace a vlastnosti polypropylenu s
dlouhymi vétvemi (LCB PP), ktery obsahuje komeréné dostupné o-nukleacni/zjastujici
¢inidlo Millad 3988 na bazi 1,3;2,4-bis(3,4-dimetylbenzyliden)sorbitolu. Pro srovnéani byl
studovan také standardni polypropylen. LCB PP byl vyvinut pro zlepSeni pevnosti
taveniny, a tak se miize vyhodné pouzivat pro zpracovani metodami, jako je tvarovani ¢i
vyfukovani. Tyto metody se obvykle pouzivaji pro vyrobu oballi, kde se ¢asto pozaduje
také prizrac¢nost materidlu. Z toho divodu je pochopeni krystalizace LCB PP obsahujici
zjasiujici €inidlo prakticky dilezité.

V této praci byly vzorky z LCB PP, a také ze standardniho PP zkrystalizovany za
pouziti riznych podminek. Déle pak byla hodnocena kinetika krystalizace a morfologie.
Byly také zkoumany optické vlastnosti. Bylo zjiSténo, ze ptfidani Milladu 3988 vyrazné

neovliviiuje krystalizaci a morfologii LCB PP.

Klic¢ova slova: rozvétveny polypropylen, zjastiujici ¢inidlo, Millad 3988, krystalizace

ABSTRACT

The aim of this Master thesis is to study the crystallization and properties of long
chain branched polypropylene (LCB PP) containing commercial o-nucleating/clarifying
agent Millad 3988 based on 1,3;2,4-bis(3,4-dimethylbenzylidene)sorbitol. For comparison
also standard polypropylene is studied. LCB PP has been developed to improve melt
strength, thus it can be advantageously processed by techniques such as thermoforming of
blow molding. These methods are usually used for packaging application where also
clarity is often required. Thus, the understanding of crystallization of LCB PP containing
clarifying agent is on high interest.

In the work, samples from LCB PP and also standard PP are crystallized using
several conditions. Then the crystallization kinetics and morphology is evaluated. Also
optical properties are analyzed. It has been found that the addition of Millad 3899 does not
significantly influences the crystallization and morphology of LCB PP.

Keywords: Long chain branched polypropylene, clarifying agent, Millad 3988,

crystallization
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INTRODUCTION

Physical and mechanical properties of polymers are the most important from their
application point of view. Isotactic polypropylene (iPP) possesses very good
price/performance ratio and thus is widely applied, namely in automotive industry,

packaging etc.

Polypropylene (PP) was first produced by Professor Giulio Natta in Spain in 1954.
Natta utilized catalysts developed for the polyethylene industry and applied the technology
to propylene gas. Commercial production began in 1957 and polypropylene usage has
displayed strong growth from this date. The versatility of the polymer (the ability to adapt
to a wide range of fabrication methods and applications) has sustained growth rates
enabling polypropylene to challenge the market share of a host of alternative materials in
plethora of applications. Metallocene based catalysis (since 1980s) enable to obtain
polypropylene with required structure like an isotactic, syndiotactic and atactic

stereoisomers [1].

Isotactic polypropylene is the most commercially used stereoisomer of PP. It has
many desirable and beneficial physical properties such as low density, high melting point
and chemical resistance. However, iPP has low melt strength and no strain hardening
which limits its use in foaming, thermoforming and so on. The most effective method to
improve the melt strength of PP is to introduce long chain branching (LCB) onto the
polypropylene backbone.

Several approaches have been developed to make branched polypropylenes. Some
include post-reactor treatments such as electron beam irradiation, peroxide curing and
grafting; other use in-reactor copolymerization. The branches in irradiated or peroxide
treatment polymers are generated thought radical-induce random chain scission followed
by recombination. Thus, the products are complex and the processes may be difficult to

control [2].

The change of molecular architecture in long chain branched polypropylene (LCB
PP) can affect not only rheological property but also crystallization property of PP [3].
However, the crystallization behavior of linear and LCB PP has seldom been studied in
detail. Many studies have been focused on the crystallization of grafted iPP. It is widely
accepted that grafted iPP partly acts as a nucleating agent for the matrix and accelerates the

crystallization rate. It can be concluded from limited literatures [4, 5] that LCB PP has
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higher crystallization temperature, shorter crystallization time, and broader melting range

when compared with linear PP.

The properties and processing of the polymers are often modified via addition of
nucleating agents, especially in the case of polymers with low crystallization rate. This
modification is quite common in iPP. Mostly the a-nucleating agents are used not only to
speed the crystallization and thus the processing, but also to improve clarity of the
material. For this purpose, nucleating/clarifying agents based on sorbitol are often used [6,
7, 8]. The crystallization and mechanical properties of i1PP containing o-
nucleating/clarifying agents are well documented in the literature [e.g. 9, 10]. However, the

behaviour of LCB PP modified by such nucleating agents is not complexly described yet.

Thus, in this work, the crystallization and morphology of LCB PP with commercial
sorbitol-based a-nucleating/clarifying agent is investigated. For this purpose, differential
scanning calorimetry, wide-angle X-ray scattering and polarized light microscopy were

used. Also optical properties were measured.
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1 LONG CHAIN BRANCHED POLYPROPYLENE

Isotactic polypropylene (iPP) has many advantageous properties when compared to
other commodity thermoplastics, such as PE, in all its forms, and PVC: it has high melting
point and low density; it shows excellent chemical resistance and high tensile modulus.
Commercial iPP is produced via Ziegler-Natta or metallocene catalysis; it consists of
highly linear chains and has a relatively narrow molecular weight distribution. As a
consequence, the iPP has relatively low melt strength and rather poor processing
characteristics in processes where the type of flow is predominantly elongation. Such
processes are foaming, thermoforming, extrusion coating and blow molding. The most
efficient way to enhance the melt strength of polymers with linear chains is by grafting

long chain branches (LCB) on them [3].

1.1 Methods of production

Long chain branched polypropylene (LCB PP) is mostly produced by grafting long
chain branches on the isotactic polypropylene linear backbone, either by electron beam
irradiation or in the melt by using peroxides with relatively low decomposition
temperature. These methods produce LCB PP with broadened molecular weight
distribution and complex branch structures. There are also some reports on the direct
synthesis of long chain branched polypropylene: using metallocene catalysis either directly
or via the addition of pre-made iPP macromonomers; using conjugated diene monomers;
via the metallocene-mediated polymerization of polypropylene in the presence of T-
reagent p-(3-butenyl)styrene. Another conceivable method is the modification by peroxide

reactions in the solid state in the presence or not of a co-agent [11].

1.1.1 Solid state reactions with co-agent

Co-agents can be used in combination with the organic peroxide to produce LCB on
1PP. It can be divinylbenzene (DVB), furfuryl sulphide (FS) or 1,4-benzenediol (RES). The
co-agents are bifunctional monomers, which are able, using their multiple function groups,
to react with macro-radicals formed on the neighboring iPP chains and form chemical

bridges between them [11].
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Fig. 1: Schematic presentation of the reaction mechanism involving DVB [11]

The schematic presentation of the reaction mechanism involving DVB is shown in
Fig. 1. Primary radicals formed by the decomposition of the peroxide (2) react with iPP (1)
to yield macro-radicals (3). Radicals of different reactivity (primary, secondary and
tertiary) are generated, but for the sake of simplicity only tertiary ones are depicted in

Fig. 1. These macro-radicals can, in principle, undergo B-scission of the chain end (4) and
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a secondary radical (5). At the same time, the macro radicals (3) can react by addition with
the unsaturated monomer (DVB) to yield the corresponding adduct (6), which can further
react with the secondary macro-radical in its vicinity to form the desired LCB PP. Another
route is that the adduct (6) forms the corresponding grafted product (7), i.e., PP-g-DVB,
after abstraction of a hydrogen from a neighboring PP chain. The remaining double bond

on the DVB moiety of the latter can further take part in a similar formation of LCB PP
[11].

1.1.2 Radical reactions

Long chain branches can be introduced by electron beam irradiation (physical
method) into linear polypropylene without using polymerization facilities and special
techniques or catalysts. The irradiation causes scission of linear chains followed by
recombination to branched molecular structure [12]. The main oxidative reactions

occurring during irradiation of a polymer resin are shown in Fig. 2.

R-R—R™+R~ (1)
R +0,—RO," (2)
RO, +RH—ROOH+R ™ (3)
RO, +R—ROOR (4)
RO,™+R0O5 —ROOR+0, (5)
ROOH—RO+ OH (6)
RO™—R'=0+R"~ (7

Fig. 2: Main oxidative reactions occurring during irradiation of polymer [13]

In the processes involving polymer ionization, oxygen plays a dominant role in
degradation reactions. This comes from both the oxidative chain reaction and the formation
of molecular products such as hydroperoxide groups as described by reactions (2) and (3)
in Fig. 2. These groups decompose slowly even at room temperature to re-initiate
oxidation chain processes as described by reactions (6) and (7). Polymer backbone scission
reaction results both from the decomposition of hydroperoxide species in alkoxyl radicals
as described by reactions (6) followed by the B-scission of these radicals as described the

reaction (7) and from peroxyl radicals described by reactions (2).
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The chemical method contains for example the reactive extrusion of iPP with
peroxydicarbonates (PODIC) or modification of iPP with peroxides in combination with

multifunctional monomers. Mechanism of radical reaction is shown in Fig. 3 [13, 14].

| H-abstracton

BenaeaRiE—die o e e o

Begrissio
sep 3 -slow
CH,H CH,H CH,
Lot o1
—Cc—C—C—C—C— CH, CHz;H CH;
[
H H

I

bod o
H—C—H
CHH_%_H
degradated i-PP
LCB i-PP

Fig. 3: LCB PP by radical reaction on iPP below 80 °C in inert atmosphere [14]

1.1.3 Heterogeneous catalysts

The one-pot process is advantaged with a simple one-step polymerization reaction,
almost the same as that of regular iPP preparation. In a regular metallocene-mediated
propylene polymerization, using commercial rac-SiMe,[2-Me-4-(1-NaPh)Ind],ZrCL/
MAQO catalyst, was introduced a branching agent, p-(3-butenyl)styrene (T-reagent) that in
situ forms the long chain branch structure (Fig. 4). The catalyst maintained high activity,
and the branch point density is basically proportional to the concentration of T-reagent. On
the other hand, the coupling process is advantaged with the well-defined long chain branch
structure. Before forming LCB structure, both backbone and side chain PP (linear)
polymers are well-characterized with known polymer molecular weight and distribution,
and the branch density is basically pre-determined before mixing two. Both the required
chemistries to prepare maleic anhydride modified PP backbone and amino group

terminated PP side chains were developed in our group [15].
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Fig. 4: Reaction mechanisms of heterogeneous catalysts [15]

1.1.4 Polymerization using peroxides

Long chain branched polypropylene can be produced by reactive extrusion with
peroxydicarbonate (PODIC). All PODIC-modified samples show enhanced strain
hardening, and PODIC with non-linear or large linear alkyl groups resulted in the modified

PP with the highest degree of branching and the fastest strain hardening [14].

Amount of LCB can be controlled by the type and the amount of PODIC used for the
modification. The peroxide structure had a direct influence on the branching level of
modified iPPs. Polypropylene has a tendency to undergo B-scission because of the nature
of its molecular structure, and this competes with grafting and cross-linking reactions

during the reactive extrusion process [ 14].

When iPP is modified by peroxide and polyfunctional monomer, the reaction and the
product components become very complex. Degradation reactions makes the molecular
weight to decrease, grafting reaction introduced short chain branch (SCB) structure,
branching reaction introduces LCB structure, and gel will be produced if cross linking
reaction can happen. The complex reactions as well as the complex products make the

investigation on LCB PP very difficult [16].
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1.2 Properties and applications

In comparison with polyethylene, polypropylene has higher melting point, lower
density, higher chemical resistance, better mechanical properties and lower cost which
make this material versatile for industrial applications. Due to their low melt strength linear
polypropylene cannot be used in processes where elongational properties and melt strength

are dominant, such as film blowing, blow molding and foaming [17].

Long chain branched, moderately cross-linked or highly branched polymers has
better rheological properties: lower Newtonian viscosity and strong shear thinning at same
molecular weight, strong melt elasticity expressed by the first normal stress difference and

storage modulus and enhanced strain hardening under elongational flow [18].

Long chain branched polypropylene has a wide application field. It can be used in:

thermoformable, foamed films and sheets;

e lightweight packaging trays, beakers and containers;

e microwaveable food packaging;

e technical foams for automotive applications such as headliners, door liners, carpet

backing and so on.

Foam extrusion has three specific steps comprise of:

dissolving of a blowing agent gas in the polymer melt;

cell nucleation;

cell growth and stabilization.

In order to perform these additional steps, foaming extruders are longer than standard
types, typically with an overall L/D ratio > 40, in either a single or tandem extruder

configuration [19].

Foam extrusion of PP has lot of problems such as low bubble stability, non-
controlled bubble growth and coalescence of bubbles. Product benefits of high-melt
strength polypropylene with some degree of LCB in foam extrusion are contrary to
conventional polypropylenes. These LCB PP resins offer both, high strength and high draw
ability in the melt phase.

Typical applications of LCB PP foams are [16, 19]:
e thermo-formable foamed films, sheets and planks;

o lightweight packaging trays, beakers and containers for food packaging;
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e microwaveable containers for heating of food stuff;

e thermo-formable technical foams for automotive applications.
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2 CRYSTALLIZATION

Crystallization of polymers is a process which is responsible to the formation of a
new crystalline phase. It occurs within the cooling polymer at the so-called nuclei upon
lowering the polymer's temperature below its melting temperature. This process consists
of several stages of nucleation and growth. There are essentially two major types of

nucleation in polymers: homogeneous and heterogeneous.

The homogeneous nucleation which is characterized by a constant rate of nucleation
stems from statistical fluctuations of the polymer chains in the melt. The heterogeneous
nucleation, on the other hand, is characterized by a variable rate and a relatively low super-
cooling temperature. This occurs in the presence of foreign bodies which are present in the
polymer melt and which increase the rate of crystallization, acting as alien heterogeneous

nuclei and reducing the free energy for the formation of a critical nucleus [20].

When semi-crystalline polymers crystallize from the melt (typically during the
cooling phase of a process), the lamellae organize from a primary nucleus to form complex
macro-structures called spherulites. It is widely known that these spherulites continue to
grow until they impinge on an adjacent spherulite at which point the growth ceases. The
ultimate size of these spherulitic structures dictates a number of properties of the polymer,
including optical and physical characteristics. Additionally, for crystal growth to
commence there is a primary process that has to occur, called nucleation; this is basically
the formation of a focal center around which the lamellae can organize themselves. This
process is displayed in Fig. 5. The secondary process of crystal growth follows nucleation

and 1s characteristic for polyolefins [21].
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Fig. 5: Comparison of homogeneous and heterogeneous crystallization process [22]

From thermodynamic considerations alone, a crystal is in a lower free energy state
than the liquid when the temperature is below the melting point for a large crystal of a very

high molecular weight polymer. Crystallization adheres to Gibbs free energy [23]:

AG=AH-TAS (1),

where AG is change in free energy, AH is change in enthalpy, T is temperature and AS is

change in entropy.

When AG is:
e negative — crystallization proceeds spontaneously;
e zero — system is at equilibrium;

e positive — crystallization will not proceed.

2.1 Isothermal crystallization

Quantitative characteristics of crystallization are usually determined by kinetics
studies under isothermal conditions. For this purpose, changes in crystallinity with time are
recorded at different crystallization temperatures. These plots are called crystallization

isotherms, and they have a typical sigmoidal shape [24].
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Avrami equation can specifically describe the kinetics of crystallization, can be
applied generally to other change of phase in materials, like chemical reaction rates and

can even be meaningful in analyses of ecological systems [25].

An equation, describing crystallization kinetics, is:

1-p~exp(-Kt") (2),

where ¢, is the crystalline volume fraction developed at time # and constant temperature,
and K and » are suitable parameters. K is temperature dependent. According to the original
theory, n should be an integer from 1 to 4, the value of which should depend only on the
type of the statistical model; however, it has become customary to regard it as an

adjustable parameter that may be non-integral [26].

2.2 Polypropylene crystallization

Polypropylene can exist in different morphological forms, depending on the tacticity
of the resin and the crystallization conditions, such as pressure, temperature and cooling
rate. Different form can co-exist and one polymorphic form can change into another as

conditions changes. There are three modifications [27]:

e a-phase (monoclinic): Polymer chains in the o-form of isotactic polypropylene
form a helical structure in the monoclinic unit cell. Lamellae thickness is 5-20 nm.
Radial growth of lamellae is dominant; however lamellae can also associate
tangentially, with the tangential lamellae branching of approximately orthogonally
from the plane of the radial lamellae. The o-form is the primary form of

polypropylene obtained under normal processing conditions.

e [-phase (hexagonal): The B-form of isotactic polypropylene has a hexagonal unit
cell structure (or according to Varga trigonal unit cell), with more disorder than the
a-form. Polypropylene can crystallized in the B-form at specific crystallization

conditions, mainly in the presence of specific nucleating agents [28—30].

e y-phase (orthorhombic): The y-form of isotactic polypropylene was initially
considered to have a triclinic unit cell with dimensions similar to the a-form, but

the crystal structure was recently reassigned as an orthorhombic unit cell with
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nonparallel, crossed lamellae. The vy-form develops under high pressure

0f 200 MPa.

Each of the forms of iPP possesses different physical properties. The most
thermodynamically stable a-form has the highest melting temperature and E-modulus,

while B-form has significantly improved impact strength and drawability [29, 30].

2.3 Nucleating agents

Nucleating agents are chemical substances which when incorporated in plastics form
nuclei for the growth of crystals in the polymer melt. In polypropylene, for example, a
higher degree of crystallinity and more uniform crystalline structure is obtained by adding

a nucleating agent such as adipic and benzoic acid or certain of their metal salts [31].

Generally, three classes of nucleating agents can be distinguished:
e conventional nucleating agent;
e advanced nucleating agent;

¢ hyper nucleating agent.

The heterogeneous nucleation is also profitably applied to improve clarity of the
material. Such nucleating agents are called clarifying agents and they dramatically
decrease the opacity of the polymer. For example, common clarifying agent used in
polypropylene is Millad 3988, based on 1,3;2,4-bis(3,4-dimethylbenzylidene)sorbitol
[22, 32, 33].

Conventional nucleating agents are the oldest nucleating agents. The most commonly
used even until today are talc, sodium benzoate and aromatic carboxylic acid salts. Fillers
such as talc usually induce a-form in iPP, however many organic agents also can promote
the formation of a- and B-form. In some industrial application talc is preferred for its low
cost. Usage of talc brings about several modifications of polypropylene properties, which
increase the industrial interest for this particular composite [34].

Advanced nucleating agents are known since 1980°s and it is a newer class of
nucleating agents. These have since become widely used in copolymer resins that require
additional modulus enhancement and faster crystallization. Most important among these

advanced nucleating agents are the phosphate ester salts [35].

Hyper nucleating agents are the most recently developed and offer processors and

users the combined benefits of high crystallization rates and isotropic shrinkage control



TBU in Zlin, Faculty of Technology 24

which lead to improved production and part quality performance, in addition to the
traditional mechanical property-related enhancements. Hyper nucleation technologies can
also be combined to find the appropriate balance of dimensions and properties. Thus, this
newest class of hyper nucleation technologies combines the main benefits of traditional
nucleators whilst further optimizing performance and thus broadening the use window

of polypropylene and polyethylene [36].

2.3.1 Nucleating agents for polypropylene

Application of nucleating agent in polypropylene is, together with shortening of
processing time, traditionally used to improve physical properties and, in the case of some
a-nucleating agents called clarifying agents, dramatically improve aesthetics of PP.
Nucleating agents for polypropylene are generally divided into two groups: a-nucleating
agent causing the crystallization into o-phase and p-nucleating agent for inducing
formation of trigonal B-phase. The typical a-nucleating agents consist of sodium benzoate,
kaolin or talc. The B-nucleating agent, are for example triphenodithiazine, pimelic acid

with calcium stearate and so on [27].

The most common o-nucleating agents are sorbitol based derivates. Sorbitol based
nucleators provide significant improvement over conventional nucleating agents both in
nucleating efficiency and clarity. Unlike the dispersion type nucleators, they dissolve in the
molten PP and disperse uniformly in the matrix. When the PP cools, the nucleator first
crystallizes in the form of a three-dimensional fibrillar network of nanometric dimensions.
The fibrils serve as nucleating sites for iPP, probably due to epitaxial growth. The most
common examples of this type of nucleators are:

e 1,2,3 4-bis-dibenzylidene sorbitol (DBS);

e 1,2,3.4-bis-(p-methoxybenzylidene sorbitol) (DOS);

e 1,2,3,4-bis-(p-methylbenzylidene sorbitol) (MBDS);

e 1,3;2,4-di-(3,4-dimethylbenzylidene sorbitol) (DMDBS).

The major drawback of DBS is its fast evaporation rate during processing. Modified
structures of DBS such MBDS and DMDBS have been developed to solve this problem

and improve the nucleating efficiency [20].

DMDBS (trade name Millad 3988) is the most successful clarifying agent (see Fig.

6). When the iPP cools, the nucleator first crystallizes in the form of a three-dimensional
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fibrillar network of nanometric dimensions. The nanoscale fibril network serves as
nucleating sites for polypropylene, due to its large surface area, leading to enhanced

nucleation of small polymer crystal [37].

Fig. 6: Molecular structure of a-nucleating agent Millad 3988 [37]

Nucleators like DMDBS can reduce haze from 90 to 28 % in contrast to sodium
benzoate, which didn't improve optical properties. Physical and chemical properties of

Millad 3988 are show in Table 1.

Table 1: Properties of Millad 3988 [38]

Appearance at 20 °C and 101.3 kPa White powder
Melting point (range) 261-265 °C
Density (at 22 °C) 725 kg/m’
Water solubility (at 22 °C) 4.76x10” g/l
Fat solubility (at 37 °C) 4.49x107 g/100g fat
Autoignition temperature >420 °C
Particle size distribution 100%>38 pm
67 %>300 um

In melt-crystallized material the predominant polymorph is a-form (monoclinic).
The B-form (trigonal) generally occurs at levels of only a few percent, unless certain
heterogeneous nuclei are present or the crystallization has occurred in a temperature
gradient or in the presence of shearing forces. B-crystals have a melting point that is

generally 10—15 °C lower than that of a-crystals.

Differences between a- and B-forms of polypropylene are show in Table 2:
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Table 2: Alpha and beta phase differences [39]

a-form B-form

Melts at ~ 150 °C Melts at ~ 150 °C

More ductile phase — lower forces needed
Most common phase

for stretching

Many nucleants known Transforms to o-form on stretching

Undergoes more uniform drawing than o-

form, and exhibits microvoiding

There are several substances that can act as B-nucleating agents: quinacridone
pigments, salts of dibasic organic acids. The first effective beta nucleating agent was
the y-modification of linear trans quinacridone (LTQ). On the other hand there are many

B-nucleating agents which are commercially available such as NJ Star NU-100, see Fig. 7
[37, 40].

¢

Fig. 7: Molecular structure of p-nucleating agent NJ Star NU 100;
N,N’-dicyclohexylnaphthalene-2,6-dicarboxamide [37]

2.3.2 Nucleation of LCB PP

While the nucleation of isotactic polypropylene by a-nucleating/clarifying agent is
well documented and widely studied [see e.g. 6-8], mainly iPP with commercial clarifying
agent Millad 3988, the crystallization and properties of LCB PP modified by nucleating
agents has not been overall investigated yet. Thus, this Master thesis is focused on the
possible heterogeneous nucleation of LCB PP, the crystallization kinetics, morphology

development and optical properties are studied.
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II. EXPERIMENTAL
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3 MATERIALS

3.1 Polypropylene

In this study two types of polypropylene were examined. The first one was long
chain branched polypropylene Daploy WB130HMS supplied by Borealis Company. This
material was produced by monomer grafting during the radical-driven reactions of iPP with
peroxides to create long chain branches [42]. The next material which served as reference

was linear homopolymer HC600TF supplied by Borealis Company as well. Physical

properties of these two materials are summarized in Table 3.

Table 3: Physical properties of Daploy WB130HMS and HC600TF

Property Test method Unit LCB PP PP

Melt flow rate (230 °C; 2.16 kg) ISO 1133 | g/10min 2.0 2.8
Flexural modulus ISO 178 MPa 1 900 1 500
Tensile strength at yield ISO 527-2 MPa 40.0 35.0
Heat deflection temperature A ISO 75-2 °C 60.0 85.0

Charpy impact strength (23 °C) ISO 179/1eA | kJ/m® 3.0 4.0

3.2 Nucleating agent

In the work o-nucleating/clarifying agent Millad 3988 based on 1,3:2,4-bis-
(dimethylbenzylidene)sorbitol was applied. It is white powder with melting point
261-265 °C and its density is 725 kg/m’ at 22 °C. The producer of the nucleating agent is
Milliken Company, Belgium. The structure of Millad 3988 is shown in Fig. 6.

3.3 Compounding

The blend of LCB PP Daploy WBI30HMS and 0.2 wt. % of clarifying agent
Millad 3988 were prepared in two steps. First the nucleating agent was manually immixed
into polypropylene pellets and subsequently, the blend was processed using a Brabender
twin screw extruder. Before adding of nucleating agent into pellets 0.3 wt. % of paraffin oil
was immixed for 10 minutes for better dispergation of the Millad 3988. After, the

nucleating agent was also immixed into pellets for 10 minutes and subsequently the
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mixture was compounded in twin screw extruder. Finally, the extruded rod was pelletized.
The final blend composition is listed in Table 4 and compounding conditions are

summarized in 7Table 5.

Table 4. Composition of the blend

Nucleator Polypropylene Parafin oil Suma
wt. % [g] wt. % [g] wt. % [g] [ml] [g]
0.20 4.50 99.50 | 2238.75 0.30 6.75 7.76 2 250.00

Table 5: Compounding conditions

Input sector Compression sector Output sector Frequency
(°0) (°0) (°0) (min™)
180 200 210 50
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4 SAMPLE PREPARATION

Plates with dimensions of 125.0x60.0x0.5 mm were compression-moulded from both
virgin materials and also from prepared blend of LCB PP with nucleating agent. The
material was put into preheated mould and after 5 min pressing at 210 °C the plates were

cooled at 50 °C for 6 min.

4.1 Differential scanning calorimetry

For differential scanning calorimetry (DSC) cylindrical discs with diameter 5 mm
were cut from the prepared plates using a hole-puncher. They were weighed, put into the
aluminum pan and covered with an aluminum cover. The pan and the cover were crimped

with a special toll supplied by Perking-Elmer.
4.2 Wide-angle X-ray scattering
After DSC analysis, the aluminum pans were opened and the samples were used for
wide-angle X-ray scattering (WAXS).
4.3 Polarized light microscopy

Samples for polarized light microscopy (PLM) were cut using a Leica RM2255
rotary Microtome form the disc which were used for DSC and WAXS analysis. The
cutting thickness was 40 um. Samples were situated on object plate with drop of paraffin

oil and were covered with micro-cover slip. They were examined at two magnitudes.

4.4 Optical properties

Samples for optical properties analysis were cut directly from compression-moulded

plaques using scissors. The dimensions were 50x50 mm.
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5 METHODS OF ANALYSIS

The crystallization of prepared samples was studied using differential scanning
calorimetry. The morphology was observed via optical microscopy and crystallinity was
calculated from wide-angle X-ray scattering patterns. Optical properties were analyzed as

well.

5.1 Differential scanning calorimetry

Crystallization and melting measurements were carried out using a Perkin-Elmer
Pyris 1 power-compensated differential scanning calorimeter with a nitrogen purge
(20 ml/s). The temperature calibration was performed using indium. As for isothermal
measurements, samples were heated from 50 do 220 °C at a heating rate of 10 °C/min, then
melted at 220 °C for 5 min to erase thermal history, and subsequently cooled at 200 °C/min
to the given crystallization temperature (T.=130, 135, 140, 145 and 150 °C). The samples
were annealed at crystallization temperature until the crystallization was completed. After,
the samples were subjected to X-ray analysis and optical testing. Subsequently they were

heated again using heating rate of 10 °C/min.

Regarding dynamic DSC scans, the process was similar to isothermal crystallization,
except in cooling part when cooling rate of 10 °C/min was applied and the material was

cooled to 50 °C.

5.2 Wide-angle X-ray scattering

Final structure of the samples crystallized under controlled condition in DSC was
examined by wide-angle X-ray scattering. A X’PERT PRO MPD (Multi-Purposed
Diffractometer) by PANanalytical Company was employed. The diffractometer is
equipped with CuK, in transmission mode and nickel filter of thickness 0.2 mm. Radial
scans of intensity vs. diffraction angle 20 were recorded in the range of 7° to 30° by steps

0f0.026°.

5.3 Polarized light microscopy

In order to observe morphology of the crystallized samples, a Zeiss NU microscope

was used. Micrographs of the structure were taken using a SONY F-717 digital camera.
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5.4 Optical properties

Haze of as-processed plaques was measured using a Haze-Gard Plus instrument
(BYK-GARDNER Co.) according to ASTM D1003. Haze is defined as a percentage of
transmitted light being scattered in an angle higher than 2.5 °.
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III. RESULTS AND DISCUSSION
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6 OPTICAL PROPERTIES

First of all, as-processed compression-moulded plaques of each material, i.e. long
chain branched polypropylene (LCB PP), long chain branched polypropylene with
nucleating agent Millad 3988 (LCB PP+NA) and linear polypropylene (PP), were
subjected to optical properties testing. The results are summarized in Table 6. As can be
seen, linear PP possesses the highest haze as could be expected. In such material
homogeneous nucleation proceeds and thus relatively large spherulites could be formed.
On the other hand, LCB PP shows the lowest haze. It can be concluded that the presence of
long chain branches in polypropylene plays a role of clarifier and significantly decreases
the haze. What is quite surprising is the higher value of haze in the case of LCB PP+NA as
compared to LCB PP. Generally, the addition of clarifying agent into polypropylene leads
to considerable decrease of haze. Evidently, this is not true in the case of LCB PP where,

contrary, the presence of clarifying agent increases the haze nearly to the value of liner
polypropylene.

Table 6. Haze of the materials

Material Haze
PP 414
LCB PP 31.2
LCB PP+NA 39.3
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7 NON-ISOTHERMALLY CRYSTALLIZED SAMPLES

Samples for non-isothermal crystallization were prepared as is described in Chapter
4.1. Then the melting, non-isothermal crystallization and re-melting were analyzed in
differential scanning calorimeter. Before re-melting also morphology of the materials was

examined via WAXS and polarized light microscopy.

7.1 Differential scanning calorimetry

From a thermograms obtained from DSC, values of melting temperature (Tp),
melting enthalpy (AH,,), crystallization temperature (T,), crystallization enthalpy (AH,), re-
melting temperature (Tm,) and re-melting enthalpy (AHm,) were analyzed. These results
are listed in 7able 7. The melting and crystallization temperatures represent the maximum

of the peaks obtained from DSC thermograms.

Table 7: Results obtained from DSC for non-isothermal crystallization

Material Tm AHp, T. AH, Tm2 AHpm
[°C] [J/g] [°C] [J/g] [°C] [J/g]
PP 164.9 93 112.9 101 161.9 93
LCB PP 158.6 90 128.8 91 159.9 94
LCB PP+NA | 1575 91 130.8 91 160.4 99

The highest melting temperature possesses linear PP (approx. 165 °C), other two
materials, LCB PP and LCB PP+NA, show T, lower of 6 and 7 °C, respectively. The
melting temperature is connected with lamellae thickness, thus it could be expected that in
linear PP the crystallites are more perfect with thicker lamellae [43]. The values of melting
temperature of LCB PP and LCB PP+NA are quite similar. As for melting enthalpy, the

values are nearly identical for all samples.

The individual melting thermograms of all samples are shown in Figs. §—/0. In these
figures also the re-melting thermograms are plotted to compare both curves. In all cases,
the melting endotherms of first melting scan show only one dominant peak corresponding
to melting of a-phase (approx. 160 °C). However, the shoulders of the peaks at lower

temperature can be observed. These shoulders could be connected with the presence of
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trigonal B-phase within the crystal structure, even in linear polypropylene. This is not very
probable in the case of LCB PP and LCB PP+NA where only a-phase is expected. On the
other hand, these small peaks could also reflect the presence of two a-phases differing in
the perfection of the structure [24]. However, the presence of B-phase in the samples

should reveal the X-ray analysis, which is discussed thereinafter.

1% melting

Heat Flow (a.u.)

2" melting

T T T T T T T
60 80 100 120 140 160 180 200 220

Temperature (°C)

Fig. 8: Melting thermograms of PP
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Fig. 9: Melting thermograms of LCB PP
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Fig. 10: Melting thermograms of LCB PP+NA



TBU in Zlin, Faculty of Technology 38

The crystallization temperature, as can be seen in Table 7, is the lowest in the case of
linear PP (T=112.9 °C). The values of LCB PP and even LCB PP+NA are significantly
higher, 128.8 and 130.8 °C, respectively. The difference is approx. 16 °C in LCB PP; this
increase is caused by the presence of long chain branches which serves as heterogeneous
nucleating agent increasing crystallization temperature, as has been already published [44].
The addition of Millad 3988 further increases the value of T. of 2 °C, however, such
increase is not that much significant. The values of crystallization enthalpy of all samples
are again quite similar; the value of linear PP is somewhat higher. Nevertheless, these

values correlate with the values of melting enthalpy.

The crystallization exotherms of all samples are shown in Fig. /]. Here, the dramatic
increase of crystallization temperature in LCB PP and LCB PP+NA can be clearly
observed. Moreover, the exotherms of LCB PP and LCB PP+NA are symmetrical while
that one of linear PP is deformed. This points to the faster and more regular crystallization

in LCB PP and LCB PP+NA.

LCB PP+NA
B

o LCB PP
2
(@]
m
©
()
I

PP

| ! | ! | ! | ! | ! | ! | ! | ! |
90 100 110 120 130 140 150 160 170

Temperature (°C)

Fig. 11: Crystallization exotherms of the samples
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Table 7 also shows the values of re-melting temperatures and re-melting enthalpy.
These values are very similar for all samples. The re-melting endotherms are plotted in
Figs. 8§—-10. As compared to first melting scans no shoulders (or neglectable) can be
observed. Thus the structure formed during controlled crystallization in DSC is more

uniforms as compared to the structure formed during sample preparation in manual press.

7.2 Wide-angle X-ray scattering

The crystallinity and polymorphic composition of the non-isothermally crystallized
samples were analyzed using wide-angle X-ray scattering. The crystallinity was calculated
from WAXS patterns as the ratio of the integral intensities diffracted by a crystalline part
(Ic) and total integral intensities (I): X=I/I. The individual values are listed in 7able 8. It
can be seen that linear PP possesses the highest value of crystallinity while the lowest one
shows LCB PP. The addition of Millad 3988 into the LCB PP leads to significant increase
of crystallinity of 8 % more. The values of crystallinity obtained from WAXS do not fully
correspond to the values of crystallization and re-melting enthalpy from DSC which can be
used for crystallinity determination. Nevertheless, the data obtained from WAXS have a
better relevance since they are not such dependent on human factor during evaluating and

moreover on re-crystallization processes which can occur during DSC measuring.

Table 8: Crystallinity of non-isothermally crystallized samples

Material Crystallinity (%)
PP 70
LCB PP 59
LCB PP+NA 67

Fig. 12 shows WAXS patterns obtained for all the non-isothermally crystallized
samples. The typical diffraction peaks associated with a-phase can be observed at angles
206=14.2, 17 and 18.8 °. No B-diffraction peat (at 20=16.2 °) is observed. Thus, only a-

phase has been formed in all the materials.
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Fig. 12: WAXS patterns of all non-isothermally crystallized samples

7.3 Polarized light microscopy

Polarized light microscopy was used to directly observe structure formed during
controlled non-isothermal crystallization in DSC. It can be clearly seen in Figs. /3 and /4
that linear PP shows typical spherulitical structure: the spherulites are quite large and very
well observed. On the other hand, the spherulites cannot be distinguished in other two
samples. The crystalline objects in these samples are too small to be observed in polarized
light microscopy. This is caused by the fact that the long chain branches serves as
heterogeneous nucleating agent increasing the number of crystallites and thus significantly
decreasing their size [45]. The structure of LCB PP and LCB PP+NA is very similar. For
more detailed analysis of the structure another method should be used, such as scanning

electron microscopy.
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LCB PP + NA LCB PP

Fig. 14: Micrographs of the non-isothermally crystallized samples; high magnitude
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8 ISOTHERMALLY CRYSTALLIZED SAMPLES

Samples for isothermal crystallization were prepared as is described in Chapter 4.1.
Then isothermal crystallization at several temperatures ranging from 130 to 150 °C and
subsequent melting were analyzed in differential scanning calorimeter. Before re-melting
also morphology of the materials was examined via WAXS and polarized light

microscopy. The kinetics of isothermal crystallization was evaluated according to Avrami.

8.1 Differential scanning calorimetry

The results obtained from DSC analysis are listed in 7Table 9. In this table Avrami
parameters n and K, halftime of crystallization t;,, crystallization enthalpy AH., melting

temperature T, and melting enthalpy AH,, are shown.

Table 9: Result from isothermal DSC analysis: crystallization and melting characteristics

Material T, n K tin AH. T AHp,
[°C] [-] [-] [min] | [J/g] | [°C] | [J/g]

130 1.84 1.51x10™ 1.8 80 163.3 108

135 2.04 6,01x10° 5.1 106 164.7 107

PP 140 1.97 5.93x10” 20.3 110 167.4 108

145 1.94 1.38x107 48.9 111 170.8 107
150 1.66 1.04x107 55.4 118 175.1 113

130 - - - - 159.3 98
135 - - - - 160.0 &9
LCB PP 140 - - - - 161.5 92

145 2.23 1.56x107 2.0 75 161.0 93
150 239 | 3.09x107 7.6 83 164.4 91

130 - - - - 159.1 100
135 - - - - 160.4 95
LCB
140 - - - - 160.7 93
PP+NA .
145 1.88 1.00x10° 2.2 84 161.2 95

150 2.87 5.34x10° 5.6 81 163.7 86
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In the case of LCB PP and LCB PP+NA crystallized at relatively low crystallization
temperatures (namely 130, 135 and 140 °C) no Avrami characteristics and crystallization
enthalpy is shown. This is caused by fast crystallization which started even before
achievement crystallization temperature. Thus the crystallization peaks were not complete

and it was not possible to evaluate Avrami kinetics of crystallization.

To evaluate Avrami equation not all obtained data of crystallization curve
(percentage of crystallized phase vs. time) were used. Only the data from 20 to 80 %

crystallized phase were used since the ending data could misrepresent the results.

It can be seen in Table 9 than Avrami exponent reaches the values approx. 2 in all
cases. However, the values are fractional. In polymer crystallization from an entangled
melt, non-integer values of are often obtained, indicative of an overlap of different crystal
growth geometries [46]. The rate constant K from Avrami equation shows decreasing
tendency with increasing crystallization temperature in all cases of material. This is well

known fact well described in literature.

The crystallization halftime which is defined as a time at which the extent of
crystallization is 50 % completed can be used to describe the rate of crystallization; long
crystallization halftime corresponds to a slow crystallization rate. It can be seen in Table 9
that in the case of linear PP the crystallization halftime dramatically increases with the
increasing crystallization temperature while the crystallization rate decreases as could be
expected. In the case of LCB PP and LCB PP+NA only two values of t;» could be
evaluated for T, = 145 and 150 °C, however in both cases the t;;, is lower for higher T..
The addition of Millad 3988 into LCB PP slightly speeds the crystallization rate as the

values of t;» of LCB PP+NA are somewhat lower.

Table 9 also summaries the values of crystallization enthalpy AH.. As can be seen
the values of AH. increase with increasing crystallization temperature what is especially
evident in the case of linear PP for which all the values could be evaluated. Only one
exception is LCB PP+NA; here the value of AH; is slightly higher for lower crystallization
temperature. Such difference is nevertheless very small and the values are comparable.
This tendency points to increasing crystallinity with increasing crystallization temperature
and such prediction can be proved via WAXS experiment which is discussed thereinafter

in the text.
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Fig. 15: The dependence of melting temperature on crystallization temperature at

which the samples crystallized

The last characteristic which is listed in Table 9 is melting temperature of
isothermally crystallized materials. The dependence of melting temperature on
crystallization temperature at which the samples crystallized is shown in Fig. 15. It can be
observed that linear PP possesses significantly higher melting temperatures as compared to
other two materials. The values of melting temperatures of LCB PP and LCB PP+NA are
similar. Thus the addition of Millad 3988 does not significantly influences the structure
formed during isothermal crystallization of LCB PP. What is also observed is increasing
tendency of Ty, with increasing crystallization temperature. This trend is observed for all

the samples. This is connected of creation of more perfect structure during slow

crystallization at higher T..

Figs. 16-20 show the crystallization exotherms formed during crystallization at
different T.. In each figure the crystallization exotherms of all three materials are
compared. In all figures the significant difference in the exotherms of linear PP and

LCB PP (resp. LCB PP+NA) can be observed. Linear PP shows broad peak while other
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two materials show sharp peak which is finished in very short time. The peak is even
sharper in the case of LCB PP+NA than LCB PP. These results correspond to the Avrami
characteristics listed in Table 9. It can be also seen in the Figs. [16—18 that the
crystallization peaks of LCB PP and LCB PP+NA are not complete; the onset of the peak
is not recorded due to very fast crystallization which proceeds even during fast cooling to
crystallization temperature. Another feature which is observed is the deformation of
crystallization exotherms of linear PP. Thus the crystallization does not proceed fluently

and the rate of crystallization changes with time.

PP

LCB PP

Heat Flow (a.u.)

Time (min)

Fig. 16: Crystallization exotherms of isothermally crystallized samples at 130 °C
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Heat Flow (a.u.)

LCB PP+NA

Time (min)

Fig. 17: Crystallization exotherms of isothermally crystallized samples at 135 °C

| | | | | | | | | | |
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Time (min)

Fig. 18: Crystallization exotherms of isothermally crystallized samples at 140 °C
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Fig. 19: Crystallization exotherms of isothermally crystallized samples at 145 °C

N "
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LCB PP + NA
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Fig. 20: Crystallization exotherms of isothermally crystallized samples at 150 °C
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The crystallization exotherms of individual materials formed at different
crystallization temperatures are compared in Figs. 2/-23. In these figures the gradual
prolongation of crystallization time with increasing crystallization temperature is clearly
seen. The crystallization exotherm becomes broader and shallower with higher T, in all
cases. Corresponding crystallization curves (relative crystallinity vs. time) are plotted in
Figs. 24-26. The curves were obtained via integration of exothermic peaks. In the case of
LCB PP and LCB PP+NA only the curves connected to T, 145 and 150 °C are shown since
the others could not be evaluated due to non-complete crystallization exotherms what was
discussed earlier in the text. It can be seen it these figures that the crystallization curves

possesses typical sigmoid shape. The prolongation of t;, with increasing T, is evident.

i

~ 145°C
= \ 140°C
> 135°C
(@]
i
B
5]
T \
\J 130°C
T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140

Time (min)

Fig. 21: Crystallization exotherms of linear PP isothermally crystallized at

different temperatures
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Fig. 22: Crystallization exotherms of LCB PP isothermally crystallized at

different temperatures
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Fig. 23: Crystallization exotherms of LCB PP+NA isothermally crystallized at

different temperatures
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Fig. 24: Crystallization curves of linear PP isothermally crystallized at different
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25: Crystallization curves of LCB PP isothermally crystallized at different

crystallization temperatures
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Fig. 26: Crystallization curves of LCB PP+NA isothermally crystallized at

different crystallization temperatures

The melting endotherms of isothermally crystallized materials are shown in Figs.
27-29. It can be seen in Fig. 27 that melting curve of linear PP crystallized at low T, (130
and 135 °C) consists only of one melting peak corresponding to melting of a-phase. The
increase of T, then causes broadening of melting peak leading to creation of the shoulder
and finally at the highest T, second individual peak. This splitting of melting peat into two
peaks might be caused by the formation of two crystalline phases during crystallization:
These two phases have different thermodynamical stability. The creation of two phases is
also proved by formation of deformed crystallization peak during isothermal crystallization

of linear PP (see Fig. 21).

The formation of the shoulder of melting peak is also observed in the case of LCB
PP (see Fig. 28). However, here the shoulder is not as significant as in previous case
(linear PP). The distinct shoulder is not observed in melting thermograms of LCB PP+NA
(see Fig. 29).
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Fig. 27: Melting endotherms of linear PP isothermally crystallized at different

crystallization temperatures
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Fig. 28: Melting endotherms of LCB PP isothermally crystallized at different

crystallization temperatures
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Fig. 29: Melting endotherms of LCB PP+NA isothermally crystallized at different

crystallization temperatures

8.2 Wide-angle X-ray scattering

The values of crystallinity of isothermally crystallized samples were calculated from

WAXS patterns as described earlier in the text (Chapter 7.2). The results are listed in Table

10 and graphically expressed in Fig. 30. Individual WAXS patterns are shown in

Figs. 31-33.

Table 10: Crystallinity values of isothermally crystallized samples

T, PP LCB PP LCB PP+NA
[°C] [%]
130 70 67 65
135 70 68 65
140 73 71 66
145 80 72 63
150 82 72 76
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It is clear from Fig. 30 that linear PP possesses the highest values of crystallinity

among all the material. This corresponds with the crystallization enthalpy values obtained

from DSC analysis (see Table 9). The lowest values of crystallinity show LCB PP+NA.

The overall trend with increasing T, is increasing and such result also corresponds with

DSC data. Only one yawing value which can be observed is 63 % of crystallinity of

LCB PP+NA crystallized at 145 °C. This could be taken as a mistake in measurement. The

increasing crystallinity with increasing T, was expected; the slower crystallization enables

better crystallites organization.

100 1 1 1 1 1

90

80

Crystallinity (%)

| —=—PP --&-LCBPP -4 LCBPP+NA

70 I—.%: ----------- ¢ ---- '----— -

______ @
@ -----
Ao Y CEPETREEEL . A -
''''' A
60
50 T T T T T ! | ! |
130 135 140 145 150

Crystallization Temperature (°C)

Fig. 30: The dependence of crystallinity of isothermally crystallized samples on

crystallization temperature

WAXS patterns reveal that only oa-phase was

formed during

isothermal

crystallization in all samples see Figs. 3/1—33. Typical diffraction peaks for a-phase are

observed while B-diffraction peak is not visible.



TBU in Zlin, Faculty of Technology

55

Intensity (a.u.)

150°C
145°C
140°C
135°C
130°C

20 (degree)

30

Fig. 31: WAXS patterns of linear PP isothermally crystallized at different

crystallization temperatures
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Fig. 32: WAXS patterns of LCB PP isothermally crystallized at different

crystallization temperatures
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Fig. 33: WAXS patterns of LCB PP+NA isothermally crystallized at different

crystallization temperatures

8.3 Polarized light microscopy

The morphology formed during isothermal crystallization of the samples was
observed via polarized light microscopy and corresponding micrographs are shown in Figs.
34 and 35. It can be seen that linear PP shows relatively large spherulites with distinct
boundaries and their size further increases with increasing crystallization temperature.
Such structure was formed via homogeneous nucleation. On the other hand, in LCB PP and
LCB PP+NA no spherulites are observed. It is presumed that they are very small, not
observable via polarized light microscopy. Such structure was initiated by heterogeneous
nucleation. In Fig. 35 the grainy structure is evident in LCB PP and LCB PP+NA, however
each crystallites are not distinguished. For better structure analysis scanning electron
microscopy should be used. Nevertheless, it is evident that the structure formed in LCB PP
and LCB PP+NA is quite similar and according the results does not significantly changes

with increasing T..
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Fig. 34: Micrographs of isothermally crystallized samples, low magnitude
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Fig. 35: Micrographs of isothermally crystallized samples, high magnitude
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IV. CONCLUSION
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In this master thesis the presence of common a-nucleating/clarifying agent Millad
3988 on both isothermal and non-isothermal crystallization and morphology of long chain
branched polypropylene was examined. For comparison, linear polypropylene was studied
as well. For these purposes, differential scanning calorimetry, wide-angle X-ray scattering

and polarized light microscopy were employed. Optical properties were also analyzed.

Optical properties are often decisive for packaging technologies where LCB PP is
often used. The results showed that linear PP possessed the highest haze as was expected.
On the other hand, LCB PP showed the lowest haze which was most probably caused by
long chain branches that played a role of nucleating/clarifying agent. The addition of
Millad 3988 into LCB PP did not lead to decrease of haze, contrary it significantly

increased the haze as compared to neat LCB PP.

Non-isothermal crystallization analysis showed that LCB PP crystallized at higher
temperature as compared to linear PP (112.9 vs. 128.8 °C). This proved the preposition that
long chain branches caused the heterogeneous nucleation. The addition of Millad 3988 led
to further increase of crystallization temperature to the value of 130.8 °C. Linear PP
possessed the highest melting temperature from all non-isothermally crystallized samples.
The melting temperatures of both other materials (LCB PP and LCB PP+NA) were similar.
The crystallinity of non-isothermally crystallized samples was the highest at linear PP and
the lowest at LCB PP. The addition of clarifying agent caused the increase of crystallinity

over 8 %. Only a-phase was detected in all the materials.

Isothermal crystallization was performed at several temperatures. It was found that
LCB PP and LCB PP+NA crystallized significantly faster that linear PP. The halftime of
crystallization of linear PP was 55.4 min while that of LCB PP and LCB PP+NA was 7.6
and 5.6 min, respectively. The values of melting temperature of LCB PP and LCB PP+NA
were similar while that of linear PP were somewhat higher. In all cases of materials the
crystallinity increased with increasing crystallization temperature. No -phase presence in

the structure of all materials was observed.

Polarized light microscopy evaluation revealed that linear PP consisted of large
spherulites and their size further increase with increasing crystallization temperature in the
case of isothermal crystallization. The structure formed in LCB PP and LCB PP+NA was

very fine and each crystallites were not observable using light microscopy. Moreover, the
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structure did not change with increasing crystallization temperature in the case of

isothermal crystallization.

In this work it was revealed that the addition of Millad 3988 a-nucleating/clarifying
agent into the long chain branched polypropylene did not lead to increase of clarity of the

material and moreover it did not significantly influence the crystallization.
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LIST OF ABBREVIATIONS

LCB PP long chain branched polypropylene

PP polypropylene

PP isotactic polypropylene

PE polyethylene

PVC polyvinyl chloride

LCB long chain branching

e.g. exempli gratia

NA nucleating agent

DVB divinylbenzene

FS furfuryl sulphide

1.e. id est

PODIC peroxydicarbonate

SCB short chain branching

DBS 1,2,3,4-bis-dibenzylidene sorbitol

DOS 1,2,3,4-bis-(p-methoxybenzylidene sorbitol)
MBDS 1,2,3,4-bis-(p-methylbenzylidene sorbitol)

DMDBS 1,3;2,4-di-(3,4-dimethylbenzylidene sorbitol)

wt.% weight percentage

Fig. figure

WAXS wide-angle X-ray scattering
PLM polarized light microscopy

DSC differential scanning calorimetry

approx. approximate
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