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ABSTRAKT 

Cílem diplomové práce je studium krystalizace a morfologie polypropylenu s dlouhými 

bočními větvemi (LCB-PP) za zvýšeného tlaku. Zavedení dlouhých bočních větví na 

kostru polypropylenu (PP) vede ke zvýšení pevnosti taveniny a materiál je vhodnější pro 

zpracovatelské procesy jako tvarování, zpěňování a vyfukování. LCB-PP má větší tendenci 

krystalizovat do γ-formy pod tlakem. V této práci byly podrobeny krystalizaci pod různými 

tlaky materiály LCB-PP, lineární PP s podobným indexem toku taveniny, a také PP o 

velmi vysoké čistotě zbavený katalytických zbytků. 

Struktura uvedených materiálů byla v práci zkoumána pomocí širokoúhlé rentgenografie, 

diferenciální snímací kalorimetrie, skenovací elektronové mikroskopie a mechanické 

vlastnosti byly stanoveny tlakovou zkouškou. Byla potvrzena zvýšená tendence tvorby γ-

fáze u LCB-PP.   

Klíčová slova: vysokotlaká krystalizace, polypropylen s dlouhými bočními větvemi, 

širokoúhlá rentgenografie, diferenciální snímací kalorimetrie, skenovací elektronová 

mikroskopie, tlaková zkouška.   

ABSTRACT 

The aim of the Master thesis is to study crystallization and morphology of long chain 

branched polypropylene (LCB-PP) under increased pressure. The introduction of long 

chain branching onto polypropylene (PP) backbone leads to improvement of melt strength 

ant thus the material is suitable for otherwise limiting processing such as thermoforming, 

foaming and blow molding. LCB-PP has higher tendency to form orthorombic γ-form 

under pressure. In this work LCB-PP, common linear PP with similar melt flow index and 

also PP which was cleaned to eliminate catalyst residues were crystallized under several 

pressures.  

Than, the structure was evaluated via several methods, namely wide angle X-ray 

scattering, differential scanning calorimetry, scanning electron microscopy. Mechanical 

properties were determined via compressive testing. The higher tendency to crystallize into 

γ-form in LCB-PP was proved.   

Keywords: high pressure crystallization, long chain branched polypropylene, wide angle 

X-ray scattering, differential scanning calorimetry, scanning electron microscopy, 

compressive testing. 
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INTRODUCTION 

The use of polymeric materials is rapidly growing in recent years. They replace common 

materials such as metals, wood and natural fibers in many applications.  

One of the most widely used commercial polymers is isotactic polypropylene (iPP) 

because it has many desirable and beneficial physical properties such as high melting 

point, low density, excellent chemical resistance, high tensile modulus and at the end its 

lower cost. 

Nevertheless, the iPP, does not matter, if it is prepared by Ziegler-Natta or metallocene 

catalysts has a predominantly linear molecular structure and narrow molecular weight 

distribution. That leads to a variety of melt-processing shortcomings. It exhibits low melt 

strength and no strain hardening behavior in the melt state, which limits its use in 

applications such as thermoforming, blow molding, foaming and extrusion coating, where 

the type of flow is predominantly elongational. As a result, iPP has been limited in some 

end-use fabrications. Therefore, the preparation and research on high melt strength PP are 

very active in the past decade [1, 2]. 

One the most effective method to achieve the high melt strength PP is to introduce long 

chain branches (LCB) onto PP backbone. The constrain geometry catalyst has been found 

to be very useful for preparing LCB-PP. However, this method is often used in laboratory. 

Beside this method there are two other methods, having been applied in industry. One of 

them is electron beam irradiation which is carried out when PP is in solid state and the 

second is post-reactor chemical modifications, which is carried out when PP is in melt state 

[3].  

The LCB-PP structure can improve the processing ability of iPP under melt conditions, 

including strain hardening, shear thinning, high melt strength and so on, thus broadening 

the end-uses and processing methods of iPP [2]. The commercial LCB-PP, recently 

developed and introduced in the market by major international polypropylene producers is 

also called High melt strength polypropylene (HMS-PP).  

Because of its special chain structure, LCB-PP is believed to show different helical 

conformation and crystallite structure in the process of crystallization [2]. It has been 

reported that LCB-PP crystallizes faster than common iPP, moreover, with higher tendency 
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to form orthorhombic γ-phase under pressure. This polymorph of iPP processes different 

physical properties than common monoclinic α-phase [1, 2, 4].    

In this context, the purpose of this Master thesis is to analyze crystallization behavior of 

LCB-PP (Daploy WB130HMS) produced by Borealis Company under increased pressure. 

High pressure crystallization equipment pvT100 is used for sample preparation. 

Investigation of prepared samples is carried out using several experimental techniques such 

as wide angle X-ray scattering, differential scanning calorimetry, scanning electron 

microscopy and compressive testing.      



TBU in Zlin, Faculty of technology 12 

 

I.   THEORETICAL PART 
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1 CRYSTALLIZATION OF POLYMERS 

Crystallization is the process of formation of solid crystals precipitating from a solution, 

melt or more rarely deposited directly from a gas. As heat is removed from melt during 

processing, molecules begin to lose the ability to move freely, and the melt becomes more 

vicious. Crystallization plays an important role in industrial processing of semi-crystalline 

resins. It strongly affects rheological properties of polymer melts and solutions, influences 

mechanical and barrier properties of solid objects [5].  

At the crystallization temperature (Tc), molecules begin to arrange themselves into crystals 

and ordered crystalline regions, along with disordered amorphous regions. The region of 

crystallization temperature is between the melting temperature of polymer (Tm) and the 

glass-transition temperature (Tg), whereas the former is always higher than the latter.  

Crystallization is generally favored by slower cooling from the melt, very rapid cooling 

can suppress crystallization. Polymers are never totally crystalline, as a consequence of 

their long chain nature and subsequent annealing. The crystallinity depends primarily on 

the regularity (chemical, geometrical and spatial) of the macromolecular chains. The more 

regular the polymer the more likely it is to crystallize [6]. 

The crystallization process consists of two major plots, nucleation and crystal growth. 

Crystals are created when nuclei are formed and then grow. The kinetic processes of 

nucleation and crystal growth require supersaturation, which can generally be obtained by 

a change in temperature, by removing the solvent, or by adding a drowning-out agent or 

reaction partners.  

1.1 Nucleation 

Nucleation is the extremely localized budding of a distinct thermodynamic phase. The 

system attempts to achieve thermodynamic equilibrium through nucleation and the growth 

of nuclei. If a solution contains neither solid foreign particles nor crystals of its own type, 

nuclei can be formed only by homogeneous nucleation. If foreign particles are present, 

nucleation is facilitated and the process is known as heterogeneous nucleation. Both 

homogeneous and heterogeneous nucleation take place in the absence of solution own 

crystals and are collectively known as primary nucleation. Secondary nucleation results 

from contact, shearing action, breakage, abrasion and needle fraction. However, it should 
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be noted that a distinction is made between them [7]. Various kinds of nucleation are 

shown in Fig. 1. 

No matter whether nucleation is homogeneous or heterogeneous it is still strongly affected 

by molecular weight, with longer molecules usually initiating crystallization of the 

polymer. Presumably this is because the longer a molecule is, the greater the chance of 

being able to adopt a suitable conformation [6]. 

 

Fig. 1: Various kinds of nucleation 

 

1.2 Crystal growth 

Crystal growth is a major stage of a crystallization process, which typically follows an 

initial stage of either homogeneous or heterogeneous nucleation.  

Crystal growth is a diffusion and integration process, modified by the effect of the solid 

surfaces on which it occurs. Solute molecules or ions reach the growing faces of a crystal 

by diffusion through the liquid phase. At the surface, they must become organized into the 

space lattice through an adsorbed layer. Neither the diffusion step nor the interfacial step, 

however, will proceed unless the solution is supersaturated. The rate of crystal growth can 

be expressed as the rate of displacement of a given crystal surface in the direction 
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perpendicular to the face. Different crystallographic faces of a crystal usually have 

different linear growth rates [8]. 

In most cases, more than one mechanism influences a crystal’s growth rate. If the different 

mechanism take place in parallel, then the mechanism resulting in the faster growth 

controls the overall rate. If the processes take place in series, as in the case of bulk infusion 

followed by surface reaction, then the slower mechanism will control the overall rate [8]. 

 

1.3 Morphology of crystalline polymers 

The morphology of crystalline polymers (the size, shape and-relative magnitude of 

crystallites) is rather complex and depends on growth conditions such as solvent media, 

temperature and growth rate. The polymer chains are packed into the unit cell, which is the 

fundamental element of a crystal structure. Unit cells are geometrical shapes with parallel 

sides (tetragonal, cubic, hexagonal etc.) that represent the placement of atoms. The atomic 

arrangement in the unit cell of a polymer is repeated millions of times in three-dimensional 

space in forming the crystalline structure [9, 10]. 

 

1.3.1 Single Lamellae 

The helical chains fold back and forth to form thin, ordered, plate-like or ribbon-like 

structures called lamellae, which are roughly 10 nm thick platelets with regular facets. The 

thickness depends on crystallization temperature and processing methods. Lamellae are 

connected by amorphous regions, called ”tie points”, that result from irregularities in the 

polymer chain. Tie points provide flexibility and impact resistance to the crystalline 

regions. A polymer with more tie points is generally stronger. However, too many tie 

points can result in brittleness, low toughness and low impact resistance. As crystallization 

proceeds, the growth fronts of two different spherulites meet, and the lamellae extend 

across spherulite boundaries into uncrystallized material available, which tends to hold the 

material together. If crystallization occurs rapidly, as it does in crystallization from a melt, 

the polymer chains can crystallize within more than one lamellae. Interlamellar fibrils tie 

two or more lamellae together and also bridge spherulite themselves [9, 10]. 
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A schematic representation of a polymer lamellae, based on chain folding model is shown 

in Fig. 2.  

 

 

Fig. 2: Polymer single lamellae [11] 

 

1.3.2 Spherulites 

The most prominent structural feature of polymers crystallized from the melt is the 

spherulite. The spherulite is not a single crystal, but an extremely complex spherical 

aggregate of lamellae ranging in size from about 0.1 µm to possibly a few millimeters in 

diameter. According to a simplified model, crystallites start from a cental, pin-point type 

nucleus and grow uniformly in all spatial directions radially, with noncrystallographic 

small angle branching in between. The branching of growing crystallites provides complete 

space filling. Spherulites can be observed with optical microscopy under crossed polarizers 

as a Maltese cross patterns, as illustrated in Fig. 3, arising from the birefringent effects 

associated with the molecular orientation of lamellae morphology [12]. 
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monomer. When nucleation occurs at abou

appear to be somewhat straight. When nucleation occurs at different times the spherulites 
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Fig. 3: Maltese cross patterns [13] 

presence of a nucleating agent-provides aditional sites for crystal 

smaller, more numerous spherulites in the crystallized polymer. Many organic compounds 

and metal salts can act as nucleating agents, including colorant pigments and residual 

monomer. When nucleation occurs at about the same time the boundaries 

appear to be somewhat straight. When nucleation occurs at different times the spherulites 

are different sizes and the boundaries hyperbolas. Rapid cooling decreases the amount of 

spherulite formation presumably because of a lack of time to allow the chains to organize 

into spherulite structures [10, 14]. 

The growth rate of spherulites is remarkably linear with time at a given temperature, 

the viscosity of the melt is deliberately reduced. T

is shown in Fig. 4.  

Fig. 4: Schematic development of spherulites growth 
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e melt is deliberately reduced. The development of 

 

Schematic development of spherulites growth [11]  
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1.4 Crystallization under high pressure 

So far more studies of pressure effects on the polymer crystallization have been carried out 

to understand the pressure dependency of morphology, internal structure and phase 

diagram. There have been some reports on crystallization kinetics under high pressures, 

and they are generally described by Avrami equation [15]. 

1.4.1 Avrami equation 

The original derivations by Avrami have been simplified by Evans and put into polymer 

context by Maeres and Hay. In the following, it is helpful to imagine raindrops falling in a 

puddle. These drops produce expanding circles of waves that intersect and cover surface. 

The drops may fall sporadically or all at once. In either case they must strike the puddle 

surface at random points. The expanding circles of waves, of course, are the growth fronts 

of the spherulites, and the points of impact are the crystalline nuclei. 

The familiar form of the Avrami equation: 

1 − X t = exp ( −Ktn)       (1) 

where Xt is the volume fraction of crystalline material, known widely as the degree of 

crystallinity, K and n are suitable parameters, K is temperature dependent. 

Avrami equation is often written in logarithmic form: 

ln (1− X t) = −Ktn      (2)

  

The equation has been derived for spheres, discs, and rods, representing three-, two-, and 

one-dimensional forms of growth.  

The Avrami equation represents only the initial portions of polymer crystallization 

correctly. The spherulites grow outward with a constant radial growth rate until their 

impingement takes place when they stop growth at the intersection. Then a secondary 

crystallization process is often observed after the initial spherulite growth in the amorphous 

interstices [16]. 
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1.4.2 Formation of γ-form of iPP 

It is well known that iPP can exist in three polymorphic crystalline forms, monoclinic α, 

trigonal β, and orthorombic γ, that differ in the arrangement and packing of the chains [17]. 

α-form is the most common crystal form, the metastable β-form is obtained sporadically at 

high supercoolings or in the presence of selective β-nucleating agents [18]. γ-form origins 

at special crystallization conditions such as crystallization at elevated pressures of the 

homopolymer, crystallization at atmospheric pressure of low molecular weight fractions, 

presence of chain defects or chemical heterogeneity or of presence of the comonomer units 

in the chain [12]. The individual polymorphs of isotactic polypropylene are described in 

detail thereinafter (chapter 2.3). 

When varying the pressure during crystallization both the α- and γ-forms are observed. As 

the crystallization pressure increases the γ-form coexists with the α-form until it becomes 

dominant at 200 MPa and above [19, 20]. 

More recent experimentation has shown that for crystallization at a constant pressure the γ-

form is the preferred form at low supercoolings. 

The consequence of applying pressure should result in a lower opacity and to promote the 

extended chain nature of iPP, thus facilitating the crystallization into the γ-form.   
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2 POLYPROPYLENE 

Polypropylene is one of the most often used thermoplastic material, due to its favorable 

properties and low price. Polypropylene is compatible with many proccesing techniques 

and used in a wide variety commercial applications. The worldwide consumption of 

polypropelene occupies the second place among commodity plastics, after polyethylene 

[21]. This material was introduced to the large scale production in 1957 [22]. 

      

2.1 Polymerization 

Polypropylene was first polymerized in 1954 by Gulio Natta who was following the work 

of Karl Ziegler. ‘Ziegler type‘ catalysts were capable of producing high molecular wieght 

polymers from propylene and many other olefins. The monomer for PP is obtained by the 

cracking of petroleum products, such as natural gas or light oils. For the preparation of 

polypropylene the C3 fraction (propylene and propane) is the basic intermediate and it can 

be separated from the other gases without undue difficulty by fractional distillation. 

Polypropylene is then prepared using ‘Ziegler type‘ catalysts or metallocene catalysts by a 

polymerization. A typical catalyst system may be prepared by reacting titanium trichloride 

with aluminium triethyl, aluminium tributyl and aluminium diethyl monochlorid in 

naphtha under nitrogen to form slurry consisting of about 10 % catalyst and 90 % naphtha. 

The properties of the polymer are strongly dependent on the catalyst composition and its 

particle shape and size [23]. 

 

2.2 Chemical structure  

Polymerization of non-symmetrical propylene molecule leads to three possible sequences. 

PP molecules are usually added head to tail which results in a polypropylene chain with 

pendant methyl groups attached to alternating carbons. Occasionally molecules are added 

head to head or tail to tail, however this alternating arrangement is disrupted. There are 

three types of PP according to the position of the methyl group: isotactic, syndiotactic and 

atactic [10]. 
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2.2.1 Isotactic polypropylene 

It is the most common commercial form, pendant methyl groups are all in the same 

configuration and are on the same side of the polymer chain (see Fig. 5). Due its tacticity, 

iPP is the most stereo-regular structured polypropylene when compared to atactic and 

syndiotactic polypropylenes and thus higher degree of crystallinity is involved [10]. 

 

Fig. 5: Isotactic polypropylene [24] 

 

2.2.2 Syndiotactic polypropylene 

In syndiotactic polypropylene, alternate pendant methyl groups are on the opposite sides of 

polymer backbone, with exactly opposite configurations relative to the polymer chains (see 

Fig. 6). Interest in this material is a consequence of its possessing greater toughness, clarity 

and heat resistance (softening point) than corresponding isotactic polypropylene [10]. 

 

Fig. 6: Syndiotactic polypropylene [24] 

 

2.2.3 Atactic polypropylene 

Atactic or amorphous polypropylene is characterized by a random steric orientation of the 

methyl pendant groups on the tertiary carbon atoms along the molecular chain (see Fig. 7). 

The random sequence of these methyl substituents is linked to an atactic configuration. 

Generally atactic polymers are characterized by their tacky, amorphous behavior and low 

molecular weights [12]. 



TBU in Zlin, Faculty of technology 22 

 

 

Fig. 7: Atactic polypropylene [24] 

Most polymers are predominantly isotactic, with small amounts of atactic polymer. New 

metallocene catalysts make possible other stereochemical configurations, such as 

hemiisotactic polypropylene. In this configuration, the most pendants methyl groups are on 

the same side of the polypropylene chain, as in iPP. However, other methyl groups are 

inserted at regular intervals on the opposite side of the chain [10]. 

 

2.3 Polymorphism of isotactic polypropylene 

On the crystal lattice level, isotactic polypropylene exhibits three different morphological 

forms, depending on the tacticity of the resin and the crystallization conditions, such as 

pressure, temperature, and cooling rate. Different forms can coexist, and one polymorphic 

form can change into another as conditions change [10]. The X-ray patterns of three forms 

(α-form, β-form and γ-form) are shown in Fig. 8. 

 

Fig. 8: Unoriented powder WAXD patterns for different forms in iPP crystals 

[19] 
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2.3.1 α-form 

The predominant and most thermodynamically stable crystalline structure of pure isotactic 

polypropylene at atmospheric pressure is monoclinic α-form (see Fig. 9). Polymer chains 

in the α-form of isotactic polypropylene fold into lamellae with thicknesses of 5-20 nm. 

Radial growth of lamellae is dominant, however, lamella can also associate tangentially, 

with the tangential lamella branching off approximately orthogonally from the plane of the 

radial lamellae. This forms a cross-hatched structure in the lamellae, which aggregate to 

form spherulites [23]. 

The lamellar structure produces positive, negative, and mixed birefringence. Negative 

birefringence results from spherulites in which radial lamella are dominant, while positive 

birefringence is due to spherulites with predominantly tangential lamellae. Both negatively 

and positively birefringent spherulites form a Maltese cross pattern under crossed 

polarizers. In spherulites with mixed birefringence, neither tangential nor radial lamellae 

are predominant, and a distinct Maltese cross is not formed. The birefringence changes 

from positive to negative with increasing crystallization temperature, as the tangential 

lamella undergo premelting. The α-form of isotactic polypropylene is the primary phase of 

polypropylene obtained under usual processing conditions [10]. 

 

Fig. 9: Crystal structure of α-form of iPP [12] 
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2.3.2 β-form  

The β-form of iPP was firstly identified in 1959 by Keith et al. In the crystallization of 

conventional iPP grades, a small amount of β-form occurs sporadically at high 

supercoolings (Tc < 130 °C) or in quenched samples [12].  

The β-form of isotactic polypropylene has been described to have hexagonal unit cell 

structure, with more disorder than the α-form. However, Varga and some other authors 

have recognized β-form to have the trigonal unit cell (see Fig. 10) [12]. 

The parallel, stacked lamella do not show cross-hatching. Lamella have been observed to 

form sheaf-like spherulitic structures with interconnected boundaries, different from the 

distinct boundaries of α-form spherulites; in experiments with high purity β-form 

polypropylene, this structure resulted in lower elastic moduli and yield strength at a given 

strain rate and higher impact strength and breaking strain values than α-form 

polypropylene. The β-form exhibits negative birefringence under crossed polarizers and 

can convert to the α-form on heating. Polypropylene can crystallize in the β-form at 

relatively low isothermal crystallization temperatures or in the presence of nucleating 

agents, such as the combination of pimelic acid and calcium stearate [10]. 

 

 

Fig. 10: Crystal structure of β-form of iPP [12] 

It was found, that iPP rich in β-form embodies improvement of some mechanical 

properties. In particular the impact strength, toughness and whitening under tensile 

deformation of β-iPP (iPP with predominant β-form within the crystalline portion) 
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markedly exceed those of polypropylene with predominant α-form. However, the presence 

of β-form in the material decreases stiffness and E-modulus [18, 25, 26]. 

2.3.3 γ-form 

This form was discovered in 1961 by Addick and Beintema. It was produced by 

crystallization at elevated pressures from high molecular weight homopolymer. The γ-form 

predominates when the pressure during the crystallization is higher than 200 MPa. Other 

procedure which leads to the growth of this form is crystallization from melt of high 

molecular weight stereoblock copolymer with small amounts of ethylene or but-1-ene [27]. 

The γ-form of isotactic polypropylene was initially considered to have a triclinic unit cell 

with dimensions similar to α-form, but the crystal structure was recently reassigned as an 

orthorhombic unit cell with nonparallel, crossed lamellae (see Fig. 11). In experiments 

with polypropylene crystallized at high pressures and different crystallization temperatures, 

the crossed lamellae formed a feather-like structure, which result from self-epitaxial 

(tangential) growth [10]. 

 

Fig. 11: Four unit cells of the γ-form of iPP according to the nonparallel chain 

packing model of Meille et al. [28] 
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On the spherulitic level, pure γ-form shows negative birefringence, lathlike structure of the 

α-form is absent in the γ-spherulites. The melting point of the γ-form is mostly reported in 

the range of 125 to 150 °C for low molecular weight samples. In the case of pressure 

crystallized samples of high molecular weight iPP, the melting point occurs above 150 °C 

[27]. 

 

2.4 Properties and applications of polypropylene 

Mechanical properties strongly depend on its crystallinity. Increasing crystallinity 

enhances stiffness, flexural strength and yield stress, however, decreases touhgness and 

impact strength [10].  

Comparison of properties of all stereo-isomers of polypropylene is given in Tab. 1[29]. 

Tab. 1: Properties of isotactic PP, syndiotactic PP and atactic PP [29] 

Property Isotactic PP Syndiotactic PP Atactic PP 

Density [kg.m-3] 920–940 800–910 850-900 

Melting temperature [˚C] 165 135 - 

Solubility in hydrocarbons [20 ˚C] no middle high 

Yield strength high middle very low 

  

Polypropylene is used for wide scale of products, such as automotive industry, household 

goods, domestic applicances,pipes and fittings, furniture, films are used in packacing 

applications and important application are fibres. 

 

2.5 Long chain branched polypropylene 

In the past decade, many researchers have investigated long chain branched (LCB) 

polyolefin by rheological method, but most studies focus on polyethylene (PE) or model 

polymers, and only a few literatures are about long chain branched polypropylene (LCB-

PP), because LCB-PP is difficult to be obtained and the degree of LCB is very low. When 

PP is modified by peroxide and polyfunctional monomer, the reaction and the product 
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components become very complex. Degradation reaction makes the molecular weight to 

decrease, grafting reaction introduces short chain branch (SCB) structure, branching 

reaction introduces LCB structure, and gel will be produced if crosslinking reaction can 

happen. The complex reactions as well as the complex products make the investigation on 

LCB very diffucult [2]. 

There is no specific definition about LCB, however, from rheological viewpoint, the length 

necessary for a branch to behave as a long chain branch is 2 Me (Me = molecular weight 

between entaglements). Therefore, the molecular architectures for grafted PP and LCB-PP 

are very different. As a result, crystallization behavior and crystal morphology of LCB-PP 

will be different from linear PP or grafted PP [1]. 

2.5.1 Polymerization 

Since long chain branching is generally known to enhance the melt properties of a 

polymer, several approaches have been developed to make branched polypropylenes. Some 

include post-reactor treatments such as electron beam irradiation, peroxide curing, and 

grafting; others use in-reactor copolymerization. The branches in irradiated or peroxide 

treated polymers are generated through radical-induced random chain scission followed by 

recombination. Thus, the products are complex, and the processes may be difficult to 

control. Grafting of polymer chains onto linear macromolecules would lead to comblike 

branched polymers, but the chemistry to prepare polyolefin graft copolymer is very limited 

[30]. 

Polymerization using heterogeneous catalysts 

Through the utilization of metallocene catalyst technology, many structures features, 

including long chain branching, can be introduced into polymer chains during 

polymerization. 

The unique procedure to synthesize LCB-PP via the metallocene mediated polymerization 

of propylene with T-reagent is called one-pot polymerization process. This procedure 

allowed for the formation of trifunctional branch points with a relatively well-defined LCB 

structure. The reaction mechanism of forming LCB-PP polymers via metallocene-mediated 

propylene polymerization, using isospecific rac-Me2Si[2-Me-4(1-NaPh)Ind]2ZrCl2/MAO 

catalyst, in the presence of T-reagent, p-(3-butenyl) styrene (BSt) that serves as both 

comonomer and chain transfer agent. 
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Basically, branches in LCB-PP can be formed when a growing polymer chain either 

incorporates the but-3-ene chain-end of a macromonomer or chain transfers to the pendant 

styrene of a copolymer (Fig. 12). The pre-dominate route for the formation of branches 

involves the pendant styrene of the copolymer, which serves as the chain transfer agent to 

form the LCB-PP in the presence of hydrogen. The presence of hydrogen can relieve the 

dormant catalyst site via a subsequent chain-transfer reaction to produce a macromonomer 

with the α-olefin but-3-ene at the chain-end [31]. 

The values like molecular weight (Mw) branching degree and melt flow rate (MFR) are 

achieved by controlling the reaction conditions. 

 

 

Fig. 12: Preparation of LCP-PP by using heterogeneous catalysts [2] 

 

Polymerization by radical reactions 

There are two methods of radical modifications. The first is electron beam irradiation 

which is a physical method and it generates modification effects in the macromolecular 

structure and material properties. The second one is chemical method which contains 

modification of PP with peroxides in combination with multifunctional monomers or the 

reactive extrusion of PP with peroxydicarbonates (PODIC). 

Two mechanisms of radical reactions (in inert atmosphere and in the presence of 

monomer) are shown in Figs. 13 and 14.  
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Fig. 13: LCB-PP by radical reaction in iPP below 80 ˚C in inert atmosphere [32] 

 

 

Fig. 14: LCB-PP by radical reaction on iPP at higher temperatures in presence of 

monomer [32] 
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Polymerization by ionizing radiation 

The radiation process has played an important role to produce polymers with these 

controlled rheological properties. The irradiation of polymeric materials with ionizing 

radiation (accelerated electrons, X-rays, ion beams, gamma rays) creates very energetic 

ions and excited states, which decay to reactive free radicals. These intermediate species 

can follow several reaction paths, resulting in the new bonds formation (see Fig. 15), as 

well as in the case of peroxide degradation process. The degree of transformation depends 

on the structure of the polymer and the conditions of pre-treatment, during and after 

irradiation as well as dose rate [33]. 

 

 

Fig. 15: Conversion of the linear iPP structure into a LCB material [32] 

 

Irradiation processing is mostly realized in the polymer solid state, however, the electron 

beam irradiation of PP in the molten state is an additional way of creating LCB without 

additives. 

The formation of chain branching or crosslinking is located mainly in the amorphous 

regions. The material in the molten state contains no crystalline regions. This leads to the 

conclusion that all chains are available for branching reactions. Therefore, the chance of 

chain branching during irradiation in the molten state of the material is much higher than in 

the solid state. In the solid state, the branching reactions are limited by the diffusion of 

chain fragments. Moreover, the thermal degradation of the molecular weight at high 

temperatures is enhanced [34]. 
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Polymerization using peroxides 

The next way to produce LCB-PP is by reactive extrusion in the presence of 

peroxydicarbonate (PODIC), shown in Fig. 16. The amount of LCB can be controlled by 

the type and the amount of PODIC used for the modification. A perester with the same 

reactivity shows an opposite behavior inducing degradation through β-scission and leading 

to lower extensional viscosity without strain hardening, lower melt strength, lower die 

swell and higher MFI [35]. 

The peroxide structure has a direct influence on the branching level of modified PPs. PP 

has a tendency to undergo β-scission because of the nature of its molecular structure, and 

this competes with grafting and cross-linking reactions during the reactive extrusion 

process. The use of polyfunctional monomers can decrease the degradation and improve 

the degree of branching for PP [35]. 

PODIC with long linear alkyl groups are more efficient in adding branches to PP than the 

ones with shorter groups. Non-linear alkyl groups result in samples with more branches 

and strain hardening than the ones with linear groups and comparable number of carbon 

atoms [35]. 

 

Fig. 16: General formula of PODIC [35] 

 

2.5.2 Crystallization 

Because of its special chain structure, LCB-PP is believed to show different helical 

conformation and crystallization structure in the process of crystallization. The different 

helical conformation and complicated crystallization structure will greatly influence the 

processing ability of LCB-PP [2]. 

The change of molecular architecture can affect not only rheological property but also 

crystallization property of PP. There have been many studies on the crystallization of 

grafted PP, as a consequence is widely accepted that the branches have the role of 
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heterogeneous nucleating agent for the matrix and accelerates the crystallization process 

[4]. 

Crystallization of the LCB-PP during the fast cooling process, or at lower crystallization 

temperature, leads to the formation of mainly edge-on lamellar structure. Crystallizing 

LCB-PP at moderate temperature range results in the formation of both edge-on and flat-on 

LCB-PP crystals, which coexist side by side even in the same spherulite [4]. 

Both α- and γ- forms develop in LCB-iPP by crystallizing from the melt, among which the 

γ-form is a metastable crystal with a large amount of structural defects. The γ-form melts at 

a lower temperature and in a broader temperature range, while the crystals of α-form are 

instead, probably more perfect and melt at higher temperatures and in a narrower 

temperature range. The crystallization of γ-form is favored by the presence of the LCB in 

iPP [2]. 

The LCB-PP crystals grow, however, slower than their linear counterparts and spherulites 

are much smaller than that of linear PP, indicating that LCB structure acts as nucleating 

agent. 

LCB-PP has higher crystallization temperature, shorter crystallization time, and broader 

melting range when compared with linear PP. 

2.5.3 Properties 

In the past decade there has been an increasing request from market for high melt strength 

polypropylenes. The melt strength is defined as the resistance of a melt to draw-down and 

is an important parameter describing the extensibility of a polymer melt which is of great 

importance in all processing technologies where elongational flows and stretching of 

polymer melt occur.  

It is known that relatively low melt strength and non-strain hardening behaviour of the 

linear polypropylene limit its use in application such as thermoforming, foaming and blow 

molding. One of the most effective approaches to achieve high melt strength for PP is to 

introduce long chain branches onto PP backbone. Long branched chains increase the chain 

entanglement level, thereby increasing melt strength as well as the final mechanical 

properties of the materials, e.g., higher flexural modulus and tensile yield strength. The 

melt strength also increases strongly with decreasing melt flow index (MFI), as well as by 

widening the molecular weight distribution. On the other hand, branched polypropylenes 
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obtained using electron beam irradiation were found to have ten times higher melt strength 

than a linear PP with the same MFI. It is expected that if the melt strength behaviour of PP 

is improved, its market position will become even more prominent, replacing other 

thermoplastics in several applications [36, 37]. The comparison of some physical 

properties of LCB-PP and linear PP is listed in Tab. 2. 

Tab. 2: Mechanical properties of modified polypropylene material with long 

chain branches compared to linear polypropylene with identical melt flow rate 

[36] 

Property Unit Branched material 

(Daploy HMS) 

Linear 

PP 

Tensile modulus MPa 2 000 1 500 

Tensile strength at yield MPa 40 33 

Heat deflection temperature °C 60 56 

Charpy impact strength, notched (23 °C) kJ/m2 3 4 

Charpy impact strength, notched (-20 °C) kJ/m2 1 11 

 

The stiffness of polypropylene is increased and impact strength remains unchanged if 

polypropylene is used as starting material for solid phase modification. This improvement 

is caused by a self nucleation by long chain branches of molecules having an extremely 

high molecular weight in branched part [32, 35]. 

2.5.4 Application 

Foam extrusion 

It has been realized for a number of years that in order to produce high quality PP foam, 

high melt strength PP (HMS-PP) is required; however, PP foams are relatively late comer 

to this market. PP induces a lot of problems during the process, the reason lies in the 

molecular structure. Standard PP’s lack the required extensional rheological properties in 

the melt phase which are required for the production of extruded low density foams with a 

fine and controlled cell structure. The availability of HMS-PP (i.e. LCB-PP), the above 

mentioned problems are reduced or even solved. These HMS-PP resins offer property 
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benefits such as a wide mechanical property range, high heat stability, good chemical 

resistance and no monomer issues, and in the melt phase it is high strength and high 

drawability. Outstanding properties of all foams based on HMS-PP are the possible weight 

reduction, material savings, and good environmental credentials [32, 38]. 

The global PP foam market is growing rapidly, current HMS-PP foam applications are: 

• thermo-formable technical foams for automotive applications; 

• lightweight packaging trays, beakers and containers for food packaging; 

• thermo-formable foamed films, sheets and planks; 

• microwaveable containers for heating of food stuff. 

Film blowing 

The use of PP in blown film technology was limited by its low melt strength, which is 

leading to low bubble stability, low output, wrinkles on the reel, inhomogeneous thickness 

distribution on the product size and non-economic operation on processing side. 

The addition of long branches decreases the haze value for the films; this could be of 

interest for applications where film transparency is an important issue [39]. 

HMS-PP can significantly improve the processing and the resulting film quality. By 

stabilizing the bubble and reducing the wrinkling at the reel, process stability and output 

can be increased [32]. 

Potential applications are: 

• easy tear packaging; 

• hygienic films, e.g. diaper films. 

Thermoforming    

In recent years thermoforming of polypropylene has made massive progress in applications 

ranging from food packaging to large industrial parts, despite that it is difficult to 

thermoform polypropylene. This progress could only be made by designing specialized 

thermoforming technique and equipment on the one hand and innovative polypropylene 

resin developments on the other hand. 

The thermoforming of polypropylene can be significantly improved by the addition of long 

chain branches to standard polypropylene [32]. 
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3 METHODS OF ANALYSIS 

3.1 Wide angle X-ray scattering 

Wide angle X-ray scattering (WAXS) is the most commonly used technique for obtaining 

information about the size and shape of crystallites, and about the degree of crystallinity in 

solid polymers. WAXS measures the spacing between the ordered crystalline layers (Fig. 

17) [40]. Bragg derived his now famous equation for the distance d between successive 

identical planes of atoms in the crystal and λ is the X-ray wavelength: 

 

                                                          � �
��

����	
                           (3) 

The principle is diffraction of the X-ray radiation beams on the regular structure 

consequently on the crystal lattice. The crystal diffracts an X-ray beam passing through it 

to produce beams at specific angles depending on the X-ray wavelength (about 10 nm), the 

crystal orientation and the structure of the crystal [40]. 

The intensity of the diffracted X-ray is measured as a function of the diffraction angle 2Θ 

and the specimen’s orientation. This diffraction pattern is used to identify the specimen’s 

crystalline phases and to measure its structural properties. WAXS is non-destructive and 

does not require elaborate sample preparation which partly explains the wide usage of this 

technique in materials characterization [41]. 

 

Fig. 17: The Bragg diffracting condition. Difference in path length between 

successive rays is 2d sin Θ [42]  
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Crystalline regions show coherent scattering patterns and a sharp peak can be observed in 

the diffraction versus intensity curve whereas an amorphous phase gives a broad peak. The 

degree of crystallinity can be obtained by measuring the area under each peak. However, it 

is often difficult to discriminate between crystalline and amorphous scattering which 

implies that the degree of crystallinity cannot be determined very accurately. Also the 

presence of small crystallites is difficult to characterize, because they exhibit similar 

scattering effects as the amorphous material. However, small crystallites tend to broaden 

the peaks and sometime information about crystal size can be obtained from such 

broadening [43]. 

 

3.2 Scanning electron microscopy 

Scanning electron microscopy (SEM) is the main technique for direct surface 

investigations. The principle of SEM differs substantially from transmission electron 

microscopy (TEM). A focused electron beam with accelerating voltage from 0.1 to 50 kV 

is scanned line by line across the specimen surface. At the incident point of the primary 

electron beam, secondary electrons are emitted, besides several other electron beam–

specimen interactions. The intensity of secondary electrons depends on surface 

topography, i.e. on the angle between the direction of the primary electron beam and the 

surface. The number of the secondary electrons modulates the brightness of a display 

screen, which is controlled by the same scan generator as the primary electron beam. For 

example, areas with a higher intensity of secondary electrons appear brighter on the display 

screen than others. This yields a good contrast of SEM images with a very good spatial 

visibility of details and a high depth of focus (a factor of about 100 greater than in light-

optical imaging) [44]. The schematic diagram of scanning electron microscope is shown in 

Fig. 18. 

The magnification is attained from the ratio of the size of the display screen to the size of 

the scanned surface region on the sample, and it can be changed easily between about 5 to 

200 000. Therefore, the resolving power of SEM lies between light optical microscopy and 

TEM [44]. 
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Fig. 18: Schematic diagram of scanning electron microscope [45] 

 

There is a constitutional advantage of SEM that, in general, no special preparations are 

necessary to perform morphological investigations of specimens [44]. 

 

3.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is most often used by polymer analysts for 

determining a polymer’s melting temperature, glass transition temperature (Tg), degree of 

crystallinity, heat of fusion or degree of cure. It is an excellent technique for investigating 

the failure of polymers owing to the small sample size required, its ability to reveal the 
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polymer’s thermal history, and its ability to measure the Tg of the polymer (which is 

sensitive to annealing and physical ageing) [45]. 

Although DSC has become a routine method for polymer analysis, the analyst needs to be 

aware of possible artifacts that can distort the results. Careful interpretation of thermo-

analytical data can be providing a wealth of information for polymer characterization. It is 

well known that the first heating curve is significantly influenced by the sample’s thermal 

history. It is often useful therefore to compare the first and second heating scans of a 

polymer sample. Information that can be obtained by this comparison can be related to the 

thermal history (mould temperature annealing, etc.), crystallinity and recrystallization. It 

should be noted that, generally, DSC does not detect thermal transitions of minor 

components in a polymer sample, such as those in a blend (i.e. components that are present 

at levels less than 5%) [45]. 

Fig. 19 which illustrates typical polymer thermogram presents some information that can 

be obtained by DSC analysis. 

 

 

Fig. 19: Typical polymer DSC thermogram [46] 
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In a cell designed for quantitative DSC measurements, two separate sealed pans, one 

containing the material of interest and the other containing an appropriate reference, are 

heated (or cooled) uniformly (see Fig. 20). The DSC cell uses a constantan disk as the 

primary means of transferring heat to the sample and reference holders and also as one 

element of the temperature-sensing thermoelectric junction. Samples in powder, sheet, 

film, fiber, crystal, or liquid form are placed in disposable aluminum sample pans of high 

thermal conductivity and weighed on a microbalance. The sample is placed in one sample 

holder and empty sample holder serves as reference. Sample sizes range from 0.1 to 100.0 

mg [47]. 

 

 

Fig. 20: Schematic diagram of differential scanning calorimetry [48] 

 

3.4 Determination of compressive properties (ČSN EN ISO 604) 

Measurements using a single-stage short-range load are the most widely used basic 

measurements of the mechanical properties of polymers. Technical measurements leading 

to plotting of stress-strain diagrams are made not only in tension, but also in compression. 

The stress-strain diagram in compression is used to determine the following parameters: 

the maximum compressive stress, the ultimate stress in compression, the yield point in 

compression, modulus of elasticity, the proportional limits, and the secant modulus [49]. 

The stress in a compression test, as a rule, is determined as the ratio of the load to the 

original cross-sectional area of the specimen. Deformations in compression are evaluated 

either according to the reduction in the length of the specimen. The requirement of 
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improved accuracy of deformation measurement in compression is complied with by 

increasing the height of a specimen. But this leads to a contradiction with the requirement 

of specimen stability. Compression tests of standard specimens are usually run at a speed 1 

to 20 mm/min. For specimens of other sizes, the speed is found by the formula: 

                                                         
 � 0.03�      (4) 

where v is the speed of approach of the plates, and h is the original height of the specimen 

[49]. 

In comparison with tension, compression tests have their advantages and their specific 

difficulties. 

The advantages include the use of small specimens and large loads that are easier to 

measure, and the possibility of methodologically eliminating measurement errors and 

errors in the deformations associated with the fastening of the specimen in the grips. The 

shortcomings include by the loss of stability of a specimen, the high requirements to the 

central application of the load, and to the parallelity of the plates and supporting surfaces 

of the specimen [49]. 
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II.  EXPERIMENTAL PART 
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4 MATERIALS AND SAMPLE PREPARATION 

Throughout this study, three commercially available types of polypropylene were 

examined.  

The first material was long chain branched polypropylene Daploy WB130HMS, which is 

supplied by Borealis Company, Vienna, Austria. It is a propylene-based, structurally 

isomeric polymer and was produced by monomer grafting during the radical-driven 

reactions of isotactic polypropylene with peroxides to crease long-chain branches. This 

material is optimized to deliver improved processability, high stiffness, high service 

temperature, foamability in foam extrusion processes and good insulation properties of 

foamed materials. The applications of this material are thermoformable, foamed films and 

sheets, lightweight packaging trays, microwaveable food packaging, technical foams for 

automotive applications such as headliners or carpet backing, door liners, parcel shelves, 

water shields, thermal and acoustic insulation, etc. Physical properties of this material are 

shown in Tab. 3. 

Tab. 3: Physical properties of LCB-PP Daploy WB130HMS 

Property Typical Value Test Method 

Melt Flow Rate (230 °C, 2.16 kg) 2.0 g/10 min ISO 1133 

Flexural Modulus (5mm/min) 1 900 MPa ISO 178 

Tensile Modulus (1mm/min) 2 000 MPa ISO 527-2 

Tensile Strength 40 MPa ISO 527-2 

Heat Deflection Temperature A 60 °C ISO 75-2 

Charpy Impact Strength, notched (23 °C) 3.0 kJ/m2 ISO 179/1eA 

 

The second material examined in this study was polypropylene homopolymer HC600TF. 

Material is supplied by Borealis Company and is intended for thermoformed packaging 

applications. It has very good organoleptic properties allowing this grade to be used with 

any masterbatch without discoloring problems. This material is optimized to deliver very 

good contact clarity, stiffness, impact balance, processability and melt stability. The 

applications are in-line and off-line thermoforming, housewares and thin wall packaging, 



TBU in Zlin, Faculty of technology 43 

 

margarine tubs and it is possible to mix it with copolymer. Physical properties of this 

material are shown in Tab. 4. 

Tab. 4: Physical properties of PP homopolymer HC600TF 

Property Typical Value Test Method 

Melt Flow Rate (230 °C, 2.16 kg) 2.8 g/10 min ISO 1133 

Flexural Modulus (5mm/min) 1 500 MPa ISO 178 

Tensile Modulus (1mm/min) 1 600 MPa ISO 527-2 

Tensile Stress at Yield (50mm/min) 35 MPa ISO 527-2 

Heat Deflection Temperature A 85 °C ISO 75-2 

Charpy Impact Strength, notched (23 °C) 4.0 kJ/m2 ISO 179/1eA 

 

For comparison, also polypropylene homopolymer Borclean HC300BF was examined, 

what is supplied by Borealis Company. It is a high crystallinity homopolymer film resin. 

This material has super high purity, contains no slip, antiblock, antistatic additives or 

nucleating additives. These properties lead to improved high thermal stability, low 

dissipation factor, good stiffness, outstanding processability, metallisable and very low ash 

content. This material has been developed especially for applications like dielectrical film 

for capacitors and metallisable film. Physical properties of this material are shown in Tab. 

5.      

Tab. 5: Physical properties of PP homopolymer Borclean HB300BF 

Property Typical Value Test Method 

Melt Flow Rate (230 °C, 2.16 kg) 2.8 g/10 min ISO 1133 

Flexural Modulus (5mm/min) 1 500 MPa ISO 178 

Tensile Modulus (1mm/min) 1 600 MPa ISO 527-2 

Tensile Stress at Yield (50mm/min) 35 MPa ISO 527-2 

Heat Deflection Temperature A 85 °C ISO 75-2 

Charpy Impact Strength, notched (23 °C) 4.0 kJ/m2 ISO 179/1eA 
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In following text, the materials are signed: long chain branched PP Daploy WB130HMS as 

LCB-PP, homopolymer HC600TF as PP and homopolymer Borclean HB300BF as c-PP 

(PP clean). 

Samples of all used materials were prepared using a pressure-volume-temperature (pvT) 

technique (i.e. high pressure crystallization). 

The produced pellets of each material of weight of approx. 0.7 g were put into a 

measurement cylinder and heated at the temperature 220 °C with heating rate 80 °C/min. 

Then, the controlled crystallization from 220 to 50 °C with cooling rate 5 °C/min proceeds 

samples at several elevated pressures, namely 20, 40, 80, 120, and 160 MPa. The end of 

crystallization was signalized by the piston holding the same position for 5 minutes. The 

crystallization process was monitored by computer, which records temperature, time and 

piston position. The resulting samples (cylinder shape) were prepared with a pvT100 

apparatus manufactured by SWO Polymertechnik GmbH (Krefeld, Germany). An 

instrument for determining the pvT behaviour is shown in Fig. 21. 

 

Fig. 21: Instrument for the measurement of pvT behaviour [50] 

4.1 Specimens for wide angle X-ray scattering 

Specimens for wide angle X-ray scattering (WAXS) were cut out from the central part of 

the prepared samples by using a rotary microtome Leica RM2255 supplied by Leica 

Microsystems (Fig. 22). The specimen dimension was 4 mm height and 7.5 mm width. 
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4.2 Specimens for Scanning Electron Microscopy 

Specimens for scanning electron microscopy (SEM) were prepared from central part of the 

sawed off segments. Afterwards the specimens were etched by 1% solution of KMnO4 in 

H3PO4 (85%) for 60 minutes.   

4.3 Specimens for DSC analysis 

The slices with thickness approx. 100 µm were cut out from central part of the sawed off 

segments using a rotary microtome Leica RM2255 supplied by Leica Microsystems (Fig. 

22). The slices of weight of approx. 7 mg were put into the aluminous pan by tweezer and 

covered with the aluminous cover. The pan and the cover were crimped with a special tool 

supplied by Perkin-Elmer. 

4.4 Specimens for determination of compressive properties 

The prepared samples were grinded from both sides by using water cooled disk-type 

grinder with sand papers to straight cylinder shape. The specimen dimension was approx. 

16 mm height and 7.5 mm width. 

 

 

Fig. 22: Rotary microtome Leica 2255 [51] 



TBU in Zlin, Faculty of technology 46 

 

5 ANALYZING METHODS AND DEVICES 

5.1 Wide angle X-ray scattering 

Wide angle X-ray scattering (WAXS) were performed with a X’PERT PRO MPD (Multi-

Purposed Diffractometer) by PANanalytical company, this device is shown in Fig. 23. The 

diffractometer is equipped with CuKα in reflection mode and nickel filter of thickness 0.2 

mm. Radial scans of intensity vs. diffraction angle 2Θ were recorded in the range of 7° to 

30° by steps of 0.026°.  

 

Fig. 23: Diffractometer X’PERT PRO MPD 

 

5.2   Differential scanning calorimetry analysis 

For the purpose of crystallization studies, a power-compensated differential scanning 

calorimeter Perkin-Elmer Pyris 1 was employed, it is shown in Fig. 24. The temperature 

calibration was performed using indium as a standard (Tm = 156.6 °C). 

The prepared samples were heated from 50 up to 190 °C with heating rate 10 °C/min to 

obtain melting temperature and enthalpy of heat fusion. 
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Fig. 24: Differential scanning calorimeter Perkin-Elmer Pyris 1 

 

5.3 Scanning electron microscopy 

In order to study morphology of the crystallized samples, a scanning electron microscope 

Vega-II LMU by Tescan Company USA, was employed, this device is shown in Fig. 25.  

 

Fig. 25: Scanning electron microscope Vega-II LMU [52] 
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5.4 Compressive testing 

Mechanical properties of crystallized samples were analyzed by compressive testing. The 

device INSTRON 8871 was employed, it is shown in Fig. 26. The compressive test was 

run at speed 1mm/min. This method was employed to determined values: modulus, 

compressive strain at tensile strength, and compressive stress at tensile strength. 

 

Fig. 26: Compressive measurement INSTRON 8871 
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III. RESULTS AND DISCUSSION 
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6 HIGH PRESSURE CRYSTALLIZATION 

Pressure-volume-temperature (pvT) technique was used to prepare the samples and at the 

same time to find out the crystallization behaviour, mainly crystallization temperatures (Tc) 

of each material. Five pressures were applied varying from 20 to 160 MPa. The typical 

sigmoidal crystallization curves of each material obtained by pvT100, i. e. dependence of 

specific volume on temperature, are shown in Figs. 27-29. It is well known that during 

crystallization the specific volume decreases as macromolecules integrate into crystallites. 

Crystallization temperatures were calculated from dilatometrics data, as a flex point and 

they are summarized in Tab. 6 and graphically expressed in Fig. 30. 

Tab. 6: Crystallization temperatures of PP, LCB-PP, and c-PP crystallized under 

different pressures 

Pressure (MPa) PP Tc (°C) LCB-PP Tc (°C) c-PP Tc (°C) 

20 123 136 123 

40 126 142 133 

80 137 155 139 

120 172 165 174 

160 193 181 194 
  

The results of high pressure crystallization exhibits that crystallization temperature raises 

with increasing pressure for all used materials (see Fig. 30). The crystallization curves of 

PP and c-PP possess an analogous form, thus the crystallization behaviour of such 

materials is more or less identical. However, in the case of LCB-PP the dependence of Tc 

on specific volume is significantly different. LCB-PP possesses higher Tc up to 

crystallization pressure 80 MPa as compared to other materials. Then, at pressure 120 and 

160 MPa, the values of Tc of PP and c-PP exceed that of LCB-PP. Thus it can be said that 

under lower pressures LCB-PP crystallizes easily than PP (c-PP) while at higher pressures 

the situation is opposite, i.e. LCB-PP crystallizes hardly (slowly). The higher 

crystallization temperature of LCB-PP at common conditions (lower pressure) has been 

already published and has been assigned to long branches which can act as a nucleating 

agent and thus speed the crystallization [1]. On the other hand, under high pressures (120 

MPa and above) the long chains can contrary slow the crystallization as there is no enough 

place to move and long chains represent a restrictions for implementing macromolecules 

into crystallites. 
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Fig. 27: The dependence of specific volume on temperature for PP crystallized under 

different pressures 

 

Fig. 28: The dependence of specific volume on temperature for LCB-PP crystallized under 

different pressures 
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Fig. 29: The dependence of specific volume on temperature for c-PP crystallized under 

different pressures 

 

Fig. 30: Crystallization temperatures of PP, LCB-PP, and c-PP crystallized under 

different pressures 
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7 WIDE ANGLE X-RAY SCATTERING 

Wide angle X-ray scattering was employed to observe a polymorphic composition of each 

material. The corresponding WAXS patterns are shown in Figs. 31-33. Here the typical 

reflections at around 2Θ = 14.2°, 17° and 18.8° corresponding to (110), (040) and (130) of 

α-form can be observed. With increasing pressure also reflection at 2Θ = 20.05° 

corresponding to (117) of γ-form becomes distinct. From the diffraction patterns the values 

of crystallinity and γ-form content are calculated. The crystallinity is determined as the 

ratio of the integral intensities diffracted by a crystalline part (Ic) and total integral 

intensities (I) (Xc=I c/I). The relative content of γ-form (G) in the γ/α crystalline system is 

calculated according to Pae as G=Hγ/(Hα3+H γ).100 %, where Hγ is the intensity of the 

(117) γ-reflection and Hα3 is the intensity of the (130) α-reflection [53]. The values of 

relative content of γ-form and crystallinity are shown in Tab. 7 and graphically expressed 

in Figs. 34 and 35. 

Tab. 7: The relative content of γ-form and crystallinity of PP, LCB-PP, and c-PP 

crystallized under different pressures (%) 

Pressure (MPa) 
PP LCB-PP c-PP 

Xc γ-form X c γ-form X c γ-form 
20 54 10 63 30 58 11 
40 57 17 57 55 58 24 
80 49 46 55 82 54 49 
120 47 71 57 100 54 78 
160 49 83 58 100 54 92 

  

The prepared samples of each material consisted of only α- and γ-forms, β-form was not 

observed. The γ-form content increases with elevated pressure in all materials under study. 

Both PP and c-PP indicate very similar evolution of polymorphic composition with 

increasing crystallization pressure; the relative γ-form content is comparable. On the other 

hand, the LCB-PP has a higher tendency to crystallize into γ-form with elevated pressure 

than PP and c-PP; the relative γ-form content is significantly higher for all pressures. 

Moreover, at pressure 120 MPa the relative content of γ-form in such material reaches the 

maximum 100 %. The higher tendency to create γ-form under increased pressure has been 

already well described elsewhere [19] and is generally known. On the other hand, the 

crystallization of LCB-PP and its polymorphic composition is not fully understood yet. 

The data published so far [e.g. 54, 55, 56] indicated that when the fully isotactic sequences 
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(branches) are very short, iPP crystallizes into γ-form, whereas very long regular isotactic 

sequences (branches) generally crystallizes only into α-form. Weng analyzed the LCB 

structures in the LCB-PP in detail with 13c NMR, and pointed out that the incorporation of 

LCB structures in the LCB-PP will bring stereo mistakes in isotactic backbone structures 

[30]. As a result, the LCB structure will influence the final phase structure of LCB-PP. In 

the work of Su et al. the higher tendency of LCB-PP to crystallize into γ-form has been 

proved [2]. However, in this work only the influence of Tc was studied, no pressure 

dependence is taken into account.   

As can be seen in Fig. 35 the crystallinity varies from sample to sample. In general, the 

crystallinity is higher in c-PP and LCB-PP, the common polypropylene possesses slightly 

lower values. According to results it can be also said that high pressure gently decreases 

the crystallinity in all samples. The higher crystallinity in c-PP in comparison with PP 

could be expected: the impurities in such material have been removed and thus there are 

fewer defects of crystallites. 

 

 

Fig. 31: Diffractograms of PP samples crystallized at elevated pressure 
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Fig. 32: Diffractograms of LCB-PP samples at elevated pressure 

 

Fig. 33: Diffractograms of c-PP crystallized at elevated pressure 



TBU in Zlin, Faculty of technology 56 

 

 

Fig. 34: The content of γ-form of PP, c-PP, and LCB-PP crystallized at elevated 

pressure 

   

 

Fig. 35: The dependence of crystallinity of PP, c-PP, and LCB-PP crystallized at 

elevated pressure 
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8 DIFFERENTIAL SCANNING CALORIMETRY 

Differential scanning calorimetry was used to observe the melting behaviour of high 

pressure crystallized samples. 

Melting thermograms of all prepared samples are illustrated in Figs. 36-38. From the 

thermograms, melting temperature and melting enthalpy have been determined and the 

values are listed in Tab. 8 and graphically expressed in Figs. 39 and 40. The melting 

temperature has been taken as a maximum of melting endotherm. In some cases the 

splitting of melting peak can be observed (e. g. LCB-PP, 120 MPa, see Fig. 37). In this 

case, two melting temperatures are indicated in the graph (Fig. 39). 

It can be seen in Figs. 36-38 that the melting peak becomes broader with increasing 

crystallization pressure applied. This is connected with the presence of γ-form in high 

pressure crystallized samples. This polymorph of iPP possesses lower melting temperature 

and thus in samples containing both α- and γ-forms the peak has onset at lower temperature 

and is significantly broader. In the case of LCB-PP, the broadening leads in splitting of the 

melting peak into two individual peaks corresponding to separate melting of both forms. 

Indeed, this material contains the highest portion of γ-form within the crystalline portion 

(see Fig. 34) as compared to other samples; even at pressures 120 and 160 MPa it is 

composed of only γ-form. Nevertheless, the doubling of the peak is observed also in these 

cases. It can be connected with the recrystallization of γ-form into α-form. The γ-form is 

metastable and can melt and recrystallize into α-phase under heating. Very small additional 

peak at low temperature (approx. 150 °C) in c-PP thermogram is most probably connected 

with melting of trigonal β-form which has identical melting point. However, WAXS 

analysis did not revealed the presence of such polymorph in the material. Thus, it might be 

caused by αα-recrystallization which can also occur during melting of iPP. The less perfect 

α1-form can recrystallize into better ordered α2-form [17]. At higher pressures this very 

small peak disappears as the main melting peak is broader and broader and can overlap it. 

Fig. 39 shows the evolution of melting temperature with increasing crystallization 

pressure. The highest values are observed in c-PP while the lowest in LCB-PP. The 

melting temperature is connected with the lamellae thickness [57]. Thus it can be predicted 

that c-PP contains the thick lamellae and perfect crystallites while LCB-PP consists of thin 

lamellae and crystallites with number of defects. Moreover, it has been already published 

that the crystallites of γ-form in LCB-PP include a large amount of defects [58]. 
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Fig. 40 shows the evolution of melting enthalpy with increasing crystallization pressure. 

Total enthalpy of melting is the relative area of the melting peaks. As can be seen, 

generally the melting enthalpy decreases with increasing pressure. This is in good 

agreement with data from WAXS (Fig. 35): the value of melting enthalpy reflects the 

value of crystallinity which decreases with raising pressure. Among the three samples the 

highest values of melting enthalpy is observed in c-PP which indicate its highest 

crystallinity. This is proved also by WAXS, however, similar values of crystallinity are 

observed for both c-PP and LCB-PP which is not indicated in DSC data. The problem 

could be found in the evaluation method of melting enthalpy, which is affected by human 

factor. Moreover, the value of melting enthalpy of c-PP crystallized at the lowest pressure 

20 MPa seems to be yawing and thus cannot be taken into account. In general, WAXS data 

are considered as more predicative. 

 

Tab. 8: Melting temperature (°C) and total enthalpy of melting (J/g) of PP, LCB-

PP, and c-PP crystallized at elevated pressure  

Pressure (MPa) 
PP LCB-PP c-PP 

Tm ∆Hm Tm ∆Hm Tm ∆Hm 

20 161,1 106,7 159,4 109,9 162,1 98,6 
40 160,4 102,6 159,2 107,2 162,6 112,5 
80 160,6 102 159,4 103,5 162,3 111,4 
120 160,2 99,4 158,8 97,3 161,7 108,5 
160 159,7 97,9 158,8 97,8 161 101,4 
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Fig. 36: Melting thermograms of PP crystallized at elevated pressure 

 

Fig. 37: Melting thermograms of LCB-PP crystallized at elevated pressure 
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Fig. 38: Melting thermograms of c-PP crystallized at elevated pressure 

 

Fig. 39: The evolution of melting temperature at elevated pressure 
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Fig. 40: The evolution of total enthalpy of melting at elevated pressure 
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9 SCANNING ELECTRON MICROSCOPY 

The morphology of the prepared samples crystallized at elevated pressure is illustrated in 

micrographs taken by scanning electron microscope at different magnitudes (Figs. 41-43). 

Fig. 41 shows the structure of the materials crystallized under 20, 80 and 160 MPa at the 

lowest magnitude. As can be seen, the typical spherulitic structure formed in PP and c-PP. 

Spherulites are large and clearly visible with distinct boundaries (mainly at low pressure). 

The boundaries of the spherulites are better seen in Fig. 42 where greater magnitude has 

been used. According to WAXS analysis (see Fig. 34) the materials consists predominantly 

of γ-phase at high pressure (160 MPa). Indeed, the spherulites seem to be quite different. 

On the other hand, the morphology of LCB-PP does not show typical spherulites, the 

crystalline objects are very small and each crystallite cannot be defined (Fig. 43). The 

LCB-PP forms some type of aggregates which have corporate nuclei from which the arrays 

grow up. The arrays are probably composed of radial (mother) lamellae which seem to be 

overgrown epitaxially [4]. These details are nevertheless not evident from the scans most 

probably due to insufficient etching. Fig. 43 shows the structure of LCB-PP in detail.   
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Fig. 41: Morphology of PP, LCB-PP, and c-PP samples crystallized under 

different pressures by SEM (magnification 1 000x) 



TBU in Zlin, Faculty of technology 64 

 

 

Fig. 42: Morphology of PP, LCB-PP, and c-PP samples crystallized under 

different pressures by SEM (magnification 2 000x) 
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Fig. 43: Morphology of LCB-PP crystallized at elevated pressure. 
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10 COMPRESSIVE TESTING 

The mechanical properties of samples crystallized at elevated pressure were determined via 

compressive testing. The results of compressive testing (tensile stress, tensile strain and E-

modulus) are shown in Tabs. 9-11 and graphically expressed in Figs. 44-46. 

Tab. 9 and Fig. 44 show values of compressive stress at tensile strength for samples 

crystallized under different pressures. Generally, there is not a significant dependence, only 

an increasing trend of compressive stress with elevating pressure can be observed in case 

of LCB-PP. On the contrary PP and c-PP possess decreasing trend of compressive stress 

with elevating pressure. However, the values are very similar and to speak about trend is 

quite courageous. What can be also seen from the graph is that PP possesses slightly lower 

values as compared to c-PP and LCB-PP. 

The values of compressive strain at tensile strength for samples crystallized under different 

pressures are shown in Tab. 10 and Fig. 45. Generally the highest values are observed for 

PP and the lowest for c-PP. There is a very slightly increasing trend of compressive strain 

with elevating pressure for all materials. The most increasing trend is most pronounced for 

LCB-PP, which might be associated with the highest increase of γ-form portion with 

increasing crystallization pressure in such material. However, the standard deviations are 

too high and thus the data are misrepresented.   

The values of modulus (automatic) for samples crystallized under different pressures are 

shown in Tab. 11 and Fig. 46. The lowest values of modulus possess PP and the highest 

were find out for c-PP. However, again no significant trend could be derived from the 

results; the values change with the pressure without clear tendency. 

The lack of statistical significance is probably a consequence of the shapes and dimensions 

of prepared samples. Thus the results from compressive testing have not been accepted as a 

relevant in this study. 
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Tab. 9: Compressive stress at tensile strength for PP, LCB-PP, and c-PP 

crystallized at elevated pressure 

Pressure 
(MPa) 

Compressive stress at tensile strength (MPa) 
PP LCB-PP c-PP 

Mean Standard 
deviation 

Mean Standard 
deviation 

Mean Standard 
deviation 

20 52,89 1,45 55,05 1,32 57,17 1,10 
40 50,78 1,42 53,75 1,53 59,06 0,91 
80 48,63 0,71 56,74 2,67 54,07 2,54 
120 56,59 6,11 55,76 1,42 52,94 0,85 
160 48,45 6,94 57,92 4,01 53,25 3,27 

 

Fig. 44: The dependence of compressive stress at tensile strength on elevating pressure 
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Tab. 10: Compressive strain at tensile strength for PP, LCB-PP, and c-PP 

crystallized at elevated pressure  

Pressure 
(MPa) 

Compressive strain at tensile strength (mm/mm) 
PP LCB-PP c-PP 

Mean Standard 
deviation 

Mean Standard 
deviation 

Mean Standard 
deviation 

20 0,29 0,07 0,13 0,10 0,18 0,05 
40 0,26 0,10 0,13 0,08 0,22 0,02 
80 0,25 0,11 0,31 0,11 0,19 0,02 
120 0,36 0,15 0,28 0,09 0,19 0,02 
160 0,29 0,16 0,30 0,18 0,28 0,16 

 

 

Fig. 45: The dependence of compressive strain at tensile strength on elevating 

pressure 
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Tab. 11: Modulus (automatic) for PP, LCB-PP, and c-PP crystallized at elevated 

pressure 

Pressure 
(MPa) 

Modulus (automatic) (MPa) 
PP LCB-PP c-PP 

Mean 
Standard 
deviation Mean 

Standard 
deviation Mean 

Standard 
deviation 

20 814,12 87,11 1265,28 217,32 1225,87 157,09 
40 958,08 97,35 1264,67 124,74 1417,05 59,04 
80 891,69 164,43 972,84 214,54 1158,83 98,40 
120 700,57 235,54 1038,12 195,83 1299,59 238,88 
160 720,14 138,51 1398,98 118,90 1268,02 227,84 

 

 

Fig. 46: The dependence of Modulus (automatic) on elevating pressure 
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CONCLUSION 

This Master thesis deals with a study of crystallization of long chain branched 

polypropylene under increased pressure. Three different polypropylenes (PP 

homopolymer, LCB-PP and clean PP) were crystallized under increased pressure and then 

the structure and mechanical properties were investigated. The structure was evaluated via 

several methods, namely wide angle X-ray scattering, differential scanning calorimetry, 

scanning electron microscopy. Mechanical properties were determined via compressive 

testing. 

Pressure-volume-temperature (pvT) technique was used to prepare the samples of each 

material and find out the crystallization temperatures. The results of high pressure 

crystallization exhibits that crystallization temperature raises with increasing pressure for 

all used materials. Under lower pressures LCB-PP crystallizes easily than PP and c-PP, it is 

caused by long branches which act as a nucleating agent. The opposite situation is at higher 

pressures (120 MPa and above), the long branches slow the crystallization, because there is 

no enough place to move and macromolecules cannot implement into crystallites easily. 

The polymorphic composition of each material was observed by wide angle X-ray 

scattering. The results indicate that the prepared samples consisted of only α- and γ-forms, 

β-form was not observed. γ-form content increases with elevated pressure in all materials 

under study. The most significant it is in case of LCB-PP, which reaches the maximum 

100% at pressure 120 MPa. The crystallinity is higher in LCB-PP and c-PP than in 

common PP. 

The melting thermograms of differential scanning calorimetry showed that the melting 

peak becomes broader with increasing crystallization pressure, which is connected with the 

presence of γ-form. The highest values of melting temperature were observed for c-PP 

while the lowest for LCB-PP, which is caused by consistence of thin lamellae and 

crystallites with number of defects. The melting enthalpy decreases with increasing 

pressure. 

Scanning electron microscopy provided interesting insight into the morphology of all 

materials. Spherulites are large and clearly visible with distinct boundaries in PP and c-PP. 

The morphology of LCB-PP does not show typical spherulites, the crystalline objects are 

significantly smaller and not distinctly separated each other. 
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The results from compressive testing have not been accepted as a relevant in this study, 

because of the lack of statistical significance. 

To conclude, the high pressure crystallization does significantly influence the morphology 

of all materials under study. The results in this work could be a way for further 

investigation of LCB-PP.    
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