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KURZFASSUNG 

Die Kristallisationskinetik in Polymeren ist ein sehr wichtiges Thema im Bereich der 

Kunststofftechnik, da die Kristallisation mit den Eigenschaften von Polymeren korreliert. 

Die Kristallisation befasst sich mit der Ausrichtung und Anordnung der Polymerkristalle in 

ihrer Mikrostruktur, was wiederum den Grad der Kristallinität des Polymers bestimmt, der 

sich auf die thermischen, optischen und mechanischen Eigenschaften sowie auf die 

allgemeine Anwendung der Polymere auswirkt. In Bezug auf die Anwendungen ist 

Polypropylen (PP) eines der am häufigsten verwendeten Polymere in der 

Kunststoffindustrie, weshalb es unbedingt erforderlich ist, es zu recyceln und im Kreislauf 

der Wirtschaft zu halten. Das Mischen von Polypropylen ist eine nachhaltige und 

materialeffiziente Art des Polymerrecyclings. Um erfolgreich gemischtes recyceltes PP zu 

entwickeln, ist es wichtig, die Kristallisationskinetik der einzelnen Polypropylentypen und 

ihrer Mischungen zu verstehen. In dieser Arbeit wurde die Kinetik des 

Kristallisationswachstums der verschiedenen Polypropylentypen und ihrer Mischungen auf 

zwei verschiedenen Wegen mittels isothermischer Analyse untersucht. Sowohl die 

Differential Scanning Calorimetry als auch die optische Mikroskopie mit polarisiertem Licht 

unter Verwendung eines Heiztisches bei verschiedenen isothermen 

Kristallisationstemperaturen wurden eingesetzt, um die Keimbildungsrate, die 

Wachstumsrate und die allgemeine Kristallisationskinetik von Polypropylen und seinen 

Blends zu untersuchen. Bei der Analyse der aus den Experimenten gewonnenen Ergebnisse 

wurde das Avrami-Gesetz, das die Grundlage für das Verständnis der Kristallisationskinetik 

von Polymeren bildet, zur Bewertung der Wachstumsrate von Polypropylen Homo, 

Polypropylen Block und Polypropylen Random sowie von Mischungen, die aus den Typen 

Polypropylen Random und Block, Polypropylen Homo und Random und Polypropylen 

Homo und Block bestehen, verwendet. Dies geschah, um die Auswirkungen der Proben 

aufeinander in Bezug auf die Kristallisationskinetik zu untersuchen und zu verstehen. Die 

Avrami-Zahlen und Exponentiale wurden für die Vorhersage der Keimbildungsrate und der 

Kristallgeometrie von PP und seinen Blends verwendet. Die erhaltenen Werte lagen 

zwischen 2 und 4, was bedeutet, dass die Geometrie kugel- oder scheibenförmig ist. Die 

Keimbildungskonstanten und präexponentiellen Konstanten, die aus der Lauritzen-



 

 

Hoffman-Analyse unter Verwendung von PLOM und DSC gewonnen wurden, wurden 

miteinander und mit Literaturwerten verglichen, um die Ähnlichkeiten und Unterschiede 

zwischen ihnen zu ermitteln. Auf der Grundlage der Ergebnisse können verschiedene PP-

Typen, insbesondere Polypropylen-Blockcopolymere und Polypropylen-Homopolymere, 

gemischt werden, um eine einzige interpenetrierende Phase ohne offensichtliche 

Trennung zu erhalten, die während der Verarbeitung für das Recycling ko-kristallisiert 

werden kann.  

 

  



 

 

ABSTRACT 

Crystallization kinetics in polymers is a very important topic in the field of plastics 

technology since crystallization is correlated with the properties of polymers. 

Crystallization deals with the orientation and arrangement of polymer crystals in their 

microstructure and this in turn dictates the degree of crystallinity of polymer affecting their 

thermal properties, optical properties, mechanical properties and the general application 

of polymers. In terms of applications, polypropylene (PP) is one of the most utilized 

polymers in the plastic industry hence it is imperative to recycle them and maintain them 

in the circular economy loop. Blending of Polypropylene is a sustainable and material 

efficient way of polymer recycling and to successfully engineer blended recycled PP, it is 

important to understand the crystallization kinetics of individual types of polypropylene 

and their blends. In this work, crystallization growth kinetics of the different types of 

polypropylenes and their blends were investigated via two distinct routes using isothermal 

analysis. Both Differential Scanning Calorimetry and Polarized Light Optical Microscopy 

using a Heating stage at various isothermal crystallization temperatures were employed to 

investigate the nucleation rate, growth rate and overall crystallization kinetics of 

polypropylene and its blends. In analysis the results gained from the experiments, the 

Avrami´s Law which is the basis for understanding crystallization kinetics of polymers was 

used in evaluating the growth rate of Polypropylene Homo, Polypropylene Block, and 

Polypropylene Random polymers, as well as blends consisting of Polypropylene Random 

and Block, Polypropylene Homo and Random and Polypropylene Homo and Block types. 

This was done to investigate and understand the effects the samples had on each other in 

terms of crystallization kinetics. The Avrami numbers and exponentials were used in the 

prediction of nucleation rate and crystal geometry of PP and its blends. The obtained values 

were between 2 and 4 which meant the geometry was spheres or disc-like. The nucleation 

constants and pre-exponential constants obtained from Lauritzen-Hoffman analysis using 

both PLOM and DSC were compared to each other and with literature values to help 

identify the similarities and differences between them. Based on the results, different types 

of PP especially Polypropylene Block copolymer and Polypropylene Homopolymer can be 



 

 

blended to obtain a single interpenetrating phase with no obvious separation and may 

undergo co-crystallization during processing for recycling.
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SYMBOLS AND ABBREVIATIONS  

∅        diameter of spherulite  

b         stem's width  

I*          Nucleation rate  

Q           Heat energy  

r            radius of nucleus  

Tmo        equilibrium melting temperature  

Tm          Melting temperature  

U*          Energy molecules transportation in the melt  

Xt             Degree of relative crystallinity  

β               Kinetic free factor  

μ               chemical potential of spherulite  

σ                 Interfacial tension  

t                  time   

∆S               Change in entropy in the crystallization system  

⍺                  fraction of melt crystallized with respect to time  

A(T)               work per gram molecule required for forming a growth nucleus at temperature  

aPP               atactic Polypropylene  

d V              The volume of the new phase per unit  

DIC              Differential Inference Contrast  

DSC            Differential Scanning Calorimetry  

EbP             ethylene-propylene block copolymers  

f                  correction factor  

G                Gibb's Free energy  
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g              spreading rate  

h              heat of fusion  

H             enthalpy of reaction  

ICPP         Impact Copolymer PP  

iPP           Isotactic Polypropylene  

k              Avrami constant  

kb            Boltzmann constant 

KG                  Nucleation Constant  

L              effective growth length  

l              length  

LH           Lauritzen Hoffman  

n             Avrami exponent  

N           Number of uncrystallized elements  

n(T)        Probability of a nuclei transforming  

nr          radial direction  

nt            tangential direction refractive  

ⱷ            volume fractions  

PLOM       Polarized Light Optical Microscope  

PP             Polypropylene  

PP-B         Polypropylene Block Copolymer  

PP-BR      Polypropylene Block Random Blend  

PP-H          Polypropylene Homopolymer  

PP-HB       Polypropylene HomoBlock Blend  

PP-HR       Polypropylene Homo Random Blend  

PP-R         Polypropylene Random  
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PP-R-CT    Polypropylene random modified with crystallinity and Temperature  

R               Universal Gas Constant  

SPE           Solid Plastic Electrolytes  

sPP            syndiotactic Polypropylene  

T               Temperature  

Tc            Crystallization Temperature  

V(τ)          The volume of transformed nuclei at time, t.  

W*          Energy Barrier  

τ               crystallization time  

𝜘12           Florry-Huggins Interaction parameter  
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1 INTRODUCTION AND SCOPE 

Until the early 1950s, polypropylene (PP) in its oligomeric and polymeric forms were known 

to be amorphous because of their low molecular sources (B. Malpass and Band, 2012). The 

production of PP is mainly done by polymerization and oligomerization depending on the 

choice of PP. Polymerization and oligomerization depend on the processing conditions, 

mainly on the types of free radical initiators, types of catalysts, pressure and temperature. 

These conditions affect the final properties of the polypropylene resulting in the production 

of amorphous polypropylene (B. Malpass and Band, 2012). The discovery of polypropylene 

was made by Paul Hogan and Robert Banks accidentally while working at Phillips Petroleum 

Company due to a gas leakage (Tanvir and Abdus, 2024). Afterwards scientists, specifically 

Giulio Natta, researched on improving the stereoregularity of polypropylene to influence 

its crystallinity (B. Malpass and Band, 2012; Busico, 2001).  

The stereoregularity and unique molecular arrangement of polypropylene introduces 

versatility in its properties and subsequent applications. Polypropylene used for 

commercial purposes has a linear configuration, inducing a high crystallinity, chemical 

resistance, low density and good mechanical properties (Tanvir and Abdus, 2024). The 

selection of polypropylene for commercial applications is based on the type and degree of 

crystallinity of PP. Due to the versatility of PPs, they are used for generalized commercial 

applications and specialized advanced applications. In the area of water filtration, air 

filtration and biomedicine, electro spun PP fibers mostly nanosized or micro sized are 

applicable due to their robust mechanical property, chemical resistance, thermal stability 

and low price (Tanvir and Abdus, 2024). Moreover, PP fibers are easy to spin and have a 

large specific surface area (Tanvir and Abdus, 2024). Polypropylene is also used in 

composite manufacturing mostly as matrix of the system due to its low weight, formability, 

chemical resistance and toughness. Generally, PP is used in food packaging and beverage 

packaging, automotive industry for production of different vehicle parts such as bumpers, 

door rims, battery parts, medical industry, fashion industry. In the plumbing industry PP is 

utilized for transportation of potable water, irrigation for farming and sewage wastewater.  
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Commercially, polypropylene can be produced into two main types: homopolymers and 

copolymers, whereby the copolymers are subdivided into random copolymers and block 

copolymers.  

Due to its high demand in the plastic industry, it is imperative to find a front of pipe 

sustainable method of recycling PP and to maintain it in a circular economic loop to reduce 

PP waste in the environment, reduce carbon footprint of PP in the environment and 

decrease production costs. The use of different types of PP for different applications 

introduces complexity in recycling of polymers since different PPs have different 

properties. Hence during recycling the crystallization, spherulite growth, mechanical 

properties and crystallization kinetics of the PP when blended have to be investigated to 

ascertain their behavior when blended and if blends can be reused for commercial 

applications after recycling.  

This research work delves intensively into the different types of polypropylenes precisely 

homopolymer, polymer random (PP-R), block copolymer (PP-B) and the blends of these 

three types of polypropylenes. Polypropylene properties are affected by chemical 

structures, polymerization conditions, and crystallinity. Crystallinity in polypropylene is 

affected by crystallization kinetics, that involves the orderly alignment of molecules under 

pressure, temperature, and nucleating agents. The desired properties of plastics can be 

manipulated during parts manufacturing if the engineers know about the crystallization 

kinetics of the plastics. 

Chapter two of this thesis consists of the state of the art of the research necessary for the 

current work. Here, the focal point is the models for describing semi crystalline polymers, 

types of PP and classification of PP according to stereoregularity. Again, studies will be done 

on the kinetics of crystallization of polymers and their blends with a focus on the kinetics 

of crystallization of PP and its blends while briefly discussing the thermodynamics of 

crystallization. The models for describing crystallization will be discussed with much 

attention on the Lauritzen-Hoffman Secondary Nucleation Theory. 

In Chapter three, the methodology and materials used for the study of crystallization 

kinetics and growth of spherulites of PP will be presented; experimental methods used for 

this study are the DSC and PLOM with a heating stage which will be utilized to isothermally 
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analyze the overall crystallization kinetics of the polypropylene at specific temperatures. 

Chapter four delves into the analysis and explanation of the results obtained using different 

models, precisely Avrami´s theory and Lauritzen-Hoffman's theory whilst comparing the 

results to a similar body of research. Finally, in chapter five, there is a conclusive 

explanation of the results and discussion. Furthermore, recommendations for further 

investigations are given.  

The objective of this thesis is to study the crystallization kinetics of polypropylene and its 

blends and compare the results from each polypropylene to understand how PP and their 

blends crystallize isothermally. Additionally, the spherulite growth rate and its morphology 

were investigated to analyze the relationship between spherulite growth rates, spherulite 

morphology in the different types of PP and their blends, and the evolution of the 

spherulites concerning crystallization temperatures. 
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2 STATE OF THE ART 

2.1 Semicrystalline Polymers 

Semi-crystalline polymers as the name depicts, are a combination of both amorphous and 

crystalline parts in their morphological structure. The crystalline part of semicrystalline 

polymers consists of highly ordered chains which are stacked and mostly long-range order 

(Shrivastava, 2018). However, in the amorphous region, the chains are disordered, have high 

entanglement, and exhibit glassy-like nature (Shrivastava, 2018). Figure 2.1 shows a 

schematic representation of a typical semicrystalline polymer having crystalline and 

amorphous regions.  

 

 

Fig. 2.1: Structure of Semi-Crystalline Polymer (Shrivastava, 2018) 

 

From figure 2.1, the crystalline part has chains that are packed parallel to each other and 

forms a lamellar structure with a size of a few nanometers in a unit cell and the amorphous 

region is shaped helical, disordered, and embedded in the crystalline part (Li, 2020; Murmu 

et al., 2021). The orientation and formation of these regions are influenced by the polymer’s 

molecular structure and the conditions under which crystallization takes place during 

processing (Murmu et al., 2021). Crystallinity in polymers is very important because of its 

direct effect on mechanical properties, optical properties, electrical properties, and 

thermodynamic properties. Other crystallinity-related factors, distribution of crystallites and 

crystallites size in the polymer play a major factor in the overall properties of polymers.  



State of the Art  13 

 

The mechanical behavior of semi-crystalline polymers is dictated mostly by the crystalline part 

of the polymers. The polymeric chains´ strength in a semi-crystalline polymer system is mainly 

dependent on the -(C-C)- bonds between the molecules (Galeski, 2003). The bonding and 

orientation of the polymer chains are the purpose of withstanding shear stresses upon 

application of external loads. High strengths in polymers can be achieved by the perfect 

orientation of polymer chains parallel to each other, the strength in the axial direction of this 

perfect crystalline system will be higher than that of the parallel direction (Murmu et al., 

2021). However, due to anisotropy in the polymers, the lateral strength of crystalline 

polymers is very minimal. S. Humbert et. al. (Humbert et al., 2011) investigated the 

relationship between Elastic Modulus and Crystallinity. Four Polyethylene samples (branched 

and linear) were subjected to either quenching, annealing, or isothermal heating. Tensile 

Testing, Dynamic Mechanical, and DSC analysis were performed on these samples to ascertain 

their Elastic Modulus, loss Modulus, and degree of crystallinity respectively. From the results, 

it was concluded that there is a linear correlation between elastic modulus and degree of 

crystallinity in linear polymers. Although this observation is the same for branched polymers, 

the degree of crystallinity is not the only deciding factor for strength (Humbert et al., 2011).   

The applications of semicrystalline polymers are driven by the properties which are also 

affected by polymer crystallinity. In biomedical applications, the morphology and crystalline 

structure influence the biodegradability and biocompatibility properties. A highly crystalline 

polymer will have a slower degradation rate whereas a polymer with low crystallinity will 

possess a faster degradation rate. In electrolytes, polyethylene oxide is mostly utilized as solid 

plastic electrolytes (SPE) in Lithium batteries but due to its high crystallinity, there is an 

undesired effect on ion conductivity. Nevertheless, the crystalline areas are important 

because they are responsible for the strength of the SPEs (Li, 2020). Hence studies are being 

conducted to improve the ion conductivity properties of PEO whilst maintaining its 

mechanical properties (Li, 2020).  

2.1.1 Polypropylene 

Polypropylene is a vinyl polymer that belongs to the polyolefins family, having a linear 

hydrocarbon structure containing a small amount or absence of unsaturation, with an 

attachment of a methyl (CH3) group to its backbone, as shown in Figure 2.2 (Ariff et al., 2012). 
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The arrangement of the methyl group on the backbone of PP has effects on the properties of 

the PP, mostly enhancing the thermal and mechanical properties of PP whilst reducing the 

chemical resistance. (Ariff et al., 2012).  

Polypropylene is a stereotactic polymer and depending on the placement of the methyl 

groups they have three different molecular structures namely atactic, syndiotactic and 

isotactic PP. The tacticity of atactic PP (aPP) is characterized by the randomness of the 

positioning of the pendant methyl groups on the carbon backbone of the chain. The atacticity 

of this kind of PP makes aPP an amorphous thermoplastic material and increases its solubility 

with chloroform, diethyl ether, toluene, THF, methylene chloride, heptane and hexane and 

including mixtures polar and non-polar solvent mixtures even at room temperature (Karger-

Kocsis, 1999). It has high chemical resistance against acids hence does not degrade upon acid 

exposure. This type of aPP can be used as additives in rubber production, adhesives and 

modifiers in adhesives, and chemical foaming agents in PVC through chemical modifications 

(Meng-Heng Wu et al., 2020; Šimoník and Drexler, 1979).  

The CH3 methyl groups in syndiotactic PP (sPP) are arranged in a regular alternating pattern 

along the molecular chain. Due to this arrangement of the methyl side chains, sPP has higher 

impact strength, enhanced ductility, and decreased crystallinity compared to aPP. It also has 

good mechanical and electrical performance (Javier Arranz-Andrés et al., 2005). They are 

mostly used in the insulation of cables due to their good electrical properties. Isotactic 

Polypropylene (iPP) is the most used and researched among the three kinds of PP. The 

production of this PP is usually in the presence of Ziegler-Natta catalysts and the addition of 

a head-tail configuration of polypropylene monomer to produce stereospecific PP. The 

arrangement of the methyl side group of the iPP is on one side of the main chain. The 

positioning of the side group favors the formation of helical chains rather than a zigzag shape, 

which would have a negative impact on the overall properties (Ariff et al., 2012). iPP is 

commercially used for various applications ranging from packaging to medical applications, 

to automotive applications. Figure 2.2 shows the different stereoregularities of PP. 
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Fig. 2.2: Different Tacticity of PP (Ariff et al., 2012) 

2.1.2 Commercially Produced Polypropylene Types 

2.1.2.1 Polypropylene Homopolymer 

This PP Homopolymer is the pure form of Polypropylene (not copolymerized with other 

olefins), and the most widely utilized in terms of commercial applications. The investigation 

of the creep properties by Kurt and Kagoz conveys that because of the high crystallinity of PP-

H, PP homopolymer, it has a better creep resistance in comparison with other polyolefins 

(Kurt and Kasgoz, 2021). Kurt and Kasgoz also proved that molecular weights of PP influence 

the mechanical properties of PP homopolymers. An increase in molecular weight resulted in 

increased maximum creep strain and viscosity (Kurt and Kasgoz, 2021). 

Food packaging, healthcare and medical items, textiles, electrical components, toys, and 

sports equipment are just a few of the industries that use PP-H extensively. It is the optimal 

option for these applications because of its resilience to chemicals, greases, and food oils. It 

is appropriate for syringes, surgical instruments, medical devices, and other supplies due to 

its exceptional strength, toughness, and biocompatibility. Because of its low weight, it is a 

desirable option for gasoline tanks and car interiors. In addition, toys, sports equipment, 

fabrics, and electrical components all contain homopolymer polypropylene. Both producers 

and consumers choose it due to its cost-effectiveness and favorable environmental impact. 

Its resilience to heat and chemicals, robustness, and affordability make it the perfect option 

for demanding applications. 
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2.1.2.2 Polypropylene Random Copolymers  

The outstanding and versatile nature of Polypropylene random (PP-R) has attracted a lot of 

attention from scientists and researchers. PP-R has a relatively high percentage of the 

amorphous region in comparison with its crystalline part. PP-R is copolymerized with about 

0.2 to 7 mol% of α-olefins (butene, ethylene, hexane etc.) by the random insertion of the 

olefins. The addition of these olefins mostly butene and ethylene disrupt the sequential order 

of the polypropylene leading to a decrease in crystallinity, rigidity, melting temperature, glass 

transition temperature and nucleation energy barriers (Benarab et al., 2021). In comparison 

to PP-H, PP-R has greater ductility, high impact strength at minimal temperature, resistance 

to stress-induced cracks, corrosion resistance, and good sealing properties. However, due to 

its random configuration, this PP has low strength (Benarab et al., 2021) but has good 

transparency with light (Wu et al., 2024). 

Commercially, PP-R is mostly used in the plumbing industry for the fabrication of hot water 

pipes due to its high thermal and mechanical properties, corrosion resistance and durability 

(Benarab et al., 2021). Polypropylene random modified with crystallinity and Temperature 

(PP-R-CT) is an improved version of PP-R which is desirable for many applications due to the 

advancement in its crystallinity, thermal properties, mechanical properties, energy efficiency, 

chemical compatibility, and resistance to abrasion. They can be used in residential and 

commercial plumbing systems, agricultural and irrigation systems, heating and air 

conditioning networks, industrial refrigeration systems, and water treatment installations. 

 

2.1.2.3 Polypropylene Block Copolymer 

Impact Copolymer PP (ICPP), which is another name for polypropylene block polymer (PP-B), 

is a heterophasic copolymer which is a mechanical and physical compatibilization of ethylene 

Polypropylene random, a range of PP homopolymer and ethylene-propylene block 

copolymers with varying sequence lengths (EbP) (Chen et al., 2015; Gahleitner et al., 2013; J. 

Jancar and J. Tochacek, 2011). The heterogeneous phase is made up of amorphous rubbery 

inclusions and a semicrystalline polyethylene phase (Chen et al., 2015). Using Fourier 

Transform Infrared Spectroscopy and 13C nuclear magnetic resonance characterization 

technique, Hongjun et al. (Hongjun et al., 1999) fractionated the individual components of 

ICPP. The amorphous rubbery inclusions contribute to high impact resistance whereas the 
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semicrystalline phase is responsible for the strength of the PP (Chen et al., 2015). Due to it 

being a multiphase polymer system (Hongjun et al., 1999), it possesses great mechanical 

properties, especially under impact conditions (Feng Luo et al., 2012; Shijie Song et al., 2009; 

Shijie Song et al., 2010). Studies by Chen et al. show the relationship between the composition 

of ICPP individual components on the overall properties (Chen et al., 2015). Their results show 

that an increase in the rubber size of the polymer system improves the impact properties of 

the polymer, however at lower temperatures rubber size does not affect polymer impact 

properties (Chen et al., 2015). ICPP are primarily used in automotive applications, hence 

necessitating recycling regulations, requiring an understanding of changes in structure and 

properties due to thermomechanical shocks during multiple extrusions (J. Jancar and J. 

Tochacek, 2011). Injection molding and cast or blown film technologies are critical to the 

packaging industry. Because of its high stiffness and impact strength, block copolymers are 

used in this area as well (Gahleitner et al., 2013). 

2.2 Models for Describing Semicrystalline Polymers 

In terms of describing the structure of semicrystalline polymers, there have been different 

theories from different polymer scientists based on their scientific works. Models such as the 

Lamellar Folding model, the interlamellar amorphous models, and the Fringed Cell model 

have been some of the most researched models in the field of polymer science. This section 

will highlight the three main models of describing the molecular chains of polymers, make 

comparisons with these models, and how they differ from one another. Additionally, other 

models will be briefly touched on, and explained how these models have a connection with 

the current thesis. The three main models discussed in this thesis are: 

A. Fringed Cell Model 

B. Lamellar Model  

C. Interlamellar Amorphous Model 

2.2.1 Fringed Cell Model 

The fringed cell model was amongst the first models proposed in the description of polymer 

chains in semi-crystalline polymers which was first brought about by Hermann et al 

(Herrmann et al., 1930). This model assumes that the long linear macromolecules have a 
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random arrangement and regions of sufficient alignment which can form crystal lattices 

existing in a non-stationary binary phase (Peterlin, 1965). This model is graphically 

represented below in Figure 2.3.  

The Fringed cell model suggests that polymers such as rubber are amorphous at room 

temperature however shows crystallinity upon application of tensile stress (stretching) 

(Keller, 1959). Studies on the fringed cell model were usually conducted by Xray 

Diffractometer (XRD), the production of XRD reflections which were well defined suggested 

an ordered lattice although these reflections are independent of the molecular length (Keller, 

1959). There was the observation of broad halos in the XRD patterns that showed the 

presence of amorphous regions whereas the broad reflections suggested the small sizes of 

the crystallites (Keller, 1959). Although this model had been widely used in the early discovery 

of polymer morphology to describe the toughness and strength of polymers via chain 

crosslinking (Opperlander, 1968), it was an oversimplified model and did not account for 

structural observations in addition to the exhibition of broad range mechanical properties by 

a polymer.  

 

Fig. 2.3: The Fringed Cell Model (Keller, 1959) 

 

2.2.2 Lamellar Model 

During crystallization, the type of polymer, the conditions of processing, and most 

importantly the crystallization process affect the morphology of the polymer. One of the most 

basic structures a polymer can form into, especially in diluted solutions, mostly as isolated 

sole entities, is the lamellar structure (Xu, 1987). Apart from diluted solutions, lamellas can 

exist in melt solutions. This is uncommon since the process for the preparation of the samples 
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is very elaborate and time-consuming (Keller and Goldbeck-Wood, 1996). Lamellar 

morphology is a layered structure having stacks of ordered patterns (Matyjakszewski and 

Möller, 2012). Micelles that occur in the nanoscale are packed in a regular manner per stack 

in the lamellar to form microlattices. The stacks can exist in different structures and do not 

have constant spatial orientations (Rabiej and Rabiej, 2011). Two kinds of layers can be used 

to describe the stacks in polymers; the “decorated” layer and the “undecorated” layer 

(Matyjakszewski and Möller, 2012). They are categorized according to the stacking disorders 

in the layers, undecorated layers have a 1D translational in the normal axis. Decorated layers 

contain 2D-dimensional patterns that exhibit translation distortions or defects in the oblique 

direction, rotational disorders, and stacking faults (Matyjakszewski and Möller, 2012). The 

lamellar model is represented in figure 2.4. 

 

                                     Fig. 2.4: The Lamellar Model (Rabiej and Rabiej, 2011) 

2.2.3 Interlamellar Model                           

The interlamellar model was suggested by Opperlander, in his review work (Opperlander, 

1968). He stated that a semicrystalline polymer, whether it is described by the chain folding 

model, adjacent re-entry, or the fringed cell model, so far as the semi-crystalline polymer had 

amorphous interfaces separating and connecting the crystalline regions, can be described as 

an interlamellar model (Opperlander, 1968). This model is very similar to the fringed cell 

model due to the amorphous part in the polymer. Opperlander stated in his review that this 

model cannot be used for all crystalline polymers since polymers can crystallize in different 

conditions leading to different molecular structures. In Peterlin's work (Peterlin, 1965) the 

importance of the amorphous phase in the lamellae during re-entry of the chains was 

highlighted although he did not emphatically back this model. Research works performed by 

Sedighiamiri et al. (Sedighiamiri et al., 2010), Viana and Cunha (Viana and Cunha, 2006), Sauer 

and Hsiao (Bryan B. Sauer and Benjamin S. Hsiao, 1995) go further to support this 
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interlamellar model even as far as treating the semi-crystalline polymer as a three-phase 

system with sandwiching of the amorphous region between a rigid phase and crystalline 

phase.  

 

Fig. 2.5: Interlamellar Three phase Models (Opperlander, 1968; Sedighiamiri et al., 2010) 

 

2.3 Spherulite Growth from Polymer Melt 

Spherulites are grown from a polymer melt during crystallization of the melt. They first gained 

recognition as spherulites by Bunn and Alcock (Bunn and Alcock, 1945) for branched 

polyethylene in as much as the phenomena of spherulites in other materials such as silicate 

were known before this recognition. Apart from polymers, a wide range of metallurgical 

alloys, metals, minerals, rocks, liquid crystals and a variety of biomolecules are associated 

with and   contain spherulites (Gránásy et al., 2005). In polycrystalline polymers, the structure 

of spherulites consists of lamellae having their basal surfaces with an alignment parallel to 

the direction radial of the spherulites. The formation of the symmetrical spherulites is 

characterized by branching and splitting, including hedrite or axialite forms (Tien et al., 2015). 

The spherulites can exist in different morphologies and forms and are mainly characterized 

into two categories as illustrated in fig.2.6. To retain their space-filling quality, Category 1 

spherulites branch sporadically as they expand radially from the nucleation site. On the other 

hand, category 2 spherulites begin as fibers that resemble threads and then expand into new 

grains at the growth front (Gránásy et al., 2005). 
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Fig. 2.6: The two main categories of spherulite (Gránásy et al., 2005)      

Depending on the polymer melt type, spherulites exhibit diverse morphologies and patterns 

and they are represented in the picture below. Mostly these spherulites exhibit regular 

Maltese patterns or ring-banded patterns. Figure 2.7 shows the different morphologies that 

spherulites can possibly exhibit depending on the conditions of crystallization and the type of 

polymer. Figure 2.7(a) is a densely branched spherulite, (b) is a spiky spherulite, (c) is an 

arboresque spherulite, (d) and (e) are quadrites, (f) is a spherulite from Se, (g) is a crystal 

sheaf, (h) is a category 2 spherulite, (i) is a multi-sheave or early spherulite and (j) shows an 

arboresque growth. 

                   

Fig. 2.7: Pictorial illustrations of the different spherulite morphologies of polymers (Gránásy et al., 
2005) 

The morphology of spherulites can be characterized by Transmission Electron Microscopy, 

Xray Computerized Tomography and Polarized Light Microscopy. A polymer spherulite 

interaction with visible light shows an optical birefringent with two refractive indices in the 

radial direction (nr) and tangential direction (nt) (Lugito and Woo, 2013). The birefringence 

classifies the spherulites into positive spherulites, negative spherulites, and zero 

birefringence spherulites depending on which refractive index is greater on interaction with 

the spherulites.  
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2.3.1 Positive Spherulites  

Positive spherulites possess a refractive index that is higher in the radial direction than the 

tangential direction (nr>nt) (Lugito and Woo, 2013). Morphologically, they can be ringed or 

fibrillar and have more optical polarizability along the radial direction in comparison with the 

average of the other perpendicular indicatrices (Magill, 2001). Polymers containing strong 

dipole bonds, mostly H-bonds exhibit this kind of birefringence in their backbone chains at 

large angles and exhibit chain titling and twisting. An example for this would be polyamide 

(Magill, 2001). In terms of color from the visible light, the first and fourth quadrants of the 

spherulite (upper right section and lower left section) display the blue hue, while the second 

and third quadrants display the yellow color.  

2.3.2 Negative Birefringence Spherulite 

This kind of birefringence is very common in synthetic polymers having fibrillar or banded ring 

patterns (Magill, 2001). In negative birefringence, the radial direction refractive index is 

smaller than tangential direction refractive index (nr<nt). The blue color appears in the upper 

left and lower right quadrants (second and third quadrants) of the spherulite, whereas the 

upper right and lower left quadrants (first and fourth quadrants) show the yellow color. 

Despite having regularly recurring concentric rings, high-density PE is an example of a 

negative spherulite. Between the ring spacing and the radial growth phase, the lamellae 

periodically twist (Handbook of Polymer Crystallization, 2013). 

Spherulites have a relationship with the properties of polymers, mostly mechanical 

properties. Starkweather and Brooks (Starkweather Jr. and Brooks, 1959) studied how 

spherulites affected the mechanical behavior of nylon 66. The observation made was that as 

the spherulite size reduces (causing an increase in spherulite number) there is an increase in 

the yield point and high flexural strength of the nylon, whereas the ultimate elongation 

decreases leading to low ductility (Starkweather Jr. and Brooks, 1959). Studies on the effect 

of spherulite size on the mechanical properties of polymers have shown that a decrease in 

spherulite size causes an increase in the strength of the polymer due to the presence of 

several grain boundaries that serve as load arresters.  
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2.4  Nucleation 

Based on the assumptions that the density fluctuations during supercooling of polymer melt 

help to overcome the nucleation barrier, the classical nucleation theory was formed by Gibbs 

(Gibbs and Bumstead, 1906) and Kossel (Kossel, 1927). The Boltzmann Law describes the 

possibility of the existence of a nucleus at a specific volume and energy. This law is a function 

of entropy change related to exp(∆S/kb). The probability of finding a nucleus with a specific 

size is in relation to exp (∆G/RT). According to Turnbull and Fisher (Turnbull and Fisher, 1949), 

the rate of nucleation can be expressed as: 

I*= (
NKT

h
) exp(-∆G*+∆Gƞ) /kT         (2.1)                                                                                                   

The number of uncrystallized elements ‘N’ that can take part in the nucleation of a nucleus 

with critical radius is known as the nucleation rate, and it is expressed in nuclei per second. 

                                          

Fig. 2.8: Diagrammatic illustration of the nucleation process showing how ΔG changes with 
crystalline aggregate size (Muthukumar, 2003) 

The nucleation path affects the overall properties of a polymer (Xu et al., 2021) and it is also 

the rate-determining step. Nucleation is the first step during polymer crystallization and for a 

polymer to crystallize successfully it must be able to overcome its nucleation energy barrier. 

Nucleation is because of fluctuation in the density of fluids and quenching of fluids to 

temperatures below their melting point (Muthukumar, 2003). Thermodynamically, the 

stabilization of the nuclei formed is achieved by reducing the free energy used to form 

stabilized crystalline phase and destabilization occurs when the free energy is increased 
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(Muthukumar, 2003). The free energy needed for a spherulite nuclei to form crystals is given 

as: 

∆G=-
4

3
πr3∆μ+4πr2σ          (2.2) 

Given that at the nucleus' spherical surface, σ represents the interfacial tension and  

∆μ=∆h∆TTm           (2.3) 

For ∆T =To
m -T>0, ∆𝜇 becomes positive. At critical radius, ( 

d∆G

dr
)r=rc=0. 

Making rc=
2σ

∆μ
=2oTom∆h∆T         (2.4) 

 

As the degree of supercooling increases, the critical radius shows an inverse divergent 

property. This process can be a time and energy-consuming process due to the nature of the 

connection between large molecules, however, strategies such as the addition of nucleating 

agents, blending polymers with amorphous blends, and optimization of external conditions 

have been employed to enhance nucleation rates. Nucleation is classified into two, namely 

primary nucleation and secondary nucleation. 

2.4.1 Primary Nucleation 

Primary nucleation happens when a nucleus is formed from a new liquid phase whereas 

secondary nucleation is the nucleation of a growing interface. With regards to energy barrier, 

primary nucleation has a higher energy barrier than secondary nucleation due to the presence 

of foreign materials in melts of secondary nucleation, reducing the Tg of the melts and hence 

decreasing the energy barrier (Zhang et al., 2021).  

Primary nucleation is further grouped into heterogeneous and homogeneous nucleation 

(Mercier, 1990). Homogeneous nucleation occurs randomly in the melt due to fluctuations in 

the temperature whilst heterogeneous nucleation is an instantaneous process caused by 

random dispersions of insoluble particles (Mercier, 1990). The topics involving primary 

nucleation such as self-seeding, epitaxy, and chemical have been extensively by Wittmann 

and Lotz (Wittmann and Lotz, 1985), Blundell, Keller and Kovacs (Mercier, 1990) however, the 
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lower density of nuclei from primary nucleation makes it complicated to study. Hence, 

secondary nucleation will be discussed in detail in this session.  

2.4.2 Secondary Nucleation and Theories for Describing Secondary Nucleation 

Secondary nucleation can be best understood through the study of radial growth rate, 

lamellar thickness, and the morphology of the polymer (Burnett and McDevit, 1957; Phillips 

and Tseng, 1989). This process is an important step in the prediction of the overall 

crystallization kinetics and most importantly controlling the crystallization process (C. Virone 

et al., 2005). Polymer scientists in crystallization have researched and proposed various 

theories in describing secondary nucleation. The focus will be on the Lauritzen-Hoffman (LH) 

theory since this theory will be used in the experimental part of this thesis. Nevertheless, 

other important theories are summarized in the subsequent chapter.  

2.4.2.1 Lauritzen-Hoffman Theory: Stem by Stem Nucleation 

Six decades ago, Lauritzen and Hoffman discovered the theory of chain folding in dilute 

solution (Hoffman et al., 1975; Hoffman et al., 1976; Lauritzen, JR and Hoffman, 1960) 

(Hoffman et al., 1976). This theory was the basis of their works on secondary nucleation.  Their 

work on ‘the Growth Rate of Spherulites and Axialites from the Melt in Polyethylene 

Fractions: Regime I and Regime II Crystallization’ (Hoffman et al., 1975), described the 

mechanism of secondary nucleation in detail and gave birth to Lauritzen-Hoffman secondary 

nucleation theory. This theory is a simplistic one because it connects microscopic parameters 

to macroscopic quantities by ignoring complex molecular details of chains bringing them into 

a common mean field (Zhang et al., 2017). This theory has become the standardized theory 

for secondary nucleation, although most scientists argue that it has been oversimplified. 

Nevertheless, this theory is the basis of other secondary nucleation theories. The assumptions 

in this theory are listed below:  

1. The critical nucleus is assumed to be a single stem. Molecules randomly fluctuating in 

and out of the embryo occur till a critical nucleus with specific dimensions (bigger than 

the minimum lamellar thickness) is formed and stability of the nuclei is established 

(Cox et al., 2015; Lupi et al., 2014). This model is known as the coarse-graining model, 

and the steps involved are intricate. The opposite is the fine-graining model whereby 

the steps taken are in sequence. In the paper of Frank and Tosi (Frank and Tosi, 1961), 
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it was proven that the same outcome is obtained when both models are used for a 

system in equilibrium. Additionally, this research proposed that chain folding ends 

before the cumulative length of molecules reaches the lamellar thickness and that 

molecular fluctuation occurs along the lamellar direction. Point made modifications to 

the model by including the probability of occurrence of chain folding in the lamellar 

(Point, 1979a; Point, 1979b).  

2. The polymer remaining after the nucleus is initially deposited onto the crystal surface 

undergoes adsorption and has the same length as the original lamellar (Zhang et al., 

2017). This stem length is also subjected to a certain level of thermally influenced 

fluctuation (δl) which is approximated to zero by Hoffman’s treatment (Zhang et al., 

2017). The fluctuation-dissipation theorem shows that there is an interconnection 

between the fluctuation lamellar thickness and the corresponding dissipation since 

the thermal driving force (kbT) is shared between the two. T is the absolute 

temperature and kb is the Boltzmann constant (R Kubo, 1966).  

This can be represented as: 

σbδl = kbT                                                                                                                            (2.5) 

Hence δl=kbT/σb           (2.6) 

      where b is the stem’s width 

3. Upon the formation of a nucleus, lateral growth will occur in the whole chain in the 

system. Chain growth will be in a sequential order, i.e. the growth of a new chain can 

be possible only if an old chain in the process of growth has finished its growth process 

(Zhang et al., 2017). This can be possible in a diluted solution. However, in a 

concentrated solution or melts new chains can emanate from the melt whilst growth 

is still happening in old chains. This results in a ‘cilia’ morphology which can pass 

through various lamella when it has a maximum length (DiMarzio, 1967). 

4. The most important assumption is the smooth surface nucleation whereby the pre-

existing surface is atomically smooth (few ‘vacancies’) leading to the creation of a new 

surface in each deposition (Zhang et al., 2017).  

From the above assumptions, the Lauritzen-Hoffman theory is said to be an ‘enthalpy barrier’ 

model which involves two major steps. The first is the creation of new nucleus subjected to 
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random fluctuations and the other growth of the molecules to a length greater than the 

lamellar width causing lateral growth. According to this theory, two important parameters 

are used to describe crystallization kinetics: nucleation rate i, and spreading rate g. There are 

three regimes used in describing the parameters. The nucleation stages according to 

Lauritzen Hoffman Theory is represented in figure 2.9 below. 

 

Fig. 2.9: Stages involved in Nucleation According to Lauritzen Hoffman Theory (Zhang et al., 2017) 

Regime I 

In this regime, i<<g and this occurs at very high temperatures. Following nucleation, lateral 

growth will quickly expand a layer before waiting for the subsequent nucleation to begin. To 

calculate for crystal growth rate in this regime, 

G=ibL            (2.7) 

Where L is the crystal size making iL the nucleation rate, i is the nucleation rate per unit length, 

and ibL the growth rate. From the above equation, the growth rate is linearly related to the 

crystal size which is inconsistent with experimental data since slow growth rate increases 

crystal size. Therefore, L is redefined as the ‘effective’ growth length or persistent growth 

length (Lauritzen, JR and Passaglia, 1967; Point et al., 1986) and considerably narrower than 

the crystal growth face's width (Zhang et al., 2017). 

GI= biLI                                                                                                                                                                           

(2.8) 

2. Regime II 

i=g in this regime, it occurs at moderate temperature rate and there is a competition between 

the two parameters of nucleation rate and spreading rate. 
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GII= b√ig                                                                                                                                    (2.9) 

3. Regime III  

In this regime, i>>g, this occurs at low temperatures and nucleation is faster than lateral 

growth rate. The behavior of this regime is like that of region I since there is constant mean 

spacing between adjacent nuclei making the lateral spreading rate negligible (Guerin et al., 

2021; John D. Hoffman, 1983).  

  GIII= biLIII                                                                                                                                                    (2.10) 

According to Lauritzen Hoffman, the formation and spread of nucleus are due to steady state 

approximation in detailed balancing connects the addition and removal of sequential stems 

and the probabilities between the addition and removal of the stems (Zhang et al., 2017). 

During the nucleation process, the first step of addition does not lead to surface folding yet 

solely two new lateral surfaces are produced due to the lateral spreading process (Zhang et 

al., 2017). Every polymer molecule starts at the growth surface, where the lateral dimension 

is expressed as Lp. This is where the first stem is positioned. This phase is thought to be related 

to nucleation. The secondary nucleus then continues to grow laterally at a pace of g. The stem 

grows at a growth rate of G and has thickness in both the lateral and growth directions. This 

is represented by the equation: 

∆G=-abL∆μ+2bLσl                     (2.11) 

There is an alternation between the formation of lateral and folded surfaces; if lateral surfaces 

are formed, folded surfaces cease to form, and vice versa. Hence each process i.e. addition 

and removal process have specified free energies.  

Hoffman also proposed that the surface free energy used serves as a barrier that the nucleus 

must overcome to lay the stems which can be represented by the probabilities of adding a 

stem (nucleation barrier). Nonetheless, there is an addition of free energy during the 

deposition of the stem which helps minimize the barrier leading to the determination of the 

net free energy by factor. This is graphically represented below in Fig 2.10. 
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Fig. 2.10: Lauritzen Hoffman Free Energy Landscape (Kundagrami and Muthukumar, 2007) 

In connecting the macroscopic quantities, the LH theory can be expressed and simplified 

mathematically in the following equations:  

Average lamellar thickness: 

< l >av= 2σe /∆F  +δl                                                                                                                            (2.12) 

δl = (KbT/2bσ 2+(1-2ⱷ) a∆F/2ⱷ)/(1-a∆Fⱷ/2ⱷ) (1+a∆F(1- ⱷ/2a))                                           (2.13) 

Fluctuation lamellar thickness 

(<l-<l>av)2= 
(KT)2

(2bo-ab∆Fⱷ)2+ 
(KT)2

(2bo-(1-ⱷ)ab∆Fⱷ)
2  

1

2
 (

K

bo
)
2
                                                                      (2.14) 

Growth Rates  

GI =
b

a
βLpexp(

2abσeⱷ

KT 
)exp(

-2booe

∆FKT
)                               (2.15)                                                                                                       

GII=bβ exp (
-abσeⱷ

KT
) exp(

-abσe(1-ⱷ

KT
)exp(

-2bσσe

∆FKT
)                                                                                  (2.16) 

GIII= 
b

a
βL′pexp(

2abσeⱷ

KT 
)exp(

-4bσσe

∆FKT
)                                                                                                    (2.17) 

where the kinetic prefactor is denoted by β. Based on these findings, it may be concluded 

that, in general, the main experimental findings can be quantitatively or semi-quantitatively 

replicated via LH theory. This shows the theory's viability because, even with such basic 

assumptions, it can accurately forecast most experimental outcomes (Zhang et al., 2017). 

2.4.3 Other Models  

Apart from the Lauritzen-Hofmann model, other models have been used in the description of 

secondary nucleation and growth. These models are used either in modification of the 
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Lauritzen Hoffman or for multiphase polymer systems. These models are, namely, the Sadler-

Gilmer Model, Wunderlich Molecular Theory, Hu Intramolecular Models, Mutukumar’s 

Continuum Theory and Strobl Model. The Sadler-Gilmer Model is a theoretical entropical 

barrier model based on the modification of the LH theory (Zhang et al., 2017; Zhang et al., 

2021). This model is typically used for short chain crystal systems due to consideration of 

nearest neighboring interactions and potential molecular adsorption and desorption issues 

(Zhang et al., 2017). The Wunderlich Molecular Theory is applied in a polymer system of a 

combination of two bimodal polymers with different molecular masses (Zhang et al., 2017). 

This model is qualitatively based on molecular segregation of the two bimodal polymers as 

crystal growth occurs and shows the effect of molecular weight on crystallization. An 

improvement of the Wunderlich Molecular Model is the Hu Intramolecular Model. It was 

formulated by Hu et al. (Zhang et al., 2017) to quantitatively explain the dependence of 

molecular weight on molecular chain segregation using a single chain model. It showed that 

an increase in molecular weight increases the melting barrier, although the nucleation barrier 

remains constant irrespective of molecular weight. Muthukumar et al.  (Kundagrami and 

Muthukumar, 2007) developed a model that combines two distinct physical processes into a 

single formalism. The first process is dominated by nucleation control in solution-grown 

crystals, while the second is diffusion-controlled in solution-grown crystals. The model uses 

an entropic barrier theory to explain polymer chain accumulation, accounting for 

concentration, molecular weight, and long-chain polymer properties. Inspired by the 

polyethylene research of Keller et al., Strobl's multistage crystallization model proposes a 

third stage of growth. A model was put out to explain why random copolymers of sPP exhibit 

lamellar thicknesses that are comparable to those of homopolymers at higher equilibrium 

melting temperature (Zhang et al., 2021). 

2.5 Thermodynamics of Polymer Crystallization and Melting  

Crystallization refers to a first-order irreversible process that involves transitioning of phase 

from the amorphous phase to the crystalline phase at a specific temperature namely 

equilibrium crystallization temperature (Guo, 2016). Since crystallization is an irreversible 

reaction, the process from a crystalline to amorphous phase is melting and this also occurs at 

a specific temperature called equilibrium melting temperature. To thermodynamically 
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investigate a polymeric melting system, the system must be in equilibrium and when this 

happens the free energy state becomes null. This is represented by: 

△Gm=△Qm-Tm△Sm                                                                                                                 (2.18) 

At equilibrium   

 △Gm=0                                                                                                                                                  (2.19) 

Hence 

 Tm= △Qm/△Sm                                                                                                                              (2.20) 

The enthalpy of fusion of polymers is low due to weak Van der Waals bonds between chains 

whilst having high entropy. Hence, highly crystalline polymers have higher melting points than 

the flow temperature of amorphous polymers due to their low disorderliness (entropy) and 

high heat of fusion. The Gibb’s-Thomson equation which takes into consideration the lamellar 

thickness of the polymer chains modifies the above equation to: 

Tm=Tmi − 2σeTm/l∆h                                                                                                                      (2.21) 

where l is the lamellar thickness, 𝜎e is the fold-end surface free energy density and Δh is the 

heat of fusion. From the equation, the distribution of lamellar thickness affects the melting 

point, a wide distribution of lamellar thickness shows a broad peak on the DSC melting curve 

(Guo, 2016).  

Polymer crystallization follows the law of thermodynamics, which determines whether a 

crystallization reaction should occur under specific conditions (Raka and Bogoeva-Gaceva, 

2008). Gibb’s Free energy determines whether a reaction would occur or not under specific 

conditions and it is determined by both enthalpy and entropy. For a crystallization reaction 

to occur under certain conditions the value of Gibb’s Free energy must be negative.  

The Gibb’s Free energy can be expressed as:  

G=H-TS                                (2.21a) 

In terms of crystallization, the Gibb’s Free energy will be at its minimum (G=0) when the 

system is in equilibrium (Raka and Bogoeva-Gaceva, 2008). Comparing melting to 

crystallization, a polymer melt will have a high entropy due to its randomly entangled and 

coiled chains leading to the system having a negative and lower G compared to a crystallized 
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polymer which has a lower entropy. This random coil model was first discovered by Kuhn 

(Werner Kuhn, 1934) together with Guth and Mark (Guth and Mark, 1934) for the prediction 

of the entropic elasticity of polymers. It should be noted that if the magnitude of enthalpy 

change H is greater than the product of the TS, then G is negative and crystallization will occur 

(Raka and Bogoeva-Gaceva, 2008). 

The development of statistical thermodynamics in blends of polymers was formulated by 

Flory and Huggins (Polypropylene handbook, 2019). The number of possible configurations 

for the molecules on a lattice is counted to determine the entropy of mixing, or △Smix, which 

is computed under the assumption that it is solely combinatorial. If the interaction energy is 

temperature independent, the difference between like and unlike pairings can be summed 

up into a single term, the Flory-Huggins interaction parameter, ϰ, which varies linearly with 

inverse temperature. The van der Waals energy of contact is what is known as the enthalpy, 

or △Hmix. (Polypropylene handbook, 2019). 

The Flory-Huggins equation is stated as follows: 

 △
Gmix

RT
=ⱷ1In(ⱷ1)/N1+ ⱷ2In(ⱷ2)/N2 +ϰ12 ⱷ1 ⱷ2                                                                                              (2.22) 

where ⱷ1 and ⱷ2 are the volume fractions, N1 and N2 are the segment numbers of the two 

blend components, respectively, 𝜘12 is the Flory–Huggins interaction parameter, and △Gmix is 

the change in free energy when mixing two polymers (Polypropylene handbook, 2019). The 

blending of two high molecular weight polymers results in a small gain in entropy, 

ⱷ1In(ⱷ1)/N1+ ⱷ2In(ⱷ2)/N2 which leads to △Gmix becoming negative or small (Polypropylene 

handbook, 2019) 

2.6 Crystallization Kinetics of Polymers  

As discussed in the previous chapter, polymer crystallization is a phase transition process in 

the first order from a disordered isotropic melt to a semicrystalline state. The amorphous 

phase which is the disordered isotropic melt has interfaces made of chain entanglements, end 

groups, bulky side groups and chain defects which during the formation of the crystalline 

lattice are excluded (Müller et al., 2016). Thermodynamics and Kinetics are important 

variables when describing polymer crystallization. However, the kinetics study of polymer 

crystallization is of great importance as compared to thermodynamics. A crystal can have the 
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lowest activation energy but can grow at a slow rate which would not favor crystallization at 

a specific temperature. Metastability is one of the major characteristics of polymer crystals 

because of their lamellar structure, hence depending on the crystallization kinetics these 

crystals can vary in size and form.  

Polymer crystallization studies are of high importance, especially in the field of polymer 

chemistry, polymer processing and polymer testing. To understand the structure, morphology 

and properties of polymer for practical applications, one must be able to know the kinetics 

governing crystallization to model a polymer of choice. Certain factors such as temperature, 

pressure, flow of the polymer, nucleating agents and stereo-defects affect the outcome of 

crystallization. These factors will be briefly highlighted below. 

A. Temperature 

Kinetically and thermodynamically, temperature has a massive effect on both growth and 

nucleation during crystallization. Cooling transforms the polymer into its lowest energy state 

which reduces the diffusion of chains leading to a reduction of diffusion coefficient (Yang et 

al., 2005). During nucleation, when the polymer is cooled below its Tg, there is a seizure of 

nucleation because the random coiled molecules in this region have less energy to overcome 

the diffusion-resistant barrier above which chain alignment and aggregation can occur 

efficiently (Yang et al., 2005). According to classical nucleation theory (Yang et al., 2005), the 

influence of temperature on nucleation rate is because of the interfacial energy gradient and 

equilibrium solubility variation at various temperatures. Experimental data by Yang supports 

this classical nucleation theory and goes further to prove that supersaturation is influenced 

by temperature which affects nucleation rate efficient (Yang et al., 2005). A decrease in 

supersaturation rate is a result of an increment in temperature which leads to a lowering of 

nucleation rate (increase in energy barrier, W*) and when supersaturation approaches unity, 

termination of the nucleation rate occurs 

Growth rate is also affected by chain diffusion, hence at higher temperatures the chains re-

disperse due to the disorderliness of the chains resulting from thermal energy. The variables 

involved in the influence of temperature on growth rate are pre-factors of growth rate co-

efficient (Yang et al., 2005), Gibbs-Thomson effect of particle curvature (D W Oxtoby, 1992) 

and the heat of solidification. The activation energy during the growth rate needs to be 
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overcome for growth to happen. An increase in temperature leads to an increase in the 

activation energy leading to a slow growth rate.  

Recent experiments performed by Yang et al (Yang et al., 2018), Nakurama et. al (Nakamura 

et al., 2008) show the dependence of growth and nucleation rate on temperature and hence 

temperature is one of the most important parameters to be considered during polymer 

crystallization.  

B. Pressure  

Pressure is relevant in crystallization studies because most polymer processing techniques at 

the industrial level such as injection molding, extrusion and compression molding apply 

pressure during processing as high as 1000 bar (Speranza et al., 2023). Melting and 

Crystallization are pressure-dependent due to the presence of weak Van Der Waal’s forces 

between the molecular chains. The effect of pressure on crystallization was first investigated 

by Matsouka (Matsuoka, 1960) on linear polyethylene crystallization under high pressure. 

Wunderlich and Arakawa discovered that high pressure influences the spherulite size i.e. at 

isothermal temperature and high pressure, there is an increase in spherulite size with time 

(Wunderlich and Arakawa, 1964). Osugi et al. experimented on the effect of elevated pressure 

on the crystallization kinetics of polyethylene under pressure of up to 2000atm and analyzed 

their results by using the Lauritzen-Hoffman equation (Osugi et al., 1964). It was discovered 

that an increase in pressure leads to an increase in Tm which in effect reduces the surface 

free energy and favors crystallization. Other experiments (Chitoshi Nakafuku, 1994; 

Kanetsuna et al., 1973; Speranza et al., 2023) show that pressure has a huge impact on melting 

and crystallization. Haudin and Boyer (J.-M. Haudin and S. A. E. Boyer, 2017) investigated the 

growth rate of PP under different conditions and with regards to pressure, the growth rate 

increased as pressure increased. Figure 2.11 shows the growth rate of PP at different 

pressures.  
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Fig. 2.11: Effect of Pressure on Growth rate at different isothermal temperatures (S. A.  E. Boyer, 
2017) 

C. Other factors  

Apart from temperature and pressure, other factors affecting crystallization are nucleating 

agents, stereoregularity of the polymer, and rheological properties of polymers. Yanjie An et 

al. (Yanjie An et al., 2019) investigated the effect of different nucleating agents namely i.e. 

carboxylate, phosphate, sorbitol and rosin type nucleating agent on the crystallization of 

isotactic PP. Although different types of nucleating agents affect crystallization in their 

independent ways, the conclusion drawn was an increase in nucleating agents increases the 

rate of crystallization (Yanjie An et al., 2019). The spherulite size of PP decreases as nucleating 

agents increase due to the spike in the number of nucleating sites in the polymer. Several 

experiments, for example Jing et al. (Jiang, 2007), and Harun et al. (KANDEMİR et al., 2022) 

prove that nucleating agents influence crystallization kinetics, polymer morphology, and 

properties. Stereoregularity also affects the crystallization behavior and melting of polymers. 

Research performed by Martuscelli et al. (E. Martuscelli et al., 1983) on isotactic 

polypropylene with different degrees of stereoregularity shows that stereoregularity affects 

melting and crystallization temperature. The findings demonstrate that, for a given Tc, the 

overall crystallization rate constant reduces as configurational chain defects increase (E. 

Martuscelli et al., 1983). Di Lorenzo et al also worked on the effect of stereoregularity on PLLA 

and the results showed that an increase in stereoregularity increases crystallization rate (Di 

Lorenzo and Androsch, 2018). 
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2.6.1 Crystallization Kinetics of Polymer Blends 

Polymer blends have become an interesting and sought-after topic in the field of polymer 

science due to the advanced properties that are obtained from polymer blending. This is an 

economic way of producing polymers with improved properties although there might be 

problems with compatibility. The compatibility of these blends is improved through the 

process of compatibilization to modify the interfacial bonds by the addition of compatibilizers 

such as block copolymers (Paul and Bucknall, 2000). Polymer blends such as co-elastomer of 

polyvinylchloride and butadiene acrylonitrile, polystyrene (impact polystyrene), and 

acrylonitrile-styrene copolymers were some of the first commercialized polymer blends in the 

1940s (Robeson, 2007). The addition of butadiene acrylonitrile to polyvinylchloride improves 

the toughness property of PVC and increases its resistance to plasticizers and oils. Polymer 

blends can be categorized under miscible and immiscible blends which are further divided 

into amorphous/crystalline blends and crystalline/crystalline blends. During crystallization, 

these two types of blends exhibit different kinetics. In this work, more attention would be 

paid to crystalline/crystalline blends since this research work is mostly focused on 

crystalline/crystalline blend crystallization. However, the amorphous/crystalline blends will 

be briefly discussed.  

A. Amorphous/Crystalline Blend Crystallization  

The crystallization of this system can exhibit either of the two behaviors; the amorphous and 

crystalline parts mix without any separation observed or they separate into their respective 

phases (Han et al., 2013). According to the proximity of their glass transition temperature (Tg), 

these blends can be dynamically symmetrical or dynamically asymmetrical (Han et al., 2013). 

Dynamically symmetrical blends have similar Tg whereas dynamically asymmetrical blends 

have a huge difference between the Tg of the amorphous and Tc of the crystalline phases 

(Han et al., 2013). Several experiments (Han et al., 2013; Takahashi et al., 1992; Woo et al., 

2010) show that these kinds of mixtures are majorly miscible and affect the overall Tm, Tg, 

and crystal morphology of the mixture. NMR results of analyzing PEO and PMMA blends in 

Martuscelli et al. (Martuscelli et al., 1983) showed that they exhibited a single Tg which 

reduces the tendency of interphase segregation of the amorphous part from the crystalline 

part. Again, an increase in the PEO content led to a decrease in the growth rate. This is 

supported by an experiment by Nishi and Wang (Wang and Nishi, 1977). The modes of 
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segregation of the amorphous part are separation into interspherulitic zones or interfibrillar 

zones or interlamellar zones (Hsin-Lung Chen and Shi-Fang Wang, 2000). 

 Some examples of amorphous/crystalline mixtures are poly (1,6-hexamethylene adipate)/ 

poly (vinyl methyl ether), poly(e-caprolactone) / poly (vinyl methyl ether), poly (methyl 

methacrylate) (PMMA) /poly (ethylene oxide) (PEO).  

B. Crystalline/crystalline Polymer Blends  

These blends can also be miscible and immiscible blends depending on the components 

involved. Phase morphology, processing properties, interfacial properties, and molecular 

characteristics determine the properties of immiscible blends (Humberto Lovisi et al., 2001). 

The most studied immiscible crystalline/crystalline blends are PE/PP blends, and studies have 

shown that the properties of these blends are reliant on crystalline conditions, crystallization 

conditions, and composition (Karger-Kocsis, 1994). Research works show that the presence 

of the PE component affected the overall crystallization kinetics by reducing the growth rate 

and creating heterogeneous nucleating sites, leading to an increase in nucleation density 

(Martuscelli et al., 1980; Martuscelli et al., 1984). 

In miscible crystalline/crystalline blends there are three possible modes of crystallization 

namely separate crystallization, concurrent crystallization and co-crystallization (Pracella, 

2013). Concurrent crystallization happens when there is a coincidence in the crystallization 

temperature range of the individual components of the polymer blends (Pracella, 2013). Co-

crystallization occurs in polymer chains of isomorphous polymers leading to the creation of a 

single-phase (Pracella, 2013). Separate crystallization occurs when the individual components 

crystallize individually due to difference in their Tc. The phenomenon of co-crystallization is 

common in isotactic poly (4-methyl pentene)/isotactic poly (4- methyl hexene), poly 

(isopropyl vinyl ether)/poly (sec-butyl-vinyl ether) and poly (vinyl fluoride)/poly (vinylidene 

fluoride) blends (Pracella, 2013). The spherulite morphologies of these blends reported by 

several experimental works are spherulitic crystallization, “interpenetrating,” or “interfilling” 

crystallization dependent of heat treatment (Pracella, 2013). Studies by Arai et al. (Arai et al., 

2013) on the crystallization of isotactic-poly (methyl methacrylate) (i-PMMA) and poly 

(vinylidene fluoride) (PVDF) increasing the i-PMMA content in the blends improved the overall 

crystallization rate and reduced the induction crystallization time since i-PMMA acts as a 
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nucleating agent in the polymer. Liau et al (Wen-Bin Liau et al., 2006) also backed these 

findings with their research on poly(butylene terephthalate) [PBT] and polyacrylate, although 

it should be noted that adding a polymer with a low Tg to a polymer with a high Tg slows 

down crystallization whereas adding a polymer with a high Tg to a low Tg polymer accelerates 

crystallization hence the processing techniques and conditions of the blends is very important 

in crystallization. Research by Yaping et al on the crystallization of isotactic polybutene-1 with 

isotactic polypropylene (PP) resulted in the block co-polymer blended with the pure iPP 

having a higher nucleation and crystallization rate as compared to the pure IPP (Yaping Ma et 

al., 2021) 

2.7 Crystallization Theories  

2.7.1 Flory’s Copolymer Crystallization Theory 

To understand the crystallization and melting in copolymers, Flory (Flory, 1949) derived a 

theory which would describe the effects of comonomer inclusions on primarily the 

equilibrium melting points of high crystalline copolymers. His study assumed that firstly, one 

of the constituents of the comonomers was not crystallizable and hence excluded from the 

crystalline parts during crystallization. Secondly, the polymer chains’ configuration in the 

liquid phase dictates the structure of the polymer making entropy dependent on the flexibility 

and chain size (Flory, 1949). In his studies, chain length and comonomer composition play an 

important role in understanding the thermal and crystallization behavior of copolymers and 

that the chain length l, is a rigid part connected to other chains by flexible bonds (Flory, 1949). 

Flory, Mandelkern et al. (Flory et al., 1951) experimentally proved Flory’s theory by 

performing dilatometry to investigate the melting temperature of polyamide poly-(N, Pu-

sebacoylpiperazine) with different mixtures. The observations made were that an increase in 

the comonomer concentrations (non-crystallizable part) led to a decrease in the melting 

points of the mixtures by an unspecified degree and this becomes higher as comonomer 

concentration increases (Flory et al., 1951). In Flory’s work (Flory, 1955), he stated that long 

crystallites i.e. the crystallizable constituents of a copolymer system, could exist in a 

metastable condition with the melt at temperatures just below the melting point. The melting 

point of copolymers has a broad range in comparison to homopolymers that have a single 

melting temperature (Flory, 1955). This was because of the bonding of the non-crystallizable 
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regions along the crystallizing chains and as the length of the crystallizable chains increases, 

it causes a reduction in the non-crystallizable regions and improves the stability of the 

copolymer leading to an increase in the melting point of the system (Flory, 1955). In describing 

the melting and crystallization in copolymers, Flory named the copolymer constituents A and 

B, where A is the crystallizable part and B is the non-crystallizable part. The growth of the A 

chains is favored laterally only that it can be inhibited by the presence of different sequences 

in the amorphous region. The A chains which are represented by ɻ have varying lengths 

running from one end of the crystallite to the other. Longitudinal growth is not favored due 

to the presence of the B constituents along the chains which blocks the growth in that 

direction (Flory, 1955). Entropically, when there is an increase in entropy due to the phase 

transition from orderly to highly disordered phase, there is a possibility of A and B 

constituents mixing which contributes to an additional entropy to the overall system 

(Handbook of Polymer Crystallization, 2013). This additional entropy is accounted for by a 

probability term P ζ (Flory, 1955) which is a representation that the crystallizable unit in the 

copolymer is one of the selected amorphous units. A comonomer that is a component of the 

equilibrium sequence that is at least ɻ units long (Handbook of Polymer Crystallization, 2013). 

Therefore, the condition Pᵒζ> Peζ must be met under equilibrium conditions for crystallization 

to occur where superscripts o and e are the initial and equilibrium copolymer sequence 

distributions, respectively (Flory, 1955). From this theory, the copolymer melting 

temperature is determined solely by the crystallizable portion A. 

Richardson, Flory et al (Richardson et al., 1963) and Crist and Finerman (Crist and Finerman, 

2005) utilized the Flory theory to investigate the effect of different weight fractions of 

comonomers of polymethylene and ethylene/butene comonomers respectively. Their 

observations supported the Flory theory in that the presence of comonomers reduces the 

melting point and sequential folding can be a barrier to nucleation. Flory’s model is only 

limited to the qualitative analysis of the crystallization behavior of copolymers but not 

quantitatively. The Flory model suggests that the Tm of copolymer AB can depend on the 

concentration of B and their sequential distribution (non-crystallizable constituent) if p҂Xa 

yet not dependent on the chemical nature of the constituents (Handbook of Polymer 

Crystallization, 2013). Experiments performed by Alamo and Mandelkern (Alamo and 

Mandelkern L., 1994) and Kale et al.  (Kale et al.) proved otherwise, although both 
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experiments had varying results. Alamo and Mandelkern investigated the melting 

temperatures of copolymers of ethylene–alkene with varying short-chain branches. They 

concluded that melting temperatures show a relative dependence on the constituents’ 

concentrations irrespective of their chemical nature only if there is an exclusion of the 

constituents from the crystalline phase (Alamo and Mandelkern L., 1994). Whereas Kale et al. 

(Kale et al.) observed that an increase in comonomer concentration in ethylene–butene 

comonomers led to elevated melting temperature peaks debunking Flory’s hypothesis that 

melting temperatures are independent of comonomer concentrations at equilibrium. 

2.8 Bulk Crystallization Kinetics: Avrami’s Equation 

Phase transformation of materials and the theory governing it was first postulated by Johnson 

and Mehl, Volmer and Weber and Avrami (Jiří Málek, 1995). Johnson-Mehl-Avrami theories 

are however the most researched postulate in polymer crystallization with it being utilized 

mostly in isothermal crystallization. Avrami’s review of the kinetics of change became the 

basis on which nuclei growth, density of nuclei growth, and the volume of nuclei could be 

quantitatively characterized with time (Avrami, 1939). The Avrami theory can be applied to 

secondary nuclei (new nuclei or phase grown from an existing one) which occur above 

equilibrium conditions whereas the rate-limiting factor is temperature with external factors 

being constant (Avrami, 1939). It is used to scrutinize the crystal growth and crystal geometry 

of a polymer melt undergoing crystallization i.e. cooling under different isokinetic 

temperatures and concentrations by using temperature-time curves and transformation time 

curves (Avrami, 1939). 

Temperature-time curves according to Avrami (Avrami, 1939), have ‘S’ shapes which is 

because of variation at extremely low cooling temperatures (supercooling). The 

transformation, or crystallization temperature in our case, has a relation with the 

crystallization time. Lowering the crystallization temperature shortens the time required for 

the crystallization of the polymer sample. However, it should be noted that this is dependent 

on the mobility of the chains in the crystals (Avrami, 1939). The occurrence of secondary 

nucleation is catalyzed by the presence of heterogeneities such as foreign particles with an 

adsorbed layer of the new phase or crystal molecules of the new phase (Avrami, 1939). 

Avrami made assumptions according to other experimental research related to his work. 
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Firstly, in the work of deCoppet, Hammer, Scheil-Lange-Weise, and others, there is an 

indication that during nucleation only a specific number of nuclei can grow from the 

nucleation stage to the growth stage (Avrami, 1939). Secondly, Goler-Sachs and Mehl-

Johnson postulated that the surface area of crystals influences the rate of volume growth of 

the crystals (Avrami, 1939). Avrami combined these two assumptions to generate the 

relationship between the ‘germ nuclei’, ‘growth nuclei’, and transformation volume. He 

stated that the germ nuclei can be transformed either into growth nuclei through free energy 

perturbation giving them the ability to overcome the nucleation barrier or be dormant when 

growing crystals ‘swallows’ them. The two scenarios are expressed mathematically as follows 

respectively:  

n(T)=Ke-Q+A(T)/R(T)                                                                                                                              (2.23) 

where n(T) is the probability of a nuclei transforming and Q, a constant, is activation energy 

(per gram molecule), R is the gas constant, and A(T) is the work per gram molecule required 

for forming a growth nucleus at temperature T 

dN=-dN'-dN''                                                                                                                                    (2.24) 

 where            

dN'=nNdt                                                                                                                                          (2.25) 

and                                            

  dN''=NdV                                                                                                                                         (2.26) 

The volume of the new phase per unit volume of space is represented by dV, which is the 

increase in time dt. One could argue that (2.25) must be amended even more by deducting in 

the second term from d V. (dN"), the involvement of the dN' development nuclei that 

emerged in dt, as these have been granted permission for by the initial period. Nonetheless, 

it is simple to confirm that this adjustment is of the kind (dtP, making it insignificant by 

comparison with the additional phases that belong to the arrangement dt. From the 

equations above, the temperature of supercooling affects the total number of active nuclei 

formed (Avrami, 1939). Therefore, 
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dN/dt=-dN'/dt=-nN                                                                                                                         (2.27) 

N=Ne-nt                                                                                                                                             (2.28) 

 for n constant with time (that is, under constant temperature and concentration) follows. At 

time t, the quantity of growing nuclei would be 

N'= ∫ nNdt=N(1-e-ntt

0
)                                                                                                                      (2.29) 

and N' = N, the total number that appears. This does not provide the dependency of the upper 

limit of the number of growth nuclei on the temperature of supercooling. 

Expressing the equations in terms of volume and time (τ):  

ndt=dτ               N(t)→N(τ)                    V(t)→V(τ)                                                                        (2.30) 

Substituting into equation  

dN/dτ + N(τ)+NdV/dτ=0                                                                                                                 (2.31) 

 

After integrating the above equation 

N(τ)+ ∫ N(z)dz=N(τ)+N'(τ)=N((1-V(τ))
τ

0
                                                                                            (2.32) 

Physically speaking, the functional equation (2.52) connecting N and V can be explained as 

follows: 1-V(τ)  is the volume (per unit volume of space) that has not yet been transformed at 

time r, and N[l- V(𝜏)] is the number of germ nuclei that would have existed if their density had 

not changed. These relations with regards to nuclei growth are also described extensively 

using physical parameters precisely its geometry and the relationship it has with kinetics in 

his work (Avrami, 1939). Avrami also formulated the relationship between the actual 

transformed volume and an extended volume in a crystallization system (Avrami, 1940). He 

also investigated the time dependent transformation of randomly distributed nuclei in the 

major types of crystalline growth such as plate-like, polyhedral and linear during impingement 

(Avrami, 1940). His work in 1941 (Avrami, 1941) focused on the densities of the extended 

volume of crystals as they grew without impingement. 
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The probability, px, that a location inside the crystallizing volume will be traversed by x fronts 

growing independently from randomly positioned centers is derived from the Poisson 

relationship and represented by:  

px=
Ex

x!
exp(-E)                                                                                                                                    (2.33) 

where E is the average number of fronts over all the system's such sites.  

Next, given x = 0, the likelihood that the point stays uncovered is 

po=exp(-E)                                                                                                                                         (2.34) 

In a crystallizing system, po represents the proportion of uncrystallized material, or 1 - Xt, and 

Vt is the entire volume of crystalline material (the volume fraction of crystalline material is 

denoted by Xt in this case). Therefore:  

1-Xt=exp(-Vt)                                                      (2.35) 

Since they deal with the formation of spherulitic crystallization, only two modes of 

crystallization have physical significance in the study of polymer melt crystallization. These 

are: (a) predetermined; and (b) sporadic sphere formation.  

(a) The volume increase in the period t to t + dt, for crystallization growing from L spherical 

nuclei arranged randomly and expanding at a constant rate, g, is  

dVt=4πr2Ldr                                                                                                                                     (2.36) 

r=gt                                                                                                                                                    (2.37) 

Vl= ∫ 4πg2Lgdt
t

0
 →

4

3
πg3Lt3                     (2.38) 

(b) In terms of increase in the number of spherulites linearly with respect to time, t and rate, 

l, volume increase at time, t is represented as 

dVt=4πg2(t-t1)2ltgdt                         (2.38a)                                                                                                    

Hence  Vt=
2

3
πg2lt4                                                                                                                        (2.38b) 
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Avrami’s work on Kinetics of Phase Transformation (Avrami, 1939, 1940, 1941) which was on 

phase transformation of materials such as metals, ceramics and polymers is the basis of the 

formulation of Johnson-Mehl-Avrami’s equation. This equation is used to describe, analyze 

and understand the crystallization kinetics of polymers and other solid-state transformation 

under isothermal conditions and is expressed as: 

⍺=1-exp(-ktn)                                                                                                            (2.39) 

Where ⍺ is the fraction of melt crystallized with respect to time, t and k and n are constants. 

n is called the Avrami’s exponential, and it relies on the growth geometry and nucleation type 

whereas k is the Avrami’s constant which depends on the growth and nucleation rates and 

molecular weight, and secondary nucleation (Long et al., 1995). The equation assumes that 

nucleation rate is constant and the constant decrease in the volume of the untransformed 

material is negligible whilst considering nuclei impingement (Long et al., 1995). The graphical 

representation of the Avrami Equation is represented below. 

 

Fig. 2.12: Graphical Representation of the Avrami Equation (Blázquez et al., 2022) 

Table 2.1:  Avrami exponents for various types of crystal growth geometry’s (Hiemenz, 

1984) 

Avrami Exponent (n) Crystal Geometry Nucleation Type Rate Determination 

0.5 Rod Athermal Diffusion 

1 Rod  Athermal Nucleation 
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1.5 Rod Thermal Diffusion 

2 Rod Thermal Diffusion 

1 Disc Athermal Diffusion 

2 Disc Athermal Nucleation 

2 Disc Thermal Diffusion 

3 Disc Thermal Nucleation 

1.5 Sphere Athermal Diffusion 

2.5 Sphere Thermal Diffusion 

3 Sphere Athermal Nucleation 

4 Sphere Thermal Nucleation 

Specifically, the line that is drawn at the point of inflection perpendicular to the curve defines 

three distinctive quantities: 

The line's gradient equals the maximum crystallization rate. The incubation time, τi, is defined 

as the point where the line and the time axis connect. The crystallization half-time, 0.5 is the 

time at which X = 0.5. 

τst can also be taken as the incubation time, and time at which crystallization stops is 

expressed as τend= 2(τ0.5- τst)+ τi 

Practically, the Avrami equation is used in the analysis of the evolution of the degree of 

crystallinity with respect to time and is usually applied in techniques such as DSC, dilatometry 

and XRD. When used in DSC, the equation is expressed in terms of enthalpy as: 

θ=
∆Ht

∆H∞
                                                                                                                                                (2.40) 

For volumetric measurement:  

θ=
Vt-VO

V∞-VO
                                                                                                                                             (2.41) 

The results from DSC analysis and volumetric analysis are graphically represented below. 
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Fig. 2.13: Isothermal exothermic DSC peaks of Polyamides (Tseng and Tsai, 2022) 

 

Fig. 2.14: Plots of log {− ln[1 − x(t)]} versus log t at the indicated temperature for isothermal 
crystallization of Polyamide (Tseng and Tsai, 2022) 

Taking the double logarithm of the Avrami equation  

log(-Ln(1-θ)) =logK+nlogt                                                                                                  (2.42) 

yields a straight line as shown in figure 2.13, whereby the slope represents the Avrami 

constant, n and K can be obtained by using the equation 

K=
In2

t1/2
n                                                                                                                                            (2.43) 

Although the Avrami’s equation is limited to isothermal conditions, it can be modified to be 

applied to non-isothermal conditions. These modifications by Nakurama et al. (Nakamura et 

al., 1972; Nakamura et al., 1973), Harnisch and Mushick (Harnisch and Muschik, 1983) and 
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Ozawa (Ozawa, 1971) are an extension of the Avrami equation which helps in the study of 

crystallization kinetics under different cooling rates and these theories are practical for 

industrial applications since plastic fabrications are mostly under non-isothermal conditions.  

2.9 Types of Crystallization  

2.9.1 Crystallization during polymerization 

This phenomenon usually occurs in flexible linear polymers whereby crystallization and 

polymerization occur either simultaneously, successively, or separately in the system 

depending on the processing parameters. The most investigated pathways are successive and 

simultaneous occurrences of polymerization and crystallization. Simultaneous polymerization 

and crystallization are synonymous with chain polymerization, here part or full of a mobile 

monomer is positioned on the desired point of a lattice in a growing crystal leading to 

simultaneous rearrangement of the covalent bonds together with the creation of secondary 

bonds (Wunderlich, 1968a, 1968b). Thermodynamically, the heat of transition of this reaction 

and its entropy is the summation of both the heat of polymerization and the heat of 

crystallization and their entropies, respectively (Wunderlich, 1968a). On the other hand, 

when crystallization happens after polymerization is completed then the process is termed a 

successive polymerization crystallization process. Since the two processes are mutually 

exclusive yet dependent on each other, a detailed kinetic description of each reaction is 

necessary for a comprehensive study on how these two processes affect each other. The 

difference between the simultaneous and the successive processes can be deciphered when 

the reactions are carried out close to their ceiling temperature. Separate polymerization and 

crystallization occur when the covalent bonds during polymerization are completely formed 

in the molten or dissolved state before crystallization takes place (Wunderlich, 1968a). Five 

different nucleation paths can be created during the three different types of polymerizations 

during crystallization (Wunderlich, 1968b): 

• Path 1: a simultaneous polymerization and crystallization close to the ceiling 

temperature, followed by intermolecular nucleation. 

• Path 2:  an intermolecular nucleation that occurs much below the ceiling 

temperature, followed by simultaneous polymerization and crystallization.  
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• Path 3: intermolecular nucleation, which is followed by crystallization and 

polymerization in turn. 

• Path 4: an intramolecular nucleation that is followed by crystallization and 

polymerization occurring simultaneously. 

• Path 5: an intramolecular nucleation that is followed by crystallization and 

polymerization in turn. 

One of the challenges associated with this kind of crystallization is in polymers with only 

regularity (arrangement). This kind of crystallization can cause imperfections in crystal 

arrangements, for example in cellulose, polycaprolactam, and polyhydroxybutyrate which 

folds in anti-parallel arrangement (Wunderlich, 1968b). Kubo and Wunderlich worked on 

crystallization during polymerization of p-xylylene from the gas phase between 200°C and -

196°C (Kubo and Wunderlich, 1972). They observed that in this system either simultaneous 

or successive crystallization during polymerization can occur and the mechanisms occur either 

at high or low temperatures extrema (Kubo and Wunderlich, 1972).  

2.9.2 Crystallization Induced by orientation 

Shear stresses, deformation, and elongation flow fields are some of the external factors that 

affect polymer crystallization during the processing of polymers for industrial use. Techniques 

such as extrusion, calendaring, blow molding, etc. are all processes that require some form of 

tensional or contractional force. These forces induce a form of molecular and chain 

orientation in the polymer, depending on the direction of the force. Crystallization is 

thermodynamically possible in a network of polymer chains because applying external 

deformation forces creates a low interchain configurational entropy leading to T∆S<∆H. 

Kornfield also argued that shearing polymers during crystallization introduces nucleation 

precursors into the polymer chains which increases the rate of crystallization in the polymer 

(Kornfield et al., 2002). This can be observed in elastomeric polymers such as butyl rubbers 

and natural rubbers because they possess a network structure and can easily be 

stretched.  This stretching orients the polymers in a direction during manufacturing (Flory, 

1947). Liu et al. investigated the effect of shear and elongation on the nucleation of iPP and 

its microstructure. It was discovered that an increase in the shear rate of the PP increases 

flow which increases the overall crystallization (Liu et al., 2013). Shearing in the polymer melt 
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even at the minimum shearing leads to the formation of highly oriented polymer chains. 

Polymorphism is also affected by orientation of the crystals i.e. α crystals or β crystals would 

be formed dependent on the amount of shearing which affects the direction of flow and the 

orientation. The α crystals of iPP are common and produced under quiescent conditions 

whilst the β crystals are complicated to produce under such conditions. Hence there have 

been considerable investigations by scientists on the application of deformational forces to 

produce such crystals.  

2.9.3 Crystallization Under Quiescent Conditions 

Most papers on polymer crystallization, especially of long-chain flexible polymers, are done 

under quiescent conditions because it is a stable condition where we can understand polymer 

growth without a lot of external influence. Crystallization under this condition can be 

investigated either isothermally or non-isothermally with isothermal crystallization kinetics 

being more studied than non-isothermal crystallization, although most industrial polymer 

processing is done under non-isothermal. The crystals grown from this type of crystallization 

are categorized into Solution Growth Single Crystals and Melt Growth Single Crystals. 

As the name suggests, solution growth single crystals crystallize in dilute solutions whereby 

the crystal is considered as a single chain due to the isolation of the molecular chains in the 

solution. This system is an isolated system which is very difficult to design however Bu et al. 

(Bu et al., 1991) came about this concept by spraying heavily diluted polymer solutions (PEO 

of concentration 2.5wt%) drop by drop on hot water, to comprehend the morphology and 

diffraction patterns of single crystals confirming a folded chain formation.  

Melt-grown polymer crystals are formed from melting and are the most investigated category 

during polymer crystallization since it is easy to experimentally model this system. Chains in 

melt-grown crystals are adjacent to each other and the folding of these chains can be 

described by using the Fringed Cell model, lamellar models, and the interlamellar Adjacent 

Models. These models have already been described in the sub-chapters above. In the next 

chapter, the experimental procedure describing  spherulite growth and crystallization using 

Polarized Light Optical Microscope with heating stage and Differential Scanning Calorimetry 

would be discussed.
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3 EXPERIMENTAL 

3.1 Materials  

Commercially available extrusion grades PP-H, PP-R, PP-B were used for the crystallization 

kinetic analysis and spherulite growth analyses. The co-monomer constituent infused in PP-B 

and PP-R is ethylene. The properties of the PP-H, PP-R and PP-B are summarized in table 3.1. 

Table 3.1: Material Properties of PP-H, PP-B and PP-R 

PP-Type Density (kg/m³) Melt Flow Rate (g/10min) 

PP-H 0.905  0.3g/10min (230/2.16) 

PP-B 0.900  0.3g/10min (230/2.16) 

PP-R 0.900  2.2g/10min (230/2.16) 

 

To produce blends of PP-H, PP-B and PP-R, the PP samples were mixed in a compounder and 

molded into tensile specimens (Type A) via injection molding. The compounder was used to 

ensure homogenization of the pure PP samples and the mixture for uniformity of the blends. 

The ratio of the blends of PP types are tabulated in table 3.2. 

Table 3.2: PP constituents and its blends ratio 

Material Name Constituents / Blend Composition 

PP-H PP-B PP-R 

PP-H 100 - - 

PP-B - 100 - 

PP-R - - 100 

PP-HB 50 50 - 

PP-HR 50 - 50 

PP-BR - 50 50 
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3.2 Thermal Analysis 

Thermal analysis using PerkinElmer DSC 8000 was used to perform classical DSC runs on all six 

samples. This thermal run was conducted to measure the melting temperatures and 

crystallization temperatures of PP-H, PP-B, PP-R, PP-HB, PP-HR and PP-BR. The melting and 

crystallization temperature values were further applied in the isothermal crystallization 

studies of the PPs via DSC. 

3.2.1 Sample Preparation 

The tensile samples of the PP types were cut using a cutting blade. Hermetic Aluminum pans 

and lids are used for thermal analysis of PP and its blends due to their good thermal 

conductivity and their ability to prevent mass loss and contamination. The aluminum pans and 

lids were weighed on a Precision Digital Balance, the measured weight was then tared to zero. 

The cut PP sample was then measured in the pan to obtain the weight of the PP for thermal 

analysis. The weight of all six PP samples used for the thermal analysis was 7mg (+-0.5mg). 

This process was carried out for all six samples. 

The sample was then placed in the well of the PerkinElmer crimping dye and pressed with a 

lever to cover the pan securely. It should be noted that the sample was handled with tweezers, 

not with bare hands to avoid contamination. Subsequently the specimens were then loaded 

in the DSC for normal DSC analysis on PP samples. 

This process was repeated for the isothermal crystallization kinetics studies via DSC. The 

repititions for each PP type were five samples each (representing isothermal temperatures of 

110ᵒC, 115ᵒC, 120ᵒC, 125ᵒC, 130ᵒC) totaling thirty samples for the isothermal kinetics studies 

via DSC. 

3.2.2 Applied Methodology 

3.2.2.1 Normal DSC Analysis of PP and its Blends 

The samples were then loaded into the furnace of the PerkinElmer DSC 8000 machine using a 

special vacuum holder attached to the DSC machine and an empty pan was also loaded into 

the other furnace in the machine as a reference. The purging gas used for this process was 

nitrogen gas at a volumetric flow rate of 50ml/min. Nitrogen gas was used because it is non-

reactive with PP. Before the analysis started, the machine was calibrated to a cooling rate of 



Experimental  52 

 

30 ᵒC/min with indium and zinc as reference materials. The thermal profile of the DSC was set 

as follows: 

• Holding the sample temperature at 25ᵒC for 3 minutes, 

• Heating of the sample from 25ᵒC to 210ᵒC at a rate of 30 ᵒC/min and hold it for five 

minutes to eliminate thermomechanical history in the PP samples. Cooling the 

sample at a rate of 30ᵒC/min to a temperature of -30oC. 

• Heating the sample back to room temperature (25ᵒC). 

The thermal profile is represented below. 

 
 

 

 

 

Fig. 3.1: Thermal profile for normal DSC runs of PP 

3.2.2.2 Isothermal Crystallization Kinetics Via DSC 

The samples were loaded into the furnace of the Perkin Elmer Machine DSC machine using a 

special vacuum holder attached to the DSC machine. An empty pan was also loaded into the 

other furnace in the machine as a reference. The purging gas used for this process was 

Nitrogen gas at a volumetric flow rate of 50ml/min, nitrogen gas was used because it is non-

reactive to PP. The thermal profile of the DSC was set as follows: 

Holding the sample temperature at 25ᵒC for 3 minutes, Heating of the sample from 25ᵒC to 

210ᵒC at a rate of 30 ᵒC/min and hold it for five minutes to eliminate thermomechanical 

history in the PP samples. Cooling the sample at a rate of 30ᵒC/min to different isothermal 



Experimental  53 

 

temperatures i.e. 110ᵒC,115ᵒC,120ᵒC, 125ᵒC, 130ᵒC. These temperatures range were chosen 

because they were the range in which crystallization took place for PP and its blends in DSC 

measurements. These temperatures were held at 10 minutes for 110ᵒC and 115ᵒC, 15 min for 

120 ᵒC and 125 ᵒC and 20 minutes for 130ᵒC to ensure complete crystallization of the samples. 

Below is a graphical representation of the thermal protocol for the DSC measurement of PP 

and its blends: 

 

Fig 3.2: Thermal profile of DSC runs for isothermal crystallization kinetics of PP 

The isothermal crystallization temperatures and their corresponding melting temperatures 

are used to find the equilibrium melting temperatures (Tom) of PP-H, PP-B, PP-R, PP-HB, PP-

HR and PP-BR by using the Hoffman-Week’s Linear Extrapolation. Equilibrium temperatures 

are used for the LH equation whereby nucleation constant (Kg) and pre-exponential growth 

rate (Go) and represented below: 

 

G=G*exp(
-U*

R(T-T∞
)*exp(

KG

T∆Tf
)                                                                                                                 (3.1) 

Where   U*  is the energy that macromolecules in the melt use for transportation and is given 

by 6300J/mol is taken from literature, T∞ , given by Tg-30K for Polypropylene, is the 

temperature below which polymer chain movement stops, ∆T is the undercooling 

temperature represented by Tom-TC, Tc being the crystallization temperature and Tom being 
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the equilibrium melting temperature. KG is the nucleation constant, ´f´ is the correction factor 

represented by 
2Tc

Tc-Tm
 , R is the universal gas constant given by 8.314J/mol/K whilst G and Go 

are the Growth rate and pre-exponential growth rate factor respectively.   

To analyze the exothermic isothermal graphs from the DSC analysis, the area below the curve 

is first fully integrated from the time when crystallization started to the time when 

crystallization ended using Pyris Software. The equation used to represent this integration is 

given as: 

Xt=∫ (
dH

dt
) ∫ (

dH

dt
)dt

∞

0
⁄

t

0
                                                                                                                          (3.2) 

The resulting graph from the integration of the area under the enthalpy-time graph of the 

isothermal curves results in the Avrami graph. This graph is used to describe the evolution of 

crystallization with respect to time. The Avrami exponential fit which is obtained from the full 

integration of the enthalpy-time graph is represented as: 

Xt=exp(-Ktn)             (3.3) 
To simplify the above equation from an exponential graph to a linear graph, the natural log is 
taken on both sides and the equation transforms into: 
 

log(-ln(1-Xt))=nlogt+logkn                                                                                                                   (3.4) 
The Avrami number, which is K and the Avrami, n can be used to theoretically calculate for the 

half time to crystallization as follows: 

t1 2⁄ =(
ln2

K
)
1 n⁄

                                                                                                                                           (3.5) 

Replacing t1/2 in the LH equation (3.1), the equation is rewritten as: 

t1 2⁄ =t1 2⁄ * exp(
-U*

R(T-T∞)
)*exp(

KG

T∆Tf
)                                                                                                       (3.6) 

To obtain the parameters KG and t1 2⁄ *, a plot of Int1 2⁄ + 
U*

R(Tc-To)
 against 1/Tc*(∆T) *f is drawn, 

and the result is a straight line with the slope being Kg and intercept being t1 2⁄ ∗, accordingly 

The Avrami exponent and Avrami number can also be used in the calculation of the Activation 

energies of the PP samples by the equation below: 

Lnkn=
∆E

RTc
                                                                                                                                                  (3.7) 

Equation (3.7) is plotted on a graph to obtain a linear curve. The values of the slopes of the 

curve represents ∆E/R, to obtain ∆E which is the activation energy, the value of the slope is 

multiplied by R which is the universal gas constant 8.314J/Kmol. 



Experimental  55 

 

3.3 Insitu Polarized Light Microscopy with Heating Stage 

3.3.1 Sample Preparation 

Already mechanically tested tensile samples (type A) of PP-H, PP-B, PP-R, PP-HR and PP-BR 

were used. The unstrained shoulders of these samples were sliced into thin slices with a 

thickness of 70µm to 100µm using a Leica RM 2255 microtome with disposable blade types 

inserted in the knife holder. The part of the samples cut was the undeformed sections usually 

at the clamping area. This is shown in Figure 3.3. 

The slicing was carefully done automatically to ensure uniform thickness for all samples. The 

thickness of each sample was then measured using micrometer screw gauge. They were then 

placed on a clean rectangular transparent glass slide (cleaned with ethanol) and covered with 

circular glass slide for the heating and crystallization observation under the microscope. 

 

 

Fig. 3.3: PP-H clamped in the Leica RM 2255 microtome ready for slicing 

3.3.1.1 Applied Methodology 

The thermal protocol utilized for the sample preparation and crystal growth of PP and its 

blends was done under standard atmospheric temperature and pressure. The prepared 

sample was placed in a Linkam 2028 heating stage and heated above its melting temperature 

to 210ᵒC at a rate of 50ᵒC/min. The heat was held there for about 3 minutes to erase any 

thermomechanical history of the structure which may influence the crystallization and crystal 

growth of the PP. Then cooling of the sample took place at a rate of 30ᵒC/min to the desired 
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crystallization temperature of 140ᵒC ,135 ᵒC, 130ᵒC and 125ᵒC then held at adequate time to 

observe crystal growth and crystallization. As soon as the heating stage hits the intended 

isothermal temperature, a stopwatch is started to observe simultaneously the time intervals 

as the crystals start to grow. The heating and cooling were observed under a polarized 3D 

Keyence VHX 7000 optical Microscope using polarization filters, differential Interference 

Contrast (DIC) and analyzers. The magnification used for the observation of crystals growth is 

400 times. This protocol was done three times for each isothermal crystallization temperature 

for PP-H, PP-B and PP-HB totaling twelve times for each sample and thirty-six times for the 

overall experiment. PP-R, PP-HR and PP-BR were also evaluated. However, it was not possible 

to document the crystal growth at the chosen temperatures using this method. 

 

Fig. 3.4: Linkam 2028 Heating Stage for heating the PP samples 

Afterwards, VHX 7000 software which is used for evaluation of images obtained from the 

microscope was used to measure the crystals’ diameters at specific times. For temperatures 

140ᵒC and 135 ᵒC, the number of crystals measured averaged 10 crystals per temperature and 

repetition. Since the crystals appeared in small quantities, the tracing of the increase in the 

diameter of crystals was easy to accomplish.For temperatures of 130ᵒC and 125ᵒC, the crystals 

appeared in a great number, hence the averaged diameter of 20 crystals at specific time 

intervals were traced visually and measured as their isothermal times increased. This was 

done for all three samples. The average of the crystal diameters was then taken for each 

isothermal temperature and samples. 
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To measure the rate at which these crystals grow, the average of the crystal diameters was 

plotted against time, linear curves are obtained, and the resulting slopes represent growth 

rate of the crystals. This is represented as: 

dG=d∅dt                                                                                                                                             (3.8) 

Where dG is the change in growth and ∅ is diameter and t represent time. 
 
To understand and compare the growth rate of PP-H, PP-B and PP-HB, the calculated growth 

rates of each sample were plotted against their isothermal temperatures. 
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4 RESULTS AND DISCUSSION   

For brevity’s sake, graphs and images represented in this section are that of PP-HB except 

when comparisons are being made on the same graph for all six samples. Graphs and images 

of the remaining five samples (PP-H, PP-B, PP-R, PP-HR and PP-BR) can be found in the 

Appendix of this thesis. 

4.1 Thermal Analysis 

4.1.1 Normal DSC Runs  

The normal DSC analysis was performed on the PP samples to determine their crystallization 

temperatures and melting temperatures. This analysis serves as a preliminary study to 

understand and know the melting temperatures of the six different PP types and their 

crystallization temperatures at the heating and cooling rate later on used for the other tests. 

This is to identify the thermal history of the samples and which temperature ranges would be 

used during isothermal crystallization analysis in the next stage. In this study, the endothermic 

peaks which are the melting peaks are up (maxima) whereas the exothermic peaks which are 

the crystallization peaks are down (minima). The graphs below show the endothermic and 

exothermic peaks of PP-HB. The endothermic and exothermic peaks were analyzed by 

extrapolating the peaks using originPro software and the results of the melting temperature 

and crystallization temperature of PP-H, PP-B, PP-R, PP-HB, PP-HR and PP-BR are tabulated in 

table 4.1. 

Table 4.1 Melting and crystallization Temperatures of PP-H, PP-B, PP-R, PP-HB, PP-HR and PP-BR 

PP-type Melting Temperature (°C) Crystallization Temperature (°C) 

PP-H 164.47 110.18 

PP-B 167.8 118.50 

PP-R 141.32 104.46 

PP-HB 166.11 116.02 

PP-HR 163.17 115.73 
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PP-BR 160.33 116.8 

From the table above, the melting temperatures of the samples except for PP-R are within 

the range of 166.11oC and 160.33oC. The difference in melting temperatures is because of 

their difference in chain architecture and the presence of comonomers. PP-R has the lowest 

melting temperature because of its random stereoregularity (E. Martuscelli et al., 1983). The 

blending of PP-R with PP-H led to a decrease in the melting temperature by 1.29oC whereas 

the mixing of PP-B with PP-H led to an increase in the melting temperature by 1.67oC and a 

decrease in the melting temperature of PP-B by 1.69oC. The lowering of the melting 

temperatures is an indication of the imperfection of the crystals formed after mixing of PP-H 

and PP-R (Cao et al., 2014). An increase in the melting temperature of the resulting PP-HB can 

possibly be crystals arrangement of PP-H induced by PP-B (Flory, 1955). Hence, homogeneous 

mixing of the different PP-types leads to either an increase or decrease in their melting 

temperatures depending on the types of PPs being blended. The crystallization temperatures 

of the samples also change when blended. The product of blending PP-H with PP-R had a 

higher crystallization temperature than the individual constituents. Blending of PP-R with PP-

B led to a reduction in crystallization temperature in PP-B with respect to PP-BR and increased 

in crystallization temperature in PP-R with respect to PP-BR. 

 

Fig 4.1: Endothermic Melting Peak of PP-HB 
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Fig 4.2: Exothermic crystallization curve of PP-HB 

4.1.2 DSC runs for Isothermal crystallization Kinetics 

Isothermal crystallization kinetics is used to observe the crystal growth of the PP types at 

constant temperature with varying times. In this study, the peaks usually observed are the 

exothermic peaks which in this case are represented at a minimum. The exothermic curves 

are a representation of heat dissipation and the enthalpy of reactions of all six samples are 

negative representing exothermic reactions and are shown in table 4.2. The chain behavior of 

polymer molecules with nearby neighboring chains is what causes this exothermic reaction. 

When the variables influencing the relative positions are favorable, chain mobility and chain 

arrangement occur. This chain arrangement forms a nucleus by first forming a parallel array 

and is supported by secondary valence forces that maintain stable molecular packing as the 

nucleus forms. For the exothermic isothermal curves of the blended samples (PP-HB, PP-HR 

and PP-BR), they all exhibited single peaks. This shows homogeneity and miscibility of the 

components of the blends and the absence of phase separation.  

The exothermic peaks at different isothermal temperatures (135°C,125oC,120oC,115oC,110oC) 

experienced a shift towards the right as temperature increases from 110°C to 135oC. This 

shifting is an indication that as isothermal crystallization temperature increases, the time 

needed for crystallization to start (induction time) also increases which is in accordance with 

literature ((Avrami, 1939). The width of the exothermic peaks also broadens as crystallization 
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temperature increases, this means that at higher temperatures more energy needs to be 

dissipated for crystallization to occur. This wide width also indicates slow nucleation rate and 

crystallization kinetics. As the crystallization temperature approaches the melting point, the 

probability for the occurrence of crystallization becomes slimmer. The isothermal exothermic 

peaks of PP-HB are represented in figure 4.2.  

 

Fig. 4.3: Isothermal crystallization peaks of PP-HB at different isothermal temperature 

4.1.3 Relative Crystallinity  

As mentioned in the methodology, the relative crystallinity is obtained by integrating the area 

under isothermal exothermic curves. This integration resulted in a sigmoid-shaped curves 

which agrees with literatures (Avrami, 1939) .These curves quantitatively describe the 

evolution of PP crystallinity with respect to time. From these curves, the induction time, time 

required for crystallization to reach 50% (time to half crystallization) and time needed to reach 

100% crystallization can be obtained. From the curve, isothermal temperatures affect 

formation of crystalline parts over time. As the isothermal crystallization temperature 

increases, formation of crystalline parts slows down because the degree of supercooling 

decreases and the PP system exhibits high entropy. This affects the overall time needed for 

the completion of crystallization, induction time and time needed for half crystallization to 

occur. The nucleation barrier is also increased because of high entropy and lower degree of 

supercooling. Due to this, a high amount of energy is needed for nucleation and crystallization 

to start at higher temperatures explaining the broadening of the peaks with increased in 
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isothermal temperatures. Conclusively, temperature plays a very important role during 

isothermal crystallization, an increase in temperature translates to an increase in induction 

time, an increase in time for half crystallization to occur, an increase in the enthalpy of 

crystallization and increase in the overall crystallization time (Yang et al., 2018).  

Comparing the six PP samples from the Avrami’s graph, PP-HR, PP-R and PP-BR have the 

fastest rate of evolution of crystallinity even at higher temperatures (Yang et al., 2018). PP-R 

has the lowest melting temperature and nucleating agents, hence it crystallizes fastest 

amongst the three non-blended PP although at higher temperatures (120oC and 125oC), PP-R 

lags PP-BR and PP-HR. PP-HR and PP-BR are also nucleated because of the nucleation agents 

present in the PP-R. These nucleating agents increases the number of nucleating sites in the 

PP samples accelerating nucleation rates in PP-R, PP-HR and PP-BR (Martuscelli et al., 1980; 

Martuscelli et al., 1984).  

 

Fig. 4.4: A graph of relative crystallinity with respect to time 

 

4.1.3.1 Avrami Analysis 

The obtained sigmoid-shaped graphs are transformed into linear curves for simplification and 

make analysis easier. The transformed curve is represented in figure 4.5. 
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Fig: 4.5: Linear transformation of the Avrami Curve of PP-HB 

 

The transformed Avrami curve is not completely linear. It becomes non-linear at the end of 

the curve. The graphs are divided into two parts namely primary nucleation and secondary 

nucleation. The linear part of the graph which is the first part is the primary nucleation 

whereas the non-linear part is the secondary nucleation. It can be said that the polymer melt 

undergoes both primary nucleation and secondary nucleation from the graphs above. The 

slopes of the curve representing the Avrami exponents for all six samples are between 2 and 

4. Avrami numbers for polymer crystallization are between 2 and 4 hence the obtained data 

agrees with literature results (Lu et al., 2002; M. Gordon and I.H. Hillier, 1965). These numbers 

are represented in table 4.3. The Avrami exponents suggest that the geometry of the PP 

samples is either 2D disc-like or 3D spherulitic crystals. 



Results and Discussion  64 

 

Table 4.2: Values for Avrami exponent, Nucleation rate constant (K), time for half crystallization (t1/2) 
and induction time (t0) 

PP 

type 

Tc  

(OC) 

Avrami 

exp. (n) 

Log K K  

(min)-1 

t0 

(min) 

t1/2, exp. 

(min) 

t1/2, 

calc. 

(min) 

R2 

PP-B 110 1.859 2.003 100.723 0.002 0.070 0.069 0.992 

 115 3.489 1.713 51.624 0.075 0.285 0.291 0.993 

 120 3.919 0.289 1.927 0.220 0.753 0.770 0.992 

 125 3.884 -1.231 0.059 0.414 1.825 1.888 0.991 

 130 4.317 -2.912 1.224*10-3 1.390 4.317 4.421 0.991 

         

PP-HB 110 3.923 2.856 717.794 0.003 0.170 0.170 0.988 

 115 2.079 0.414 2.594 0.003 0.555 0.530 0.990 

 120 4.083 -0.353 0.443 0.013 0.983 1.116 0.996 

 125 3.780 -1.6501 0.023 0.258 2.453 2.462 0.996 

 130 4.253 -3.303 4.997*10-3 1.062 5.568 5.485 0.993 

         

PP-H 110 3.735 1.337 21.727 0.043 0.385 0.398 0.990 

 115 3.485 0.947 8.851 0.065 0.468 0.472 0.992 

 120 3.535 -2.012 9.727*10-3 0.35 3.345 3.343 0.999 

 125 2.662 -2.536 2.911*10-3 0.856 7.908 7.814 0.999 

 130 3.462 -3.340 4.569*10-4 1.063 9.368 8.926 0.999 

         

PP-R 110 2.344 3.442 2767.70 0.002 0.023 0.010 0.999 

 115 4.770 1.277 18.94 0.075 0.500 0.507 0.995 
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From table 4.2, the PP samples exhibit disc-like shapes at lower crystallization temperatures 

(110oC and 115oC) and spherulitic structures at higher crystallization temperatures (Hiemenz, 

1984).  

The intercepts of the curves represent nucleation rate constant (K) which decreases as 

temperature increases. This means that as isothermal crystallization temperature increases 

the rate of nucleation decreases which results in a smaller number of nucleation sites.  

4.1.3.2 Lauritzen-Hoffman Analysis 

The most utilized model for the studies of crystallization kinetics in quiescent melt polymers 

is the Lauritzen-Hoffman Model (Lauritzen, JR and Passaglia, 1967). As discussed in the 

experimental section, the Hoffman-Week’s linear extrapolation is used for obtaining the 

equilibrium melting temperature, it is graphically represented for PP-HB in figure 4.6. 

 120 2.465 -0.301 0.500 0.220 0.983 1.004 0.992 

 125 3.695 -1.663 0.022 0.414 2.452 2.468 0.991 

 130 3.798 3.742 5523.70 1.390 8.297 8.326 0.994 

         

PP-BR 110 3.052 2.892 780.171 0.003 0.098 0.1 0.995 

 115 1.667 1.782 60.477 0.002 0.082 0.068 0.992 

 120 1.894 1.791 61.759 0.002 0.082 0.093 0.996 

 125 3.567 1.693 49.317 0.003 0.298 0.303 0.991 

 130 3.900 0.118 1.314 0.258 0.822 0.848 0.999 

         

PP-HR 110 2.293 3.382 2107.677 0.002 0.028 0.030 0.999 

 115 1.437 1.824 53.035 0.003 0.04 0.049 0.983 

 120 3.213 2.392 246.422 0.003 0.160 0.125 0.998 

 125 3.054 1.556 35.977 0.003 0.273 0.274 0.999 

 130 3.648 0.016 1.038 0.283 0.875 0.895 0.993 
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Fig. 4.6: Hoffman Week's Extrapolation for finding Tmo of PP-HB 

The LH analysis using the time for half crystallization (t1/2) obtained from isothermal 

crystallization DSC analysis and Growth rate constant (G) from spherulites growth analysis 

using PLOM and heating stage is graphically shown below.  

 

Fig. 4.7: Lauritzen Hoffman representation for finding Go and Kg 

 



Results and Discussion  67 

 

The comparison of the two different curves (DSC and PLOM analysis) could not be made for 

PP-HR, PP-BR and PP-R because they underwent spontaneous nucleation hence their crystals 

could not grow to a measurable size. This would be discussed in section 4.2. From the LH 

graphs, the graphs for PLOM and DSC have similar inclinations and slopes although they are 

not the same. The slight difference in their slope is due to the different methods used in 

arriving at the same results. Additionally, the isothermal crystallization temperatures used in 

the two separate experiments differed (PLOM was 120oC,125oC, 130oC and 135 oC whereas 

DSC 110 oC, 115 oC, 120 oC,125 oC and 130 oC). This difference in temperature was because 

during the PLOM experiment, extremely low temperatures could not be achieved because of 

the cooling rate used which was the same cooling rate for the DSC experiment. Hence, the 

slopes were not the same but similar so it can be argued that GDSC≈GPLOM although there were 

slight differences in the values. These values are represented in table 4.4 

Table 4.3: Kg and Go values for PP types from PLOM and DSC analysis 

Values Homo Homo Block Block 

Kg from DSC *10^5 (K^2) 2.18 1.20 1.50 

Kg from PLOM *10^5 (K^2)  2.75 1.72 2.76 

Go from DSC (µm/s) 15.54 11.73 12.45 

Go from PLOM (µm/s) 14.68 11.91 16.40 

The values of Kg in all PP-types are in the range of literature values (Clark and Hoffman, 1984; 

Hao et al., 2019). PP-HB has the lowest Kg values for both DSC and PLOM measurements, an 

indication of increasing crystal growth upon addition of PP-B (Hao et al. 2019). The surface 

growth energy of the crystal (𝜎𝑒) can be calculated if the regime in which secondary 

nucleation and crystallization occurs is accurately known. In this experiment, the regime is 

predicted to be from Regime II→Regime III due to the degree of supercooling (34K and 54K) 

of the crystallization and also the Kg values obtained in comparison to literature (Clark and 

Hoffman 1984). The nucleation constant of PP-H in both PLOM and DSC is the highest amongst 

the three PP types and are 2.18 and 2.75 respectively whereas PP-HB had the lowest 

nucleation constant. The reduction of Kg in PP-HB indicates a decrease in the energy required 

to form the critical nucleus of the spherulites hence fast nucleation rate is favored in PP-HB 
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compared to PP-H and PP-B (Kocic et al., 2012). The DSC method and PLOM method are all 

used for LH analysis. However, to get precise and accurate results, it is highly recommended 

to use the DSC. The DSC provides quantitative results specifically enthalpy of fusion, enthalpy 

of crystallization, melting temperature and crystallization temperature on the crystallization 

kinetics of PP whereas PLOM only provides qualitative results focusing on just the spherulite 

growth rate and through visual analysis of the growth of the spherulites. Again, in terms of 

accuracy and precision, DSC produces more accurate and precise results as compared to 

PLOM because during analyzing with the PLOM human errors can occur when measuring the 

spherulite growth and the time. 

4.1.4 Activation energy 

The activation energy is the energy needed to overcome nucleation barrier for crystallization 

to commence. From the bar graph below, random PP has the highest activation energy of 

359.0kJ/mol which is not in accordance with literature and its overall molecular structure. PP-

R should have had the lowest activation energy because it is highly nucleated and has a low 

melting temperature hence the energy needed to overcome nucleation would be low. The 

high value in PP-R may be as a result of human error or operational error on the part of the 

DSC. PP-HR and PP-BR have the lowest activation energy of 191.3kJ/mol and 142.5kJ/mol 

respectively due to the possible presence of high amount of nucleating agents or the 

nucleating effect of the random polymer in the PP-H and PP-B which reduces the activation 

barrier of the PP-types. PP-B had the highest activation energy (255.320kJ/mol) followed by 

PP-H (217.324kJ/mol) whose activation energy is closer to that of PP-HB (215.553kJ/mol). The 

activation energy of PP-B is highest because of its molecular structure (Li et al., 2002). The 

presence of ethylene comonomers bonding with propylene monomer in PP-B in addition to 

its alternating molecular structure provides stronger intermolecular bonds in the PP-B leading 

to a more stable structure in comparison to PP-R and PP-H. This means more energy is 

required for crystallization reaction to occur. Activation energy and crystallization reaction 

are mutually dependent on each other, this is because for crystallization reaction to occur, 

the activation energy barrier must be overcome. However, a polymer can have a low 

activation energy barrier and slow crystallization and vice versa although the in the case of 

PP-HR and PP-BR they both had low activation energies and fast crystallization rates due to 

the presence of nucleating agents in PP-R. PP-H had a slow crystallization rate yet a low 
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activation energy whereas PP-B had a faster crystallization rate yet a high activation energy. 

The activation energies of different PP types vary with different literatures, because this value 

is affected by several factors such as processing conditions, grade of PP and crystallization 

conditions, hence there are no exact values or ranges to describe the exact activation energy 

of the PP and its blends. 

 

Fig. 4.8: Plot of Lnk/n versus 1/Tc to determine activation energy of PP types 
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Fig. 4.9: Activation energies of PP and its blends 

4.2 Spherulite structure 

In molten state (210oC), there was no observable segregated phases of propylene-ethylene in 

the block and homo block melts in the liquid-liquid phase, this shows that the optical 

microscope cannot capture the domain dimension of the liquid-liquid phase since the 

dimension is very nanoscopic and too small for the resolution of the optical microscope to 

capture. At specific isothermal temperatures and their induction times, the spherulites begin 

to appear from the melt and we can see a distinct separation between the liquid phase and 

the solid phase. However as time elapses there is a disappearance of the liquid domain in 

favour of the solid domain indicating spherulite growth and also crystallization approaching 

termination. This behaviour is in agreement with Avrami review work on phase 

transformation during crystallization of melt (Avrami, 1939).  

The crystals seen in the PP melts and their blends possess a spherical geometry hence the 

crystals can be referred to as spherulites. In terms of the type of spherulite growth of all three 

samples under the isothermal temperatures of 120 oC, 125 oC, 130 oC and 135oC, there were 

all category one growth since the growth started from the centre (nucleus) and spred radially 

from the nucleation site (Gránásy et al., 2005). It could also be observed that during crystal 

growth, the intensity of the polarized light interacting with the polymer melt increases as the 
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spherulites grow, this is because the polymer chains in the spherulites aligns in a regular 

pattern which refracts the polarized light along the directions of the aligned chains as it passes 

through it whereas the random orientation of chains in the melt at high temperature diffuses 

polarized light reducing the intensity of the light. The spherulites in all three samples exhibited 

birefringence due to their dual colors exhibition of blue and yellow perpendicularly inclined 

to each other, this hints that PP homo, PP Block and PP Homo Block have anisotropic 

properties (Handbook of Polymer Crystallization, 2013). In terms of the type of birefringence, 

the spherulites block PP exhibits negative birefringence whereas most of the spherulites of 

homo PP exhibit positive birefringence although the birefringence of about 10% of its 

spherulites are unknown due to the irregular color patterns. The spherulites of PP-HB had a 

uniform spherulite distribution of both positive and negative spherulites, this indicates that 

the melt is a blend of both PP-H and PP-B.  

In the blends of the Homo and Block PP there was no inter spherulitic region whereby the 

spherulites of the Homo and Block PP separated which is indicated by tight impingement of 

the spherulites, hence the phase was a singular miscible phase indicating that there was 

coalescence between the blends. The PP-HB sample exhibits co-crystallization due to the 

absence of separate phases and miscibility of the PP-H and PP-B (Pracella, 2013). Hence, it 

appears that PP-H and PP-B can be blended to achieve a single-phase polymer system in equal 

ratios (50:50) during PP recycling.  

PP-H spherulite has a star branched morphology whereas PP-HB and PP-B has a regular 

maltese cross patterns at high temperatures (135oC and 140oC) and irregular maltese pattern 

at lower temperatures. This maltese morphology is due to folding of polymer chains in a 

regular pattern to form lamellae during crystallization in the spherulite whereas the star 

branched chain morphology is because of chain branching which is caused by screw 

dislocations during crystal growth. The isothermal crystallization temperatures also affect the 

texture, size and shape of the spherulites in all the PP samples. At higher temperatures (140 

oC and 135oC), the spherulites have fine texture, bigger size and an almost symmetrical 

spherical shape. This is because spherulite growth at this temperature is non-spontaneous 

and takes enough time for the PP spherulites to orient into their original shapes. At lower 

temperatures, spherulites possess smaller sizes, irregular spherical shape and coarser texture. 

This is as result of nucleation and growth being instantaneous and sporadic in this region 
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hence the spherulites do not take enough time to grow. Via visual observations, we infer that 

the nucleation density of the PP samples decreases with increasing crystallization 

temperature i.e. the number of nuclei formed in the volume of the melt. This is because at 

lower temperatures, the melt has lower entropically level and low supercooling hence less 

energy is required to overcome nucleation barrier encouraging the formation of more nuclei 

during crystallization whereas at higher temperatures, the nucleation density is low due to 

melt having high entropy and high supercooling making it difficult to form nuclei. The 

spherulites growth of PP-HB are represented in the figures below. 

               

t= 2s                                                                               t= 5s                                                 

 

              

t= 15s                                                                           t= 24s                                                                                                                         
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t=60s                                                             

Fig. 4.4.100: Growth of Spherulites of Homo Block PP observed under the Polarized Optical 
Microscope at specific intervals at 125oC 

 

                           

t=4s                                                                                       t=20s                                                

                          

 t=30s                                                                                    t=60s                                                



Results and Discussion  74 

 

 

t=120s 

Fig.4.11: Growth of Spherulites of Homo Block PP observed under the Polarized Optical Microscope 
at specific intervals at 130 oC 

                                   

t=20s                                                                              t=30s 

               

t=60s                                                                                     t=120s 
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t=180s                                                                                 t=240s 

Fig. 4.12: Growth of Spherulites of Homo Block PP observed under the Polarized Optical Microscope 
at specific intervals at 135 oC 

 

                

 t=600s                                                                          t=900s                                                    

                 

 t=1200s                                                                         t=1800s                                                                         
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t= 2400s                                                                        t=3000s 

Fig. 4.13: Growth of Spherulites of Homo Block PP observed under the Polarized Optical Microscope 
at specific intervals at 140 oC 

 

4.3 Spherulite Growth Rate 

The average diameters of measured spherulites of PP-H, PP-B and PP-HB were plotted against 

time and represented in the graphs below. The graphs representing the growth  for PP-H, PP-

HB and PP-B were all linear graphs which means that the spherulites exhibited a constant 

growth rate under all isothermal temperatures. The radial growth rate for all three samples 

decreases with an increased in crystallization temperature due to enthalpic and entropic 

contributions. According to Gibbs Free energy (Raka and Bogoeva-Gaceva, 2008), an increase 

in crystallization temperature leads to an increased in entropy and the energy needed to 

crystallize the polymer melt increases leading to less negative Gibbs Free energy hence 

crystallization in the system becomes difficult to reach. Comparing all three samples, Homo 

PP has the slowest crystallization rate within the isothermal temperature range of 125oC to 

130oC and Homo Block and Block had similar growth rate. This may be because of the 

presence of the ethylene comonomers in the Homo Block and Block PP acting as nucleating 

agents or sites in the PP to help in crystallization (Yanjie An et al., 2019). Another possibility 

is that the presence of the ethylene comonomer in PP-B and PP-HB reduced the viscosity of 

the melts helping crystallization to occur faster (Yaping Ma et al., 2021). Finally, there may be 

a possibility of the effect of processing conditions of the samples, since the samples were 

already preformed before cut, we can argue that processing parameters such as screw 

shearing of the injection molding machine, holding time and pressure and most importantly 

the presence of nucleating agents could affect the crystallization growth of the PP and its 
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blends. However, at higher temperatures, the growth rate of PP-HB blends was the slowest. 

The table and graphs below represent the growth rate of the samples.  

PP-HR and PP-BR were highly nucleated hence small sized spherulites were instantaneously 

formed and crystal growth was hardly observed. This is because of the high nucleation density 

in the PP-HR and PP-BR which created several nucleation sites and smaller nuclei sizes. Hence, 

the nucleus of the crystals could not overcome their critical radii leading to spontaneous 

nucleation in the melt (Sihan Wang et al., 2005). Therefore, the spherulite size of PP-HR and 

PP-BR cannot be controlled during crystallization regardless of the isothermal crystallization 

temperature. This means that, if spherulite size control is the goal, highly nucleated PP-R 

should not be blended with PP-H and PP-B. 

 

 
Fig. 4.14: Average diameter versus Time at isothermal temperature 125 oC 
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Fig. 4.15: Average diameter versus Time at isothermal temperature 130 oC 

 

Fig 4.16: Diameter versus Time at isothermal temperature 135 oC 
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Fig. 4.17: Diameter versus Time at isothermal temperature 140 oC 

Table 4.5: Growth rates for Homo, Block and Homo Block at different isothermal crystallization 
temperature 

Temperature (ᵒC) Growth Rate (𝜇m/s) Growth Rate (𝜇m/s) Growth Rate (𝜇m/s) 

125 1.25204 0.84771 1.20085 

130 0.52191 0.42095 0.57467 

135 0.17489 0.10809 0.1574 

140 0.10209 0.06165 0.03094 
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Fig. 4.18: Radial Growth Rate with respect to temperature 

The graph above is a plot of growth rate with respect to isothermal crystallization 

temperature. The radial growth rate versus temperature curve if measured to extremely low 

isothermal crystallization temperatures of about 10oC requiring very high cooling rates would 

have a down bell curve. The graph above is a representation of the downward slope part of 

the curve which is similar to literature (Huang et al., 1994) . This is because the cooling rate 

of the Leica RM 2255 heating stage had a cooling rate limit of 50oC/ s and the refrigerated 

water coolant used could not rapidly cool to an isothermal temperature below 125oC without 

spherulite forming through the cooling process. To achieve an extremely low isothermal 

crystallization temperature, the cooling rate must be very fast above 50oC/s.  

Crystallization temperature plays a vital role in growth rate of spherulite. From the graph, as 

crystallization temperature increases the growth rate of PP decreases because crystals 

formation is very difficult at high supercooling . And at high temperatures, nucleating sites 

are fewer hence spherulites take a lot of time and energy to grow and impinge each other. At 

a lower temperature of 125oC, due to low supercooling resulting in decreased in enthalpy of 

crystallization, several nucleating sites are formed within few seconds with smaller sizes and 

this is translated to high radial crystal growth rate. 
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Overall, the crystallization rate of PP-H was the slowest amongst the three samples which is 

in accordance with results obtained from LH theory and Avrami analysis. PP-B and PP-HB had 

intercepting radial growth rate at 135oC, the closeness in the growth of curves of PP-B and 

PP-HB indicates that both samples exhibit similar growth rate. When PP-B is blended with PP-

H to form PP-HB its growth rate is improved.  
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5 SUMMARY, CONCLUSIONS AND OUTLOOK  

In summary, the spherulite growth, spherulite growth rate and the overall crystallization 

kinetics of PP and its blends were studied using Polarized Optical Microscope coupled with 

heating stage and Differential Scanning Calorimetry under isothermal conditions. The results 

from these characterization techniques were analyzed using Avrami Model of crystallization, 

Lauritzen Hoffman Secondary Crystallization Model and Arrhenius equation to investigate 

Relative crystallinity with respect to time, to observe and predict the geometry of the crystals 

formed under specific isothermal conditions and their growth rates and finally to calculate 

the activation energy needed for crystallization to start in the different PPs inclusive of 

nucleation, growth and overall crystallization parameters.  

The spherulite growth and crystallization kinetics of PP-B, PP-R, PP-H, PP-HB, PP-BR and PP-

HR were investigated. The DSC exothermic peaks of the blends recorded only single peaks, an 

indication of the miscibility of the blends. The observation of the melt of the different types 

of PP and it blends under Polarized Optical Microscope during crystallization showed that they 

are geometrically spherical and disc like dependent on the maxima or minima of their 

crystallization temperatures which was confirmed through Avrami analysis. The size and 

texture of the spherulites grown from the melting of PP and its blends were also dependent 

on the crystallization temperatures with the size increasing with elevated crystallization 

temperatures. The blend of the PP-B and PP-H i.e. PP-HB had no distinct separate spherulite 

phases when observed under the Polarized Microscope indicating interpenetrating co-

crystallization of the blends however the blends of PP-HR and PP-BR underwent spontaneous 

crystallization immediately, they reached their crystallization temperatures (140 oC, 135 

oC,130 oC,125 oC) an indication of the presence of nucleating agents. Due to this spontaneous 

crystallization, only nucleation occurred in the melt and no observable growth of the nuclei 

was observed due to the high nucleation density of the melt of the PPs on the onset of 

crystallization. The spherulite growth rate of PP-H was shown to be the slowest whereas PP-

B and PP-HB exhibited similar growth rates both in DSC analysis and PLOM analysis. The 

Avrami equation and its curves were used to predict the increase of crystallinity with respect 

to time at different isothermal temperatures and from the results higher isothermal 

temperatures gives slower evolution of crystallinity whereas lower isothermal temperatures 
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lead to faster evolution of crystallinity. Amongst the six samples, PP-H had the highest time 

to half crystallization followed by PP-B this indicates that PP-H crystallizes the slowest, PP-R, 

PP-BR and PP-HR had the lowest time to half crystallization indicating that they have relatively 

fast crystallization rate. The Avrami exponents of all six samples predict that they had spheres 

and disc like geometries depending on the crystallization temperature which was backed by 

the observation under the PLOM. The Lauritzen Hoffman equation was used for both DSC and 

PLOM calculations to understand the crystallization kinetics of PP and its blends and the 

Arrhenius equation was used for the calculation of the activation energy. The blending of PPs 

improved the crystallization growth rate, reduced activation energy needed to overcome 

nucleation barrier. In terms of crystal morphology, PP-HB showed no separation between its 

constituents indicating miscibility and co-crystallization of PP-H and PP-HB. In the case of PP-

HR and PP-BR, the spherulite size could not be studied because of instantaneous nucleation 

leading to formation of several small nuclei sizes. Comparing the two characterization 

methods i.e. PLOM with heating stage and DSC, PLOM should be an option when studying in-

situ crystals growth during polymer crystallization and morphology of polymer crystals as they 

grow whereas DSC should be an option when study the kinetics of crystallization.  

In conclusion: 

1) Crystals growth rate is dependent on the molecular architecture of the chains and the 

isothermal temperatures of PP and their blends. 

2) To optimize PP and its blends spherulite size and morphology during recycling and 

processing into final products, temperature control is a very important parameter. 

3) The spherulite size, induction time and time needed for half crystallization increases 

as isothermal crystallization temperature decreases nucleation rate and nucleation 

density can be controlled by crystallization temperatures during processing. 

4) The blends of PP were miscible hence they can be mixed in specific percentages for PP 

recycling. 

5) The Lauritzen Hoffman equation helped to determine the crystallization kinetics in 

both PLOM and DSC and the parameters obtained i.e. Go and Kg can be used to 

investigate the surface energy and chain folding energy of the PP samples if specific 

parameters such as chain folding energy, surface energy, width and length of the are 

known.  



Summary ,Conclusions and Outlook  84 

 

6) The Avrami exponent can be used to predict the geometry of the spherulite of PPs and 

their blends and are mostly between 2 and 4. 

Further studies can be done on the blends by varying the blend ratios of block and random 

PP in the homo polymer to investigate how different ratios affect the spherulite growth rate 

and crystallization kinetics of blends, this would help recycling scientists and engineers to 

optimize blends ratios during processing. Again, the mechanical properties of the PP and its 

blends can be studied on a microscale to develop a relationship between blends proportion, 

crystallization kinetics and the mechanical properties of the blend to know which type of PP 

and blends to use for specific applications. Non-isothermal crystallization studies can also be 

performed on the PP and its blends to study their crystallization kinetics and spherulites 

growth rate under different cooling rates using Nakurama theory and Ozawa model 
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Fig. 5.1: Exothermic isothermal crystallization curves of PP and its blends 
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Fig. 5.2 : Avrami representation of evolution of relative crystallinity with respect to time  
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Fig. 5.3: Linear extrapolation of the Avrami crystallinity curve  

 



Appendix  109 

 

 



Appendix  110 

 

 

 

 

 

 



Appendix  111 

 

 

Fig. 5.4Hoffman Week's Linear Extrapolation to find Tmo 
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Fig. 5.5: Lauritzen Hoffman representation to find Go and Kg 

 

                             

t= 2s                                                                            t= 5s                                                     
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                                            t=60s                                                         

Fig. 5.6: Growth of Spherulites of Block PP observed under the Polarized Optical Microscope at 
specific intervals at 125oC 

          

 

                                  

t=3s                                                                                          t=15s                                                                         

                           

t=60s                                                                                       t=120s                                                                    

Fig. 5.6: Growth of Spherulites of Homo PP observed under the Polarized Optical Microscope at 
specific intervals at 125oC 

 



Appendix  116 

 

                       

t=5s                                                                                    t=20s                

                      

t=40s                                                                                  t=60s 

Fig. 5.7: Growth of Spherulites of Block PP observed under the Polarized Optical Microscope at 
specific intervals at 130 oC 

       

 

                        

t=4s                                                          t=20s  
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      t=40s                                                                            t=60s 

                                 

    t=120s                                                                            t= 240s 

    

    t=180s                                                      

 Fig. 5.8: Growth of Spherulites of Homo PP observed under the Polarized Optical Microscope   at 
specific intervals at 130 oC 
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t=30s                                                                                        t= 120s 

                              

t=210s                                                                                   t=330s                                                            

 

t=420s 

Fig. 5.9: Growth of Spherulites of Block PP observed under the Polarized Optical 

Microscope at specific intervals at 135 oC 



Appendix  119 

 

                  

t=61s                                                                                   t=180s 

                        

t=300s                                                                                 t=600s 

                           

t=1200s                                                                              t=1800s 

Fig. 5.10: Growth of Spherulites of Homo PP observed under the Polarized Optical 

Microscope at specific intervals at 135oC 
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t=169s                                                                                t=300s 

                                                                                                                     

t=480s                                                                                t=600s 

Fig. 5.11: Growth of Spherulites of Block PP observed under the Polarized Optical Microscope at 
specific intervals at 140oC 

 

                    

t=180s                                                                               t=480s 
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t=600s                                                                               t=1200s 

Fig. 5.12: Growth of Spherulites of Homo PP observed under the Polarized Optical Microscope at 
specific intervals at 140oC 

 

               

Fig. 5. 13: Spherulites of Homo Random and Random Block PP respectively 

    

                                               

 


