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ABSTRACT 

Coalescence of polymer particles occurs in industrial processes of rotational molding, 

powder coating, and rapid prototyping. The extent and rates of binding between particles 

govern the production cycle and the physical properties of the product. Polymer 

coalescence is promoted by heating the powder to the glass transition/melting 

temperatures and the melt viscosity, elasticity and surface tension are reported to be 

important parameters. It is also suggested that the molecular structure of the polymer and 

its morphology in the solid state may be important, and this is of current interest. The 

morphology of polymer particles is to be modified to achieve optimal processability and 

product quality through controlling the processing conditions and changing the material 

composition with additives. Commercial grade ethylene copolymers and polypropylene 

were used in this work. The resins were melted in a mold with and without a nucleating 

agent (bis 3 ,4 dimethylbenzylidene sorbitol) and solidified to form cylinders under 

various thermal treatments. Results showed that samples with slower cooling rates 

exhibited higher crystallinity and increased thermal stability. Coalescence experiments 

were conducted by heating two juxtaposed discs. There were only small differences with 

coalescence behaviors for samples subjected only to thermal treatments. However, the 

addition of the nucleating agent led to the formation of crystalline structures with higher 

crystallinity, melting and crystallization temperatures, and consequently slows the 

coalescing rates significantly. 
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1 

INTRODUCTION 

_________________ Chapter 1 

1.1 Motivation 

Polymer morphology is the science to study the arrangement, form, and structure of 

polymer molecules in crystalline and amorphous regions. In semicrystalline polymers, 

folded chains arrange orderly form the lamellar stacks, and the random chains form the 

amorphous regions. The volume fraction of the crystalline domains as well as their size 

and structure has a tremendous influence on the properties of the polymer. Polymers with 

higher degree of crystallinity are denser, stiffer, harder, tougher and more resistant to 

solvents. While amorphous domains add flexibility and promote ease of processing below 

the melting temperature. Morphology is also an indication of resins' processability 

because different processing conditions and material compositions lead to the formation 

of different morphologies. 

The coalescence of polymeric materials, often referred to as sintering, can be described as 

the formation of a uniform melt from the merger of individual particles. This 

phenomenon usually takes place at temperatures above melting temperatures for semi-

crystalline polymers and above glass transition temperatures for amorphous materials. 
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The driving force is surface tension and the main resistance to the coalescence of 

polymers is viscosity. Polymer coalescence constitutes the main method for processing 

very high molecular weight polymers, such as polytetrafluoroethylene (PTFE) and ultra 

high molecular weight polyethylene (UHMWPE). Moreover, this phenomenon occurs in 

several industrial applications such as rotational molding, powder coating, and rapid 

prototyping. This work is part of a research program whose objective is to study the 

processability of resins used in rotational molding applications. 

Rotational molding is a technology used to produce hollow plastic parts. In rotational 

molding, polymer resins are loaded into a mold, which is then heated and rotated 

biaxially. Tumbling particles gradually melt and stick on the mold surface during the 

heating process. After the polymer melting and densification are completed, the mold is 

cooled and the molded part is removed. In the coalescence process, interfaces and bridges 

form between adjacent particles. This process is associated with an increase in the density 

of the particulate system and is therefore referred to as densification. The densification 

further increases with the elimination of inter particle cavities, as shown in Figure 1.1. 

The different stages of the rotational molding process have been described in the 

literature (Crawford, 1996) and are shown in Figure 1.2. Polymer coalescence can be 

seen as a fundamental and controlling phenomenon in the rotational molding process 

since it requires a significant part of the heating time and has a profound influence on 

properties of the final part. Resins with poor coalescence behavior need longer heating 

time in the molding cycle and may result in large and numerous bubbles in the final parts. 
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Among all polymers that are used in rotational molding industry, polyethylene (PE) 

accounts for over 85% due to its good processability and thermal stability. Other 

materials are also used and include polypropylene (PP), ethylene-vinyl acetate (EV A), 

polyvinyl chloride (PVC), and polycarbonate (PC). Linear low density polyethylene 

(LLDPE), the copolymer of ethylene and a-olefins, takes 70% of the total amount of 

various PEs (Crawford and Gibson, 2000). The other forms of PE are high density 

polyethylene (HDPE), low density polyethylene (LDPE), and crosslinkable polyethylene 

(XLPE). LLDPE, first appeared in the 1960s, has different molecular structure and 

particle morphology from other PEs. Its molecular structure can be characterized in terms 

of molecular weight (MW), molecular weight distribution (MWD), as well as 

comonomer content and comonomer distribution. HDPE is strong, stiff and has excellent 

resistance to chemicals due to its higher crystallinity, but its impact strength is not as 

good at low temperatures. LDPE, in contrast, has very good flow behaviour as a result of 

long chain branches on the main molecular chain. It is flexible and tough at low 

temperatures and has very good environmental stress crack resistance (ESCR). LLDPE 

combines the best properties of those two resins, it has more but comparatively short side 

branches than LDPE and yet a linear molecular structure. This has the advantage of 

improving the strength and stiffness, whilst retaining the excellent low temperature 

toughness. 

The specific features of the rotational molding process create a microstructure in the 

molded parts which is different considerably from other processes such as injection 

molding and compression molding. The slow cooling rate and the absence of shear stress 
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lead to the formation of coarse and well formed spherulitic morphology (Oliveira et al., 

1996; Weber 2001). The morphology of rotationally molded parts and its relationships 

with processing and the properties for semi-crystalline plastics (PE and PP) have been 

studied extensively by Oliveira and coworkers (Oliveira et al., 1996; Cramez, 2000; 

Oliveira and Cramez 2001; Cramez et al., 2001 ). It was found that the morphology 

changes caused by different processing conditions and the presence of additives have 

remarkable influence on the final parts' mechanical properties. For example, the very 

slow cooling rate in rotational molding process results in the formation of larger 

spherulites and higher degree of crystallinity in PP parts. These will increase the 

sensitivity to crack formation, reduce the fracture toughness, and lead to lower the impact 

strength for the rotomolded PP samples. Nucleating agents can effectively reduce the 

spherulites size and improve the impact property of PP moldings when cooled at a fast 

rate. However, in these studies, the impact of morphology changes on the materials' 

processability has not been investigated. 

Rotational molding offers many advantages over other polymer processes: ability to 

produce seamless hollow parts of extremely complex shapes and large sizes, no residual 

stresses remains in the end products, the mold is relatively inexpensive and can be made 

in short production runs. This process also has some disadvantages: higher energy use 

and longer molding cycle, and a very limited choice of resins that can be used effectively. 

Study the coalescence behavior will help in the selection and formulation of materials 

suitable for rotational molding. 



6 

Polymer coalescence has traditionally been studied as a flow problem. Past studies have 

shown that the controlling factors are the particle size, the material viscosity, and the 

material surface tension (Mazur, 1995; Bellehumeur et al., 1996). Other mechanisms 

such as surface diffusion, volume diffusion and elastic deformation may be of some 

importance in polymer coalescence (Kuczynski, 1972; Mazur and Plazek, 1994). The 

elastic deformation mechanism dominates the process only when the particle size is lower 

than a critical value, which is in the range of nanometers for polymeric materials (Mazur 

et al., 1997). The surface and volume diffusion mechanisms imply the presence of a 

crystalline structure. Since no significant densification can be obtained without melting of 

the polymer particles, thereby eliminating the crystalline structure, it is widely accepted 

that viscous flow is the dominant mechanism in polymer coalescence. However, it has 

been suggested that regions with high segmental density ( crystalline structure) persist in 

some polymer melts (Bremner and Rudin, 1992), which in tum affect the rheological 

behavior of the materials (Hussein and Williams, 1999). Recent studies have shown that 

the material molecular structure, molecular order, and morphology are also of 

importance, affecting either the surface energy of the particle or the flow mechanism in 

the coalescence process (Siegmann et al., 1986; Guillen-Castellanos, 2001). 

The resins used in rotational molding are normally in powder form. The powder quality is 

controlled by the pulverization conditions. During the process of powder production, 

various mechanical and thermal treatments are imposed on the material and will affect its 

main characteristics ( size, shape), as well as the material crystalline structure and 

possibly the particle surface physical and chemical structure (Ahn et al., 1995; Wang et 
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al., 1997). It has been shown in the literature that the powder characteristics affect the 

coalescence behavior of polymer resins (Crawford et al., 1998; McDaid and Crawford, 

1998). A recent study on the coalescence behaviour of ethylene copolymers has shown 

that powder particles which have similar rheological properties and molecular structures 

but different particle characteristics (shape and size) and particle morphology 

( crystallinity and crystal size) due to different grinding conditions, showed different 

coalescence behaviors (Guillen-Castellanos et al., 2003). At this point, it is still not clear 

which of these parameters caused the differences in the powder coalescence behavior. 

1.2 Objective and thesis outline 

The present work is one part of a research program that focuses on the processability of 

ethylene copolymers used in rotational molding applications. The objective of this work 

is to determine the effect of particles' morphology on the coalescence process of ethylene 

copolymers. Experiments are conducted with change the particles' morphology by the 

imposition of different thermal treatments and the addition of a nucleating agent. 

This thesis consists five chapters including this introduction. A review of literature of 

previous studies on polymer coalescence and the morphology of ethylene copolymers is 

presented in Chapter 2. Detail experimental setup and procedures, as well as the material 

characterization are given in Chapter 3. In Chapter 4, coalescence experimental results 
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for both thermal treatments and the addition of nucleating agent are presented. 

Discussions are carried out on the effects of morphology changes to the particles' surface 

tension and molecules' mobility, the driving force and resistance of polymer coalescence. 

The last chapter contains conclusions and recommendations for future work. 
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LITERATURE REVIEW 

_________________ Chapter 2 

This chapter focuses on the study of relevant literature on polymer coalescence in regard 

to its mechanism, affecting factors, and experiment methodology. Molecular structures 

and morphology of ethylene copolymers, as well as the modification of morphology, will 

be discussed in details. The crystallization of ethylene copolymers, one of the dominant 

factors on their crystalline structure, will also be reviewed. 

2.1. Coalescence of polymer particles 

Polymer coalescence can be driven by various forces, such as surface tension (intrinsic 

force) and compressing force ( external force). It is governed by a combination of physical 

processes including deformation, diffusion and stress relaxation (Mazur, 1995). 

Mechanisms of particle coalescence vary among metals, ceramics, and polymers, and 

may include one or several of the following processes: evaporation and recondensation, 

atomic diffusion at the surface or in the bulk of the material, and viscous or elastic flow. 

Early studies on sintering of metals and ceramics showed that the process is dominated 

by volume, surface and grain boundary diffusion (Coble, 1961; Easterling and Tholen, 

1970; Nichols and Mullins, 1965; German and Lathrop, 1978; Johnson and Clarke, 1964; 



10 

Wilson and Shewmon, 1966). For glass materials, experimental studies have 

demonstrated that sintering is due mostly to the viscous flow mechanism (Kuczynski, 

1949; Kingery and Berg, 1955; Exner and Petrow, 1975). Similarly, recent studies have 

shown that viscous flow is the most probable transport mechanism for polymer sintering 

(Kuczynski, 1949; Narkis, 1979; Rosenzweig and Narkis, 1980; 1981 ). 

2.1.1. Effect of polymer viscosity and elasticity on the coalescence process 

The first analytical model describing the coalescence process of two spherical particles 

driven by viscous flow was proposed by Frenkel (1945) and corrected by Eshelby (1949) 

based on the balance of the work of surface tension and the viscous dissipation: 

y 2 3rt 
= 

a 217 
(2.1) 

where y, a, r, t, YJ are the neck radius formed between the particles, the radius of the 

particles, material surface tension, time and material viscosity. Based on the viscous flow 

mechanism, the material viscosity represents the resistance of the material to coalesce 

while surface tension is directly related to the driving force of the process. The validity of 

Frenkel's model is limited to Newtonian flow circumstance, and can only be used to 

predict the early stage of the coalescence process, when the diameter of the coalescing 

particles is constant. Modifications to Frenkel' s model have been proposed to extent the 

range of predictions to the full process (Pokluda et al., 1997). Other analytical solutions 

(Hopper, 1984; 1990; 1991) as well as numerical solutions for the coalescence of 
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particles driven by Newtonian viscous flow have also been proposed in the literature 

(Jagota and Dawson, 1988; 1990; Van de Vorst, 1994; Martinez-Herrera and Derby, 

1994; 1995). The numerical simulations primarily aimed to study the effect of the initial 

geometry and processing conditions on the resulting flow and coalescence rate. 

Models based on Newtonian viscous flow mechanism have been assessed for glass 

spheres and for polymers (Narkis, 1979; Rosenzweig and Narkis, 1980; 1981; 

Bellehumeur et al., 1996; Bellehumeur et al., 1998). It was not until 1970 that polymer 

coalescence has been studied experimentally. Many experimental studies have confirmed 

that Newtonian viscous flow is dominant in the polymer coalescence process (Narkis, 

1979; Rosenzweig and Narkis, 1980; 1981; Hornsby and Maxwell, 1992; Bellehumeur et 

al., 1996). It was generally observed that an increase in the material viscosity, indicative 

of lower molecular mobility, resulted in a reduction in the coalescence rate. However, 

several authors have suggested that the Newtonian viscous flow mechanism may not 

adequately represent polymer sintering, and that the non-Newtonian nature of polymer 

melts should be considered in models describing the process (Lontz, 1964; Kuczynski et 

al., 1970; Mazur and Plazek, 1994; Bellehumeur et al., 1998). In most studies, it was 

found that the Newtonian models overpredicted the coalescence rate, compared to that 

observed experimentally (Lontz, 1964; Kuczynski et al., 1970; Bellehumeur et al., 1998). 

Kuczynski (1970) proposed the use of a shear dependent viscosity in the Frenkel's model. 

The usefulness of this modification is questionable since the shear rates involved in the 

coalescence process are usually very small (Rosenzweig and Narkis, 1981). Viscoelastic 

flow has been proposed to describe the polymer coalescence process (Bellehumeur et al., 
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1998; J agota et al., 1998). The role of viscoelasticity in the coalescence of polymer 

was explained based on material elasticity and energy storage capacity: a polymer with a 

high energy storage capacity requires longer time for stresses to relax and to deform 

when subjected to creep deformation. 

Experimental studies on the coalescence of polyolefins have shown that the coalescing 

rate is strongly affected by initial particle size, melt temperature, and viscosity (Hornsby 

and Maxwell, 1992; Bellehumeur et al., 1996; Kontopoulou et al., 1997). However, other 

factors may play a more important role than just particle size. The studies on coalescence 

of ultra high molecular weight polyethylene (UHMWPE) have shown that particle 

morphology, particle size distribution, and bulk density are all have a significant effect on 

the powder compaction and subsequent sintering behavior (Hall din and Kamel, 1977; 

Truss et al., 1980; Hambir and Jog, 2000). 

Surface tension has been identified as the main driving force in the early studies of 

polymer coalescence kinetics, many sintering models have included it as one of the 

dominant parameters on polymer coalescence (Mazur 1995; Pokluda et al., 1997). 

However, experimental study on the effect of surface tension to polymer coalescence is 

limited. Bellehumeur et al. (1998) adopted the values of surface tension of different 

polymer materials from references in their study on proposing viscoelastic sintering 

model. However, the attempts to measure the particle surface tension and to evaluate its 

effect on the coalescence process have not really been addressed in the literature. 
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2.1.2. Effect of particle characteristics on the coalescence process 

Almost all the experimental works have mentioned the important role of particle size in 

polymer coalescence. Coalescing rate normally increases with the decrease of particle 

size (Bellehumeur et al., 1996). The surface topography of powder particle also plays a 

role in polymer coalescence. Polyethylene powders with high irregularities normally 

show large variation in their coalescing rates due to the uncertainty of the initial contact 

between particles, there is also a possibility that the crystalline structures are different 

caused by different pulverization conditions (Bellehumeur et al., 2002; Guillen-

Castellanos, et al., 2003). The effect of particle geometry was also studied. Bellehumeur 

et al. (1996) conducted coalescence experiments using different LLDPE particle 

geometries, namely powder, cylinder and micropellet, and found the influence of particle 

geometry on the coalescing rate is not significant. However, recent studies have shown 

that there is difference on sintering rate between powder and cylindrical particles 

(Guillen-Castellanos, et al., 2001; 2002a). This has been attributed to the pulverization 

conditions applied in powder production, which may have an impact on the particles' 

morphology and, to some extent, on the chemical structure on the surface of the particles 

(Ahn, et al., 1995; Wang et al., 1997; Bai, et al., 2000). 

2.1.3. Effect of molecular structure and material morphology 

Molecular structure has pronounced influence on the morphology and physical properties 
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of ethylene copolymers. Changes in the molecular structure also affect material 

properties that control the coalescence process. Polymer with higher MW has slower 

coalescing rate because viscosity and elasticity are increase with the increasing of MW, 

and high values of viscosity and elasticity represent resistance to coalescence (Guillen-

Castellanos, 2001). Narrow MWD results in lower elasticity and lower viscosity at low 

deformation rates, which is benefit to sintering process (Weber, 2001). In addition, the 

comonomer content and the comonomer distribution are all have effects on polymer 

coalescence. Guillen-Castellanos et al. (2001; 2002b) have studied the sintering 

behaviour of ethylene copolymers with different molecular structures. They found that 

the comonomer content have mixed effects on the coalescence process. The incorporation 

of short chain branches (SCB) on linear polymer chains appears to cause a reduction in 

the coalescing rate. The effect of SCB content on the coalescence rate may originate with 

the differences in the chain mobility due to variations of the chain linearity. The more 

linear the chains, the faster they are expected to diffuse (Riande et al., 2000). However, 

an increase in the comonomer content generally results in a reduction of the melting 

temperature and of the heat of fusion, which lead to earlier melting and onset of sintering 

in transient molding processes. 

The effects of molecular structure and material morphology on polymer coalescence have 

not been emphasized in the early studies on this topic. In 1986, Siegmann and coworkers 

conducted experiments on the sintering behaviour of UHMWPE. They found that in 

despite of its very high viscosity, this material has an unexpected fast sintering rate. They 

concluded that the enhanced coalesce behaviour of UHMWPE was attributed to the 
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highly developed internal particle morphology which increases the total particle 

surface energy. Similar observation was reported by Barnetson and Hornsby (1995) who 

concurred with their conclusion. More recently, the effects of crystalline structure on the 

coalescence of ethylene copolymers were investigated by Bellehumeur and coworkers 

(Guillen-Castellanos et al., 2001; Lin et al., 2003). It is found that polymer with higher 

crystallinity start to coalesce at higher temperature but showed high coalescing rate, 

while similar polymer having lower degree of crystallinity due to higher comonomer 

content, showed low coalescing rate. 

2.2. Molecular structure and morphology of ethylene copolymers 

2.2.1. Molecular structure of ethylene copolymers 

2.2.1.1. Structure of semi-crystalline polymers 

Semi-crystalline polymers contain amorphous zones and crystalline zones in their solid 

state. As showed in Figure 2.1, amorphous regions are made up of disordered entangled 

molecules, while crystalline zones contain well-ordered, closely packed three-

dimensional chain conformations. A third region, located at the interface between the 

crystal region and its adjacent amorphous region, has also been identified (Mutter et al., 

1993; Cheng et al., 1994; Androsch et al., 1999). This third region, named as 
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intermediate phase, is very important and critical in the mechanical and chemical 

resistance of semicrystalline materials because the dray crazing/voiding occurs initially 

in the spherulitic boundary areas (Bubeck, 1981; Al-Zubi et al., 2002). 

crystalline 
region 

amorphous 
region 

Figure 2.1 Folded-chain lamellae tied together by inter-lamellar amorphous chains 

(Rosen, 1993) 

There are several levels of order in the crystalline phase of a semi-crystalline polymer. 

Figure 2.2 represents these different levels, and their typical dimensions, for the case of 

polyethylene. The unit cell is the crystallographic repeating unit in semi-crystalline 

polymers. PE crystals have an orthorhombic structure which contains four CH2 groups on 

two all-trans chains (Woodward, 1995). The crystallite dimensions are many times larger 

than those of the unit cell and, therefore, each chain section in a crystallite passes through 

many unit cells. Many polymers can crystallize in more than one arrangement. For 

example, there are four different crystal structures identified in isotactic polypropylene 
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Figure 2.2 Levels of polymer organization in polyethylene (Osswald, 1998) 
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(iPP): a (monoclinic unit cell), which is the more common, {3 (hexagonal unit cell), 

which only occurs occasionally, 'Y ( orthorhombic unit cell), that is rarer and 1s 

promoted by hydrostatic pressure, and o, found in PP with high percentages of 

amorphous material. (Norton and Keller, 1985; Lotz et al., 1996). 

The crystalline structure of a polymer grows radially out from the nucleation sites in a 

form of twisted ribbons (Barham and Keller, 1977). These structures are referred to as 

lamellae, that are flat sheets several microns in lateral extent (a and b axes) but very thin 

(20 nanometers along the c-axis ). It was shown that these structures were due to 

chainfolding, with the polymer molecules repeatedly folding back and forth through the 

crystals in a conformation like a firecracker (Keller, 1984). 

When polymers crystallize from the melt, they generally start off as single lamellae. 

These rapidly branch to form more complicated structures, filling space in three-

dimensions to form ball-like structures known as spherulites. Spherulites can be detected 

using polarizing optical microscopy, because the optic axes of the birefringent crystals 

tend to be lined up in a close relation to the radial growth direction. For high nucleation 

rates, slow diffusion in the melt, and high molecular weight, single chains can be 

incorporated into two widely separated crystalline domains. As crystallization proceeds, 

these molecules will become stretched "tie chain" and act as a template for absorbing 

other melt molecules and forming macroscopic fibrils. 
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Spherulites grow until they encounter upon neighbouring spherulites. Detail review on 

spherulites structure and growth mechanism was given by Bassett (2003). In PP 

spherulites, four types, namely I to IV, were identified by Padden and Keith (1959). Type 

I spherulites show positive birefringence and appear at a lower crystallization 

temperatures (Tc) below 134°C, while type II spherulites show negative birefringence 

and appear at higher Tc above 138°C. Type III spherulites are negative in birefringence 

but bigger than type II spherulites and occur at temperatures below 128°C. Type IV 

spherulites are negative in birefringence and are formed in the temperature interval from 

128°C to 132°C. Type III and type IV spherulites only occur occasionally in the middle of 

the positive type I forms, they grow at a faster radial rate than type I spherulites, and are 

highly birefringent. In most bulk crystalline PP the spherulites occur as the so-called 

mixed type and is formed in the temperature range from 134°C to 138°C. Mixed type 

spherulites show a coarse and fibrous mixture of positive and negative birefringence. The 

spherulites of type I, II and the mixed type are often referred to as a spherulites. The type 

III and type IV are denoted as {3 spherulites. 

2.2.1.2. Ethylene copolymers and their molecular structures 

Ethylene copolymers are commercially an important class of polyethylenes, produced 

through the copolymerization of ethylene and a-olefins ( e.g., 1-butene, 1-hexene, 1-

octene, etc.). The comonomer type determines the length of the side branches and the 

comonomer content relates to the amount of short chain branches (SCB). The resulting 
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polymers usually have a relatively linear molecular structure but a lower density due to 

the presence of side branches and they are referred to as linear low-density polyethylene 

(LLDPE). 

Ethylene copolymers are classified as homogeneous and heterogeneous based on the 

comonomer distribution. In its e<;1rly development stage, LLDPE was synthesized with a 

conventional Ziegler-Natta catalyst system. Because of the different activity sites and the 

heterogeneity of the catalyst system, the polymeric products obtained contain 

macromolecules with great differences in both MW and the amount of SCB. 

Comparatively, the new developed single site catalysts in the mid-1980s, make it possible 

to synthesize LLDPE that has a relatively uniform chain structure due to the unique 

features of metallocene catalyst systems. Metallocene catalyzed LLDPE has a narrower 

MWD than Ziegler-Natta catalyzed LLDPE and a more uniform comonomer content, that 

is, a narrower intermolecular SCB distribution. The heterogeneity of LLDPE can be 

characterized with temperature-rising elution fractionation (TREF) based on the different 

crystallizabilities of the macromolecular fractions (Wild et al., 1982). Important 

variations in the comonomer distribution can also be detected from thermal segregation 

DSC test (Mathot et al. 1998; Teng et al., 2002). 

2.2.2. The morphology of ethylene copolymers 

The morphology of ethylene copolymers 1s controlled by the molecular structure, 
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polymer composition and the processing history. Specifically, the important factors are 

molecular properties (MW, MWD, comonomer content, and additives), the 

micromolecular structure (length and length distribution of ethylene sequence), the 

conditions of crystallization (temperature, time, cooling rate), the thermal history 

(annealing), and strain (Zhao et al., 2001). 

2.2.2.1. Polymer crystallization mechanisms 

The overall crystallization in polymer is a combination of crystal nucleation and growth. 

Nucleation can often be induced by agitation, mechanical shock, friction and extreme 

pressures within solutions and melts (Mullin, 2000). The origination of a crystal phase 

from a parent phase is the first step inaugurating crystallization and the phenomenon is 

called primary nucleation. The continuation of crystallization on the growth surface is 

referred to as secondary nucleation. Homogeneous nucleation takes place at a constant 

rate and originates from statistical fluctuations of the polymer chains in the melt, whereas 

heterogeneous nucleation occurs at a variable rate and originates from the presence of a 

foreign phase ( solid impurities, purposely added nucleating agents or an extended 

substrate on which crystallization may occur) in the polymer melt, and self-nucleation is 

used as the general term describing nucleation of a macromolecular melt or solution by 

its own crystals grown previously (Wunderlich, 1976; Mercier, 1990; Feng and Jin, 

1999). The heterogeneous nucleation is the prevailing mode of nucleation in commercial 

plastics since it is nearly impossible to purify a polymer to an extent that no foreign 



22 

particles ( catalysts residues, additives and other impurities) will remain in the melt. 

Homogeneous nucleation becomes predominant only at very large undercoolings 

(Bartczak and Galeski, 1990). It should be clear that while primary nucleation can be 

either homogenous or heterogeneous, secondary nucleation by definition 1s 

heterogeneous. 

Hoffman and Clark (1983; 1984) proposed three regimes theory for polymer 

crystallization on both theoretical and experimental grounds. This kinetic theory is well 

accepted and widely used in the literature. Regimes can be envisioned as resulting from 

the relative rates of two competing processes: secondary nucleation and lateral growth. 

Regime I occurring at high temperature, the surface nucleation rate (i) is much slower 

than the lateral growth rate (g), the growing crystal nucleus sweeps completely across the 

crystalline interface before any new nuclei are laid down. In regime II, which occurs at a 

lower temperature, rates of two processes are comparable, multiple nucleation occurs on 

the growing face. In regime III, which occurs at a further low temperature, the rate of 

nucleation is so high that large amount of nucleation occur simultaneously on several 

crystal growth layers. 

Crystallization conditions (temperature and cooling rate) greatly influence the polymer 

morphology. Celli et al. (2003) studied the nucleation and growth regime transition of 

isotactic polypropylene. They found that in isothermal conditions, the number of 

spherulites per unit area does not change with the crystallization time and temperature; 

while at small undercoolings, the total number of spherulites remains independent of 
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crystallization time, but decreases with increasing temperature. They concluded that 

the change in nucleation behavior at 138°C coincides with the growth regime transition 

III to II. High number of small spherulites is present in regime III, whereas in regime II, 

the number of spherulites decreases and their size increases as temperature increases. 

Similar observations were reported for polyethylene by Supaphol and Spruiell (1998). 

The linear growth rate ( G) of polymer spherulites or axialites during crystallization 

within a given regime is generally described by Lauritzen-Hoffman equation (Lauritzen 

and Hoffman, 1973; Hoffman et al., 1976): 

(2.2) 

where Go is the preexponential factor which is not strongly dependent on temperature, U* 

is a constant characteristic of the activation energy of chain motion in the melt, T w is the 

temperature at which the mobility of the molecules converges to zero, T is the 

crystallization temperature, 11T = r; - T is the undercooling, r; is the equilibrium 

melting temperature, and R is the gas constant; Kg is a nucleation constant, related to the 

lateral and fold surface energies. The value of the nucleation constants Kg and Go can be 

determined by plotting the spherulitic growth rate data m the form 

Log(G) + U * I R(T -T00 ) vs.1/ Tl1T (Clark and Hoffman, 1984). 

There are two common methods for obtaining polymer bulk crystallization kinetics 

information. Isothermal crystallization kinetics is generally studied by using the A vrami 
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equation (Avrami, 1939; 1940; 1941). The fractional crystallinity X(t) as a function of 

time can be written as: 

- ln[l- X(t )] = Ktn (2.3) 

where n is the A vrami exponent whose value depends on the mechanism of nucleation 

and the crystal growth geometry; K is also a function of nucleation and growth, and can 

be obtained from the expression: 

(2.4) 

where the half-time, t112 is the time required for 50% of the total crystallization to occur. 

Ozawa equation is generally used in analyzing the non-isothermal crystallization kinetics 

(1971): 

X(T)=1-expl-K(T)!cn j (2.5) 

where X(T) is the fractional crystallinity at temperature T; K(T) is a temperature 

dependent parameter, and C is the cooling rate. 

2.2.2.2. Crystallization and melting behavior of ethylene copolymers 

The crystallization process in ethylene copolymers is considerably different from that of 

linear homopolymers. According to Flory's equilibrium model (1955), at a given 

temperature, only the fraction of ethylene sequences of length greater than a critical 

length can it participate in the crystallization process. The critical length decreases as the 

crystallization temperature decreases. However, the experimentally determined degree of 
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crystallinity is far below the equilibrium prediction which is consistent with the fact 

that polymer morphology is controlled by kinetic rather than by thermodynamic factors 

(Crist and Howard, 1999). 

It is believed that the dominant lamellae of ethylene copolymers are formed by the linear 

molecules with secondary crystallization arising from the branched molecules (Wilfong 

and Knight, 1990). The studies of the fusion of copolymers have shown that their melting 

temperatures are depressed and the melting range broadened compare to linear 

homopolymers (Mandelkem, 1964; Bensason et al., 1996). It was also shown that the 

transition from regime I to regime II shifts to lower temperatures as the branch content 

increases (Lambert and Phillips, 1994). 

Mirabella (2001) has studied the crystallization and melting behavior of polyethylene 

copolymers by DSC analysis. He found that homogeneous copolymers undergo a primary 

crystallization, which produces a population of thicker lamellae, creating a network that 

places severe restrictions on segment transport in subsequent secondary crystallization, 

which produces thinner crystals. Alamo and Mandelkem (1991) found that the general 

aspects of the crystallization process of random ethylene copolymers are very similar to 

those of homopolymers, the random copolymer behaves as if it were a homopolymer of 

much higher molecular weight which results in lower crystallinity. Alizadeh et al. (1999) 

proposed a characteristic crystallization temperature T*. Crystallization below T* leads to 

the formation of crystals of very small dimensions which for short crystallization times 

melt just above their formation temperature. T* can be defined as the temperature at 
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which ethylene sequences that are pinned at crystal surfaces start to participate in a 

more constrained crystallization process, leading to fringed-micellar or chain-cluster-like 

crystallites. They further concluded that the multiple melting behavior of ethylene 

copolymers is not associated with a melting-recrystallization-remelting process but with 

the melting of separate populations of crystals of different stabilities and formed from 

crystallisable sequences of different length. 

Generally, comonomer branches are expelled from the crystalline core during the 

crystallization of ethylene copolymers (Mathot and Pijpers, 1990; Lu et al., 1994; Marigo 

et al., 1997). Many researchers, however, have found that long-chain branches, though 

cannot incorporate in the crystal lattice, can perform side-chain crystallization in the 

interstitial sites of the crystalline regions (Vonk and Pijpers, 1985; Alamo and 

Mandelkem, 1994; Walter et al., 2000). Short-chain branches, on the other hand, can be 

partially included into crystalline core (Hosoda et al., 1990; Vanden Eynde et al., 2000). 

The probability of branch inclusion has been determined using NMR spectrum in the 

order: methyl > ethyl > n-butyl = n-hexyl = n-decyl > isobutyl (Hosoda et al., 1990). 

2.2.3. Factors affecting the morphology of ethylene copolymers 

2.2.3.1. Molecular structure of ethylene copolymers 

The morphology of ethylene copolymers, specifically the spherulitic structure (the type 
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and size of spherulites ), varies with the MW and comonomer content of the polymer 

material. Bensason et al. (1996) classified homogeneous ethylene copolymers into four 

types according to their densities, crystallinities ( detected using DSC) and 

supermolecular structures (identified by polarized light microscopy and transmission 

electron microscopy). Type I copolymers have densities less than 0.89 g/cm3, there is no 

lamellae or spherulites morphology but fringed micellar or bundled crystals observed in 

the crystalline structures and the bulk crystallinity is smaller than 30%. Type II polymers 

have densities between 0.89 and 0.91 g/cm3
, mixed morphology of small lamellae and 

bundled crystals can be found, their crystallinities are between 28% and 40%. Type III 

materials have densities between 0.91 and 0.93 g/cm3
, thinner lamellae and smaller 

spherulites are observed in morphology of these polymers, the crystallinities are in the 

range of 38% to 55%. Type IV copolymers have densities higher than 0.93 g/cm3 and 

crystallinities larger than 55%, they exhibit lamellar morphology with well-developed 

spherulitic superstructure. Higher density generally represents lower comonomer content 

in ethylene copolymers. 

The comonomer content plays a key role to determine the crystallization behaviour and 

morphological features. Kim et al. (1996) studied the thermal behavior of HDPE with 

different SCB contents and found that the fractions with the short chain branching 

content above 3 branches per 1000 carbon atoms showed a significantly different thermal 

behavior from those with less than 3 branches per 1000 carbon atoms. The crystal 

structure of orthorhombic form is always developed when ethylene copolymers 

crystallized, and this is independent of the branching content of the copolymer (Peng et 
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al., 2003). However, supermolecular structure vanes with different comonomer 

content. It was shown that with increasing comonomer content, the morphology of 

ethylene copolymers changes gradually from well-developed spherulites to less organized 

fringed micellar crystals (Mathot et al., 1998). Meanwhile, the crystallite thickness (Crist 

and Mirabella, 1999), the melting temperature (Chum et al., 2003), and the heat of fusion 

(Simanke et al., 1999) were found to decrease with increasing the comonomer content; 

and the melting range was found to broaden with the increasing of comonomer content 

(Wang et al., 2001). It is also found that the average spherulite size of ethylene 

copolymers decrease with the increasing of MW (Bubeck and Baker, 1982; Peeters et al., 

1997). The type of comonomer also has some effect on the crystallization of copolymers. 

Vanden Eynde and coworkers (2000) found the influence of increasing branch length on 

the thermal behavior is similar to the influence of increasing comonomer content: broader 

and flatter DSC curves and decreasing of melting temperature and crystallization 

temperature. 

The branching content and distribution will affect the length of linear ethylene sequence 

in the molecules. The ethylene sequence length has an important effect on the 

crystallization of ethylene copolymers. Zhang and coworkers (2002) studied the 

influences of ethylene sequence length on crystallization and melting behavior of 

ethylene copolymers. They found that the long sequences undergo chain folding at the 

higher temperature, while the shorter ethylene sequences start crystallizing at lower 

temperature. They also found that the average sequence length decreasing with increasing 

branches content. They concluded that intensive properties ( crystallization temperature, 
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melting temperature) are controlled by the fluctuation of ethylene sequences on size, 

while the extensive properties ( crystallinity, crystallization enthalpy) decrease with the 

decreasing of average sequence length. Since regular placement causes continuous 

disruption of molecular folding, whereas randomness allows folding in some intervals to 

form larger crystallites (Doran and Choi, 2001) we may expect the crystallization and 

melting behavior are different for Ziegler-Natta catalyzed copolymers and metallocene 

catalyzed copolymers when they have the same amount of comonomers. Kim and 

Phillips (1998) studied the melting and crystallization behaviors of ethylene/a-olefin 

random copolymers, they found that the melting temperatures of homogeneous 

copolymers are lower than that of heterogeneous copolymers which have the same branch 

content and MW. Starck et al. (2002) further observed that the decrease in crystallinity 

and the melting temperature with increasing comonomer is more obvious for metallocene 

catalyzed LLDPE than for Ziegler-Natta catalyzed LLDPE. 

2.2.3.2. Thermal treatments 

Variation in the thermal treatment imposed on the material during the crystallization 

process has an important effect on the crystallization and morphology of ethylene 

copolymers. Peeters and coworkers (1997) have thoroughly studied the influence of 

thermal history on the morphology of ethylene copolymers. They observed that slow 

cooled sample normally has higher crystallinity and larger spherulites than those of 

quenched sample. The lamellar thickness increases significantly with decreasing cooling 
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rate, and, furthermore decreasing the cooling rate results in bigger spherulites. They 

attributed the less organized supermolecular structure to the diffusion-controlled crystal 

growth under rapid cooling condition, as previously concluded by Mandelkem et al. 

(1981). They further observed that the lowering of the crystallinity caused by an increase 

of the cooling rate is most prominent for copolymers with less comonomer content. This 

phenomenon was also observed by Bensason et al. (1996). In a recent study, Chiu and 

coworkers (2002) investigated the effect of cooling rate on the morphology of ethylene 

copolymers and observed that the spherulitic size decreases as the cooling rate increases. 

Alizadeh et al. (1999), on the other hand, proposed a crossover temperature TR, where the 

degree of crystallinity becomes independent of cooling rate. While above this crossover 

temperature, the exotherm of ethylene copolymers exhibits strong cooling rate 

dependence. They also found that TR decreases systematically with increase in the 

comonomer content. 

Annealing treatments also influence the morphology of ethylene copolymers. It has 

been observed that the unstable crystals of quenched samples melt at very low 

temperatures recrystallize to form more perfect crystals during subsequent heating 

(Peeters, 1999). This phenomenon can be detected from DSC test result by a shift of the 

endothermic peak to a higher temperature. This shift attributed to crystal transformation 

to more stable state as well as crystal growth rather than the formation of new crystals 

(Wunderlich, 1981 ). A further study by Goderis et al. (2000) showed that inserting 

isothermal annealing steps promotes recrystallization and crystals' reorganization. The 

recrystallization is a very local process, and repeats continuously over the entire melting 
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range. The sample evolves from one metastable state into another, but cannot reach the 

stability that can be obtained by direct slow cooling. It is also found that crystals form at 

longer annealing times are larger and/or more ordered and melt at higher temperatures 

than those formed after shorter annealing times (Androsch, 1999). The effect of annealing 

steps varies with the ethylene sequences length distributions. It is generally found that 

annealing has less impact on the more linear polymers (i.e. HDPE) because there are only 

one lamellar thickness crystals formed (Starck, 1996; Roberts and Lee, 2003). 

2.2.3.3. Additives 

The effect of additives on the microstructure depends primarily on their nucleating action 

(Beck, 1967; Binsbergen, 1970; Garbarczyk and Paukszta, 1985). Nucleating agents are 

used in semi-crystalline polymer to increase rate of crystallization. These agents increase 

degree of crystallinity and lamellae thickness and, hence, improve stiffness and strength. 

Nucleating agents can also improve optical properties due to the decrease of the 

spherulitic size of polymer materials. 

The nucleation with the addition of additives is a heterogeneous nucleation process. The 

number of effective nuclei increases with the addition of nucleating agent. The nucleation 

rate becomes more predominant than the spherulitic growth rate, resulting in an increase 

in the overall rate of crystallization and leading the formation of smaller spherulites 

(Marco et al., 2002a). The additives provide the surface that reduces the free-energy 



32 

barrier to primary nucleation due to their smaller surface energy (Smith et al., 1994). 

About 1 % weight of the additives is generally sufficient to achieve the maximum 

reduction of interfacial tension between polymers (Wu, 1982). Although the mechanisms 

of how the nucleating agent acts is still not clearly understood, it is believed that the 

nucleating ability is decided by the geometrical and dimensional similarities between the 

additive and the growing crystalline lattice. Feng and coworkers (1998) explained that the 

lowering of interfacial surface free energy with the addition of nucleating agent can be 

due to the occurrence of multiple nucleations, leading to the formation of loops and tie 

molecules, and dangling chain ends from the crystallization. Millner and Titus (1990) 

studied the mechanism of action of Dibenzylidene sorbitol (DBS) as a nucleating agent 

for iPP. They proposed that the presence of two adjacent hydroxyl groups is critical in the 

nucleating activity of the sorbitol derivatives and is based on the formation of a 

nucleating dimer via hydrogen bonds between the diol moieties; polypropylene binds to 

the dimer forming a ternary complex, thus reducing the entropic barrier for crystallization 

by limiting the local movements of the polymer segments at the points where they are 

bound to the nucleating agent. Smith et al. (1994) pointed out that DBS can stabilize the 

helical form of PP at the molecular level through molecular modeling, they demonstrated 

that the nucleating ability can be correlated with van der Waals attractions of the 

individual nucleator molecules with the helical form of PP. More recently, Kristiansen et 

al. (2003) studied the effects of Dimethyldibenzylidene sorbitol (DMDBS) nucleating 

agent on iPP, they found an initial increase in the complex viscosity prior to polymer 

solidification and termed it as "physical gelation of the polymer melt". They attributed 



this gelation phenomena to the formation of a nanofibrillar network due to 

crystallization of the nucleating agent in the polymer melt. 
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The addition of nucleating agent can increase the melting temperature and crystallization 

temperature of polymer compound (Pillon et al., 1993). The crystallization temperatures 

increase with increasing concentration of the nucleating agent and decreasing of the 

cooling rate (Marco et al., 2002a). It is known that crystallization temperature affects the 

lamella thickness of polymer crystals and that lamella thickness affects the melting 

temperature through the equation (Kavesh and Schultz, 1971): 

T =T 0(1-~J m m Af[ l 
f 

(2.6) 

where Tm is the melting temperature with a certain lamella thickness l, &-11 is the heat of 

fusion, r: is the equilibrium melting temperature, and ae is the end surface free energy of 

the lamella crystal. The melting temperature of the polymer with the addition of 

nucleating agent also increases. Xu and He (2001) studied the nucleation of 

polyoxymethylene (POM) crystallization with the addition of attapulgite as the nucleating 

agent, and found decreasing on the interfacial free energies perpendicular to the 

molecular chain direction (ae), as well as the spherulitic size of POM. With the nucleating 

agents increase the melting temperature, they reduce the tendency of the crystals to 

recrystallize, which is an indication of a higher stability of the polymer crystals formed 

(Marco et al., 2002b ). Experimental results showed higher nucleating agent concentration 

gives better clarity (Wong and Leung, 1997), and more order crystalline structure (Marco 

et al., 2002c ). However, there is a saturation effect has also been observed (Marco et al., 
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2003). The effectiveness of nucleating agent is also affected by crystallization 

conditions. Kim et al. (1993) found that the logarithmic numbers of the effective nuclei 

decreases linearly with decreasing degree of undercooling. 

The effects of nucleating agents vary with different polymers. For example, HDPE has an 

extremely high crystal growth rate; nucleating agents are not very effective because as 

soon as the polymer nucleus forms, the resulting crystal grows extremely fast. In contrast 

to HDPE, LLDPE is easier to nucleate due to the incorporation of comonomer which may 

reduces the crystal growth rate. It was also found that the nucleating agent could generate 

different morphologies to the same material under different crystallization conditions. For 

example, y-Quinacridone induces either the a phase or the (3 phase iPP crystals when the 

crystallization temperature are higher and lower than l 40°C, respectively (Mathieu et al., 

2002). 

Experimental results showed that sorbitol is the most effective nucleating agent for 

polyethylene (Kurja and Mehl, 2001). Sorbitol is generally used as a clarifying agent 

which is a special subclass of nucleating agents. Sorbitol based clarifying agents have a 

unique mode of action which leads to enhanced clarity. Unlike salt type nucleators, these 

materials dissolve in molten polypropylene to give a homogeneous solution. As the 

polymer cools, a fibrous network of the clarifying agent forms (Shepard et al., 1997; 

Bauer et al., 1998). The surface of this network becomes the nucleation sites for 

crystallization. Besides being homogeneously dispersed, this network consists of fibers 

with diameters of only about 100 angstroms, which is smaller than the wavelength of 



visible light. This mechanism enables sorbitol to be very effective morphology 

modifiers (Thierry et al., 1990). 
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EXPERIMENTAL WORK 

_________________ Chapter 3 

3.1. Materials 

Six resins were selected in this experimental work. Among them, there are five ethylene 

copolymers and one polypropylene homopolymer. Those commercial resins were 

supplied by three companies: Equistar Chemicals (PP51B 12A), NOVA Chemicals 

(Sclair8107, TR0338, TR0242, and PF0219F), and Borealis (M8166). TR0338 and 

M8166 were received in powder form; other resins were received in pellet form. Table 

3.1 shows the molecular properties of these six resins. Data are provided by suppliers 

unless noted otherwise. 

3.2. Material Characterization 

The morphology of ethylene copolymers is the main characteristic we are going to study 

in this work. The material's viscosity and surface tension, which are the dominant factors 

in polymer coalescence, are also characterized in order to isolate their effects on the 

coalescence process with other parameters. 



Table 3.1 Material properties of selected resins 

Weight Average Polydispersity Index 
Resin Producer Molecular Weight 

(Mw/M0 ) 
(Mw) (g/mol) 

PP51B12A Equistar Chemicals NIA 4.10 

Sclair8107 NOV A Chemicals 66,400 3.95 

TR0338 NOV A Chemicals 76,800 3.96 

M8166 Borealis 76,100 2.00 

PF0219F NOV A Chemicals 101,800 3.14 

TR0242 NOVA Chemicals 90,400 2.92 

N/A: Information not available 

* : Measured using Archimedes principle p( g/cm 3 J = m(g)/ V(cm 3
) 

** : Estimated using shear viscosity vs. shear rate data (refer Appendix A) 

a: MFI at 230°C/2.16kg 

Density Melt Flow Index 
(g/cm3

) (g/lOmin) 

0.906* 3g**a 

0.9240 4.8 

0.9380 3.5 

0.9402 1.4 ** 

0.9180 2.0 

0.9420 1.8 

Type of 
Catalyst Comonomer 

NIA 

Ziegler-Natta butene 

Ziegler-Natta hexene 

Single Site hexene 

Ziegler-Natta hexene 

Ziegler-N atta hexene 
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3.2.1. Rheological characterization 

Polymeric materials exhibit viscoelastic characteristics having some of the properties of 

both elastic solid and viscous liquid. The viscoelastic properties of polymeric materials 

are generally characterized by dynamic measurements, in which the sample under test is 

subjected to a periodic deformation. The response of a viscoelastic body lags in time 

behind the applied strain as illustrated in Figure 3 .1. The phase lag angle ( o) between 

stress and strain is a direct measurement of the ratio of the viscous to elastic contribution 

to the overall response in the sample. Using the phase lag and the magnitude of the 

sample's response, the signal can be decomposed into two components: the in phase 

which represents the elastic response and out of phase for viscous response. The storage 

modulus ( G') is a measure of elasticity, and is also referred to as the elastic modulus. The 

loss modulus (G") is indicative of viscous dissipation. From dynamic measurements, the 
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Figure 3.1 The schematic stress response of viscoelastic body to a sinusoidally applied 
strain 



complex modulus (G*) and the complex viscosity (77*) can also be determined. 

G* = G'+iG"= iOJ77 * 

G"-iG' 
77* = 77'-i 77" = ---

OJ 

(3.1) 

(3.2) 
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where w is the angular velocity, 77' is the dynamic viscosity, and 77" is the storage 

viscosity. The ratio of the loss modulus to the storage modulus is the loss tangent or 

dissipation factor, represents the damping properties of the sample. 

G" tan8 = -
G' 

(3.3) 

The storage modulus, loss modulus and complex viscosity can be plotted as a function of 

the frequency. The Cox-Merz rule (1958) can be used in the non-filled polymer melts to 

correspond the magnitude of steady state shear viscosity ( YJ) plotted against shear rate ( y ) 

with the complex viscosity ( YJ *) plotted against angular frequency ( w ). 

77 *(OJ)= 77(y) (3.4) 

The rheological measurements were carried out by using a HAAKE RS 150 rotational 

rheometer. A parallel-plate sensor with a diameter of 20 mm was used. The shearing gap 

was 1.4 mm. Samples were prepared by hot pressing polymer into a flat mold at 190°C 

for 2.5 minutes with a CARVER hydraulic press, and then quenched into ice water to 

form a thin sheet with a thickness of 1.5 mm. Cylindrical specimens were cut from the 

sheet using a 20 mm diameter circular cutter. Measurements were conducted at three 
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different temperatures: 150°C, 170°C, and 190°C. A high temperature control unit 

TC501 ensured the temperature variability remained within ±0.5°C. A Nitrogen 

environment was presented to prevent thermal degradation during the test. A stress sweep 

was performed at different frequencies in order to obtain the linear viscoelastic region 

where the viscoelastic properties observed are independent of imposed stress or strain 

levels. Frequency sweep experiments were conducted in a frequency range from 0.0147 

Hz to 100 Hz. Rheological measurements have also been performed over an extended 

range of temperatures to verify the impact of temperature on the viscosity of studied 

resins. It is experimentally difficult to perform rheological measurements as the 

polymeric material undergoes melting transition. A dynamic mechanical analysis (DMA) 

was conducted in a RDS-II rheometrics dynamic spectrometer with a cone/plate rotor 

configuration. The rotors have a diameter of 25.0 mm, and the cone angle is 0.1 radians. 

A 0.9 mm thick polymer sheet was made using hot press and a circular disc with a 

diameter of 25 mm was cut as the specimen. A dynamic shear strain of 1 % and a 

frequency of 1.0 rad/s were applied. Samples were heated to 140°C and cooled to 80°C 

with a cooling rate of 1 °C/min and the changes of material viscosity and the dissipation 

factor were then recorded. 

The complex viscosity profiles of all six resins at 190°C are present in Figure 3 .2. Figure 

3.3 shows the dissipation factor (tan(o)) of all resins at 190°C. The zero shear viscosity 

was estimated by fitting the Cross model (Cross, 1969): 

77 = 7700 +(770 ~7700 ) 

l+(Crt 
(3.5) 
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where 77
00 

is the limiting value at YJ = 0, C is a constant, and m is the shear rate 

exponent which has an approximate relationship with flow index n: m 1- n. The zero 

shear viscosity is a very important material characteristic in the present study since the 

coalescence experiments are carried out under nearly shear free conditions. 

Table 3.2 summarizes the rheological properties for all resins. The zero shear viscosities 

were determined over a range of temperatures, and the temperature dependence of 

viscosity (b) were obtained by fitting the Arrhenius-type equation: 

(3.6) 

where 77 1s the resin viscosity at temperature T, and Y/R 1s the reference viscosity at 

reference temperature TR. 

Table 3.2 Rheological properties of selected resins 

Resin 
Zero-Shear Viscosity Zero-Shear Viscosity Zero-Shear Viscosity Temperature 

@ 150°C (Pa.s) @ 170°C (Pa.s) @ 190°C (Pa.s) Dependence (1/0 C) 

PP51B12A 4008 
Sclair8107 4180 2613 2200 0.017 
Tr0338 4750 3269 2510 0.016 
M8166 4620 3286 2300 0.016 
PF0219F 10400 6331 4241 0.023 
T0242 9960 6604 4950 0.018 

Form the rheological measurements, we find that M8166 displays little shear-thinning 

behavior, which is typical for the narrow MWD single site catalyzed polyethylene (Kim 
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et al., 1996), while PP51B12A displays a strong shear-thinning behavior which 

indicates a broad MWD for this material. M8166 shows a very high value of tan(8), 

which indicates a low elastic contribution compared to its viscous behavior in its total 

rheological response. PP51B 12A, in contrary, has a relatively low value of tan( D), shows 

greater elasticity in its rheological behavior. The low level of elasticity of the M8166, 

compared to the other resins, can be attributed to a uniform molecular structure and 

chemical composition, typical of that obtained from synthesis that use metallocene and 

single site catalysts (Vega et al., 1996; Starck et al., 2002; Maziers, 2003). 

3.2.2. Thermal characterization 

Differential scanning calorimetry (DSC) is a widely used thermal analysis technique to 

detect transitions in materials. The energy necessary to keep zero temperature difference 

between a sample and a reference against either time or temperature is recorded as the 

two specimens are subjected to identical temperature changes. Since the melting of 

polymers occurs over a range of temperatures, the melting temperature is defined at the 

location of the main endothermic peak. The melting peak area is determined above the 

baseline and represents the heat of fusion of the material ( !),,h 1 ) . It is compared to the 

heat of fusion of the completely crystalline polymer (!),,h;) to determine the degree of 

crystallinity of the material: 

(3.7) 
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The molecular structure, specifically the comonomer content (Androsch, 1999), and 

the comonomer distribution (Alamo and Mandelkem, 1989) will affect the melting 

temperature of ethylene copolymers. A high melting temperature normally indicates large 

crystal size and/or ordered crystalline structure (Androsch, 1999). Measuring conditions 

( scanning rate, sample size, and the flow rate of purge gas) can also affect the test results. 

Smaller samples were suggested to obtain accurate melting temperature; and fast heating 

rates were recommended in order to avoid the crystal rearrangement for semicrystalline 

polymer samples (Porter and Wang, 1996). However, it was found that higher heating 

rates may result in the melting temperature shift to a higher temperature (Alizadeh et al., 

1999). 

In the present research, a Mettler 12E DSC along with its T A89E software was used to 

characterize the thermal behavior of all resins. This calorimeter was calibrated with an 

Indium standard. Approximate 5 mg of polymer samples were heated from 50°C to 

150°C, keeping it isothermal for 5 min, and cooled from 150°C to 50°C, the 

heating/cooling rate is l 0°C/min. For polypropylene samples, the temperature interval 

was 80°C to 200°C. The endotherm and exotherm curves were recorded, and the melting 

temperature and the crystallization temperature were obtained from the peak point of the 

curves. The value of heat of fusion of the completely crystalline polymer (/1.h;) was 

taken as 285 Jig for the perfect crystalline PE and 188 J/g for the perfect crystalline PP 

(Progelhof and Throne, 1993). It was found that /1.h; does not change with polymer 

densities (Mirabella and Bafna, 2002). 
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3.2.3. Morphological characterization 

Polymer morphology can be characterized with many analysis techniques. Microscopy 

techniques, namely light microscopy, transmission electron microscopy (TEM), and 

scanning electron microscopy (SEM), are measurement methods that provide information 

on crystalline structure directly; while light scattering, DSC, X-ray diffraction analysis 

(XRD), infrared spectroscopy (IR), and nuclear magnetic resonance spectroscopy 

(NMR), are indirect analysis techniques. In this work, besides the DSC technique, 

polarized light microscopy (PLM) and wide-angle X-ray diffraction (WAXS) were used 

to characterize the morphology of studied ethylene copolymer samples. 

3.2.3.1. Optical polarized light microscopy 

Most semicrystalline polymers have anisotropic crystalline lattice, in which their crystals 

have crystallographically distinct axes in different directions. When light enters a non-

equivalent axis, it is refracted into two rays, each polarized so that they travel at different 

velocities and that their vibration directions are oriented at right angles to one another. 

This phenomenon is called birefringence; and the two polarized rays are termed as 

ordinary ray and extraordinary ray respectively. 

A polarised light microscope (PLM) has a polarizer and analyser fitted at 90° to each 

other in an illuminating system. When observing a specimen, differences in birefringence 

allow phases and grains to be identified. For example, different grain orientations may 
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exhibit differences in birefringence and this will cause them to appear a different 

colour. The colours seen depend on the birefringence of the crystal, its thickness, and the 

orientation of the section relative to the optic axis. Colour variations are observed within 

each grain as the stage is rotated. For semicrystalline polymers, the amorphous regions do 

not change the direction of vibration of light and cannot be seen between crossed 

polarizers. The crystalline regions, on the other hand, have structures with dimensions 

comparable to the wavelength of visible light and can be observed with the PLM. 

The birefringent units in a spherulite are disposed radially from its nuclear center. In the 

areas where these units are parallel to the vibration direction of one of the polarizers will 

be extinct to the light, and the spherulite will appear with a dark cross, known as the 

Maltese cross. Analysis of the Maltese cross patterns has indicated that the molecules are 

normally aligned tangentially in polymer spherulites (Bassett, 1981 ). 

The crystalline structures of studied polymer samples were observed under an Olympus 

BX60 light microscope equipped with crossed polarizers with the transmission mode in 

this work. Polymer cylinders were embedded using epoxy resin (EMBed-812) which has 

no any interaction with plastic samples. The medium was cured in an oven at 60°C for 24 

hours. Sections of 20 microns were cut using a LEICA RM2 l 65 microtome equipped 

with glass/diamond knife. Those cross sections were sandwiched between a microscope 

slide and cover glass using a mounting medium (Permount®). Pictures were taken using a 

CCD camera and saved on a computer. 
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3.2.3.2. Wide-angle X-ray diffraction 

The structure of a polymer crystal is a periodic array of molecules in three dimensions. 

The crystal lattice is a group of planes extending through the atoms of the lattice and 

defined by a triplet (hkl) of whole numbers, which are called Miller Indices and showed 

in Figure 3.4 (Klug and Alexander, 1974). When an X-ray monochromatic beam 

impinges on the polymer crystal, the incident waves are reflected by different planes. The 

interplane spacing can be calculated from the scattering angle using Bragg equation: 

d - l 
(hkl) -

2 
, 

0 sm 
(3.8) 

where d(hktJ is the distance between adjacent planes in the crystal; A is the wavelength of 

the X-ray; and 20 is the scattering angle. 

( I 00) 

• • • • • • 
• • 

• • 

Figure 3.4 Illustration of planes and their Miller Indices on a rectangular 2-dimensional 

lattice 
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Scherrer (1918) proposed that the angular width of a reflection in the 20 direction is 

inversely related to the thickness of the crystal in a direction perpendicular to its Miller 

planes. Based on Scherrer's theory, the mean dimension of a crystallite in the direction 

normal to the planes (hkl) was given by: 

aJ 
Bhkl =---/3 cos0 

(3.9) 

where B is the thickness of the particle in the direction perpendicular to the hkl planes and 

in the same units as the wavelength 'I\ {3 is the breadth of the reflection corrected for 

instrumental broadening, a is a constant (it generally lies in the range 0.9 to 1.0) and 8 is 

the Bragg angle for the hkl planes. 

Compare to small-angle X-ray scattering (SAXS), which angle is smaller than 2°, wide-

angle X-ray diffraction (WAXS) covers the angular range of 2 to 150°. This technique 

can provide information on the size and perfection of polymer crystals, the degree of 

crystallinity, and the orientation of the crystallite (Rabek, 1980). XRD is wildly used in 

the characterization of the microstructure of ethylene copolymers. McFaddin et al. (1993) 

found that the value of the reflection angle 28 is a function of comonomer content; the 

position of the maximum in the halo shifts to lower side when temperature increases, and 

the amount of change for linear polymers is larger than that of branched polymers. 

In present work, X-ray diffraction tests were conducted to characterize the crystalline 

structure of cylindrical particles using SIEMENS GADDS general area detector 

diffraction system and SIEMENS Hi-Star area detector. Measurements were performed at 
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room temperature. The X-ray was produced in the X-ray tube by electron beam with 

40 kV and 40 mA using Cu Ka1 radiation (1.541 A). The detector distance was 30 cm 

when measure the crystallite sizes in order to maximize resolution and minimize peak 

FWHM (full width at half maximum). The angle of detector rotation (20) was 25.0°. 

Collection time was 600 sec. 

The average size of the crystallites was calculated from the main reflection planes (110 

and 200 for PE; 110, 040, and 130 for PP) with Scherrer equation: 

0.9A 
t=---

Bcos0 
(3.10) 

where B is the FWHM of the diffraction peak, and t is the crystallite size (A). A 

commercial software DIFFRACplusProfile was used to calculate the crystallite size. 

3.2.4. Surface tension measurements 

It is very important to perform quantitative analysis on the surface energy (for solid 

polymer) and surface tension (for polymer melt) so that we can accurately verify the 

effects of particle morphology on the coalescence behavior of ethylene copolymers. The 

surface tension of copolymers is affected by their chemical composition, surface 

crystalline structure and temperature. In multicomponent systems, low energy 

components tend to adsorb preferentially on the surface, exhibiting surface excess 

behavior. Rastogi and St. Pierre (1969) studied the surface tension of copolymers 

ethylene oxide and propylene oxide, and found it has a linear relationship: 
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(3.11) 

where 'Yl2 is the surface tension of the copolymer, and xi and 'Yi are the mole fraction and 

the surface tension of the component i (i=l ,2). Carriere and Silvis (1997) have reported a 

decreasing in interfacial tension of PP-LLDPE blends with the increasing of comonomer 

content of LLDPE resin. The reduction of interfacial tension was attributed to the 

presence of chain end groups which causing an effective reduction of the molecular 

weight of linear segments of the molecules (Wu, 1990). Small molecular additives, 

similar as short-chain branches, prefer to migrate to the interface between polymers and 

lower the interfacial tension (Xing et al., 2000; Wulf et al., 2000). Wu (197 4) studied the 

effect of phase transition on polymer surface tension using MacLeod's equation and 

found that the surface tension jumps at the crystal-melt transition but not at the glass 

transition. Similar observations were reported by Yasuda and coworkers (1998). Wu 

(1982) further concluded that the crystalline phase has a higher surface tension than the 

amorphous phase. At a given temperature the surface tension of the crystalline phase 'Ye is 

related to that of the amorphous phase 'Ya by: 

(3.12) 

where Pc is the density of the crystalline phase and Pa is that of the amorphous phase. For 

linear polyethylene, n=3.2 and at 20°C, 'Ya =35.7 dynes/cm, Pa =0.855 g/cm3
, and Pc 

=1.000 g/cm3
, the value of 'Ye is then calculated as 58.9 dynes/cm (Wu, 1982). Surface 

tension is a function of temperature, it decreases with the increasing of temperature. The 

temperature dependence ( dy I dT) is shown to decrease with increasing molecular 

weight and to increase with increasing MWD (Moreira and Demarquette, 2001). 
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Many techniques have been proposed for the measurement of surface and interfacial 

tensions of polymer, such as drop profile methods and Wilhelmy plate method (Wu, 

1974). Considering experimental limitations, the surface energy of solid polymer will be 

measured in this work. The surface energy of solid polymers can be either estimated from 

the data of polymer melts, i.e. to extrapolate the surface tension ('y) vs. temperature (1) 

plot of the melts to lower temperatures; or evaluated by measuring the contact angle (0) 

which is the angle forms between a drop of a liquid on the solid polymer surface. In 

thermodynamical equilibrium conditions, the relation between surface tension and 

contact angle is given by the Young equation (Glasstone, 1946) and is displayed in 

Figure 3.5: 

rs = r SL + r LV cos 0 (3.13) 

where 'Ys is the surface tension of the solid, 'YsL is the interfacial tension between the 

solid and the liquid, and "/Lv is the surface tension of the liquid. 

Figure 3.5 Schematic of a liquid droplet on the solid polymer surface 

Many different methods, such as Harmonic and Geometric Means (Wu, 1971), Young's 

and Neumann's equation (Li, 1991), can be used to evaluate the surface energy of solid 



53 

polymer using values of contact angles formed by drops of different liquids with 

known surface tensions. Shimizu and Demarquette (2000) evaluated the surface energy of 

solid PP and PS by using those methods, and found that the values of surface energy 

generated by those methods depend on the choice of liquids used for the contact angle 

measurements, except when a pair of liquids containing diiodomethane was used. 

In this work, water and diiodomethane were selected to measure the contact angle on the 

solid surface of different samples. Sheet with dimension of 37 mm long, 18.5 mm wide 

and 3 mm thick was molded for all resins under the same conditions used in producing 

cylinder (quenching and air cooling). The aluminium mold has been finely polished to 

make sure a smooth surface of samples since rough surface will not give accurate test 

results (Kwok et al., 1998). An IT Concept TRACKER type drop tensiometer combine 

with a software WinDrop was used to evaluate the contact angle of liquid droplet on 

polymer samples' surface at room temperature. The experimental set-up is shown in 

Figure 3.6. The drop was formed at the tip of a capillary fitted to a syringe, whose piston 

was driven by a motor. The verticality of the tip of the capillary can be controlled in order 

to form axisymetric drops. The sample was moved up to accept the drop and then 

lowered to the original position for contact angle measurement. A homogeneous contrast 

of the image of the drop contour was captured by a CCD camera. The picture was then 

analyzed using WinDrop and the contact angle was determined. Five drops have been 

tested for both liquids (water and diiodomethane) on every sample. The average value 

was adopted as the contact angle. Geometric Means method was then used to calculate 



the surface tension of tested samples. Test results and detail calculation are 

summarized in Appendix B. 

light 
source 

sample 
synnge 

droplet 

lenses and 
CCD camera 

computer 

Figure 3.6 Schematic of the experimental set-up for contact angel measurement 

3.3. Coalescence experiments 

3.3.1. Sample preparation 
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Cylindrical particles were used in this work in order to eliminate the influence of particle 

surface topography. Cylinders with diameter of 0.5 mm were made by hot pressing 

polymer resin on a perforated plate at 190°C for 2.5 min, the aluminium mold was then 

cooled with different cooling conditions: severe (immediate quenching in ice water), 

gradual ( cooled in ambient air), and controlled ( cooled in an programmable oven with a 

fixed cooling rate of 1 °C /min). The temperature profiles of those cooling conditions are 

showed in Figure 3. 7. Additional information is presented in Appendix C. 
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Figure 3.7 Temperature profiles of cylinders under different cooling conditions 

Multiple-step annealing treatments were conducted on selected resins in order to verify 

the effect of thermal treatments on polymer crystalline structure and coalescence process. 

Cylinders were put into a Lindberg/Blue GO1390PA gravity convection oven with a 

programmable temperature controller. The initial temperature was set several degrees 

lower than the resins' melting temperature, i.e. 120°C for resin TR0338 and M8166, 

114 °C for Sclair8107. The equilibrium time at each temperature was 120 min. The 

temperature was lowered seven times in stages of 6°C and then cooled to 30°C. 

The nucleating agent was compounded with the polymers by using a HAAKE Rheocord 

40 torque rheometer equipped with a HAAKE 600 series internal batch mixer. Blending 



56 

was done at 190°C in a nitrogen environment for 5 minutes, the compound was 

quenched in ice water immediately after took from the batch mixer. In this work, 0.2% 

(weight fraction) of Millad®3988 (DMDBS sorbitol nucleating agent supplied by 

Milliken Chemical) was added in order to modify the crystalline structure of the polymer 

resms. 

3.3.2. Apparatus and procedure 

The coalescence experiments were performed using cylindrical particles with diameter of 

500 microns and thickness of 310 ± 30 microns. At least four experiments were carried 

out with each resin to ensure reproducibility of results. The experimental apparatus, as 

displayed in Figure 3.8, consist of a METTLER FP82 hot stage controlled by a 

METTLER FP90 central processor. The hot stage was calibrated by measuring the 

melting point of a calibration standard (benzoic acid). The temperature was measured by 

a Ptl 00 sensor with an accuracy of ±0.6°C. Two cylindrical particles, in contact to each 

other, were placed on a glass slide. The glass slide was then loaded into the heating 

chamber of the hot stage at the initial temperature (111 °C). The temperature was then 

ramped from 111 °C to 201 °C at a constant rate. A CCD camera coupled to an Olympus 

BX60 optical microscope was used to record the coalescence sequence. Figure 3. 9 shows 

a typical coalescence evolution for one ethylene copolymer with low viscosity. The 

adhesion of the particle to the glass slide is considered negligible in this test 

(Bellehumeur, 1997). 
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Figure 3.8 Apparatus for coalescence experiment 

Ramped temperature coalescence experiments were conducted to verify the effects of 

changes on particle morphology caused by thermal treatments and material composition. 

Specimens were heated from 111 °C to 201 °C at a rate of 5°C/min. The temperatures and 

heating rate were selected because they are representative of conditions imposed on 

polymer particles during the rotational molding process. 

3.3.3. Data treatment 

The neck growth between the particles was analyzed and determined by a commercial 

software ImagePro®. The shape of the particles was idealized and the dimensionless neck 
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radius (y/a) is used to quantify the degree of completion of the coalescence process. 

This parameter represents the ratio between the radius of the neck formed between the 

particles (y) and the radius of the particles (a) as schematically represented in Figure 

3.10. A value of y/a approaching one (a_Fy) indicates that a single particle has been 

formed and that the coalescence process is complete. The calculated average 

dimensionless neck radius was then plotted as a function of temperature. The error bar 

was plotted using the standard deviation of the experimental data. 

Figure 3.10 Schematic coalescence sequence for two cylindrical particles 



60 

RESULTS AND DISCUSSIONS 

_________________ Chapter 4 

In order to study the effects of morphology on the coalescence process of ethylene 

copolymers, changes in the particles' morphology have been made. Morphological 

characterizations and coalescence experiments were then conducted to identify the effects 

of those changes on the coalescence process. 

4.1. The morphology of coalescing particles 

Differences in the morphological characteristics of cylindrical particles used for 

coalescence experiments were introduced by varying the thermal history and material 

composition in the preparation of said particles. The morphological characteristics of 

interest in this work are the crystallite size, the lamellar thickness, and the supermolecular 

( spherulitic) structures. Other characteristics detected by thermal analysis, which 

represent materials' crystalline structures, i.e. the degree of crystallinity (Xe), melting 

temperature (Tm) and crystallization temperature (Tc), are also of importance. 
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4.1.1. Thermal treatment 

Variations in the thermal history of coalescing particles are limited to the cooling 

conditions imposed on the material in the preparation of the cylindrical particles. Results 

obtained from differential scanning calorimetry (DSC) and wide-angle X-ray scattering 

(W AXS) are summarized in Table 4.1. PP and ethylene copolymers have different 

morphology characteristics. The crystallite sizes of PE samples are measured on the 

reflections (110) and (200), while those of PP samples are measured on the reflections 

(110), (040) and (130). The melting temperature and the degree of crystallinity, as well as 

the crystallite size, are all increased with the decreasing of cooling rate. On the other 

hand, the crystallization temperature does not vary appreciably with changing the thermal 

history of the specimen. 

4.1.1.1. Polypropylene 

Figure 4.1 presents the DSC thermo grams for PP51 B 12A cylinders produced under 

different cooling conditions. Besides the increasing of crystallinity with the decreasing of 

cooling rate, air-cooled samples show broader melting range. The high melting 

temperature of quenched samples detected by DSC may due to the rearrangement of the 

imperfect, unstable crystals during the heating process. 



Table 4.1 Thermal properties and crystallite size of cylindrical particles with different thermal history 

Thermal Properties* Crystallite Size (A)** 

Resin Thermal Treatment Melting Crystallization Degree of 
Temperature Temperature Crystallinity at(ll0) at (200) at (040) at (130) 

(°C) (°C) (%) 
Quenched 166.3 115.4 55.1 155.6 - 205.4 145 

PP51B12A Air-cooled 163.6 114.7 57.0 189.3 - 257.8 193.8 
Slow-cooled 165.8 115.3 59.3 211.2 - 249.6 279.9 

Quenched 127.1 113.9 48.0 219.6 166.3 - -

TR0338 Air-cooled 127.5 114.2 53.9 268.1 198.7 - -
Slow-cooled 129.4 113.2 58.2 278.l 218.4 - -

Quenched 122.8 106.1 36.6 188.4 136.9 - -Sclair8107 
Air-cooled 122.5 106.2 41.6 215.6 143.1 - -

Quenched 126.5 113.6 48.8 238.2 171.4 - -M8166 
Air Cooled 127.4 113 .6 55.7 263.2 189.9 - -
Quenched 122.8 107.6 34.4 191.1 131.0 - -PF0219F 
Air-cooled 123.0 107.5 38.6 209.2 145 - -
Quenched 127.6 116.0 51.9 246.7 180.9 - -TR0242 
Air-cooled 129.1 115.9 55.4 279.4 202.4 - -

*: detected using DSC 

* *: measured using W AXS 
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Variations in the thermal treatment lead to the formation of different supermolecular 

structures. Figure 4.2 displays the cross section of three different PP51B 12A cylinders 

under polarizing microscope. All three samples show monoclinic ( a-form) spherulite 

texture. The quenched sample contains Type I spherulite form, while air-cooled sample 

and slow-cooled sample have a Mixed form. The size of the spherulite increases with the 

decreasing of cooling rate. The size of crystallite also increases with decreasing the 

cooling rate. Large crystallite size is also indicative of increased stability in the 

crystalline structure formed. The slow-cooled sample shows a dramatic increase in the 

crystallite size at the (130) reflection plane compared to the air-cooled and quenched 

samples. The changes in the crystallites size at other reflection planes between the air-

cooled and slow-cooled samples, however, are not nearly as significant. This observation 

indicates that the slow-cooled samples may have a different crystalline structure (i.e. 

lamellar thickness and unit cell) from the quenched and air-cooled samples. 

From the X-ray diffraction patterns of three samples shown in Figure 4.3, typical a 

patterns are observed at 20 equal to 14.1 ° (110), 16.9° (040), and 18.5° (130); the other 

two intensity peaks at 21.2° and 21.9° may be due to the a.reflections of (111) and (131) 

(Teh, 1983). The different shapes of reflections (111) and (131) could be due to an 

increase in the amount of amorphous region along c-axis as the cooling rate increases 

which lead to the two peaks to overlap. The reflection at 21.2° may also be identified as 

(301) of {3-form crystallite, however, there is no typical /3 reflection (300) appears at 

16.1°, except a small peak at 16.2° for air-cooled sample. This indicates a small amount 



a) Quenched cylinder b) Air-cooled cylinder c) Slow-cooled cylinder 

Figure 4.2 Cross section of PP cylinders under polarizing microscope with a 200 times magnification 
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Figure 4.3 W AXS patterns of PP51Bl2A with different thermal treatments. Curves have 

been shifted vertically for clarity 

of {3-form crystallites were formed in air-cooled sample. The existence of this hexagonal 

crystalline structure has been shown to enhance the molecule mobility of the polymer 

material (Rastogi et al. , 1991 ). 
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4.1.1.2. Ethylene copolymers 

The DSC thermograms of all five ethylene copolymers with different thermal history are 

shown in Figure 4.4 to 4.8 respectively. For TR0338 samples, the crystallinity and the 

melting temperature were found to increase with decreasing the cooling rate. The higher 

melting temperature of slow-cooled samples implies that a more stable crystalline 

structure was formed. The sharp onset of melting (pointed by the arrow) indicates that a 

lower amount of imperfect crystallites were present in this sample. The shoulder of the 

DSC curves for both quenched and air-cooled Sclair8107 cylinders, shown in Figure 4.5, 

is typically seen with resins having high comonomer content. The broader melting range 

of air-cooled sample indicates that primarily two types of crystalline structure were 

formed during cooling. The slow cooling rate somewhat allowed for the short ethylene 

sequences to crystallize at low temperatures. The shoulder seen on the DSC curve for the 

quenched samples represents the recrystallization of imperfect crystallites formed under a 

fast cooling rate. As for M8166 cylinders, the DSC heating traces of both thermal treated 

samples have very similar shape; the only difference is that air-cooled cylinders have 

higher melting temperature and heat of fusion. M8166 has a very un~form MWD and 

comonomer distribution. Results shown in Figure 4.6 indicate that the type of crystal and 

the crystalline structure formed do not vary much with changes in the thermal history of 

the material. PF0219F and TR0242 have similar viscosity but different density. TR0242 

has a very high density (0.942g/cm3
) due to its low comonomer content. PF0219F, with 

higher comonomer content, shows similar heating traces as Sclair8107 (Figure 4. 7). Air-

cooled samples have two distinct melting peaks, whereas for the quenched samples, the 
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overlap for the two peaks is important. The quenched and air-cooled cylinders of 

TR0242 have similar traces, as shown in Figure 4.8. Thicker lamella and stable 

crystalline structure probably contribute to higher melting temperature and heat of fusion 

for air-cooled samples. Based on W AXS measurements, it was found that air-cooled 

samples have larger crystallites than quenched samples (Table 4.1 ). Large crystallites 

indicate that a more stable crystalline structure is formed. This observation is in 

consistent with the DSC test results. The W AXS patterns for ethylene copolymers are 

summarized in Appendix D. 

Figure 4.9 presents polarized light microscopy (PLM) photographs, which show the 

crystalline textures of three TR0338 cylinders. The spherulites are very small and cannot 

be clearly identified in quenched samples. In the air-cooled samples, the spherulites are 

small but recognizable while in the slow-cooled samples, large spherulites are clearly 

observed. The concentric extinction rings are formed due to the branched polyethylene 

with a certain molecular weight (MW) crystallized in a certain temperature range (Chiu et 

al., 1990). PLM photographs of other ethylene copolymers are shown in Figure 4.10. All 

air-cooled samples show large and well-defined spherulites. The spherulite size decreases 

with the increasing of MW which agrees with what Peeters and coworkers (1997) have 

observed in their works. 

Annealing treatments were applied on the cylinders prepared using three polyethylene 

resins: TR0338, M8166, and Sclair8107. Annealing may induce segregation of 

crystallites and increase the thermal stability of lamellar crystals due to isothermal 



a) Quenched cylinder b) Air-cooled cylinder c) Slow-cooled cylinder 

Figure 4.9 Cross section of TR0338 cylinders under polarizing microscope with a 200 times magnification 



Figure 4.10 PLM micro graphs of cross sections of quenched (left side) and air-

cooled (right side) cylinders. (a) Sclair8107, (b) M8166, (c) PF0219F, 

and (d) TR0242. 
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thickening (Peeters et al., 1998; Alizadeh et al., 1999). The companson of DSC 

thermograms obtained for air-cooled cylinders, with and without annealing are shown in 

Figure 4.11 to 4.13, respectively. Thermal segregation has been detected for the Ziegler-

Natta catalyzed ethylene copolymers. Thermal segregation has also been detected for the 

single site catalyzed ethylene copolymers, but was not as prominent as that for the Ziegler-

Natta catalyzed resins. This observation in line with that reported by Adisson and coworkers 

(1992). Generally, each endotherm peak represents a population of crystals with similar 

thermal stability and melting temperature. 

The difference among the endotherm peaks is likely caused by different crystal sizes or 

lamellar thickness (Fu et al., 1997). Annealing has narrowed down the melting range of the 
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Figure 4.11 DSC curves for TR0338 air-cooled cylinders before and after annealing 
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main endothermic peak which indicates a more uniform crystals size formed. The higher 

melting temperature after annealing implies more stable crystalline structure and thicker 

lamellae formed (Androsch, 1999; Fernandez and Puig, 2002). It should be noted that the 

spherulite size does not change significantly during annealing. Figure 4.14 shows the 

supermolecular structures of three resins before and after annealing. 

4.1.2. Material composition 

In this work a sorbitol nucleating agent DMDBS was added to three resins: TR0338, 

Sclair8107, and M8166. Figures 4.15 to 4.1 7 show the comparison of DSC curves between 

air-cooled cylinders made from pure resin and from resin compounded with 0.2% DMDBS. 

The addition of DMDBS has affected the supermolecular structure as well as the melting 

and crystallizing behaviors of ethylene copolymers as shown in Table 4.2. The melting 

temperature and the degree of crystallinity for all resins have been increased after the 

addition of DMDBS. With the presence of DMDBS, the crystalline intensity has increased 

due to the increasing amount of nuclei. The increase in the melting temperature with the 

addition of DMDBS indicates that more stable crystalline structure was formed. This may 

be due to a decrease in the surface energy since low energy molecule structure might form 

between nucleating agent and polymer molecules. The presence of DMDBS also reduced 

the undercooling by shifting the crystallization temperature to higher value. This may affect 

the crystalline structure since smaller undercooling or higher crystallization temperatures 

lead to the formation of thicker lamellae (Wunderlich, 1973; 1976). The addition of 
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Figure 4.14 PLM micrographs of cross sections of air-cooled cylinders for ethylene 

copolymers before (left side) and after (right side) annealing. (a), (b) TR0338; 

(c), (d) Sclair8107; (e), (f) M8166. 

Note: the TR0338 specimen were cut at an angel lower than 90 degrees 
which resulting a ellipsoid shape cross section. 



Table 4.2 The effects of the addition of DMD BS on the air-cooled cylinders of ethylene 

copolymers. 

Thermal Properties* Crystallite Size (A)** 

Resin Composition Melting Crystallization Degree of 
Temperature Temperature Crystallinity at (110) at (200) 

(OC) (OC) (%) 
Pure 127.5 114.2 53.9 268.1 198.7 

TR0338 
0.2%DMDBS 128.8 117.1 55.8 258.4 200.2 

Pure 122.5 106.2 41.6 215.6 143.1 
Sclair8107 

0.2%DMDBS 123.6 113.9 43.0 214.9 148.9 
Pure 127.4 113.6 55.7 263.2 189.9 

M8166 
0.2%DMDBS 128.2 115.1 55.3 277.8 193.3 

*: detected using DSC 

**: measured using WAXS 
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DMDBS significantly affects the melting behavior of the resins, as the arrows shown in 

Figures 4.15 to 4.17. The melting ranges of TR0338 and Sclair8 l 07 become broader with 

the addition of DMDBS. However, M8166, the single site catalyzed LLDPE, different from 

Ziegler-Natta catalyzed LLDPE, show similar melting curve for both pure and nucleated 

samples. This indicates the effects of DMDBS depend on the molecular structure of 

polymers. 

The PLM micrographs (Figure 4.18) give qualitative information on how the morphology 

has been affected with the addition of DMDBS. The spherulite size has dramatically 

dropped with the addition of DMDBS because of the increase in the number of effective 

nuclei after the sorbitol molecules dispersed into polymer matrix. With the nucleating agent, 

the nucleation rate becomes more predominant than the spherulitic growth rate, resulting 
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Figure 4.16 The effects ofDMDBS on melting and crystallization of Sclair8107 cylinders 
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m an mcrease m the overall rate of crystallization. During the growth of spherulitic 

structures, the folded lamella reaches surrounding spherulites' boundary soon after its 

development from the nuclear centre, which leads to smaller spherulites (Marco et al., 

2002a). On the other hand, the crystallite size did not change much after the addition of 

DMDBS (Table 4.2). From the W AXS pattern (refer Appendix D), with the addition of 

DMDBS, the diffraction intensity has increased which indicates that more perfect crystals 

were formed. The full width at half maximum (FWHM) did not change much which means 

the crystallite size kept the same value. We may infer that the crystalline structure of the 

resins after the addition of DMDBS becomes more stable since the melting temperature and 

the crystallinity has increased with the addition of DMDBS. 



Figure 4.18 Comparison of PLM micro graphs for cross sections of air-cooled 

cylinders without (left side) and with the addition of DMD BS (right side) 

(a), (b) TR0338; (c), (d) Sclair8107; (e), (f) M8166; 

(a), (c), (e) pure resin; (b), (d), (f) adding 0.2% DMDBS. 
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4.1.3. Summary 

The measurement results on polypropylene and ethylene copolymers clearly show that the 

morphology is affected by the material composition, the molecular structure, and the 

thermal history. Resins with higher molecular weight generally form smaller spherulites. 

For the range of comonomer content considered in this work, the effect on the spherulitic 

structure was not important compare to the molecular weight. Ziegler-Natta catalyzed 

copolymers have broader crystallite size distributions than single site copolymers. 

Variations in the cooling conditions have important repercussions on the material 

morphology. For branched polymers, quenching conditions lead to the formation of 

unstable crystals. These imperfect crystals will melt at low temperatures and the longer 

undisturbed sequences undergo recrystallizion to form more stable crystals at higher 

temperatures. This phenomenon has been detected in our experiments by DSC analysis and 

reported in the literature (Peeters et al., 1998). The changes of crystalline structure give rise 

to exothermal behaviour (see in Appendix E). Annealing treatment enhances the effect of 

thermal treatments on polymer morphology. The increases in the melting temperature and 

heat of fusion after annealing treatment are attributed to an increase in the lamellar 

thickness rather than changes in the crystallite sizes of ethylene copolymers. The addition of 

DMDBS has a pronounced effect on the supermolecular structure, as well as the melting 

and crystallizing behaviors of ethylene copolymers. The bulk crystallinity, the melting 

temperature and crystallization temperature all increase with the addition of DMDBS, while 

the spherulites size decreases. Higher crystalline intensity and more stable crystalline 



structure are also formed. The changes in morphology caused by the addition of DMD BS 

are more significant than that caused by the variations in the thermal treatments. 
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4.2. Coalescence test results 

4.2.1. The effects of thermal treatment 

Coalescence tests were performed for all six resins using cylindrical particles produced 

using quenching, air cooling, and slow cooling conditions. Figure 4.19 displays the 

coalescence test results for PP52B 12A cylinders. Air-cooled cylinders coalesce at a faster 

rate than quenched cylinders. It is known that there are many differences in the surface 

energy between crystalline regions and amorphous regions for any given polymers (Wu, 

1982). The air-cooled cylinders have a higher degree of crystallinity and possibly a higher 

surface tension than the quenched samples. Since surface tension is the driving force in the 

coalescence process, a higher crystallinity may favour a faster coalescing rate. As for the 

slow-cooled cylinders, their coalescing behavior is comparable to that of the quenched 

samples, despite the difference in their degree of crystallinity. A study by Maiti (2000) on 

the lamellar thickening in isotactic polypropylene has shown that iPP has a much faster 

lamellar thickening rate above 157°C. During slow cooling, the temperature is maintained 

above 157°C for a longer period of time and lead to the formation of thick lamellae and 

stable crystalline structures. Hence, the mobility and/or the diffusion rate of molecules in 

the slow-cooled cylinders might have been reduced. 

Results obtained with TR0338 show trends similar to those obtained with PP cylinders 

(Figure 4.20). The air-cooled samples coalesce at the fastest rate, followed by the quenched 
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samples, the slow-cooled cylinders are found to coalesce at the slowest rate. Even though 

the differences in the coalescing rate between quenched and air-cooled samples are small, 

they are statistically significant (refer to Appendix F). The results can be explained based on 

the differences in the degree of crystallinity and the thermal stability of the crystalline 

structures obtained with varying the cooling conditions imposed on the particles. 

The experiment results obtained with Sclair8 l 07 and M8 l 66 are shown in Figure 4.21 and 

Figure 4.22. Air-cooled cylinders coalesce at a faster rate than quenched cylinders. The 

differences in the coalescing rates for the quenched and air-cooled cylinders observed when 

using Sclair8 l 07 are significant but not important. This resin has a low viscosity compare to 

other resins used in this work. The low viscosity favors a fast coalescing rate, which 

probably dominates over other effects. 

The coalescence results for PF02 l 9F and TR0242 are presented in Figure 4.23. The same 

coalescing rates are observed for quenched samples and air-cooled samples despite of their 

different crystallite size and degree of crystallinity. The variations in the crystalline 

structure ( crystallite size, degree of crystallinity) with changing the cooling conditions are 

not as important for these two resins, as compared to the lower molecular weight resins used 

in this work (Table 4.1 ). This may explain why their coalescing behavior is, overall, 

unaffected by variations in the thermal treatments. 

The variations in the results obtained using quenched samples from one batch to another are 

more important than for air-cooled samples. The rapid cooling induces stress into polymer 
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molecules which is released when the material is heated. Since the stress 1s randomly 

formed, its effect to polymer coalescence may not consistent or uniform. 

The coalescence results for TR0338, Sclair8107, and M8 l 66 air-cooled cylinders, before 

and after annealing treatments are shown in Figure 4.24 to 4.26 respectively. For all three 

resins, annealing causes a reduction in the coalescing rate. Sclair8107, which has the high 

comonomer content, shows the least change in coalescing rate among these three resins. 

M8166, which has a uniform MWD and comonomer distribution, appears to be more 

sensitive to the annealing treatment. The annealing treatment contributed to lamellar 

thickening in the crystalline structures of these three resins, which reduces the mobility of 



--..... _, 
('1 = ;a 
,_ 
C.I 
Q,j = 
('1 
('1 
Q,j = .s 
('1 = Q,j 

8 

--..... _, 
('1 = ;a 
,_ 
C.I 
Q,j 

= ('1 
('1 
Q,j = -~ ('1 

= Q,j 

8 

89 

0.9 

0.8 

0.7 

_.,t-•·+ ·+ -- -. -- ------

/ 

0.6 

0.5 .r 
I 

0.4 
I 

0.3 

0.2 
--0- Before annealing 

0.1 
J. -+- After annealing 

0 
110 120 130 140 

Temperature (0 C) 
150 160 170 

Figure 4.24 The effect of annealing on coalescence of TR0338 cylinders 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

t-0.2 

0.1 -

0 
110 120 130 140 

Temperature (°C) 

--0- Before annealing 

-+- · After annealing 

150 160 

Figure 4.25 The effect of annealing on coalescence of Sclair8 l 07 cylinders 

170 



0.9 

- 0.8 -...., _, 
r,i 0.7 = :a 
,... 

0.6 
cu = r,i 0.5 
r,i 
cu = -~ 0.4 
r,i 

= cu 
E 0.3 
i5 

0.2 

0.1 

0 

-. -

110 120 130 

I 

140 

Temperature (°C) 

--a-- Before annealing 

-+- · After annealing 

150 160 

Figure 4.26 The effect of annealing on coalescence of M8 l 66 cylinders 

the polymer chains, hence slowing down the coalescing rate. 

4.2.2. Effects of the addition of a nucleating agent 

90 

170 

The coalescence results for TR0338, Sclair8107 and M8166 with 0.2% DMDBS air-

cooled cylinders are presented in Figures 4.27 to 4.29, respectively. The addition of 

DMDBS causes important changes in the coalescence behavior of the three resins. The 

two Ziegler-Natta catalyzed copolymers (TR0338 and Sclair8 l 07) are affected more 

severely than the metallocene resin (M8166). The DMDBS was effective in changing the 
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spherulitic structure for the three copolymers (Figure 4.18). While the degree of 

crystallinity increases with the presence of the nucleating agent, the addition of a low 

molecular weight and low energy molecule to the polymer might have resulted in 

lowering the surface tension of the blend. The addition of DMDBS to the Ziegler-Natta 

catalyzed resins was effective in increasing the stability of the crystallites, as discussed in 

section 4.1.2. This, in tum, may have contributed to lowering the mobility of the polymer 

chain and slowing the coalescing rate. The effects of adding a nucleating agent to the 

ethylene copolymers on the coalescence behavior of the particles are similar to that of 

imposing an annealing treatment. The spherulitic structures of the annealed particles 

greatly differed from that of the particles containing DMDBS. Based on these 
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observations, it appears that the coalescing rate is controlled by the stability of the 

crystalline structure, instead of the type and characteristics of the spherulitic structures of 

the particles. 

From the comparison of the coalescence sequence between cylinders made of pure resin 

and those with DMD BS, we clearly observe the effect of nucleating agent on the polymer 

molecules mobility. Figure 4.30 displays the coalescence sequence of Sclair8107 

cylinders of both pure and addition of DMDBS. From the top view, cylindrical particles 

of pure resin coalesce faster than that of compound with DMDBS, the larger shadow area 

indicates the melted polymer droplet has curved profile. Whereas the cylinders made of 

compound with DMDBS show more flat surface. The side view gives better indication of 

the polymer melt contour, at the same temperature, droplet of pure resin has more round 

profile, indicative of better molecular mobility or higher surface tension. The melted 

droplet of compound with DMDBS, on the other hand, keeps the initial disk shape. 

Figure 4.31 presents the side view of cylindrical particles undergoing melting for three 

ethylene copolymers, with and without DMDBS. The pictures were taken from the side 

direction of the solidified droplets after the cylindrical particles were heated to a certain 

temperature and then rapidly cooled down by exposing to ambient air. The photographs 

clearly show that the profiles of melt droplets formed from cylinders of pure resins are 

more round than that of the resins with DMDBS. This observation indicates that the pure 

resins have higher chain mobility than nucleated samples. The differences in the melt 

droplets' profiles between the pure and nucleated samples for TR0338 and Sclair8107 are 

more important than for MS 166. This observation correlates with the results obtained 



cP 
111 °C 121 °C 126°C 131 °C 

II 

130°C 150°C 210°c 
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Figure 4.31 Side view of droplet profile of samples without (left side) and with the 

addition of nucleating agent (right side) at 131°C. (a), (b) Sclair8107; (c), 

(d) TR0338; (e), (f) M8166; (a), (c), (e) pure resin; (b), (d), (f) add 0.2% 

DMDBS. 
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from the coalescences experiments. 

4. 3. Results from surface tension and rheological measurements 

Surface tension/energy is a controlling factor for the coalescence process. Changes in the 

morphology, particularly the degree of crystallinity, are expected to affect the surface 

tension of the solid polymer particles and possibly the surface tension of the material as it 

undergoes melting transition. The surface energy of the three ethylene copolymers as 

well as the polypropylene resin were determined from contact angle measurements. The 

measurements were performed on solid surfaces with similar composition and exposed to 

similar thermal treatment as for the particles used in the coalescence experiments. The 

results from surface energy measurements at ambient temperature are expected to give 

some indication of the order of magnitude of changes introduced by thermal treatment 

and addition of a nucleating agent. 

The estimated values of the materials' surface energy obtained from contact angle 

measurement results are summarized in Table 4.3. While all quenched samples of the 

Ziegler-Natta catalyzed copolymers have a higher surface energy than air-cooled 

samples, the differences in the results of the order of magnitude of 1 % (M8166) to 20% 

(PP51B 12A). Moreover, the surface energy of air-cooled samples, with and without 

DMD BS, do not follow any particular trend. The error in the measurement of the contact 

angle is of 7 degrees ( standard deviation), which results in a 7% variation in the estimated 



value of the material surface energy. The differences in the estimated values presented 

in Table 4.3 are not significant especially to TR0338 and M8166. 

Table 4.3 Surface energy of solid polymer at 23°C calculated using Geometric Mean 

equations 

Sample Composition Treatment Surface energy (mJ/m ) 

Pure Quenching 31.9 
PB51B12A Pure Air-cooling 37.7 

Pure Quenching 38.1 
Sclair8107 Pure Air-cooling 35.3 

0.2%DMDBS Air-cooling 32.6 
Pure Quenching 34.8 

TR0338 Pure Air-cooling 32.2 
0.2%DMDBS Air-cooling 34.4 

Pure Quenching 33.8 
M8166 Pure Air-cooling 34.1 

0.2%DMDBS Air-cooling 34.1 
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By careful examination of the crystalline structure across the sample thickness (Figure 

4.32), a transcrystalline structure formed on the surface of the quenched samples can be 

identified. Transcrystalline structures are tightly packed supermolecular structure that 

form on polymer surface and that appear due to heterogeneous crystallization (Fitchmun 

and Newman, 1970; Ishida and Bussi, 1991), it has a higher surface energy and is favored 

by rapid cooling and high crystallization temperatures which can induce a high density of 

nuclei on the surface (Fitchmun and Newman, 1969; Wu, 1982). The similar surface 

tension of Sclair8107 quenched and air-cooled sample may due to the less difference of 
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crystallinity with different thermal treatments to this resin. In addition, transcrystalline 

structure is also found in air-cooled sample, while the thickness of transcrystalline layer 

of air-cooled sample is smaller than that of quenched sample. 

Based on the results obtained from the contact angle measurements, there are no evidence 

that changes in the morphology of the particles affected the surface tension of the 

Figure 4.32 Transcrystalline structures from PLM detection of PP51Bl2A (a, b) 

and Sclair8107 (c, d) resins near samples' surface. (a), (c) quenched 

samples; (b ), ( d) air-cooled samples. 
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material. It was found, however, that variations in the thermal treatment imposed on 

the particles as well as the addition DMDBS affect the stability of the crystalline 

structure. We postulated that these changes in the stability of the crystalline structure may 

have a negative effect on the mobility of the polymer chains when the material following 

the melting process and may have contributed to lowering the coalescing rate. To verify 

this hypothesis, rheological measurements have been performed over an extended range 

of temperatures. It is experimentally difficult to perform rheological measurements as the 

polymeric material undergoes melting transition. While rheological measurements were 

performed at temperatures close to the melting temperature, the material had to be 

exposed to a different thermal history than that imposed during the coalescence process. 

The analysis of the results focuses on the effect of the material composition on the 

rheological properties. One reason is that the addition of DMDBS to the Ziegler-Natta 

catalyzed resins is found to have a much more important effect on the coalescing rate 

than variations in the cooling conditions during the preparation of the cylindrical 

particles. A second reason is that it is expected that the shear and thermal history imposed 

on the material during the rheological measurements would most likely destroy the 

morphological features generated from various thermal treatments. 

Frequency sweep oscillatory measurements were carried out at 150°C and 190°C and 

results for the complex viscosity and damping factor (tan(o)) are presented in Figures 

4.33 to 4.36. Moreover, temperature sweep oscillatory measurements were conducted 

covering the range from 140°C down to 110°C (Figures 4.37 and 4.38). At high 

temperature (190°C), the addition ofDMSBD is found to have a negligible effect on the 
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viscosity and elasticity of the three ethylene copolymers used in this work. At low 

temperatures, the viscosity of TR0338 and Sclair8107, the two Ziegler-Natta catalyzed 

resins, shifted to higher values with the addition of DMDBS. The relative elasticity of 

these resins also become more important (lower value of tan(o)) with the addition of 

DMDBS. 

On the other hand, the viscosity and relative elasticity of the metallocene-based resin, 

M8166, did not change appreciably with the addition of DMDBS. The possibility that 

themo-oxidative degradation might have occurred during the compounding and sample 

preparation process was considered. Control specimens were processed and tested using 

condition similar to that used for the DMDBS compounds. The rheological 

characterization results obtained using the control specimens did not show any significant 

differences compared to that obtained using the pure resins. Thus the possibility that 

changes in the rheological behavior of the material as a result of changes in the molecular 

structure due to degradation reaction was ruled out. 

It has been reported in the literature that the effectiveness of sorbitol-based compound as 

nucleating agents may be due to the ability of these compounds to form fibril-like 

structures at temperatures above the melting and crystallization point of the polymer, 

which promote heterogeneous crystal nucleation during the crystallization process. These 

structures causes increase in the polymer melt elasticity and viscosity only within a 

temperature range close to the melting and crystallization temperatures and they have 

therefore been referred to as physical gels (Shepard et al., 1997; Kristiansen et al., 2003). 
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While the DMDBS was an effective nucleating agent for the three ethylene 

copolymers, as observed by the changes in the spherulitic structures (Figure 4.18), and in 

the stability of the crystal formed, the formation of nucleation sites through the formation 

of physical gels may not have occurred at similar temperatures nor to the same extent for 

each resin. This observation would be in line with that reported in the literature (Kurja 

and Mehl, 2001). 
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CONCLUSIONS AND RECOMMENDATIONS 

_________________ Chapter 5 

5.1 Conclusions 

In this work, we have investigated the effects of changes to the material formulation and 

thermal history on the particle morphology and coalescence behavior of ethylene 

copolymers. Changes in the morphology are expected to affect either the surface energy 

of the particle or the flow mechanism in the coalescence process. Results showed that 

polymers with higher molecular weight and, to a lesser extent, lower comonomer content, 

generally form smaller spherulites. Heterogeneous copolymers were found to have 

comparable crystallite sizes but lager crystallite size distribution than homogeneous 

copolymers. Variations in the thermal treatment during the preparation of samples were 

found to have an effect on the degree crystallinity, size of crystals, and characteristics of 

the supermolecular (spherulitic) structure. The impact of thermal treatment on the 

coalescence behavior, however, was limited. This may due to the relatively small level of 

change in the sample's crystalline structure. Based on experiments carried out on samples 

which were exposed to an annealing treatment, it was concluded that crystal lamellar 

thickening reduces the molecular mobility and hence slow the coalescing rate. 
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The addition of nucleating agents to the material was found to have an important 

influence on the coalescence process. The presence of nucleating agent led to higher 

degree of crystallinity, melting and crystallization temperatures, and significant reduction 

in the size of the spherulites. These morphological characteristics indicate that more 

stable crystalline structures have been formed. Polymer with nucleating agents were 

found to coalesce at a slower rate. The effects of adding a nucleating agent on the 

coalescence rate were not important for homogeneous copolymers. The reduction in the 

coalescing rates of polymers with the addition of a nucleating agent is may be attributed 

to an increase in the crystalline lamellar thickness as a result of the improvement of chain 

entanglement. In addition, sorbitol nucleating agent promotes the development of 

gelation structure for nucleated polymers near the melting temperature. This gelation 

structure cause in increase in the polymer's viscosity and elasticity, which in tum cause a 

reduction in the coalescence rate. Attempts were made to measure the surface tension of 

the material but the results were not conclusive as for the effect of variations in the 

thermal treatment of modification in the material formulation on the surface energy of the 

material. Changes in the surface tension results were insignificant and comparable to the 

experimental errors arising from the testing method. 
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5.2 Recommendations 

The analytical methods used in characterization of the morphology of the particles 

included differential scanning calorimetry (DSC), wide-angle X-ray scattering (W AXS), 

and polarized light microscopy (PLM). However, they do not allow for complete 

characterization of the microstructure. The lamellar thickness, one of the main factors 

that influence polymer chain mobility, which may also affect the coalescence behavior of 

ethylene copolymers, cannot be detected using those techniques. Other techniques such 

as small angle X-ray scattering (SAXS), atomic force microscopy (AFM), and 

transmission electron microscopy (TEM) can be applied to identify the changes on 

lamellar thickness caused by different thermal treatments and the addition of nucleating 

agent. Moreover, they may also provide information of the intermediate phase in the 

microstructure of polymer samples. This information would also be valuable to better 

understand how changes in the microstructure affect end-products characteristics such as 

impact and chemical resistance. 

The results obtained from surface tension measurements show no significant differences 

between samples made of pure resin and of compound with the sorbitol nucleating agent. 

One possibly reason is that the sample sheet used to detect the contact angle may have 

different surface characteristics from cylindrical particles used in coalescence test even 

though they were produced under similar crystallization conditions. Instead of using drop 

shape method, Wilhelmy balance technique, which the geometry of cylinders has no 
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effect on the contact angle measurement, may be considered to perform the surface 

tension detection (Uhlmann and Grundke, 2001 ). We may also heat the cylindrical 

particles on the drop tensiometer with the same heating rate as the coalescence 

experiment and record the dynamic change of the contact angle between polymer melt 

droplet and glass slide; this may give better result that represents the actual surface 

tension change during the coalescence. 

The bench scale rotational molding experiment should be conducted for the resins with 

the addition of nucleating agents to verify the effects of the additives on the 

processability and final parts' quality in the actual rotational molding process. Further 

modification in the material's surface energy could be induced by the addition of 

antifogging additives, which may increase the surface tension of the plastic resins (Wylin, 

2001 ). An increased coalescing rate would then be expected with the addition of 

antifogging agents. 
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Appendix A 

Melt Flow Index (MFI) calculation 

Polymer melt follows power law in high shear rate range: 

n-1 

ry=mr (A.1) 

where ry is the shear viscosity, y is the shear rate, m is consistency index, n is power law 

index. 

The data of the complex viscosity was selected from the shear thinning region of dynamic 

viscosity measurement for M8166 at 190°C. The Cox-Merz rule was applied to 

correspondent the steady state shear viscosity ( rl) to the magnitude of the complex 

viscosity ( r, *). 

T/ * (eu) = ry(y) (A.2) 

From log( ry) - log( y) plot, m and n can be solved by linear regression as showed in 

Figure A.1. 

log(17)= log(m)+ (n - l)log(r) (A.3) 

By applying least square regression: 

m = 8760Pa · s, n = 0.59 (A.4) 
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Shear viscosity against shear rate plot for M8166 at 190°C 
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In a standard melt flow index (MFI) measurement*, test is performed at 190°C with a 

load of 2.16kg. Melted polymer is pushed vertically in a steel cylinder with a diameter of 

9.55mm by the weight of the loaded metal. The polymer melt is then pushed through a 

steel die which has a diameter of 2.095mm and a length of 8mm. The weight of polymer 

melt flows out the die for 10 minutes is termed as MFI of this material. 

The MFI ofM8166 can be calculated as following procedure: 

M= mg= 2·16 x 9·81 =2.9582xl05 Pa (A.5) 
A 1C X (9.55 X 10-3 )2 

4 

where M is the pressure drop in the steel cylinder, m is the mass of loaded metal, g is 

the gravitational acceleration, A is the area of the cylinder cross section. 

*: ASTM D 1238-01, Annual Book of ASTM Standards, Vol. 08.03. 
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Q= ;rrD DM =2.95xl0-9 (m3 /s) 3 ( )I / n 

8(11 n + 3) 4mL 
(A.6) 

where Q is the volumetric flow rate, D is the diameter of the die, L is the length of die. 

Assume the density (p) of the polymer melt is 766kg/m3
, the MFI can be obtained: 

MFI = 6pxl05 Q = 1.4g/10min (A.7) 
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Appendix B 

Test results of contact angles and the calculation of surface tension 

The average of five measurement data along with the standard derivation are listed is 

Table B.1. 

Table B.1 Contact angles of water and diiodomethane with different polymer samples 

Water Diiodomethane 
Sample Composition Treatment Contact Angle { deg2 SDV Contact Angle { deg2 SDV 

PP51B12A Pure Quenched 91.5 2.5 54.3 2.5 
Pure Air-cooled 96.4 1.9 45.0 4.1 

Sclair8107 Pure Quenched 98.2 3.1 44.8 1.4 
Pure Air-cooled 99.1 3.6 49.6 2.7 

0.2% DMDBS Air-cooled 95.6 7.6 53.1 1.7 
TR0338 Pure Quenched 89.4 3.9 49.0 2.9 

Pure Air-cooled 96.4 2.1 53.9 0.1 
0.2% DMDBS Air-cooled 97.1 3.3 50.4 3.3 

M8166 Pure Quenched 88.1 5.4 51.0 5.8 
Pure Air-cooled 105.3 3.2 51.7 3.0 

0.2% DMDBS Air-cooled 105.6 5.2 52.3 4.2 

The total surface tension is divided into dispersive and polar components: 

(B.1) 

where rd is the surface tension resulting from dispersion forces, yP is the surface tension 

resulting from dipole-dipole, induced dipole and hydrogen bonding interactions*. 

The two surface tension components can be estimated by selecting two different test 

liquids, one polar and one non-polar, in our experiments, water and diiodomethane, for 

*: Wu, S., Polymer Interface and Aadhesion, Marcel Dekker, New York, (1982). 



contact angle measurement. The detected contact angles then are used in the 

geometric mean equation, as follows*: 

- 2(~ ~) rsL - rs+ rlv - '\JrLVrs +-vrivrs (B.2) 

where rs is the surface tension of the solid, rsL is the interfacial tension between the 

solid and the liquid, and nv is the surface tension of the liquid. rt and rf are the 

136 

dispersion and polar components of the surface tension of the solid, and rtv and rfv are 

the dispersion and polar components of the surface tension of the liquid. 

The r1v and r[v for water and diiodomethane at 20°C are 22.1 mN/m and 50. 7 mN/m, 

48.5 mN/m and 2.3 mN/m respectively.** By using solve function in MS Excel, rt and 

rf for all samples can be obtained, and the surface tension of solid polymer is the 

summation of these two components. 

* : Wu, S., "Calculation oflnterfacial Tension in Polymer Systems", J. Polym. Sci. Part C, Vol. 34, P. 

19, (1971). 

**: Shimizu, R. N. and Demarquette, N. R., "Evaluation of Surface Energy of Solid Polymers Using 

Different Models", J. Appl. Polym. Sci., Vol. 76, P. 1831, (2000). 
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Appendix C 

Temperature profile of cylinders in aluminium mould 

Plastic cylinders were made by hot pressing polymer resins into a preferred metal plate at 

190°C, the aluminium mould was subsequently cooled in different cooling rate: 

quenching (put the mould into ice water right after taking out from the hot press), air 

cooling (leave the mould in ambient and cooled to room temperature naturally), and slow 

cooling (move the mould in a programmable oven and cooled at a controlled cooling rate 

of 1 °C/min). 

Under quenching condition, the plastic cylinders along with the aluminium mould reach 

the quenching media temperature (0°C) within 2 to 3 minutes; while in slow cooling, it 

takes about 180 minutes for the mould temperature drops to 30°C. The temperature 

profiles of the mould under these two cooling rates are linear lines though there is some 

change in slow cooling condition at low temperature ( <50°C) which is far below the 

crystallization temperature of the polymer material. 

As for the temperature of the mould in air-cooling condition, the type of heat transfer is 

free convection, and the temperature profile shows an exponential curve. The 

cylinders/mould temperature can be predicted by calculating the heat transfer of free 

convection. 

For aluminium mould, its mass mis 38.4 g; volume Vis 3 x 53 x 90 mm3
. The thermal 

properties of aluminium are: k = 202W Im· K, C P = 896J I kg• K . 
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Mould initial temperature To is 190°C, ambient temperature T rxi is 25°C. 

Tf = Tw + Too = 190 + 25 = 107.50 C = 380.7 K 
2 2 

(C.1) 

Form the "Properties of Air at Atmospheric Pressure" table*, at 380K, the properties of 

a1r are: 

f3 = _l = 2.627 x 10-3 K-1
, y = 2.398x 10-s m2 Is, Pr= 0.692, k = 0.03226W Im· K, 

Tf 

L = = 53 x 90 = 16.68mm 
D 2(53 + 90) 

Gr_ Pr= (9.8 x2.627 x 10~
3 Xi 90- 2sxo.Ol668)' (0.692) = 2.372 x 10' 

(2.398 X 1 o-s )2 

with Churchil and Chu Equation**: 

{ }

1/ 6 

-112 Gr ·Pr 
Nu = 0.60 + 0.387 [ ]1619 

1 + (0.539 / Pr )9 116 

[ 

1/ 6]

2 

- 2.372xl0 4 

Nu = 0.60 + 0.387{[ ]16 19 } = 5.376 
1 + ( 0.539 I 0.692 )9116 

h = N _!5__ = (5.38X0.03226) = l0.40(W /m2 ·K) 
u L 0.01668 

(l 0 40 { 0.003 X 0.053 X 0.09 ] 
B _ h(V I A) _ . t 2( 0.003 x 0.053 + 0.053 x 0.09 + 0.003 x 0.09) 

i - k - 202 

=0.071<0.1 

*: Janna, W. J. Engineering Heat Transfer, Second Edition, CRC Press, Boca Raton, (2000). 

**: Churchill, S. W . and Chu, H . H. S., "Correlating Equations for Laminar and Turbulent Free 

Convection from a Horzontal Cylinder", Int. J. Heat Mass Transfer, Vol. 18, p. 1323, (1975). 

(C.2) 

(C.3) 

(C.4) 

(C.5) 

(C.6) 

(C.7) 
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Hence, we conclude the aluminium mould has uniform temperature, and the Lumped-

Capacity analysis can be applied. 

Neglect heat transfer from the polymer cylinders because the mCp of aluminium mold is 

much large than that of polymer cylinders*. Heat transfer balance is layout as: 

dT 
-mCp - = 2Ah(T-T

00
) 

dt 
(C.8) 

For the boundary conditions: 

t = 0,T = 463.15K; t = oo,Too = 298.15K. 

T-T - ~t __ oo_=e mCp 

To -Too 
(C.9) 

The temperature (°C) of aluminium mould is expressed as: 

T = 25 + 165 exp(- 2.884 x 10-3 t) (C.10) 

For individual plastic cylinder in aluminium mould, it has a volume of 00.5 x 3 mm3
, and 

mass 0.0005 g. The thermal properties of polyethylene are: k = 0.46 - 0.50W Im · K, 

Cp = 1850J I kg· K. 

Since the length of the cylinder is much large than its diameter, we may assume the 

temperature along the cylinder axis is uniform; the heat transfer along the radical 

direction follows: 

dT kA mC -=--(T-T) 
p dt r m 

*: Materials Science and Engineering 205, Online Lectures, The Ohio State University 

(http:// er6s 1.eng. ohio-state. edu/mse/mse205/lectures/ chapter20/ chap20. pdf) 

(C.11) 



dT kA kA [ ( )~ -+--T =-- 25 + 165exp -2.884xl0-3 t 'J 
dt rmCP rmCP 

dT kA 
let -+--T=0 

dt rmCP ' 

dT =-~dt 
T rmCP ' 

T = Cexp(-~tJ 
rmCP 

let T = uexp(-~tJ 
rmCP 

du = ~[25 + 165exp(-2.884x 10-3 t )]exp(~tJ 
dt rmCP rmCP 
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(C.12) 

(C.13) 

(C.14) 

(C.15) 

( 
kA J l65kA ( kA J u = 25 exp rmC t + ( J exp ( rmC - 2.884 x 10-

3 
)t + C 

P rmCP ~-2.884xl0-3 P 
rmCP 

(C.16) 

T = 25 + ( 165
kA J exp(- 2.884 x 1 o-' t )+ C exp(-~ tJ 

kA 3 rmCp 
rmCp ---2.884xl0-

rmCp 

(C.17) 

for initial condition: t = 0, T = l 90 

C = 165 - ( kA
165

kA '] = -0.0467 
rmCp ---2.884xl0-

rmCp 

(C.18) 
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The temperature of the cylinder is then expressed as: 

T = 25 + 165 .05 exp(- 2.884 x 10-3 t )- 0.0467 exp(-1 0. l 889t) (C.19) 

the temperature profile is presented in Figure C. l. The solid line 1s the predicted 

temperature, while the dots are practical data measured using a thermocouple connected 

with a FieldPoint FP-TC-20 temperature data acquisition system. 
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Appendix D 

X-ray diffraction patterns for detected ethylene copolymers 
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Figure D.1 W AXS patterns ofTR0338 with different treatments 

Note: Curves in all graphs have been shifted vertically for clarity. 
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The diffraction peak of quenched sample shift to smaller angles is an indication of unit 

cell expansion due to imperfect crystalline structure caused by the fast cooling rate.* 

*: Peng, Y., Fu, Q., and Chiu, F., "Crystallization and morphology_of metallocene polyethylenes with 

well-controlled molecular weight and branching content", Polym. Int. Vol. 52, P. 164, (2003). 
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Appendix E 

The crystal reorganization at ambient conditions 

The changes of crystallinities (measured usmg DSC) for some ethylene copolymers 

during storage at room temperature had been studied and listed in Table E.1. After stored 

for a certain time, the crystallinities of quenched samples have been increased due to the 

recrystallization of imperfect crystals, while the crystallinities of air cooled samples have 

seldom changed. And the melting temperature of samples made with both cooling 

condition did not change. 

Table E.1 Change of crystallity with the storage time for several ethylene copolymers 

Resin Cooling condition Storage time (week) Tm (°C) Xe (%) 
P38893 Quenching 3 129.2 54.1 

Quenching 23 129.2 57.6 
Air-cooling 3 131.5 62.6 
Air-cooling 23 130.7 58.7 

P38895 Quenching 3 129.5 51.9 
Quenching 23 129.4 57.0 
Air-cooling 3 130.8 64.4 
Air-cooling 23 131.3 64.0 

P38923 Quenching 3 129.5 52.9 
Quenching 23 128.9 57.2 
Air-cooling 3 130.8 60.0 
Air-cooling 23 130.2 61.6 

PS20052 Quenching 1 115.6 27.1 
Quenching 29 115.7 34.0 
Air-cooling 1 115.9 30.0 
Air-cooling 29 116.3 39.1 

PS25327 Quenching 1 131.3 47.9 
Quenching 29 130.9 52.2 
Air-cooling 1 131.9 56.6 
Air-cooling 29 132.2 61.5 
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Appendix F 

Statistic analysis of coalescence results 

The significance of difference between two groups of test data can be identified by 

performing independent two-sample t-test. 

For example, the companson of coalescing rate between quenched and air cooled 

TR033 8 samples. There were four coalescence tests had been done for each samples. 

At time t=360s (T=141 °C), the dimensionless neck radius (y/a) for each tests are listed 

below: 

Quenched sample Air cooled sample 
Test 1 0.8000 0.9116 
Test2 0.8432 0.8417 
Test 3 0.8086 0.8720 
Test 4 0.8073 0.8759 

The mean of two samples are: 

XQ = 0.8148, XA = 0.8753; (E.1) 

The variance of two samples are: 

(E.2) 

For significance analysis, select the confidence interval (C.I.) 95%. 

Let null hypothesis (Ho): µQ =µA; alternative hypothesis (HA): µQ -=I- µA. 
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2 (nQ -l)s~ +(nA -l)s~ _4 S = _____c-----'---- = 5. 964 X 1 Q 
P nQ + nA -2 

(E.3) 

(E.4) 

for a=0.05, from t Table*, with v=6, t=±2.447. 

In this case, t= -3.505 < -2.447, tis in the rejection area, the Ho should be rejected, HA 

should be accepted. The difference of coalescing rate between quenched and air cooled 

TR0338 cylinders at 141 °C is significant. 

The statistic analysis can be done by using a commercial software MINITAB®. The 

following is the analysis result using MINITAB® (Release 13.32) for the same data: 

Two-Sample T-Test and Cl: Q, AC 

Two-sample T for Q vs AC 

Q 

N 

4 

AC 4 

Mean 

0.8148 

0.8753 

StDev 

0.0193 

0.0286 

SE Mean 

0.0097 

0.014 

Difference= mu Q - mu AC 

Estimate for difference: -0.0605 

95% CI for difference: (-0.1028, -0.0183) 

T-Test of difference= 0 (vs not=): T-Value 

DF = 6 

Both use Pooled StDev 0.0244 

-3.51 P-Value 0. 013 

*: Box, G. E. P., Hunter, W. G., and Hunter, J. S., Statistics for Experimenters, Johe Wiley & Sons, New 

York, (1978). 



P-Value is 0.013 < 0.05, which means the probability of making a Type 1 error is 

very small by rejecting the null hypothesis. Thus, the null hypothesis can be rejected. 
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