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Foreword 

According to the thesis preparation guideline of the Faculty of Graduates Studies and 

Research, McGill University, 1 choose the manuscript-based thesis option. 

As an alternative to the traditional thesis format, the dissertation can consist of a 
collection of papers of which the student is an author or co-author. These papers must 
have a cohesive, unitary character ma king them a report of a single program ofresearch. 
The structure for the manuscript-based thesis must conform to the following: 
1. Candidates have the option of including, as part of the thesis, the text of one or 
more papers submitted, or to be submitted, for publication, or the clearly-duplicated text 
(not the reprints) of one or more published papers. These texts must conform to the 
"Guidelines for Thesis Preparation" with respect to font size, line spacing and margin 
sizes and must be bound together as an integral part of the thesis. (Reprints of published 
papers can be included in the appendices at the end of the the sis.) 
2. The thesis must be more than a collection of manuscripts. Ali components must be 
integrated into a cohesive unit with a logical progressionfrom one chapter to the next. In 
order to ensure that the thesis has continuity, connecting texts that provide logical 
bridges preceeding and following each manuscript are mandatory. 
3. The thesis must conform to ail other requirements of the "Guidelines for Thesis 
Preparation" in addition to the manuscripts. 

The thesis must include the following: 
1. a table of contents; 
2. a brief abstract in both English and French; 
3. an introduction which clearly states the rational and objectives of the 

research; 
4. a comprehensive review of the literature (in addition to that covered in the 

introduction to each paper); 
5. a final conclusion and summary; 
6. a thorough bibliography; 
7. Appendix containing an ethics cert~ficate in the case of research involving 

human or animal subjects, microorganisms, living cells, other biohazards 
and/or radioactive material. 

4. As manuscripts for publication are frequently very concise documents, where 
app ropria te, additional material must be provided (e.g., in appendices) in sufficient 
detai/ to allow a clear and precise judgement to be made of the importance and 
originality of the research reported in the the sis. 
5. In general, when co-authored papers are included in a thesis the candidate must have 
made a substantial contribution to aIl papers included in the thesis. In addition, the 
candidate is required to make an explicit statement in the thesis as to who contributed to 
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such work and to what extent. This statement should appear in a single section entitled 
"Contributions of Authors" as a preface to the thesis. The supervisor must attest to the 
accuracy of this statement at the doctoral oral defence. Since the task of the examiners is 
made more difficult in these cases, it is in the candidate's interest to clearly specify the 
responsibilities of all the authors of the co-authored papers. 
6. When previously published copyright material is presented in a thesis, the 
candidate must include signed waivers from the publishers and submit these to the 
Graduate and Postdoctoral Studies Office with the final deposition, if not submitted 
previously. The candidate must also include signed waivers from any co-authors of 
unpublished manuscripts. 
7. lrrespective of the internaI and external examiners reports, if the oral defence 
committee feels that the thesis has major omissions with regard to the above guidelines, 
the candidate may be required to resubmit an amended version of the thesis. See the 
"Guidelines for Doctoral Oral Examinations," which can be obtained from the web 
(http://www.mcgill.ca(fgsr). Graduate Secretaries of departments or from the Graduate 
and Postdoctoral Studies Office, James Administration Building, Room 400, 398-3990, 
ext. 00711 or 094220. 
8. In no case can a co-author of any component of such a thesis serve as an external 
examiner for that thesis. 

Chapters 2 to 8 of this thesis include and/or revise the texts of papers published, 

and/or submitted for publication. These papers were prepared under normal supervision 

of my research supervisor, Professor Musa R. Kamal, who is the coauthor in aIl of the 

papers. In Chapter 2, Dr. T. Huang gave me important suggestions, who is also the 

coauthor of the corresponding publication. 
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Abstract 

The melting and crystallization behavior of linear low-density polyethylene (LLDPE) is 

of great scientific and industrial importance. It depends strongly on pol ymer molecular 

structural characteristics and processing conditions, and determines pol ymer application 

properties. In this work, we study three different types of LLDPE polymers: 

metallocene-based LLDPEs (m-LLDPEs), Ziegler-Natta-based LLDPEs (ZN-LLDPEs), 

and m-LLDPE blends. 

A generalized equation is introduced to clarify conceptual definitions of pol ymer 

melting temperatures. It incorporates the effects of co mono mer volume, crystal length, 

folding surface free energy and enthalpy of fusion. It is successful in describing the 

characteristic melting temperatures of various a-alkene-ethylene copolymers. The 

proposed equation is used, along with melting traces obtained by differential scanning 

calorimetry (DSC), to estimate the crystal size number distributions. Furthermore, the 

melting temperature characteristics are identified, using crystal size number distributions. 

The crystallization behavior of LLDPEs is studied by polarized light microscopy 

(PLM) and DSC. A modified Hoffman-Lauritzen (MHL) expression is proposed for the 

linear crystallization kinetics by replacing the equilibrium melting temperature, Tmo, with 

the melting tempe rature of the crystal stem with the maximum possible length, Tm C,n*. 

The concept of the effective nucleation induction time is introduced, in order to employ 

the A vrami equation to analyze the overall crystallization kinetics during the initial 

crystallization stage. 

The MHL analysis suggests the presence of three crystallization regimes: regimes 

III and II, and a special regime IM. The Avrami exponents are respectively 2, 1.5, and 1 

in these regimes. The typical optical morphology of LLDPEs is spherulitic. As the 

crystallization temperature increases, the morphology changes from spherulites without 

v 
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ring bands, to ring-banded spherulites and sometimes to irregular structure with rough 

ring bands. These structural characteristics seem to correspond to MHL regimes. 

Non-linear spherulitic growth behavior is observed in regimes II and lM. This 

behavior is explained by the reduction of the concentration of crystallizable ethylene 

sequences in the melt phase. The MHL expression may be still used to analyze non-linear 

growth crystallization kinetics by employing a variable Tmc,n*. 

VI 



Résumé 

Le comportement en fusion et cristallisation du polyéthylène linéaire basse densité 

(LLDPE) est d'une importance scientifique et industrielle majeure. Il dépend fortement 

des caractéristiques moléculaires structurelles du polymère et des conditions de 

transformation, et détermine les propriétés d'application du polymère. Dans cette étude, 

trois différents types de polymères LLDPE sont considérés: metallocene-LLDPEs (m

LLDPEs), Ziegler-Natta LLDPESs (ZN-LLDPEs) et mélanges de m-LLDPE. 

Une équation généralisée est présentée dans le but de clarifier les définitions 

conceptuelles de températures de fusion des polymères. L'équation considère les 

influences du volume de co-monomère, longueur du cristal, énergie libre de surface 

repliée et enthalpie de fusion. Elle décrit avec succès les températures caractéristiques de 

fusion de nombreux co-polymères a-alcène-éthylène. L'équation généralisée est utilisée, 

en combinaison avec les tracés de fusion obtenus par calorimétrie différentielle à 

balayage (DSC), pour estimer les distributions en nombre de taille de cristal. En outre, les 

caractéristiques de température de fusion sont identifiées, utilisant les distributions en 

nombre de taille de cristal. 

Le comportement de cristallisation des LLDPEs est étudié par microscopie à 

lumière polarisée (PLM) et DSC. Une expression de Hoffman-Lauritzen modifiée (MHL) 

est proposée pour la cinétique de cristallisation linéaire en replaçant la température 

d'équilibre de fusion, Tmo, par la température de fusion de la branche de cristal ayant la 

plus grande longueur possible, Tmc,n*. Le concept de temps d'induction de nucléation 

effectif est introduit, dans le but d'utiliser l'équation d'Avrami pour analyser la cinétique 

de cristallisation globale lors de l'étape de cristallisation initiale. 

L'analyse MHL suggère la présence de trois régimes de cristallisation: régimes 

III et II, et un régime spécial lM. Les exposants d'A vrami sont respectivement 2, 1.5 et 1 

dans ces régimes. La morphologie optique typique des LLDPEs est sphérulitique. Alors 

que la température de cristallisation augmente, la morphologie passe de sphérulites sans 

VIl 
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anneaux, à sphérulites avec anneaux et parfois à une structure irrégulière avec anneaux 

plus ou moins distincts. Ces caractéristiques structurelles semblent correspondre aux 

régimes MHL. 

Une croissance non-linéaire des spherulites est observée dans les régimes II et lM. 

Ce comportement s'explique par la réduction de la concentration de séquences d'éthylène 

cristallisable dans la phase fondue. L'expression MHL pourrait encore être utilisée pour 

analyser la cinétique de cristallisation par croissance non linéaire en faisant varier T,/,n*. 

Vlll 
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Chapter 1 

1 General Introduction 

1.1 Introduction 

Solid polymers can appear in amorphous or crystalline states. In the amorphous state, 

molecular chains are irregularly arranged. In the crystalline state, pol ymer chains or parts 

of them (segments) are fixed in certain conformations, such as, planar, zigzag and helical 

forms. They may be parallel to each other and packed regularly. Because crystalline and 

amorphous regions coexist in crystalline polymers, they are always called semicrystalline 

materials. Their crystallization capabilities depend on structure and regularity of 

molecular chains and on interactions among them. 

Melting and crystallization are among the most important characteristics, which 

determine many of the final application and processing properties of semicrystalline 

polymers. However, these characteristics are very complex, because they do not depend 

on only molecular chemical composition and structural characteristics, but also on 

processing conditions, as illustrated in Figure 1-1. The melting temperature is a function 

of molecular structure and chemical composition. The melting temperature and 

processing parameters determine the kinetics of melting and crystallization during 
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Chapter 1 General Introduction 

processing. Processing parameters include temperature, pressure, and stress, and their 

distributions in space and time. When there are density variations during processing, 

mass transport needs to be considered. Thus, processes can be very complex. Different 

processing conditions tend to form different morphologies and different final application 

properties (e.g. optical and mechanical properties). 

r--------------------------------· 
i 1 Chemical Composition 1 Processing Variables ~ 
. (T, P, 't, etc) 1 
1 Molecular Structure 

Melting Behavior 

Crystallization Behavior 

Figure 1-1. The relationship among the material properties, processing conditions, 
melting and crystallization behavior, and application properties 

This thesis deals with the melting and crystallization behavior of polyethylene, 

especially linear low-density polyethylene copolymers (LLDPE), which are widely used 

for many important consumer and commercial applications, including packaging and 

agriculture application. 

1.2 Linear Low-Density Polyethylene 

1.2.1 Polyolefins, polyethylene, and linear low-density polyethylene 

Polyolefins, which are generally semicrystalline, are the largest group of synthetic 

polymers produced today, They are widely used, because of their advantages, such as, 

low co st of production, light weight, and high chemical resistance. Polyolefin polymers 
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are fully saturated hydrocarbon molecules, synthesized from olefins, such as ethylene, 

propylene, a-butene, a-hexene, a-octene, and isobutylene. Weak molecular interactions 

(van der Waals force) result in lower melting and crystallization temperatures than for 

polymers with strong interactions, su ch as polyamides with hydrogen bonds. Because 

melting temperatures are not very high, the y can be processed relatively easily, but are 

unsuitable for high temperature applications. Furthermore, because of their saturated 

structures, they are highly chemically resistant to most sol vents and liquids, and the y are 

highly stable to oxidation.\ 

Although polyolefins were first produced in the 1930's, important advances are 

still being made in improving processes and performance, because of an abundant suppl Y 

of cheap and simple monomers, advances in polymerization processes and catalysts, and 

the ability to blend them with fillers and other polymers. A wide range of mechanical 

properties is possible by the methods of co-polymerization, blending, and the use of 

additives. Products range from elastomers to thermoplastics, and in sorne cases cross

linked materials. 

One of the most important polyolefins is polyethylene. It is based on the 

monomer, ethylene. The group includes high-density polyethylene (HDPE, density 0.94-

0.97g/cm\ low-density polyethylene (LDPE, 0.91-0.94), and very low-density 

polyethylene (VLDPE, 0.86-0.90).2 Basically, the density depends on the content of short 

chain branches. Polyethylene with a lower density has a higher short chain branching 

content. 

When ethylene is co-polymerized with a-olefins, such as a-butene, a-hexene, and 

a-octene, linear low-density polyethylene (LLDPE) (with ethyl, but yI or hexyl short 

chain branches, respectively), is produced. LLDPE contains linear polyethylene 

backbones with attached short alkyl groups at certain intervals. It has a higher short chain 

branching content than LDPE, and the density of LLDPE is in the range between those of 

LDPE and VLDPE. 
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1.2.2 Three types of linear low-density polyethylenes 

There are two types of catalysts for producing LLDPE resms, I.e., metallocene and 

Ziegler-Natta catalysts. Metallocene type catalysts have a single type of active sites. The 

metallocene-LLDPE (m-LLDPE) product has, most probably, a narrow molecular weight 

distribution (-2.0) and a narrow short chain branch distribution.3 The short-chain 

branches are expected to be distributed randomly in ail molecules.4 The m-LLDPEs show 

both inter- and intra-molecular homogeneity, in the molecular and structural 

characteristics (e.g. distributions of molecular weight and short chain branching). 

Therefore, the m-LLDPEs can be taken as model copolymers to study the dependence of 

properties on their molecular structure, since their molecular structural characteristics can 

be clearly identified.5 

LLDPEs catalyzed by Zeigler-Natta type catalysts (ZN-LLDPE) exhibit broad 

and complex molecular weight distributions (MWD) and short chain branching 

distributions (SCBD), because Ziegler-Natta catalysts have multiple active sites. The 

short chain branching content (SCBC) in individual molecùles varies with molecular 

weight.6 The ZN-LLDPEs show heterogeneous behavior at both inter- and intra

molecular levels. Cross-fractionation methods, which include gel permeation 

chromatography (GPC) and temperature rising elution fractionation (TREF)6 (or possibly 

crystallization analysis fractionation (Crystaf)\ can suppl Y fractions with a narrow 

MWD and nominally narrow SCBD. However, SCBD in each fraction is neither fully 

uniform nor random, because TREF and Crystaf fractionate molecules according to their 

longest ethylene sequence. They do not provide information about the SCBD within 

individual molecules. Products provided by cross-fractionation cannot be taken as model 

materials to study the relationships among properties and molecular structure. Thus, it is 

difficult to explain explicitly and quantitatively the properties of heterogeneous LLDPEs 

(ZN-LLDPEs),in relation to their molecular structural characteristics. 

One approach to understand the relationship among the properties and molecular 

structural characteristics might be to treat them as blends of homogeneous copolymers, or 

more correctly as the blends of homogeneous ethylene sequences. In such a case, it may 
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be possible to estimate the properties of heterogeneous copolymers by use and extension 

of results obtained with homogeneous materials. 

Since it is difficult to fully characterize and quantify the molecular structural 

characteristics of ZN-LLDPEs in detail, it is proposed to construct blends of various well

characterized homogeneous materials (m-LLDPEs). Such materials would be 

homogeneous at the intra-molecular level, but heterogeneous at the inter-molecular level. 

Thus, the y are semi-homogeneous. They may represent a bridge between molecular 

characteristics of m-LLDPEs and ZN-LLDPEs.8 Results for homogeneous copolymers 

can be applied and tested in the blends, then finally applied and tested in heterogeneous 

copolymers. If successful, such an approach should lead to improved opportunities for 

understanding and quantifying the melting and crystallization behavior of ZN-LLDPEs. 

1.3 Melting and crystallization behavior and morphological 

characteristics 

1.3.1 Melting behavior 

1.3.1.1 Melting temperature 

The melting temperature is one of the most important properties of semi-crystalline 

polymers, especially in the study of crystallization and melting processes. For metals, the 

melting peak is very narrow, thus, the melting temperature is easily identified from the 

peak position. However, for a semi-crystalline pol ymer, since it has generally a broad 

melting peak, even multi-peaks, it is difficult to represent the melting temperature by a 

peak position value. Moreover, the melting temperature does not only depend on pol ymer 

molecular structural parameters, but also on material processing history. Thus, for a 

specific material, different melting temperature characteristics are likely to be observed. 

Therefore, it is necessary to understand the melting behavior and identify the intrinsic 

melting temperature characteristics of semi-crystalline polymers.9 
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The equilibrium melting temperature refers to the melting tempe rature of a perfect 

and infinite crystal. Flory proposed an equation to estimate the equilibrium melting 

temperature of copolymers with excluded comonomers (TI/1c'OO) , in terms of the 

equilibrium melting temperature of the corresponding homopolymers, (Tm
o or TmH,OO), the 

enthalpy of fusion (l1Hu) for monomers, and the monomer sequence perpetuation 

probability (P): 10,11 

R 
-T,-,C,'-~ - TH'~(or TU) = --I1H- In p 

III ni U 

(1-1 ) 

where R is the gas constant. 

Sanchez and Ebyl2 employed Helfand and Lauritzen's equilibrium theory of 

copolymers with included comonomers13 to derive Tmc,oo for copolymers with included 

comonomer: 

_1__ 1 _~[ EX IC +(l-X )ln[l-XIcJ+x In[XICJ] (1-2) 
TC'~ TH.~ ( TU) - m RTc,~ IC 1- X IC X 

m m or m U III C C 

where E is the excess free energy by incorporating comonomers into the crystalline phase, 

and XIC and Xc refer to the mole factions of comonomers in the crystalline phase and in 

the copolymer, respectively. 

When comonomer size is larger than propylene, LLDPE resins are generally 

copolymers that form crystals with excluded comonomers.14.lS.16 Therefore, the Flory 

equation is suitable for evaluating the equilibrium melting temperature of LLDPE resins. 

Because the equilibrium melting temperature refers to a hypothetical state (for 

infinite size crystals), it should not be misused as the reference of the degree of 

supercooling. Because of the restriction of crystal size in real polymers, only the melting 

temperature for crystal stems with the maximum possible crystal length should be 

·d d Cn*9 Cn' d d III h· . conSl ere , Tm' . Tm' epen s on po ymer mo ecu ar structural c aractenstlcs, 

independent of the processing conditions. It is a material constant. It could be observed 

under certain experimental conditions, although such experimental condition may be very 
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difficult to attain for sorne polymers. It is possible to estimate this temperature for 

semicrystalline polymers with specified molecular structure.9 

Experimentally determined melting temperatures are significantly lower th an the 

equilibrium melting temperature. Moreover, melting temperatures obtained 

experimentally do not depend only on the molecular structural characteristics, but also on 

both processing history and measurement conditions. According to thermodynamic 

considerations, the experimental melting temperature should approach TI/lC,n* under 

conditions approaching equilibrium. However, the crystal size generally does not reach 

the maximum possible crystal size. 17
.l

8 For the crystals with length n of monomer 

structural units in the crystal stem, the melting temperature is normally estimated using 

the Gibbs-Thomson equation 19 for homopolymers or its modified form for copolymers 

with excluded comonomers (simplified from the Sanchez-Eby equation)12 as Eqs.(1-3) 

and (1-4), respectively: 

T H
.
1l = TH'=(l- 2ae J 

ni l1l A lJ 
Li/1u n 

(1-3) 

(1-4) 

where T,/,n and Tmc,n refer to the melting temperatures for homopolymers and 

copolymers, respectively, and cre is the basal surface free energy. However, since the 

above equations ignore sorne factors, such as comonomer volume effect in Eq.(1-4), they 

should be used with care.9 

1.3.1.2 Crystal size and melting temperature distributions 

The crystal size (lamellar thickness) distribution and the average crystal size, strongly 

depend on molecular structural characteristics and processing conditions. Thus, it is 

useful to understand and determine the relationships that govern crystal sizes and size 

distributions, There are several experimental techniques to determine the crystal size 

distribution, such as transmission electron microscopy (TEM),20,21 atomic force 
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microscopy (AFM),21,22 small angle x-ray scattering (SAXS),21,23,24 Raman longitudinal 

acoustic mode (Raman LAM),25,26,27 and differential scanning calorimetry (DSC),21.2829 

TEM provides a direct method to observe the crystal size. However, this 

technique in volves at least two weaknesses. Because of the requirement for material 

etching, the final observed structure is perhaps different from the original state. The 

crystalline lamellae are three-dimensional structures but TEM images only represent two

dimensional observations. There is a significant difference between 2-D and 3-D 

information. This is reflected in the non-uniform contrast of lamellae in TEM images. 

Therefore, the TEM histograms do not necessarily represent the real crystal size 

distribution. 

Recently, AFM observation has become a popular method to evaluate 

morphological characteristics of film. Generally, it provides topological information, i.e., 

the surface structure. For thin film sampI es, it is acceptable to assume that the structure at 

the surface is similar to that in the center. However, for bulk samples, morphologies are 

quite different from those of films. 22,25,26 If cryo-microtomed samples are used, the knife 

produces scratch marks and brittle-fracture characteristics are observed on the surface. 

These make it difficult to analyze AFM images accurately. It is also difficult to 

determine the absolute dimensions, because of the lack of well-defined standard 

samples?1 Finally, like TEM results, the 2-D and 3-D histograms yield possibly different 

conclusions. Therefore, care must be taken in using histograms from TEM and AFM to 

de scribe crystal size distributions. 

SAXS is a well-established method for analyzing crystal size, based on volume 

average analysis. Although it seems possible to estimate the crystal size distribution, it is 

necessary to con si der the crystalline lamellae as isotropic plates with sufficiently large 

extended lateral size.23,24 Also, the corrected values have to be fitted to a certain model 

with a known distribution form?O,31.32 Therefore, SAXS is not yet a good and accurate 

method to estimate crystal size distribution. 

The Raman longitudinal acoustic mode (LAM) can be employed to determine the 

crystal size for high density-polyethylene and long paraffins. The wave number of the 

LAM mode is inversely proportional to the extended chain length in semicrystalline 
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polymers.33 It has been shown that the integrated intensity is proportion al to the weight 

fraction of the stem length in the crystalline phase, when the amorphous part, the surface 

of crystalline part, and the folding loops are assumed to have no effects on the LAM 

intensity results. 26 For long crystal stems and regular folding structures, Raman LAM can 

give reasonable results. However, for crystalline polymers, such as linear low-density 

polyethylenes, with short crystal stems, a large number of irregular folding crystal s, and a 

thick interfacial layer between amorphous and crystalline phases, the method is 

doubtful.27 

Because it is the simplest and faste st method, the DSC technique has been widely 

used to determine crystal size distribution. Semi-crystalline polymers exhibit a broad 

melting peak or multi-peaks, mainly because of the broad crystal size distribution,34 

although sorne other factors, such as melting-recrystallization-remelting (MRR), thermal 

lag and secondary crystallization effects,34 are also contributing factors. If the above 

factors can be neglected under certain experimental conditions, the melting traces can be 

directly employed to analyze the crystal size distribution and the average crystal size.29,35 

However, only the weight distribution forms have been mostly discussed, and the 

correction of the folding work for the heat of fusion is rarely considered. Thus, there is 

need to re-evaluate and upgrade the methodology.8 

Although it has been generally recognized that the melting process for pol ymer 

semicrystalline materials is very complex,34 only the melting peak position in the 

pol ymer melting trace has been suggested and accepted to describe the melting 

temperature characteristics. However, because broad or even multiple peaks exist in 

melting traces, one-point description by the melting peak position is doubtful. Thus, it is 

desirable to adopt a more comprehensive approach to obtain a description of melting 

tempe rature characteristics that correspond to the distribution of crystal size.8,35 

1.3.2 Crystallization behavior 

For semicrystalline polymers, a bulk crystallization process can occur at temperatures 

between the glass transition temperature and the melting tempe rature of crystal stems 
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with the maximum possible crystal size. This process possibly involves three steps: (1) a 

nucleation step (the formation of active nuclei from the melting phase), (2) a growth step 

(the development of crystals from nuclei), and (3) a secondary crystallization step. 

Primary crystallization refers to the first two steps, whereas, secondary crystallization 

occurs in the already solidified phase and produces an increase of crystallinity.36 The 

overall analysis of crystallization of semicrystalline polymers integrates the effects of the 

nucleation mechanism, growth mechanism, and growth geometry. There are two 

approaches to follow crystallization processes. One evaluates the evolution of the 

crystalline fraction (mass or volume), 37,38,39 and the other evaluates the evolution of 

volume (area) fraction transformed into semicrystalline forms, such as spherulites.36
,4o 

The former approach describes the overall crystallization characteristics, while the latter 

evaluates the linear crystallization behavior. 

1.3.2.1 Linear crystallization kinetics 

The crystal growth kinetic theory was developed by Lauritzen and Hoffman.41
,42 Crystal 

growth only appears on the nucleus lateral surface, and it follows a mechanism of two

dimensional growth. Crystal growth in volves the chain segment deposition on the pl anar 

growth front. It forms a secondary nucleus. The secondary nucleus can accept other 

segments to form the tertiary nuclei. The crystal growth process involves sequential 

stages: the deposition of a secondary nucleus on the surface of the crystal that has existed, 

and the continuous deposition of a tertiary nucleus, shown in Figure 1-2. There are two 

rates, i.e., the surface nucleation rate (secondary nuclei, i) and the layer completion rate 

(tertiary nuclei, g). Depending on the difference between the two rates, the regime 

behavior of crystal growth can be determined. 

t 
1 
t 

+---a-----""~ 
+------L------~) 

Figure 1-2 Secondary and tertiary nuclei 
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Hoffman and his coworkers43,44 first suggested the regime behavior in polymer 

crystallization kinetics, shown in Figure 1-3. There are three regimes that depend on the 

crystallization temperature, or the supercooling degree. The supercooling degree is small 

in regime 1. In this regime, the surface nuc1eation rate is much lower than the layer 

completion rate. The crystal growth rate is decided by the surface nuc1eation rate. As the 

supercooling degree increases, regime II appears. In regime II, the surface nuc1eation rate 

is similar to the layer completion rate. The crystal growth rate is determined by both 

rates. Multiple nuc1ei appear in the same layer. As the supercooling degree increases 

further, regime III can be expected.45,46,47 In this regime, the surface nuc1eation rate is 

higher than the layer completion rate. The surface nuc1eation rate determines the overall 

crystal growth rate. 

Regime 1 Regime II Regime III 

Figure 1-3 Growth Regimes 

Although it has been reported that the regime transition is a function of molecular 

weight,48,49 polydispersity,50 and chemical composition,51,52 in addition to temperature, 

they cannot be taken as independent factors. These parameters can be related to the 

melting temperature of crystal stems with the maximum possible size.9 Therefore, the 

regime transition may be only a function of temperature or degree of supercooling for a 

specifie material. 

According to the Hoffman-Lauritzen (HL) theory,19,53 when the secondary 

nuc1eation rate and the layer completion rate are considered, the following kinetics 

relation is obtained: 

[-Q~/] [-K Ji / ] G = Go exp / RTe exp /Tc~Tf (1-5) 
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where Go is a pre-exponential parameter containing quantities not strongly dependent on 

temperature, Tc represents the crystallization temperature, I1T = TlIlo -Tc is the supercooling 

degree (Til? is the equilibrium melting temperature of the homopolymer), fis a correction 

factor for the variations of the heat of melting with temperature and is equal to 

2 TJ(Tmo+TJ , QD* is the activation energy for reptation and center-of-mass diffusion, and 

is equal to 24 kJ/mol for pOlyethylenes,53 and Kx is the nucleation constant, which 

depends on the regime behavior. For regimes III and l, Kx is given by: 

(1-6) 

and for regime II: 

(1-7) 

where 0" and O"e are the lateral and basal (fol ding) surface free energies, respectively, k is 

Boltzmann' s constant, ho is the layer thickness, and I1Hm is the heat of fusion. 

For most polymers, when crystallization temperatures are equal to or less th an 

Tx+ 100, where Tx is the glass transition temperature, Q~Tc == Uft(T _ TJ· That is, the 

temperature dependence switches from the Arrhenius to WLF (Williams, Landel and 

Ferry) relations. Thus, Eq. (1-8) becomes: 

(1-8) 

where U* is the diffusive activation energy of chain reptation motion in the melt, and is a 

universal constant equal to 6.28 kJ/mol,19 and Toc = Tx -30. 

As shown in Figure 1-4, the HL equation suggests three crystallization regimes. 

This indicated behavior is actually found in sorne polymers, such as polyethylene, 

poly(oxymethylene), polypropylene, and polybutene, when crystalline spherulite or 

axialite growth was observed. The existence of different growth regimes is often reIated 
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to morphological changes. For ex ample, for linear polyethylene, the morphologies are 

ring-banded spherulite, spherulite, and axialite in regimes III, II, and l, respectively.53 

The HL equation cannot simply and directly be applied to calculate the overall 

crystallinity, or the overall crystallization kinetics, because it does not include the 

information about the amorphous part in spherulites or axialites. AIso, it does not 

con si der the effect of secondary crystallization. Furthermore, as discussed earlier in the 

melting temperature section, the equilibrium meIting temperature represents a 

hypothetical state. Thus, the equilibrium meIting temperature for homopolymers in the 

HL expression should be replaced by the meIting temperature of crystal stems with the 

maximum possible size,9 which is a function of molecular composition and molecular 

structure, especially for copolymer systems. 

InG+ Q; 
RT 

Tt1.T 

Figure 1-4 Different growth regimes by Hoffman-Lauritzen equation 

1.3.2.2 Overall crystallization kinetics 

The A vrami model is a classical expression to describe the overall crystallization kinetics 

. . hl' ~4 ~5 56 l' f+' l.c h' Il' . ITI ISOt erma expenments:'- -, t IS e lectIve on y lor t e pnmary crysta IzatlOn 

process. It leads to the following relation: 

X (t) = 1- expl- k(T)(t - r)n J (1-9) 
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where X is the crystallinity, ris the induction time, 11 is the Avrami exponent, and k is the 

crystallization constant. From a plot of ln[ -ln(1-X)] vs. ln(t-'t), coefficients 11 and k can be 

determined. The crystallization constant k contains cumulative information about the 

entire crystallization curve at Tc, and it can provide quantitative kinetic information of the 

crystallization mechanism. The Avrami exponent, 11, indicates the growth mechanism, as 

shown in Table 1_1.57
,58 However, the total crystallization process generally inc1udes 

severa1 mechanisms. Therefore, different values for 11 are always obtained. 

Table 1-1 Avrami exponent and crystallization growth mechanism 

A vrami Exponent Nuc1eation Growth Habit Growth Control 

0.5 Instantaneous Rod Diffusion 

Rod Interface 
1.0 Instantaneous 

Disc Diffusion 

Instantaneous Sphere Diffusion 
1.5 

Homogeneous Rod Diffusion 

Instantaneous Disc Interface 

2.0 Disc Diffusion 
Homogeneous 

Rod Interface 

2.5 Homogeneous Sphere Diffusion 

Instantaneous 
3.0 

Sphere Interface 

Homogeneous Disc Interface 

4.0 Homogeneous Sphere Interface 

5.0 Instantaneous Sheaf Interface 

6.0 Homogeneous Sheaf Interface 

Semicrystalline polymers cannot attain 100 percent crystallinity. Therefore, 

Mandelkern suggested that the relative crystallinity, e, should replace the absolute 

crystallinity, X. 59 Then, the generalized Avrami equation becomes: 
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(1-10) 

where Xoo is the ultimate crystallinity obtained after long time at temperature T. Here, it is 

necessary to point out that Xoo possibly depends on processing conditions. If secondary 

crystallization occurs, it could be very difficult to identify Xoo. 

Because the A vrami model does not consider sorne factors, such as the secondary 

crystallization effect and the decrease of the growth rate, it generaIly fits data only in the 

initial crystallization stage. Sorne modified models have been proposed. For example, 

isothermal models have been proposed by Tobin,60,6!,62 Kim and Kim,63 and Malkin.64,65 

Also, non-isothermal models have been proposed by Nakamura,66 Ziabicki,67 Dietz,68 and 

Ozawa69. 

1.3.3 Crystalline morphological characteristics 

Crystalline morphological characteristics of polymers include crystalline structure and 

crystalline morphology. The crystalline structure refers to the particular way in which the 

chains are packed. The crystalline morphology (or simply called morphology) refers to 

the shape and size, arrangement, and amorphous connection of crystallites. 

The crystalline structure can be detected by X-ray, and electron and neutron 

diffraction. According to thermodynamic considerations, chains generally adopt 

conformations with a minimum free energy, such as a planar zigzag or a helical structure, 

which is mainly determined by the chemical structure of monomers and their linking 

forms. For polyethylene, the basic crystalline structure is the orthorhombic form. Chains 

form the planar zigzag conformation. The unit ceIl is shown in Figure 1_5.70 Its 

dimensions are a = 0.742 nm, b = 0.493 nm, and c = 0.253 nm. In the amorphous phase, 

the conformation structure is random coiling, the same as that of melts and solutions?! 
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Figure 1-5 Pol yethylene crystalline structure 70 

Pol ymer chains can take three basic forms in a pol ymer solid, i.e., amorphous, 

extended, and folded chains. The amorphous chains are similar to those in melts and 

glasses, i.e., chains are randomly arranged. The extended chains are the equilibrium 

crystals; and whole molecular chains extend to form the maximum size crystal. The 

folded chains are normal crystalline chain structures, and include regular and irregular 

folding structures, as shown in Figure 1-6. Semicrystalline polymers generally tend to 

form a combination structure, i.e., fringed micelle. For LLDPEs, because comonomers 

are excluded from the crystalline lattice of LLDPE crystal s, the irregular folding chains 

are prevalent. 

Figure 1-6 Regular chain folding (left) and irregular chain folding (right) 

When polymers are crystallized from melts, spherulites are most frequently 

observed. This morphology has a spherical shape with aggregates of crystalline lamellae. 

There are two mechanisms that can produce a spherical morphology, i.e., hedgehog and 

pop-off models, shown in Figure 1_7.72
,73 Most polymer crystallizations follow the pop

off mechanism. 
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Figure 1-7 Model of Spherulite Growth Mechanism (Left: Hedgehog, Right: Pop-off)74 

The lamellar arrangement in spherulites is shown in Figure 1-8. The lamellae 

open out into a fan from the center to the periphery along the radial direction. In sorne 

cases, the lamellae are twisted into spirals in radial directions, and then a regular ring

banded spherulite can be ob served , as shown in Figure 1-9. The ring-banded distance 

decreases, as the crystallization temperature decreases. 

Figure 1-8 Model of spherulite morpholog/4 

Figure 1-9 Ring-banded structure in Resin G spherulite. 
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Spherulites are optically anisotropie. The molecular chain orientation is generally 

perpendicular to spherulitic radius direction, as shown in Figure 1-8. Thus, they produce 

a birefringent Maltese cross when viewed by a polarized light microscope, as shown in 

Figure 1-10 for resin G. The diameters of spherulites range from several micrometers up 

to several millimeters. 

Figure 1-10 Maltese Cross structure in resin G spherulite 

In addition to the crystalline phase with regular or ordered structures and the 

amorphous phase with irregular or disordered structure, there is an interfacial phase with 

parti aIl y regular or ordered phase, between the crystalline phase and amorphous phase. 

The contents of these phases can be quantitatively measured by using NMR75, IR76, and 

Raman 77 techniques. 

1.4 Experimental Techniques 

The molecular weight and distribution of LLDPE copolymers can be measured by gel 

permeation chromatography (GPC).78 NucIear magnetic resonance (NMR) is an effective 

method to measure the short chain bran ch content (SCBC).79 Temperature rising elution 

fractionation (TREF),6 crystallization analysis fractionation (CRYSTAF),7 step 

crystalIization (SC)80, and successive self-nucIeation and annealing (SSA)81 by 

differential scanning calorimetry (DSC) can possibly identify the short chain branching 

distribution (SCBD). 
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The basic experimental techniques used for this work were polarized light 

microscopy (PLM), differential scanning calorimetry (DSC), and small angle x-ray 

scattering (SAXS). The polarized light microscope with a hot stage was used to study 

linear crystallization kinetics and morphologies. DSC was used to study melting 

behavior, overall crystallization kinetics, and crystal size and melting temperature 

distributions. SAXS was used to measure the average crystal size. 

1.4.1 Polarized light microscopy (PLM) 

Light microscopy is the most convenient method for morphological observation and size 

measurement. Because of the limitation of the wavelength, the image resolution is about 

1 !lm. Thus, crystalline morphological features, su ch as spherulites and axialites, are easy 

to identify. However, individual lamella, with thickness usually less than lOnm, cannot 

be resolved.57
,82 Polymer spherulites under crossed polarization exhibit a Maltese cross 

image aligned with the polarizer and analyzer as shown in Figure 1-10. 

A polarized light microscope (Olympus BH-2) equipped with a hot stage (Linkam 

TH600) and a digital camcorder (SONY DXC-950/l), was used in this research. The 

crystallization temperature is easily controlled by the hot stage (± 0.1 oC). The heating or 

cooling rate can reach 130°C/min. 

1.4.2 DifferentiaI scanning calorimetry (DSC) 

DifferentiaI scanning calorimetry (DSC) is a commonly used thermal analysis technique. 

Heat flux to the sample is monitored against time or tempe rature , while a certain 

temperature pro gram is imposed under a specific controlled atmosphere, for instance, 

nitrogen. The fundamental theory and application of DSC to polymer characterization 

have been reviewed in detai1.74 

For a first order transition process (melting-crystallization) of semicrystalline 

polymers, DSC can be used to measure accurately the heat of melting and crystallization 

and to determine the experimental melting and the crystallization temperature. 
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In this research, thermal analysis was performed in a Perkin-Elmer Pyris-l 

DifferentiaI Scanning Calorimeter. The temperature and the heat flow were calibrated 

with pure indium (Tollset = 156.60°C, Mit= 28.45 J/g). The contribution to the DSC curves 

by the empty aluminum specimen pan was subtracted from each measurement. Ali 

measurements were performed under nitrogen. The experimental baseline was selected as 

a sigmoid line, which was supplied by the Pyris software. 

1.4.3 Small angle x-ray scattering (SAXS) 

Small angle x-ray scattering (SAXS) is a widely used diffraction technique for detecting 

material structure. Semi-crystalline polymers have randomly oriented stack structures, in 

which crystalline lamellae are packed in parallel with alternating amorphous layers. 

Randomly oriented stacks produce isotropie scattering. The scattering data can be 

interpreted by the Lorentz-correction: 83 

(1-11) 

where lc(s) is the correction intensity, les) is the measured intensity after correction for 

background scattering, detector noise, and absorption,84 and the scattering vector 

2sin(e) h . f' 1" h h d" l s = . T e Lorenz-correctIOn unctIOn comp les Wlt t e average one- ImensIOna 
Â 

scattering intensity emitted by one stack. The first maximum, s *, of the corrected function 

represents the reciprocal of the long period or Bragg distance, L: 

L = 1/ s * (1-12) 

The average lamellar thickness can be estimated by the product of L and volume 

crystallinity. This crystallinity value can be obtained from other experimental results, 

such as from DSC data. 

In this research, SAXS experiments were performed in a high resolution 

diffractometer with a conventional 2.2Kw Cu-Ka x-ray tube source, built in the Physics 

Department at Mc Gill University. The wavelength of x-ray, À, was 0.154nm. The 
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thickness of specimens was 6mm The scattering angle (28) was from 0.01 to 2.01 0. The 

scattering intensities were corrected for the background and sample adsorption. 

1.5 Objectives and Present Investigation 

The research described in this thesis focuses on the melting and crystallization behavior 

of polyethylene materials, especially linear low-density polyethylene (LLDPE) 

copolymers (including homogeneous, semi-homogeneous, and heterogeneous LLDPE 

resins). The work involves theoretica1 analyses (physics and mathematics models) and 

experimental studies. Relationships among molecular structural parameters, processing 

conditions, and crystalline morphological characteristics are proposed. The objectives 

include: 

• Chapter 2: Characterization of the melting temperature according to molecular 

structural parameters: ZN-LLDPE resins, m-LLDPE resins, and m-LLDPE blends 

As the melting temperature is one of the key points in this research, three types of 

melting temperatures are classified. A generalized melting temperature equation is 

proposed to estimate the melting temperatures from structural characteristics. 

• Chapter 3: Prediction of crystal size number distributions from DSC melting 

traces for different LLDPEs 

The proposed melting temperature equation is employed, in conjunction with 

DSC melting traces, to determine crystal size number distributions. The 

predictions are validated experimentally. 

• Chapter 4: Description of melting temperature distributions from DSC melting 

traces for different LLDPEs 

The melting temperature characteristics are discussed in more detail, based on the 

proposed melting temperature equation and crystal size number distributions. The 

melting temperature distribution is proposed to explain the melting behavior for 

semi-crystalline polymers. 
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• Chapter 5: Evaluation of crystallization kinetics by optical observation (linear) 

A modified form of the Hoffman-Lauritzen equation is proposed. It replaces the 

equilibrium melting temperature with the melting temperature of crystal stems 

with the maximum possible crystal size. The modified equation is employed to 

evaluate spherulitic growth kinetics for three types of linear low-density 

polyethylene: m-LLDPEs (homogeneous), m-LLDPE blends (semi

homogeneous), and ZN-LLDPEs (heterogeneous). 

• Chapter 6: Explanation of crystalline non-linear spherulitic growth behavior 

The non-linear spherulitic growth behavior in the high crystallization temperature 

region (regimes II and IM) is explained for LLDPE materials. Diffusion of 

uncrystallizable ethylene sequences produces the non-linearity. Experimental data 

are used to validate the modified Hoffman-Lauritzen equation. 

• Chapter 7: Evaluation of crystallization kinetics by DSC measurement (overall) 

and description of the relationship between overall and linear crystallization 

kinetics 

The overall crystallization kinetics are evaluated according to the A vrami 

equation. The effective nucleation induction time concept is introduced. The 

results of linear and overall crystallization kinetics are compared and explained. 

• Chapter 8: Explanation of morphological characteristics 

The morphological characteristics of different LLDPEs are evaluated, and the 

factors influencing ring-banded distance are discussed. The morphological 

characteristics are related to the crystalline growth regime behavior. 
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Chapter 2 

2 A Generalized Equation for the Prediction of Melting 

Temperatures of Polymers 

A generalized equation is introduced to clarify conceptual definitions of copolymer 

melting temperatures. This treatment incorporates the effects of comonomer volume, 

crystal length, folding surface free energy and enthalpy of fusion, when comonomers are 

excluded from the crystallite lattice. Both the Gibbs-Thomson Equation for 

homopolymers and a modified application to copolymers have also been derived from the 

proposed equation as two special cases. The melting temperature Tm in the Flory equation 

corresponds to the melting tempe rature Tmc,oo of copolymer crystals with stems of infinite 

length. Also, Tmc,n*, the melting temperature for copolymer crystals with stems 

containing the maximum possible number of structural units, n *, should be used instead 

of Tmo as the basis of supercooling in crystallization. The proposed equation shows good 

agreement with experimental data for a-alkene-ethylene homogeneous copolymers. 
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2.1 Introduction 

The melting temperature (Tm) is one of the most important properties of semi-crystalline 

polymers, especially in the study of crystallization and melting processes. In pol ymer 

processing, the energy requirements of the process, the behavior of the material during 

processing, and the morphology of the final product are strongly influenced by the 

melting and crystallization of the material. Therefore, it is useful to obtain dependable 

relationships or equations for the estimation of the melting temperatures of 

homopolymers and copolymers. 

One of the commonly used melting parameters, Tmo, refers to the thermodynamic 

equilibrium melting temperature of the pol ymer crystal with crystal stems containing an 

infinite number of structural units.! Obviously, this is a theoretical property, since it is not 

possible to achieve a pol ymer with infinite molecular weight. Usually, Tmo is estimated, 

for homopolymers, by extrapolation according to established relationships, such as the 

Gibbs-Thomson equation2 and the Hoffman-Weeks equation3
, or by extrapolation 

according to the melting properties of a series of small molecules.4 In this paper, we refer 

to Tmo for homopolymers as TII1

H
,=. For copolymers, Florys proposed theoretical 

ca1culation methods by consideration of crystals that excluded comonomers from the 

crystals. The treatment is based on analysis of the depression of Tmo (T,/'=) by the 

incorporation of the comonomers. Therefore, in this work, we shall refer to the melting 

tempe rature of a copolymer ca1culated following Flory's equation as T,/'=. 

In real terms, one should consider finite dimensions of the crystal. Real crystal 

dimensions are finite, because of the finite molecular weights and the exclusion of branch 

units. So, Tm= does not have real physical meaning in real crystals. It is more practical to 

consider the melting temperature of the crystal with crystal stems containing the 

maximum possible size or number of structural units (n *), defined here as TII1

Il *. 

For homopolymers and copolymers with included comonomers, Tm
ll* IS the 

melting temperature of the molecular crystal. However, it is also very difficult to form 

molecular crystals, especially in high molecular weight polymers, because of limitations 

associated with chain flexibility, flow viscosity, etc. Therefore, this kind of melting 
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temperature IS difficult to achieve experimentally. For copolymers with excluded 

comonomers, because the excluded comonomer units bec orne the lattice ends, the length 

of crystals of maximum possible size decreases substantially. Such a crystal would have 

a stem length equal to the length of the chain between comonomers. For such pol ymer, it 

is possible to form crystals with crystal stems having the maximum possible size under 

sorne special conditions. It is also possible to measure TlIl
n* experimentally, especially in 

copolymers with high comonomer content. 

For actual polymers, it is not possible to form crystals from the melt, if the 

crystallization temperature is higher than TIIl
I1 *. Only when the crystallization temperature 

is lower than Tm
l1*, crystals can form and develop. Therefore, TIIl

I1* should be the basis for 

determination of the degree of supercooling, which represents the crystallization driving 

force. The degree of supercooling governs pol ymer crystallization kinetics and even 

morphology. Tm
l1* is a true material parameter, which is a property determined by material 

factors such as chemical composition, molecular weight, molecular weight 

polydispersity, branching degree, and branch distribution. 

Sorne equations4
•
6

.
7

•
8
,9 have been employed to evaluate Tm

ll* by considering 

molecular weight effects. Flory-Vri/ correctly measured and proposed an equation to 

estimate TI11
I1* of paraffins. However, it is not necessarily valid to extrapolate their 

equation to linear polyethylene. Even if it is assumed that the Flory-Vrij equation lO
,ll may 

be applied to estimate Tm
l1* of linear polyethylene, the equation as it stands is not 

applicable for estimation of Tnt of the low-density polyethylene (LDPE) and linear low

density polyethylene (LLDPE). Furthermore, it is still difficult to predict Tm/!* for other 

polymers with more complex structures, due to the lack of experimental data similar to 

those available for paraffins. 

The most commonly used melting temperature usually refers to the 

experimentally measured melting temperature, Tm
ll

, where n is the actual number of 

structural units in the real crystal stem. As in the case of Tmo and Tm/!* , Tm
ll is also 

determined by material composition and structure. However, kinetic factors control 

various important aspects of pol ymer crystallization, such as growth rate, crystalline 

morphology, and lamellar thickness (i.e. crystal stem length).2 Therefore, crystallization 
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conditions have a great influence on Til/l, and different crystallization conditions produce 

different Tm
n

. Furthermore, sin ce the crystallization of semi-crystalline polymers is not an 

equilibrium process, because of the high basal surface area of folding crystal s, the lattices 

are continually evolving toward a more perfect crystalline state. The final melting 

temperature tends to approach Tm
n*, due to this evolution. Thus, the reported values of 

Tm
ll are usually different for the same material. Although Tm

ll is easy to obtain by 

experimental methods, such as differential scanning calorimetry (DSC), it is not truly a 

material property, since it is influenced by measurement conditions. However, because 

the evolution at room temperature is generally very slow for most polymers, sorne aspects 

of pol ymer behavior are related to Tl11

n
, even for long periods after solidification. As a 

result, sorne effective techniques have been used to modify semicrystalline pol ymer 

behavior by manipulating Tm
n

. Thus, Tm
n is important in actual practice, although it is not 

generally a true equilibrium property. 

• 00 n* n c In this paper, we propose equatlOns to estimate ~/!, Tm and Tm lor 

homopolymers and copolymers, when comonomer structural units are excluded from the 

crystal. Starting with Flory's thermodynamic approach,5 we derive a more general 

equation for the melting temperatures of polymers. The values of Tm
oo

, Tm
n
* and Tm/! for 

homopolymers and copolymers are evaluated, with special emphasis on a-alkene

ethylene copolymers and linear polyethylene homopolymers (including paraffins). 

2.2 Theoretical Analysis 

2.2.1 Flory's Equation 

We start with Flory's thermodynamic treatment of the melting of copolymers,5 in which 

aIl comonomers are excluded from lattices. Crystal longitudinal growth will be restricted 

by the appearance of comonomers in the chain. 

In addition to the free energy requirements associated with the incorporation of 

structural units into crystals, formation of a crystal stem of a given size requires the 

availability in the melt of sequences containing a minimum number of consecutive 
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structural unÎts. Crystal stems of any length 11 are in equilibrium with the sequences of 

structural units available in the melt phase. Let Pn be the probability that the backbone 

structural unit of meIting polymer occupying a crystal stem initial site is an A structural 

unit, which is within a sequence of at least 11 structural units. At equilibrium, Pn can be 

represented by the following equation: 

(2-1) 

where the superscript e refers to the equilibrium condition, R is the gas constant, T is the 

temperature, and l'l.Gn is the free energy of fusion of the crystal stem of n structural units. 

In turn, l'l.Gn may be described in terms of the free energy of fusion per structural unit, 

l'l.Gu, and the basal (folding) surface free energy, cre, as follows: 

l'l.Gn = nl'l.Gu - 2ae (2-2) 

and 

(2-3) 

where Mlu and l'l.Su are the heat of fusion and the entropy of fusion per repeat structural 

unit, respectively. It should be noted that Eq.(2-2) does not consider the lateral surface 

energy of the crystal stem. For the general case, crystal stems assemble together along the 

lateral surface to form the crystal. As a result, the area of the lateral surface will be 

greatly reduced. Therefore, no loss of precision occurs if the lateral surface effects are 

neglected.2 

The melting temperature of the corresponding pure homopolymer, TlIlo, is: 

Tü=Ml n =nMlll+Mle 
ni l'l.S n nl'l.S u + l'l.S e l'l.S + l'l.Se 

u 

(2-4) 

n 

where Mle and l'l.Se are the end-group contributions. When 11 tends to infinity or is large 

enough, Eq.(2-4) becomes: 
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(2-5) 

Thus, TIIlO implies the melting tempe rature of a homopolymer crystal with crystal stems of 

. f" . P 13 14 IS 1 h h FI h d . Il + d . hl' m mIte sIze, -.. , ,. a t oug ory a occaslona y rel erre to It as t e me tmg 

temperature of the pure polymer.5 Hereafter, Tmo is referred to as T,/'=, 

If Mlult:0u has the same values at T and T,/'=, Eq.(2-2) becomes: 

(2-6) 

Finally, Eq.(2-l) can be rewritten as follows: 

p,; = (ljD)exp(-n8) (2-7) 

where 

8= Mlu (! __ l_J 
R T T H .= 

III 

(2-8) 

and 

(2-9) 

Initially, when a crystal melts: 

P o - X n-] 
n - AP (2-10) 

where the superscript 0 refers to zero time, XA is the mole fraction of A structural units, (A 

is monomer), and P is the sequence propagation probability that a structural unit is 

succeeded by another structural unit. The latter is independent of the number of preceding 

structural units. For the case where the volume of the comonomer is the same as that of 

the backbone unit, for random copolymers, P = XA ; for block or ordered copolymers P > 

XA ; and p < XA , if alternation of structural units is favored. If the volume of the 
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comonomer is different from that of the backbone unit, then XA should be rep]aced by the 

volume fraction. 

A necessary and sufficient condition for crystallization is that pno > Pne , for one or 

more n-sequences. That is, 

(2-11) 

Only when the number of these n-sequences is greater than zero, crysta]s can appear. In 

the general case, (X A / p) < (1/ D), and if this is incorporated in Eq.(2-11), the following 

relationship is obtained: 

pli > exp(- nO) (2-12) 

and 

0> Om = -ln p (2-13) 

At the critical condition (melting condition), 8 is replaced by 8m• The melting 

temperature equation is: 

1 

T,n 

R 
=---]np 

T117'= (or T,,~) Ml u 
(2-14) 

This is Flory's equation for estimating the melting temperature of copolymers. It 

describes the relationship between the melting temperature of a homopolymer (T,/'OO) 

with an infinite crystal (i.e. a linear homopolymer of infinite molecular weight) and the 

melting temperature of a branched pol ymer or copolymer (Tm), with branches or 

comonomers excluded from the lattice. 

2.2.2 The proposed equation 

It should be noted that Eq.(2-14) involves a simplification of Eq.(2-11), where sorne 

terms have been neglected, thus leading to Eq.(2-12). In this section, we remove this 
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simplification and introduce a more complete treatment of the melting temperature of 

copolymers with excluded comonomers. Starting with Eq.(2-11), the following equation 

is obtained: 

(2-15) 

At the critical condition, i.e. at the melting temperature, one obtains the following 

relationship: 

_1 __ 1 = -(~J{ln p + [ln[ DX A )])n} 
T c.1l T H .= Ml p 

ni 111 li 

(2-16) 

Another form of this equation is obtained by replacing D, using the expression in Eq.(2-

9). 

_1 [1_~) __ 1 =-(~Jlnp-!(~Jln(&) 
T CIl Ml n T H

.= Ml n Ml P 
m Il 111 U U 

(2-17) 

Eq.(2-17) describes the relationship between Tf /'
oc and Tm C,Il. Compared with the 

Flory equation (Eq.(2-14», Eq.(2-17) includes additional terms that incorporate the 

effects of the folding surface free energy, the crystal length (the number of structural 

units in the crystal stem), and the comonomer volume fraction. Eq.(2-17) provides a basis 

for the calculation of the melting temperature of real crystals with crystal stems of any 

structural unit number, n. The crystal length (i.e. the number of structural units in the 

crystal stems), n, is below its maximum possible crystal length (i.e. the maximum 

possible number of structural units in the crystal stems), n*. When 11 reaches 11*, then Eq. 

(2-18) can be applied to describe TI1lC.Il*: 

_1 '[1- 20"e *) __ 1 =-(~Jlnp-J.[~Jln[&) 
T c.1l Ml n T H

•
oo Ml n Ml p 

111 U m u u 

(2-18) 
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If 11* becomes infinite, that is, the sequence between two comonomers becomes 

infinite (the molecular chain length becomes infinitely large), then Eq.(2-18) simplifies to 

the form: 

1 1 R 
-----~---lnp 
TC.~ TH.~ Ml 

III 111 U 

(2-19) 

where Tm
c,

DO 

refers to the equilibrium melting temperature of the crystal with crystal 

stems of infinite structural unit number in the copolymer with excluded comonomers. 

This suggests that Tm in the Flory equation, Eq.(2-14), is actually Tm
c,DO

• Thus, T,/' DO is a 

hypothetical limiting parameter similar to T,/·
DO . Therefore, it is not expected that it 

would provide an accurate estimate of T,/,n or Tmc,n*. This explains the observation that 

experimental data do not really fit the Flory prediction. 

Starting with the Flory equation, Baur15 introduced the "hindered equilibrium" 

concept to describe the quasi-eutectic behavior by considering the average sequence 

length. The predicted melting temperatures were in better agreement with experimental 

data th an those obtained with the Flory's equation. Just as we discussed before, the Flory 

equation defines Tmc,DO, not Tm
n. Therefore, it is not expected to yield a good prediction of 

TlI/
1

• The Baur melting temperature is much like Tm
l1*. However, because Baur did not 

consider the effects of basal surface free energy and the comonomer volume effects, his 

equation is not expected to agree with real values, especially in copolymers with the high 

comonomer content. Wendling and Suter16 combined the Baur and Sanchez-Eby17 

equations to predict the melting temperature of copolymers with included comonomers. 

When the comonomer content in crystals tends to zero, the equation become the Baur 

equation. Therefore, it is not expected to predict weIl the melting temperature of 

copolymers with excluded comonomers. 

Hauser et al. 18 considered the work of removing the comonomer in front of the 

growth face, and made a series of simplifications to ob tain an equation for predicting Tm
n

. 

The method of comonomer removal applies only in the case of small molecules. The 

other simplifications can only apply in the case of low comonomer content. Compared 

with Eq.(2-17), their equation magnifies the branching degree effects, and neglects the 
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comonomer volume effects, but considers the crystal stem length effect in a similar 

manner to Eq.(2-17). Therefore, while the Hauser-Schmidtke-Strobl expression18 seems 

to satisfy their syndiotactic poly(propylene-co-octene) experimental data, it may not 

apply to other cases. Actually, the poly(propylene-co-octene) system does not satisfy the 

criterion of the perfect exclusion of comonomers from the crystal, since sorne side 

groups may be included in the polypropylene crystal. Thus, it may be more reasonable to 

employa model dealing with copolymers with included comonomers. 

2.3 Discussion 

2.3.1 The Modified Gibbs-Thomson Equation 

In the case of a random distribution of comonomers, if comonomer volume effects can be 

neglected, that is, 11 is large enough to neglect the effects of the difference between XA 

and p, or if simply p = XA (e.g. the volume of B units is same as that of A units), Eq.(2-

17) becomes: 

_1_(1_ 2(je J-_l_=-~lnp 
TC.1l Ml 11 T H .= Ml 

m U III U 

(2-20) 

Goldbeck-Wood19 obtained a similar result based on the extension20 of the Sadler

Gilmer crystallization model,21 and by considering entropy suppression by thickening: 

_1_(1_ 2(je J __ l_=- 11-1 ~lnp 
TC.1l Ml 11 T H .= 2 Ml 

m u m u 

(2-21) 

Eq.(2-21) contains a factor of (11-1)/2 which is not found in Eq.(2-20). However, analysis 

of Eq.(2-21) shows that as crystal length increases, the melting temperature increases 

initially, but it decreases after reaching a maximum. The prediction that the melting 

temperature decreases after reaching a maximum as crystal length increases limits the 

utility of Eq.(2-21). On the other hand, Eqs.(2-17) and (2-20) do not show this tendency. 

Substituting for Tmc'= from Eq.(2-19) into Eq.(2-20) yields: 
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(2-22) 

Eq.(2-22) has the same form as the Gibbs-Thomson equation,2 except that TI/lH.= is 

replaced with T,/·=. So, we shall refer to it as the modified Gibbs-Thomson equation. It 

was first suggested by Sanchez and Eby17 by simplifying their comonomer inclusion 

model. Eq.(2-22) has been widely accepted and used for calculating melting temperature 

of copolymers with excluded comonomers. However, this was justified by empirical 

extension of the equation for homopolymers to copolymer systems22.23.24. The modified 

Gibbs-Thomson equation, Eq.(2-22), can be directly derived from Eq.(2-17) only when 

corn on omer volume effects can be neglected. Generally, when comonomer content is low 

and comonomer volume is not very large compared with that of the structural unit, this 

condition can be easily satisfied. Thus, the modified Gibbs-Thomson equation, Eq.(2-22), 

may be considered as a special case form of our proposed equation, Eq.(2-17). 

Eq.(2-22) can be used to calculate T,/· n
, where n corresponds to the real crystal 

length. If n approaches n *, th en Tm
c.n* can be obtained using the following simplified 

form of Eq.(2-17) or the modified Gibbs-Thomson equation, Eq.(2-22): 

(2-23) 

Eq.(2-23) can be applied to calculate Tm
c.n*, only when comonomer volume effects can be 

neglected. 

2.3.2 Application to a-alkene-ethylene Copolymers 

a-alkene-ethylene copolymers are usuallY referred to as linear low-density polyethylene 

(LLDPE). Comonomers include propylene, a-butene, a-hexene, and a-octene etc. If 

comonomers are long enough, they may crystallize independently. This case will not be 

. 1 d d' h" Il . d' . A d' . 1 b . ?S ')627 "8 mc u e m t e JO owmg IscusslOn. ccor mg to expenmenta 0 servatlOns,-"-' .- a-

alkene comonomers are excluded from the crystal lattice, except for the methyl branches. 
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Therefore, Eq.(2-17) can be used to describe the melting temperatures of these polymers, 

except for the propylene comonomer case. 

For a heterogeneous copolymer system, the sequence propagation probability, p, 

is very difficult to identify. Due to the complexity of control and measurement of branch 

distribution and of molecular weight polydispersity, the determination of the distribution 

of maximum lengths of crystals is rather difficult. However, recent developments in 

metallocene and single site catalysts have made it easier to control molecular weight 

distribution and branch distribution. Thus, the preparation of homogeneous random 

copolymers has become more feasible. Furthermore, the development of the solvent

gradient elution fractionation (SGEF) and temperature-ri se elution fractionation (TREF) 

techniques, coupled with advances in nuclear magnetic resonance (NMR) and gel 

permeation chromatography (GPC), has enhanced our ability to obtain more detailed and 

accurate characterization of molecular weight and branch distributions. Here, only the 

simplest copolymer systems, homogeneous random copolymers are discussed. 

In homogeneous copolymers, the average comonomer content is the same in aIl 

macromolecules with different molecular weights. Furthermore, the comonomers are 

distributed randomly. Generally, the degree of branching is described by the number of 

branches per 1000 backbone carbons, DBranch. For homogeneous random polymers, the 

relationship between DBranclz and p can be expressed as follows: 

p = 1- DBrallch 

500 
(2-24) 

where 500 arises from the presence of two carbons in each ethylene repeat structural unit 

(CH2CH2). Normally, n * should be described according to the actual comonomer 

separation distribution (or ethylene sequence length distribution). However, for 

simplicity, we assume that aIl comonomers are separated with an equal distance, that is, 

the branching distribution is uniform. Then, the effective n * can be described as follows: 

(2-25) 
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where 28.06 is the molecular weight of the repeat structural unit, (C2H4), and M nw * is the 

effective average molecular weight of the main chain: 

M ,:\\, = M21/\~ 
l m - BraI/ch 
+~_~=C'--

(2-26) 

2 500 

where m is the number of carbons in the comonomers, and M nw represents the average 

molecular weight of the main chain. The latter can be described as: 29 

(2-27) 

where Mn and Mw are the number and weight average molecular weights, respectively. 

Thus, Mnw contains, to sorne extent, the effect of molecular weight distribution.29 

The volume fraction of ethylene structural units, XA , is given by: 

x = P 
A m 

-(l-p)+p 
2 

For example, if the comonomer is octene, then m=8, and X A = P 
4-3p 

(2-28) 

Therefore, for a homogeneous random a-alkene-ethylene copolymer, Eq.(2-17) 

yields Till Cn*: 

_1 (1- 20'"e J __ l =-(~J{lnp-~l In[m(l- p )+P]} 
T CII* Ml n* T H .= Ml n* 2 

nI U III U 

(2-29) 

or 

(2-30) 
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Thus, TmC,n* is determined by the carbon number of the a-alkene comonomer, the 

effective molecular weight and the degree of branching. 

Unless indicated otherwise, in the remaining discussion, we shall employ the 

following data: T IIl
H

,= = 418.7K;29.3o the heat of fusion per repeat structural unit, llBu = 

8.1 kJ/mol (CH2CH2);29 and the basal surface free energy per crystal stem end (je = 10.2 

kJ/mo1.29 

2.3.2.2 Effect of Molecular Weight 

Considering homogeneous random a-octene-ethylene copolymers as an example, we 

analyze molecular weight effects on TlIl
c,= from the Flory equation, Eq.(2-14), and TIIlC,n* 

from Eq.(2-17), as modified in Eq.(2-30). The degrees of branching considered are: 0, 5, 

and 20 per 1000 carbons. Effective molecular weights vary from 2000 to 1024000. 

Theoretical predictions are shown in Figure 2-1. 
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.. ~ ... -........ . 
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/r---

(,) 
1) 110 

~ 

90 
_.-._----. - . 

70~------------------------~ 

1000 10000 100000 1000000 

M nw' 

Figure 2-1 Melting temperature vs. molecular weight of a-octene-ethylene homogeneous 
copolymers by theoretical equations. 

Horizontal lines: Till C,= or Tm H,oo from the Flory equation, curved lines: Tm C,n* or TIIlH,n* 

from Eq.(2-30); branching degree: solid lines: 0 /kC, dashed lines: 5 /kC, dotted lines: 
20/kC. 
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Eq.(2-14) does not consider the effects of molecular weight. It only describes the 

melting temperature for an infinite crystal. Thus, for the polymers under consideration, it 

predicts a group of horizontal lines, in the plot of melting temperature vs. molecular 

weight for the different degrees of branching. The value of T,/'= decreases almost 

linearly with the degree of branching in the region under consideration, as shown in 

Figure 2-2. 

150 .-------------------------~ 

(,) 
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.i 
110 

90 

o 5 10 15 20 

Dbranch, /1000 Carbon 

Figure 2-2 Melting temperature vs. branching degree of a-octene-ethylene homogeneous 
copolymers by theoretical equations. 

The solid line: T fIl
c ,= from the Flory equation; the line-dot-dot line: TfIlc'n* from Eq.(2-30) 

when Mnw* is 1024000; the dashed line: TIllC,n* from Eq.(2-30) when Mnw* is 32000; the 
dotted line: TfIlC,n* from Eq.(2-30) when Mnw* is 8000. 

On the other hand, application of Eq.(2-30) shows that as molecular weight 

decreases, TIIlC,n* decreases, as seen in Figure 2-1. For example, at 0 branching, Tmc,n* is 

145.5°C for Mnw* 1024000, 144.6°C for 32000, and 141.8°C for 8000. At a degree of 

branching of 20, TlIIC,n* is 96.0°C for Mnw* 1024000, 95.0°C for 32000, and 91.5°C for 

8000. The effect depends on the molecular weight range, being large when the molecular 

weight is less than 10,000. This is because n* is affected substantially by M nw* in the low 

molecular weight region. As Mnw * increases, the effect becomes smaller. Thus, when 

Mnw * is higher than 100,000, Tm C,n* tends to a constant value, which is decided by the 
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degree of branching. Actually, this observation can be deduced from Eq.(2-25). If Mnw* is 

large enough, Eq.(2-25) becomes: 

500 
(2-31 ) n 

DBrallcll 

Thus, when molecular weight is high, the molecular weight effect becomes negligible in 

determining the value of Tmc,n*. Un der these conditions, Eq.(2-30) becomes: 

1 (1 2ae / 500 J 1 - ( R J{l DBrallch 1 [m (1 ) ]} ------c;;;- - -- - --------;{::: - - M-I n p - n - - p + P 
T,11 . M-I u D Bralldl T,n . u 500 2 

(2-32) 

where pis also a function of only DSranch. 

If the reptation effect is considered,29 th en Eq.(2-25) is modified as follows: 

* 2 * n . =-n 
reptutlOn 3 

3 28.06 

DBrallch (M:" J+1 
500 28.06 

(2-33) 

where the constant 2/3 is used to modify the repeat structural unit by the reptation effect. 

Only wh en molecular weight is higher than about 3740 or the repeat structural unit 

number is higher than 133 for polyethylene, should the reptation effect be considered. 

However, because Tm
c,oo and Tm C,n* are thermodynamic equilibrium parameters, it is not 

necessary to consider kinetic factors. Thus, the reptation effect can be neglected in the 

calculation of Tmc,oo or Tm C,n*. The reptation effect should be considered for the 

calculation of TlIlc,1l in the crystal with very long crystal stems. However, in Flory's 

thermodynamic approach, comonomers are not allowed to crystallize. The molecular 

chain is divided into sequences by comonomers. Crystallization is mainly determined by 

the movement of sequences, rather than by the movement of the whole molecular chain. 

Generally, the sequence length is shorter than the minimum for entanglement effects. 

Only when the degree of branching is very small, it is possible that chain sequences are 

larger than the minimum entanglement length. So, for copolymers with excluded 
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comonomers, the reptation effect can usually be neglected when calculating the above 

three types of melting temperatures. 

Generally, the dependence of Tm C.n on molecular weight should be similar to that 

of Tmc,n*. However, it has been reported that TmC.n decreases as molecular weight 

increases, when samples were quenched.27 As pointed out earlier, TmC.n depends strongly 

on crystallization conditions. Upon quenching, the crystal length decreases as molecular 

weight increases. This is because more time is required to array structural units for large 

molecules than for small molecules. AIso, during quenching, melts do not have enough 

time to form many crystals before they are frozen. This will produce a larger amorphous 

part, which might explain the experimental observation27 that crystallinity decreases as 

molecular weight increases. 

2.3.2.3 Effect of the Degree of Branching 

Again, taking homogeneous random a-octene-ethylene copolymers as an example, we 

analyze the effect of the degree of branching on T lIl
c

,= from the Flory equation, and TIIlc.n* 

from Eq.(2-30). Molecular weights are 8000, 32000, and 1024000, and the degrees of 

branching vary from 0 to 20 per 1000 carbons. The theoretical predictions are shown in 

Figure 2-2. 

TmC,DO lines at different molecular weights collapse into one line for the Flory 

equation, because the effects of molecular weight are not considered in that equation. As 

the degree of branching increases, Tm
c

,= decreases almost linearly: e.g. 145.5°C for 

DBranch = O/kC, 143.7°C for DBranch = 5 /kC, and 138.3°C for DBranclz = 20/kC. TIIlC,n* 

also decreases almost linearly with increasing DBranch. Application of Eq.(2-17) (or Eq.(2-

30)) shows that, in the region un der consideration, Tf/,n* values decrease faster than 

Tm C,= values. Tf/,n* involves the maximum possible crystal stem length that real 

molecules can form, which depends strongly on DBranch. For example, when Mnw* = 
32000, Tm C,n* is 144.6°C for DBranch = O/kC, 132.2°C for DBranch = 5 /kC, and 95.0°C for 

DBranch = 20/kC. 
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The experimentally measured melting temperatures, T,/,n, reported by Hosoda24 

(1988) and Alamo and Mandelkern31 (1989) are respectively shown in Figure 2-3 and 

Table 2-1, in comparison with calculated values of T,/'oo and TIIlC,n*. Hosoda used LLDP E 

with (X-butene comonomer, molecular weight 99300, and polydispersity of 1.2, GPe and 

TREF techniques were employed to fractionate the samples and to provide information 

about molecular weight and degree of branching for various fractions, The values of 

Tmc,n* and Tmc,oo are calculated using Eq.(2-30) and the Flory equation, respectively, Table 

2-1 gives the (X-hexene comonomer results from Alamo and Mandelkern31 (1989). Figure 

2-3 and Table 2-1 show that the proposed approach yields melting temperature values in 

good agreement with these data. Given the Tmc,n value, it is easy to calculate the crystal 

stem length, and if the crystal stem length values are known, Tm
c.n can be estimated from 

the general equation. 
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Figure 2-3 Three types of me1ting temperatures and the corresponding maximum possible 
and experimental crystal stem sizes for homogeneous LLDPEs with hexene comonomers 

Experimental melting temperatures are from Hosoda (1988)24; O'e is selected as 4.0 
kJ/mol. 

It is necessary to estimate or calculate the folding surface free energy, O'e, which is 

a significant factor in the determination of Tmc,n*. One of the experimental methods to 

estimate O'e is based on the melting temperature and crystal stem length, which can be 
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detected by small angle X-ray scattering (SAXS). When the effects of differences 

between structural unit and comonomer volumes can be neglected, Eq.(2-17) is reduced 

to Eq.(2-22), the modified Gibbs-Thomson equation. The latter can be applied to 

extrapolate Tmc.
co and (Je according to the linear relationship between T m

n and the 

reciprocal of lamellar thickness. If the comonomer volume effects cannot be neglected, 

Eq.(2-17) can be directly used to fit experimental data. Here, we directly applied Eq.(2-

17) to fit the experimental results of Kim et al9 shown in Figure 2-4(a) (b), and the 

experimental results of Heck et ae2 shown in Figure 2-4(C). A series of lines can be 

obtained. The intersections are TlIlc,co, which can be calculated from the Flory equation. 

The folding surface free energies can also be obtained from these lines. The experimental 

data can satisfactorily be fitted by the modified equation in the experimental error range. 

Table 2-1 Melting temperature of a-hexene ethylene copolymers 

Mw MwlMn DBranch (/KC) T,/'CO(OC) a TmC,lJ* (OC) b n (m.s.u.) TmC.n(oC) n (m.s.uf 

125000 -2 11.8 141.2 128.8 41.8 115.0 19.8 

48800 1.87 12.1 141.1 128.1 40.0 114.0 19.1 

104500 2.39 12.1 141.1 128.3 40.6 111.5 17.5 

18875 2.39 14.3 140.3 124.2 32.2 113.0 19.0 

239830 2.17 14.7 140.2 124.8 33.8 108.3 16.3 

112000 -2 14.8 140.2 124.6 33.4 108.8 16.6 

6500 2.85 17.4 139.2 117.1 23.5 112.0 19.1 

80000 -2 17.4 139.2 120.9 28.3 100.1 13.3 

88000 1.99 26.4 136.0 108.2 18.8 96.4 13.2 

40000 -2 35.2 132.8 95.5 14.0 85.6 11.0 

Experimental data TmC,lJ from Alamo and Mandelkern,1989.31 Assumed (Je =5.0kJ/mol. 
a: Calculation from the Flory equation. 
b: Calculation from Eq.(2-30). 
c: Calculation from Eq.(2-17), monomer structural unit. 

According to the Flory equation, the degree of branching is the only variable 

influencing Tm c.co. Eq.(2-17) also shows that the degree of branching has an important 

effect on Tmc,n*, as in the case considered for homogeneous random a-alkene-ethylene 
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Cn* copolymers. In fact, the effect of the degree of branching on Tm' is larger than the 

effect of the molecular weight. 18 
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Figure 2-4 Melting temperature and lamellar thickness of a-octene-ethylene 
homogeneous copolymers. 

Lines: theoretical value from the Eq.(2-30). Filled symbols represent Tm
c.n*; unfilled 

symbols represent experimental values from Kim et al. (a, b)9 and Heck et al. (C)32 

(a) circles: Mw 59900, MwfMn 2.149, DBranch 3.98 /kC, Tm C.= 144.1 oC, cre 8.27 kJ/mol; 
triangles: Mw 46900, MwfMn 2.151, DBranch 24.04 /kC, Tm c. 136.8°C, cre 7.25 kJ/mol; 

(b) circles: M w98400, MwfMn 2.196, DBranch 7.32 /kC, Tm
c,= 142.9°C, cre 6.68 kJ/mol; 

triangles: M w102700, Mw/Mn 2.108, DBranch 16.92 /kC, Tm
C
'= 136.1 oC, cre 7.32 kJ/mol; 

(c) circles: Mw 90600, MwlMn 3, 20/kC, Tm
c

,= 138.3°C, cre 7.69 kJ/mol; 
triangles: Mw 86640, MwlMn 2.4, DBranch 10 /kC, Tm

c
,= 141.9°C, cre 7.05 kJ/mol. 
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2.3.2.4 Effect of Branch Length 

Computed branch length effects are shown in Figure 2-5, for Tf/,n* vs. the degree of 

branching. Comparing a-octene comonomers and a-butene comonomers, we find that 

Tm
c.n* decreases slightly with increasing branch length, at the same degree of branching. 

The effect is larger for low molecular weight copolymers. At low degrees of branching 

(less than 10 per 1000 carbons), the effect of branch length is so small that the volume 

effect can be totally neglected. As DBrallch increases, the effect of branch length increases. 

When the degree of branching content is less than 10, the experimentally measured 

melting temperatures show no clear differences among comonomers of different lengths, 

as shown for Tm c,n* in Figure 2-5. When the degree of branching increases above 10, 

T mc'Il* decreases as comonomer length increases at the same branch content. Thus, the 

melting temperature for a-butene comonomer > a-octene comonomer > a-octadecene 

comonomer. The authors explained this as a dilution and steric effect that prevents crystal 

thickening. Here, the dilution effect can be explained according to the proposed equation, 

Eq.(2-17). The steric effect can be probably dealt with by a proper kinetic theory. 

However, the present results emphasize the importance of the difference in volume 

between comonomer and structural unit in predicting the melting temperature, especially 

in the case of a large volume difference and a high comonomer content. Clas et al. 33 

reported experimental results that exhibit a similar effect on T mc'Il for ethylene 

copolymers with a-butene, a-octene, and a-octadecene comonomers. The experimental 

Tmc'n and the predicted TmC,n* results are shown in Figure 2-6. The same tendency can be 

observed for the both types of the melting temperatures. 

If the structural unit is propylene (PP), it is difficult to estimate the melting 

temperature according to the proposed method, since the structure of polypropylene is 

significantly more complex than that of polyethylene. Polypropylene can appear In 

isotatic and syndiotactic, as weIl as atactic structures. AIso, there are a variety of 

crystalline phases. Only for iPP, there are five crystalline phases a, j3, y, J, and a phase 

with intermediate crystalline order. 34
,35 Therefore, the analysis would be more complex 

than in the case of polyethylene. Crystal defects appear frequently in polypropylene. 

Moreover, it has been suggested in many references that it is not accurate to assume that 
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the comonomers are excluded from the lattice. Therefore, neither the Flory nor the 

proposed equation, Eq.(2-17), can effectively describe the melting temperature of 

polypropylene. However, if the crystal structure is known, the proposed equation, Eq.(2-

17), can be used to predict the melting temperature of the crystal with the excluded 

comonomers. Unfortunately, existing experimental data do not identify the detailed 

structure of the polypropylene copolymers. In fact, there is significant disagreement in 

experimental results reported by various researchers regarding the melting/crystallization 

behavior of polypropylene.36
,37 

150 -----
100 -

50 
0 
0 

.! 0 

-50 

-100 

0 20 40 60 80 100 

Dbranch, /1000 Carbon 

Figure 2-5 Melting temperature of u-butene-ethylene and a-octene-ethylene 
homogeneous copolymers vs. branching degree by theoretical equations. 

The dashed line represents Tmc. oo from the Flory equation. The upper and lower solid lines 
represent Tmc,n* of u-octene comonomers from Eq.(2-30), when the effective molecular 
weights are 1024000 and 4000, respectively. The upper and lower dotted lines represent 
Tm C,n* of a-butene comonomers from Eq.(2-30), when the effective molecular weights are 
1024000 and 4000, respectively. 
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Figure 2-6 Branching size effects on the melting temperatures for LLDPEs 

Experimental melting temgeratures are from Clas et.aI33
; Tm(P) and Tm(E) refer 

respectively Tmc'Il* and Tm ,Il; B, 0, and Oa are the comonomers: Butene, Octene, and 
Octadecene, respectively. cre is selected as 3.2 kJ/mol. 

2.4 Conclusions 

A general treatment is proposed leading to equations for the calculation of various 

important melting temperature values for homopolymers and copolymers. It shows that 

the Flory equation for calculating the melting temperature of copolymer is a special 

limiting case of the proposed general equation. It also shows that the Flory equation 

provides a relationship between T,/'
DO 

and T,/·
DO

• The proposed generalized treatment 

leads to a more general equation, which provides a basis for the calculation of TlIl
c.ll* and 

Tm
c.1l of a given copolymer, where n:::; n*. It is proposed that TlIl

c
,ll* should be the basis for 

estimating the degrees of supercooling and superheating, and it should be distinguished 

from Flory's TIIlc'DO, which applies only to hypothetical, infinite crystals. The treatment 

also provides a derivation of the Gibbs-Thomson equation for homopolymers and of a 

modified form of the Gibbs-Thomson equation for copolymers, when comonomer 

volume effects can be neglected. Experimental data from the literature regarding the 

melting behavior of linear low-density polyethylenes confirm the utility of the proposed 

approach. 
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Chapter3 

3 Distributions of Crystal size from DSC Melting 

Traces for Polyethylenes 

Melting curves, obtained by differential scanning calorimetry, are used to estimate crystal 

size distributions. The proposed theoretical analysis is applied to different types of 

polyethylene, including high-density polyethylene (HDPE), metallocene catalyzed linear 

low-density polyethylenes (m-LLDPE), blends of m-LLDPEs, and Ziegler-Natta 

catalyzed LLDPEs (ZN-LLDPE). Theoretical predictions are in agreement with 

experimental results. A generalized melting temperature equation successfully predicts 

the melting temperatures of aIl the LLDPEs, although it was initially proposed for 

homogeneous copolymers with excluded comonomers. This heat of fusion can be 

calculated from the average crystal size or the crystal size number distribution. 
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3.1 Introduction 

The crystal Slze (lamellar thickness) distribution and the average crystal Slze have 

significant effects on both the processing and application properties of semi-crystalline 

polymers. These crystalline properties are strongly dependent on molecular structure and 

processing conditions. Thus, it is useful to understand and determine the relationships 

that govern crystalline sizes and size distributions. Furthermore, it would be both 

desirable and useful to solve the inverse problem of determination of the melting 

characteristics of a pol ymer with a specified crystal size distribution. 

Because it is the simple st and fastest method, differential scanning calorimetry 

(DSC) has been widely used to determine the crystal size distribution. Although the 

melting process is a non-equilibrium process, it may be treated as a sequence of pseudo

equilibrium states, by dividing the process into a series of small steps when the scanning 

rate is not high. Generally, there are two methods to analyze the DSC traces. One 

method is to analyze DSC endothermic results directly, in conjunction with a certain 

relationship, such as the Gibbs-Thomson equation.! The normalized heat flow at a given 

temperature in the endothermic curve is assumed to be proportional to the weight fraction 

of crystalline lamellae that melt at that temperature. The second method employs a 

differential approach, where the mass fraction of the crystalline phase is calculated by the 

normalized heat of fusion. 2 

In this paper, we examine the relationship between the crystal size distribution 

and DSC melting traces, and propose a new method to calculate the crystal size number 

distribution. A detailed calculation method is proposed according to the recently 

proposed generalized melting temperature equation.3 The new method is used to calculate 

the number average crystal sizes (lamellar thickness) for several linear low-density 

polyethylenes (LLDPEs) with different types of molecular structures, and one linear 

polyethylene. The calculated average crystal sizes are compared with small angle x-ray 

scattering (SAXS) results. The crystal size polydispersity is evaluated from the number 

average crystal size and the weight average crystal size. 
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3.2 Theoretical Analysis 

3.2.1 Crystal Size Number Distribution and Characteristics 

The DSC melting curves indicate the heat flow as a function of time. In non-isothermal 

experiments, they can be converted into temperature functions. Furthermore, they can be 

converted into crystal size (lamellar thickness) functions, if no other factors are involved, 

such as the crystal multiphase transitions and crystal melting-recrystallization-remelting 

(MRR). 

If it can be assumed that there is a direct simple relationship between the crystal 

size and the heat of fusion, th en it is possible to write the following equation: 

(3-1) 

dQ/dn and dQ/dt are the derivatives of the heat of fusion functions with respect to crystal 

size and time, respectively, K is a constant, t is time, and n is the number of monomer 

structural units (m.s.u.) in the crystal stem which melts at time t. n also represents the 

crystal size, the crystal stem length, or the lamellar thickness, because these properties 

represent the product of n and the m.s.u. projected length along the crystal c axis, when 

the tilt angle between the crystal stem and the surface is zero. This method (referred to 

here as "direct method") has been employed widely for homopolymers4
.
5

,6 and 

copolymers.6
,7 

Crist and Mirabella8 and Mirabella9 pointed out that the parameter K is not a 

constant but a temperature function. In order to obtain the melting point for a stem 

consisting of n m.s.u, they employed the Gibbs-Thomson equation 1 for homopolymers 

and the modified Gibbs-Thomson equation 10 for copolymers with excluded comonomers, 

respectively. They obtained the following equation. 

(3-2) 
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Tm
x is the equilibrium melting temperature of the perfect crystal for homopolymers or 

copolymers, T,/'DO (Tn?) or Tm C,DO, respectively. Minick et al. 1 1 obtained similar results for 

homopolymers. Both the direct method and the Crist-Mirabella method8 are based on the 

weight distribution function. Here, we start with the crystal size number distribution. 

From the experimental DSC melting trace of a semi-crystalline pol ymer, dQ/dt vs. 

t, the heat of fusion between t and t+dt is (dQ/dt)dt. From the curve of dQ/dn vs. n, the 

heat of fusion in the interval dn, which corresponds to dt, can be described as (dQ/dn)dn. 

Then: 

The above equation can be expressed as follows: 

(~:)=[( ~rt:)]( ~;J 
=(~:)(~;) 

(3-3) 

(3-4) 

where dT/dt is the experimental heating rate, which is generally a constant in DSC 

experiments. dT/dn can be calculated from the melting temperature equation. 

For copolymers with excluded comonomers, the following equation was derived 

for the melting temperature, T, of a crystal stem with n m.s.u? 

(3-5) 

where cre is the basal surface free energy, M-Iu is the heat of fusion per mole m.s.u. for the 

perfect crystal, R is the gas constant, XA is the monomer volume fraction, and p is the 

sequence propagation probability that a monomer is succeeded by another monomer, i.e., 

the monomer mole fraction for homogeneous copolymers. The difference between Eq.(3-

5) and the Gibbs-Thomson equation is in the final term? When the comonomer size is 

similar to that of the monomer, and if comonomer content is not high, the branch volume 
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effect can be neglected. Then, Eq.(3-5) becomes the Gibbs-Thomson equation. In the 

following discussion, Eq.(3-5) is used to analyze the crystal size distribution in LLDPE 

resins. In other systems, when the assumptions employed in deriving Eq.(3-5) are not 

applicable, the equation may be modified to accommodate their behavior. 

Eq.(3-5) is correct only for the completely melted specimen, because p should be 

the same for solid and completed melted specimen. 12 In this work, it is assumed that the 

value of p does not change during melting, because the short chain branching content is 

considered to be the same in both the solid and molten phases. However, it is possible 

that the value of p could vary during melting. 

Eqs.(3-4) and (3-5), may be combined to obtain: 

(3-6) 

Generally, the heat of fusion depends on temperature. It is the difference between 

temperature-dependent enthalpy values for the liquid and crystalline phases. 13 For the 

lamellar crystal structure, the lateral surface energy can be neglected, because the area is 

very small compared to the basal surface. After the effect of the heat capacity is removed, 

the heat of fusion of a crystal stem with n m.s.u. is given by:8,12 

(3-7) 

Since n is related to the temperature as indicated in Eq.(3-5), the heat of fusion (Eq.(3-7)) 

is still a temperature-dependent function. 

If N(n) represents the number of crystal stems consisting of n m.s.u., the 

derivative crystal number with respect to crystal size, dN/dn, can be described by the 

following equation , 

(3-8) 
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Finally, 

(dN) J ~7) ~:[2AH,(T, -2R(T,T.~ Inp-AH,R~: {~~ )] 

dn ( a;,) (nAH, - 2IT, {- nAH, + nRT.: ln p+ RT.: ln( ~' ) r (3-9) 

Eq.(3-9) describes the curve of dN/dn vs. n from the DSC curve (dQ/dt vs. t) for 

copolymers with excluded comonomers. According to Eq.(3-9), the crystal size 

characteristics, such as the number and weight average crystal sizes and the crystal size 

polydispersity, can be calculated. 

The total number of crystal stems is 

N
tc 

= i'- (dN 'Ln 
'0 dn! 

(3-10) 

where no and noo are, respectively, the minimum and maximum m.s.u. numbers in crystal 

stems. The total crystallized m.s.u. number is 

(3-11) 

The number and weight average crystal sizes are respectively 

fn(_dNÎ-Jn 
- ntota1 '0 dn ! n - -- - ---.,.:-~-

n - N tota1 - f- (dNÎ-Jn ' 
'0 dn! 

(3-12) 

and (3-13) 

The polydispersity of crystal size (lamellar thickness distribution) is 
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(3-14 ) 

It should be pointed out that Eq.(3-5) applies mainly to lameIlar crystal structure, 

because it neglects the lateral surface free energy. Therefore, the above analysis is only 

suitable for lameIlar crystal s, not for other crystal morphologies with large lateral surface, 

such as granular morphology. However, if a suitable melting temperature relationship 

with n can be obtained, this concept of crystal size number distribution may be employed 

for aIl crystal forms. 

3.2.2 Comparison with other equations 

The Flory equation l4 gives a method to calculate the equilibrium melting temperature of 

copolymer with excluded comonomers: 

(3-15) 

When it is combined with Eq.(3-5), 

!(1-~J=~-~(~Jln(&J T Ml n TC. n Ml p 
U 111 U 

(3-16) 

Therefore, dT/dn can be expressed as: 

(3-17) 

When the comonomer volume effect can be neglected, XA/p = 1, Eq.(3-17) becomes: 

(3-18) 
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Actually, this expression can also be directly obtained from the modified Gibbs-

Th . 10 omson equatlon, 

T = T C'=(I- 2ae 
) 

J1l nM-I 
(3-19) 

Therefore, 

(~:)= (3-20) 

or (3-21) 

The constants Kil and KT only depend on materials and experimental heating rate. 

It suggests that Eq.(3-21) is a simplified form of Eq.(3-6) when the comonomer 

volume effect is neglected. The dependence of heat of fusion on crystal size is a function 

of the heat flow and the second power of the degree of super-cooling based on the 

equilibrium melting temperature, Tm
c,oo

• Crist and Mirabella8 obtained a similar result. 

According to Eq.(3-8), the derivative crystal number function with respect to 

crystal size is 

(3-22) 

When the crystal size is large enough, the basal surface free energy can be neglected. 

(dN) = K~ (dQ) 
dn n 3 dt 

(3-23) 

59 



Chapter 3 Distributions of Crystal size from DSC Melting Traces for Polyethylenes 

where Kn' is a new constant. When the comonomer volume effect can be neglected, n can 

be calculated by the following equation from Eqs. (3-5) and (3-15). 

(3-24) 

Then, 

(3-25) 

Therefore, dN/dn is a function of the heat flow and the third power of the degree of super

cooling based on the equilibrium melting temperature, TlIle,oc. 

The approximate equations, i.e., Eqs. (3-21) and (3-25), cannot be employed for 

LLDPEs, especially wh en the degrees of branching are high, because the crystal stems 

are not sufficiently long to satisfy the approximation conditions. In the following 

discussion, only Eq.(3-9) is employed. 

3.3 Experimental 

3.3.1 Materials 

The polyethylene resins employed in this study were provided by the Nova Chemical Co. 

(Calgary, Canada) in pellet form, including one commercial HDPE (Sclair 2907), two 

experimental m-LLDPEs (polymers 1 and J), and four experimental ZN-LLDPEs 

(polymers H, C, G, and L). The material characteristics are listed in Table 3-1. The 

molecular structure parameters were also provided by Nova Chemical Co. The branching 

degrees were measured by nuclear magnetic resonance (NMR), and molecular weights 

were measured by gel permeation chromatography (GPC). 

ln homogeneous copolymers, comonomers appear randomly along the molecular 

chains. m-LLDPEs have homogeneous molecular structure, considering both inter- and 

intra-molecular comparisons. Thus, they are useful in the determination of relationships 
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between properties and rnolecular structures. In heterogeneous copolyrners, cornonorners 

appear non-randornly. ZN-LLDPEs have heterogeneous rnolecular structure, considering 

inter- and intra-rnolecular comparisons. Thus, it is difficult to explain directly and 

quantitatively their properties in relation to rnolecular structural characteristics. 

Furtherrnore, it is difficult to characterize and quantify their rnolecular structural 

characteristics in detail. However, it may be possible to treat thern as blends of 

hornogeneous copolymers, or more correctly as the blends of hornogeneous ethylene 

sequences. In su ch a case, it would be possible to estimate sorne of the properties of 

heterogeneous copolyrners. This possibility has been examined in this work by studying 

the behavior of blends of m-LLDPEs. Five new LLDPEs were obtained by blending two 

m-LLDPEs. The rnolecular structure of the blends is homogeneous at the intra-rnolecular 

scale, and heterogeneous at the inter-rnolecular scale. The rnelting ternperatures and 

crystal size distributions of the blends are estimated using relationships designed for rn

LLDPEs. The treatrnent is extended to estimate these properties for ZN-LLDPEs. In both 

cases, the predictions are cornpared to experirnental results. 

Table 3-1 Pol ymer rnolecular characteristics 

Resin Coma Type6 
DBranch (Per 1000C) Mn (kg/mol) Mw (kg/mol) 

H B ZN 18.9 29.5 123.0 

C H ZN ]8.9 33.3 102.0 

L 0 ZN 14.0 25.9 114.0 

G 0 ZN 15.8 23.1 98.6 

1 0 rn 24.8 21.9 52.9 

J 0 rn 15.8 38.2 70.2 

HDPE Sclair2907 20.6 69.2 

AlI copolyrners were polyrnerized in solution. 
a: Corn is cornonomer; B is butene, H is hexene, and 0 is octene. 
b: ZN is Zeigler-Natta catalyst, and rn is rnetalIocene catalyst. 
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Table 3-2 lists the blend ratios and molecular characteristics obtained by 

calculating the weight average based on the properties of the pure resins. After 

copolymers were dissolved and strongly stirred in xylene (1 %w/v) at 120°C for around 

two hours, the blends were immediately precipitated in a large amount of cold methanol. 

After filtering, they were dried under vacuum at about 50°C for more than one week. The 

same procedure was applied to the pure m-LLDPEs. The experimental results showed 

that there was no effect of the solution process on the properties of the polymers. 

Table 3-2 Blend molecular characteristics 

Blend 1 wt DBranch (Per 1000C) Mn (kg/mol) Mw (kg/mol) 

IO (J) 0.0 15.8 38.2 70.2 

Il 0.1 16.7 35.5 68.5 

13 0.3 18.5 31.2 65.0 

15 0.5 20.3 27.9 61.5 

17 0.7 22.1 25.1 58.1 

19 0.9 23.9 22.9 54.6 

Il 0 (I) 1.0 24.8 21.9 52.9 

3.3.2 DifferentiaI Scanning Calorimetry 

Thermal analysis was performed in a Perkin-Elmer Pyris-l di fferenti al scanning 

calorimeter (OSC), with an ice bath. The thermal lag, temperature, and heat of fusion 

were calibrated before experiments with pure indium standard (Tonset = 156.60°C, Mlf' = 
28.45J/g), which was supplied by Perkin-Elmer. 

AIl thermal analysis samples were compressed into 0.3mm thick films at 180°C. 

The weights of DSC specimens varied from 4 to 8mg. They were heated to 180°C, kept at 

this temperature for 10min to remove previous memory, and cooled at -2°C/min ta room 

temperature. After the thermal treatment, they were heated at 10°C/min to obtain the 

melting traces from 50°C to 180°C. The effects of heating rates and the reason for 
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selecting 10°C/min in this study are discussed in the Appendix. LLDPE samples may 

start crystaIlization at the glass transition temperature, mainly when the short chain 

branching content is high. In this work, the branching degree was not very high, the 

maximum being 24.8/KC for resin I. The crystallization process is completed at relatively 

high temperatures. Therefore, the experimental temperature range (from 50°C to 180°C) 

is sufficient to record the whole melting process for lameIlar crystals under the 

experimental conditions employed. The contribution of the empty aluminum pan to the 

DSC curves was subtracted from each measurement. AIl measurements were performed 

under nitrogen protection. 

3.3.3 Small Angle X-ray Scattering 

Small angle x-ray scattering (SAXS) experiments were performed in a high resolution 

diffractometer with a convention al 2.2Kw Cu-Ku x-ray tube source, built in the Physics 

Department at McGill University. The apparatus was used to measure the average crystal 

size. The wavelength of x-ray, 'A, was 0.154nm. AlI SAXS samples were compressed into 

discs with 15mm diameter and 2mm thickness by compression molding. The discs were 

sandwiched between two round aluminum foils. Subsequently, they were put in a shear 

stage (Linkam CSS 450). Then, they were exposed to the first heating and cooling step 

exactly as for the DSC samples. After this treatment, four layers of the same sample were 

stacked to produce specimens with 6mm thickness for each x-ray measurement. The 

scattering angle (28) was from 0.01 to 2.01°. The scattering intensities were corrected for 

the background and sample adsorption. 

3.4 ResuUs 

3.4.1 SAXS Intensities and Long Periods 

If semicrystalline polymers are considered to be isotropie two-phase systems, the SAXS 

intensity will depend on the electron density difference between crystalline and 
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amorphous phases. If crystals are too small to form lamellar structures but small fringed

micelles in the crystalline phase, they cannot be detected by SAXS. Only the lamellar 

crystal structures can be detected. The degrees of branching of polymers used in this 

work are not very high. Under the experimental conditions employed, polarized light 

microscopy experiments showed that the morphology of the samples is spherulitic. 15 

Thus, these polymers exhibit orthorhombic crystal structure, and they are lamellar 

crystals. 16 
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Figure 3-1 The experimental SAXS curves 

The experimental SAXS intensities, I(s), are shown in Figure 3-1. s is the 

scattering vector, s = 2sin(8)/À. Figure 3-1(a) shows the intensity curves for m-LLDPEs 

and their blends, Figure 3-1(b) is for HDPE and ZN- LLDPEs. It is necessary to make the 

Lorentz-correction for analysis by a one-dimensional stack model for semicrystalline 

polymers, Ids) = 41tiI(s). The corrected intensities, Ids), are shown in Figure 3-2. They 

have maximum points at s *. From these points, Bragg distances or long periods, L, which 

represent the average length of the amorphous layer plus the crystalline layer, can be 

calculated as L = Ils *. Figure 3-3 shows the long periods for different polymers. The 

linear polyethylene has the maximum value among ail the polymers. The heterogeneous 

64 



Chapter 3 Distributions of Crystal size from DSC Melting Traces for Polyethylenes 

copolymers (ZN-LLDPEs) have higher long periods than m-LLDPEs and their blends. 

For ex ample, resin G (ZN-LLDPE) and resin J (m-LLDPE) have same short chain 

branching content (15.8/KC) and the same comonomer (l-octene). Their long periods are, 

respectively, 17.0nm for resin Gand 15.2nm for resin J. 
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Figure 3-2 The Lorentz-corrected intensities of SAXS results 
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Figure 3-3 Long periods for different resins 
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For the two m-LLDPEs (resins 1 and J), the resin with higher short chain branch 

content (SCBC) has a shorter long period: 15.2nm for resin J with 15.8/KC SCBC and 

12.8nm for resin 1 with 24.8/KC SCBC. The same tendency can also be found in ZN

LLDPE resins Gand L with octene comonomers, 18.0nm for resin L with 14.0/KC 

SCBC and 17.0nm for resin G with 15.8/KC SCBC. The blends of m-LLDPEs also show 

a similar tendency. As resin 1 content increases from 0.1 to 0.9wt, the long period 

gradually decreases from 15.0nm to 12.8nm. 

3.4.2 DSC Melting Traces 

The melting trace baselines had a sigmoidal form. The sigmoidal baseline is an empirical 

method to separate the effect of the heat capacity from the latent heat. Ideally, the 

separation may be obtained by using the actual values of the heat capacities. However, if 

other factors, such as sample preparation, operator differences, and apparatus 

(surrounding) stability are considered, the sigmoidal baseline compensates for the se 

effects, in addition to the effect of the heat capacities. Therefore, this approach was 

employed to obtain the heat of fusion, under the experimental conditions of this study. 

After subtracting the sigmoid baselines, the final DSC curves were normalized relative to 

the mole content. The curves of the final normalized heat flow vs. temperature are shown 

in Figure 3-4. In Figure 3-4(a), the melting trace of m-LLDPEs and their blends are 

shown. It is expected that the two m-LLDPE resins 1 and J are miscible, because they 

have similar molecular structures. The melting peaks of their blends appear between the 

melting peaks of the pure resins, and move to lower temperatures, as resin 1 (with the low 

melting temperature) content increases, i.e., as the SCBC increases. 

Two melting peaks are observed in the endothermic curves. At low content of 

resin l, the smalllow temperature peak has not been fully explained. Various researchers 

have reported the presence of two melting peaks in DSC measurements for low-density 

polyethylene (LDPE),17 heterogeneous LLDPE 18,19 and homogeneous LLDPE.20
,21,22 

Crist and Claudi023 considered them to indicate two crystal populations corresponding to 

long and short ethylene sequences. The endothermic curves of ZN-LLDPEs and HDPE 

are shown in Figure 3-4(b). Only one melting peak can be observed in their DSC curves. 
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Figure 3-4 Normalized heat flows of DSC melting traces 
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Figure 3-5 Melting peak positions of different resins 

The main melting peak positions for different polyethylenes are shown in Figure 

3-5. HDPE has the highest value among aIl resins, as expected. In general, the melting 

peak positions of ZN-LLDPEs are higher than those of m-LLDPEs. For m-LLDPEs and 

their blends, as SCBC decreases, the experimental melting position increases, from 

99.7°C for resin 1 to 111.3°C for resin J. In ZN-LLDPEs, there is a similar tendency, 
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122.1 0 C for resin Gand 121.7°C for resin L. However, as pointed out earlier,3 one 

cannot expect to obtain a direct relationship between the melting peak and SCBC, 

because other factors also influence the melting peak. Similarly, the melting peak alone 

does not represent a characteristic crystal size, because the size distribution form should 

also be considered. 

3.5 Discussion 

3.5.1 Crystal Size Number Distributions 

Semi-crystalline polymers exhibit a broad melting peak, mainly because of the broad 

crystal size distribution,24 although sorne other factors, such as multiphase transitions, 

melting-recrystallization-remelting (MRR), secondary crystallization,24 and lag effects,4.5 

are contributing factors. For ethylene copolymers, although the (pseudo) hexagonal phase 

was observed25 and possibly also the monoclinic phase,26 the y were only observed under 

relatively high comonomer content and under quenching experimental conditions?7 As a 

result, the morphology of the crystals changes from the lamellar structure to the fringed

micellar structure with high defect content. 16 However, under moderate experimental 

conditions, only the orthorhombic phase has been observed. Reorganization can be 

generally neglected in copolymers during heating.6.28 Also, the lag effect in the case of 

broad peaks is not important, because the change in heat of fusion corresponding to the 

lag is smal1.8 Therefore, the melting traces can be directly employed to analyze the crystal 

size distribution and the average crystal size, under moderate experimental conditions. In 

this study, we focus on the lamellar structure (orthorhombic phase). The crystal size 

distribution for hexagonal and monoclinic phases may also be determined, if the 

corresponding relevant parameters are employed. However, when there are multi-phases 

(including the case that the intermediate phase has a different structure) in the system, 

different parameters for different phases should be employed. This will make the problem 

more complex and difficult to solve. However, it might be possible to obtain a solution 

using peak-separation methods. 
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Table 3-3 Basal surface free energies, heats of fusion of samples and of finite-Iength 
crystal s, and crystaIlinities 

Resin (Je (J/mol)a Mit (Jlmol msu) Mf (Jlmol msu) Xw Xv 

10 (1) 5200 2257 7443 0.305 0.273 

Il 4870 2119 7430 0.287 0.256 

13 4300 1950 7409 0.264 0.235 

15 3970 1798 7376 0.244 0.217 

17 3920 1681 7335 0.230 0.203 

19 4300 1746 7267 0.244 0.216 

Il 0 (1) 4660 1823 7200 0.254 0.216 

C 2340 1427 7666 0.187 0.164 

G 2730 1551 7588 0.205 0.181 

H 3060 1603 7516 0.214 0.182 

L 3270 1630 7603 0.215 0.198 

HDPE 10200 5494 7798 0.710 0.677 

a: details of determination of (Je, see reference 15. 

AlI LLDPE crystals are orthorhombic, under the experimental conditions 

employed in this work. Therefore, the DSC traces depend only on the crystal Slze 

distribution. The crystal size number distributions are calculated from Eq.(3-9). The 

calculation parameters are: the equilibrium melting temperature for perfect crystals Tmo = 
418.7K (145.5°C);29.30 the heat of fusion per repeat structural unit MIu = 8.106kllmol 

ethylene m.s.u. (2891Ig);3o the ethylene m.s.u. length projected along the c axis lu = 
0.2546 nm?O The basal surface free energy is strongly dependent on the molecular 

structure. For HDPE, (Je = 10.2kllmol crystal stem end (90erg/cm2
) is used?O For 

copolymers with excluded comonomers, molecular chains fold more easily at branching 

points. Their basal surface free energies are lower than the value for linear 

polyethylene?l The basal surface free energies of aIl samples are listed in Table 3-3, 

based on the modified Hoffman-Lauritzen equation. l5 The basal surface free energy 

decreases as the ethylene sequence polydispersity increases. For the different types of 
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LLDPE resins, the values of cre follow the following order: m-LLDPE> blends of m

LLDPE> ZN-LLDPE. 
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Figure 3-6 The crystal size number distributions for different resins 

Figure 3-6 shows the curves for dN/dn vs. crystal size, as calculated from Eq.(3-

9). Figure 3-6(a) shows that there is only one peak for HDPE, i.e., one crystal size 

population. For ZN-LLDPEs, although only one peak appears in the DSC melting curves, 

multiple peaks appear in the crystal size number distribution, as shown in Figure 3-6(b). 
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This suggests that there are multiple crystal size populations in ZN-LLDPEs. It is 

interesting that the crystal sizes at the high peaks are around twice the values at the low 

peaks. Thus, sorne of the long ethylene sequences are folded once to form the small 

crystal population. The high peaks correspond to the long ethylene sequences. The results 

for m-LLDPEs and their blends are shown in Figure 3-6(c). The top and bottom curves 

are, respectively, for resin J and 1. For resin J, although the peak is very broad, there is 

only one clear peak, while resin 1 shows multiple peaks. The small peak perhaps arises 

from the secondary crystallization at the experimental conditions prevailing in this work, 

because it did not appear in a simple heating-cooling-heating cycle. Blends of resins 1 

and J exhibit multi-peaks. AlI peak positions decrease as resin 1 content increases. In 

blends 17 (I/J:7/3) and 19 (I/J:911), the relative populations at the peaks corresponding to 

small crystal size are higher than for resin 1. This suggests that sorne of long ethylene 

sequences (around 18 m.s.u. in resin J) are folded once into small crystals (around 9 

m.s.u. in the blends). 

There are possibly three factors that produce multiple peaks in LLDPE crystal 

size distribution curves. One reason is that there are multiple populations of ethylene 

sequences in the material. This can occur in ZN-LLDPEs and blends of m-LLDPEs. 

Another factor is that sorne of the long ethylene sequences are folded and produce new 

crystal size populations. This can occur in aIl types of LLDPE. Thirdly, sorne crystals 

correspond to part of a long ethylene sequence. Such crystals tend to assume the extended 

crystal form under certain conditions, such as annealing. Thus, the third factor is strongly 

dependent on processing conditions. It can operate in aIl types of LLDPE. Therefore, it is 

normal to observe multiple crystal size populations in LLDPEs. 

3.5.2 Heat of Fusion and Crystallinity 

From DSC endothermic peaks, the weight crystallinity can be calculated by the heat of 

fusion, MI}, according to the following equation, 

(3-26) 
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where tll-f is the heat of fusion for 100 percent crystalline samples. Generally, the value 

for perfect crystals, ~u, is applied. However, calculations based on perfect crystals do 

not consider the influence of basal surface free energy. Thus, for finite-Iength crystal s, 

tll-f is overestimated. The actual tll-f can be estimated according to the crystal size 

number distribution, 

~o =~u _ 20-e r[~(dN)]dn NIC '0 n dn (3-27) 

The basal surface free energy is also called folding work (Hoffman and Miller 

1997). Eq.(3-27) includes both the heat of fusion and the folding work. 8 The values of 

tll-f for the different resins are shown in Table 3-3. It is necessary to point out that Mf is 

not only dependent on molecular structure but also on processing. From the crystal size 

number distribution function, the weight crystallinity can be easily calculated, 

(3-28) 

where nt is the total m.s.u. number in both the crystalline and amorphous phases., the 

volume crystallinity, Xv, can be calculated from the weight crystallinity as follows: 

(3-29) 

where the amorphous density, pa, is assumed to be 0.85g/cm3
.
32 If the density difference 

between the crystalline and amorphous phases is assumed to be 0.145g/cm3
,33 the 

crystalline density pc is 0.995g/cm3
. The calculated volume crystallinities are also listed 

in Table 3-3. 

As shown 10 Table 3-3, HDPE has the highest crystallinity among aIl 

polyethylenes. Compared to m-LLDPEs and their blends, the crystallinities of ZN

LLDPEs are lower, at the same level of short chain branching content (SCBC). For 

example, Xv = 0.181 for resin Gand 0.273 for resin J. Under the experimental conditions, 

the crystallinity tends to decrease, as the short chain branching polydispersity (SCBP) 
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increases. Kuwabara et al. found the interfacial thickness for ZN-LLDPE is a little higher 

than that of m-LLDPE.34 ln the i nterfaci al layer, there are sorne partial regular structures, 

which are difficult to detect by DSc.35 Thus, the effect of SCBD can also be partially 

explained by the interfacial thickness. For m-LLDPEs and their blends, the crystallinity 

decreases as resin 1 content increases, i.e., SCBC decreases. It tends to a minimum at 

0.7wt resin l, and then increases, as resin 1 content continues to increase. As SCBC 

increases, the thickness of the interfacial layer between the amorphous and crystalline 

phases tends to increase. AIso, as SCBC increases, the average ethylene sequence size 

tends to decrease, and the uncrystallizable ethylene sequence content tends to increase 

under a high crystallization temperature. Then, the crystallinity tends to decrease. The 

appearance of the minimum can be partially explained by the SCBP. Blend 17 has the 

largest SCBP in blend systems. 15 

3.5.3 Comparison of Average Crystal Sizes from DSC and SAXS 

The average crystal size can be calculated from the long period obtained from SAXS and 

the volume crystallinity, 

(3-30) 

Eq.(3-29) was used to calculate Xv obtained from DSC data. 

AIso, the number average crystal size can be calculated from DSC traces, 

(3-31) 

The crystal sizes are shown in Figure 3-7 for different resins. Generally, for 

LLDPEs, the average crystal sizes from DSC are in accordance with the results from 

SAXS. For HDPE, there is a sma]] difference between the average crystal sizes from the 

two methods. This can be explained by the assumptions regarding SCBC or TlIlo. SCBC in 

HDPE is assumed to be zero. However, it is possible that there are sorne branches in 

HDPE. If it is assumed that SCBC = 5/KC, the results from both experiments become 

comparable: Lc.SAXS = 20.5nm, and Lc.DSC = 20.8nm. Moreover, if the FI ory-Vrij 
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expression36 is applied to calculate the equilibrium melting temperature, then TIIl

Q = 
416.4K instead of 417.2K; the results are then: Lc,DSC = 20.2nm and Lc,SAXS = 20.6nm. 

Because the results from DSC and SAXS are almost the same, there is no need to 

consider a tilt angle, in the calculation of average crystal size from the crystal size 

number distribution. However, although the peak positions of DSC traces are normally 

taken as the melting characteristics, the crystal sizes at peak positions are mu ch larger 

than the average crystal sizes for all polyethylenes, as shown in Figure 3-7. Thus, it does 

not appear appropriate, even for HDPE, to choose the peak position to describe aIl 

melting behavior. Interestingly, if a tilt angle between crystal sequence direction and 

crystal surface direction is introduced, and assumed to be 30°,37 the corrected results of 

crystal sizes from peak positions bec orne comparable to the average crystal sizes 

measured by SAXS. 

Figure 3-7 shows that in m-LLDPEs and their blends, the average crystal size 

decreases as resin 1 content increases (as SCBC increases). After 0.7wt resin l, it tends to 

remain constant. The average crystal size of ZN-LLDPE (such as resin G) is Jess than that 

of m-LLDPE (such as resin J), when SCBC is the same. As indicated earlier, sorne long 

ethylene sequences in ZN-LLDPE are foJded. Accordingly, the fraction of small crystal 

sizes in ZN-LLDPEs tends to be higher than that in m-LLDPEs. Therefore, the average 

crystal size of ZN-LLDPE is relativeJy smaller at the same SCBC. 
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Figure 3-7 Crystal sizes for different resins 
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Although Eq.(3-5) was introduced for homogeneous copolymers with excluded 

comonomers,3 this equation was extended here to non-homogeneous LLDPEs (blends of 

m-LLDPEs and ZN-LLDPEs). Assuming that these non-homogeneous LLDPEs are the 

blends of homogeneous ethylene sequences, the number average molecular structure 

properties, such as short chain branching and molecular weight characteristics, can be 

represented by mean values. Experimental results indicate that this extension is 

acceptable. The main molecular structure difference is due to the basal surface free 

energy, which is strongly dependent on SCBC and SCBD. For copolymers with excluded 

comonomers, the basal surface free energy decreases, as SCBC and SCBP increase. 15 

3.5.4 Comparison of Different Crystal Size Distributions 

As indicated above, there are three possible methods to estimate the crystal SIze 

distribution forms. These methods suggest the following three normalized expressions for 

the crystal size distribution functions: 

Direct DSC: 
fJn)= ~(dQ) 

f ~ dn 
'0 dT 

(~;) dT =CONSTANT 
dt 

Crist-Mirabella: f, (n) = f ~~ l 
f~ dQ d 

'0 dn n 

(:) 
Present work: f3 (n) = -f-~--'(-dN--'::-)-d-n 

'0 dn 

(:;) 
(3-32) 

r,~(dQ)dn 
J'a dt 

(3-33) 

(3-34) 

fl(n) is directly based on the relationship of the heat of fusion vs. temperature or time. 

12(n) and /1(n) are, respectively, based on the relationships between the heat of fusion and 

crystal size and between the crystal number and crystal size. Because crystal sizes 
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estimated from fi have no physical significance, the function fI is not useful for 

estimation of crystal size distribution. The average crystal size obtained from 13 is the 

number average size, while the average crystal size obtained from12 is actually the 

weight average size. However, Crist and Mirabella8 employed a single value for the basal 

surface free energy value, based on the value for linear polyethylene (lO.2kJ/mol msu). 
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Figure 3-8 Comparison of normalized number distributions from Crist-Mirabella and the 
present work 
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Figure 3-8 shows the comparison between the normalized number distribution 

results obtained with the Crist-Mirabella (CM) method and the present work for ZN

LLDPE resin G, m-LLDPE resins 1 and J, and m-LLDPE blend 15. The predictions from 

the two functions are significant different. For aIl LLDPE resins in this study, the 

estimation using the CM method indicates much longer crystal sizes than values 

estimated in the present work, as shown in Figure 3-9. Compared with SAXS results, the 

estimation from CM is too high. 

60 ,------------------------------------------------, 

:::3 
II) 

50 

40 

E 30 
.: 

le: 

20 

10 

o 

--- --

oCM 
, aPW 

~SAXS 

JO Il I3 15 17 19 

resins 

110 c G H L 

Figure 3-9 The average number crystal sizes from Crist-Mirabella and the present work, 
and SAXS measurement for aIl LLDPE resins 

Figure 3-10 shows that the crystal size polydispersities obtained from CM and the 

present work are quite similar. There are only small differences. For the different resins, 

polydispersity decreases as follows: ZN-LLDPEs > blends of m-LLDPEs > m-LLDPEs 

and HDPE. Because there are several active sites in Ziegler-Natta catalysts, ZN-LLDPEs 

are heterogeneous, considering intra- and inter-molecular branching. Their short chain 

branching distributions (SCBD) are expected to be broader than those of blends of two 

m-LLDPEs, which may be treated as products from a catalyst with two active sites. 

Because m-LLDPEs are polymerized using single active site catalysts, their 
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polydispersities should be the lowest. The crystal size polydispersity is also influenced by 

SCBC. It tends to increase as the SCBC increases. For linear polyethylene, there are no or 

few branches in the molecular chains. Therefore, although it is produced with a Ziegler

Natta type catalyst, the crystal size polydispersity is still small. For m-LLDPEs and their 

blends, the crystal size polydispersity shows a maximum value at O.7wt resin 1. A similar 

maximum point was also obtained in the polydispersities of elution temperatures by 

temperature-rising elution fractionation (TREF) experiments. 15 
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Figure 3-10 The crystal size polydispersities from Crist-Mirabella and the present work 

3.6 Conclusions 

A calculation method was described to estimate the crystal size number distribution from 

DSC melting traces. LLDPE resins were used to test this method. The proposed method 

provides a realistic estimation of crystal size distribution for finite-Iength crystals. 

A method was proposed to estimate the heat of fusion of non-perfect (finite

length) crystals, which is not only dependent on the molecular structure characteristics, 

but also on processing history. The heat of fusion may be calculated from the average 
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crystal size or the distribution of crystal sizes. The heat of fusion of finite-Iength crystals 

is lower than that of perfect crystal s, because of the contribution of the basal surface free 

energy. 

DSC and SAXS experimental results for different types of polyethylenes were 

analyzed, using the proposed distribution form. The results suggest that the generalized 

melting temperature equation can be extended to non-homogeneous copolymers with 

excluded comonomers, by treating them as blends of homogeneous ethylene sequences. 

For the polyethylene resins considered in this study, linear polyethylene has the 

highest crystallinity, the largest average crystal size, and the lowest crystal size 

polydispersity. For LLDPEs, there are multiple populations of crystal sizes. As SCBC 

increases, the crystallinity and the average crystal size decrease, while the crystal size 

polydispersity increases. As SCBP increases, the basal surface free energy decreases; 

then, the crystallinity and the average crystal size decrease, while the crystal size 

polydispersity increases. 
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3.8 Appendix 

ln this study, the heating rate was 10°C/min. The heating rate may affect the DSC melting 

traces, thus, different heating rates may yield different traces and produce different 

crystal size number distributions and average crystal sizes. 

The heating rate can possibly produce two effects: thermal lag and crystal 

melting-recrystallization-remelting (MRR), which influences melting traces seriously at 

low and high heating rates. In order to avoid these effects, a reasonable heating rate 

between 5 and 20°C/min is recommended. Experimental results confirm this point, as 

shown in Figure 3-11. The DSC traces and crystal number distributions are almost 

identical at heating rates between 5 and 20°C/min. 

2 
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(a) DSC traces (b) Crystal size number distributions 

Figure 3-11 The heating rate effects for resin 1 

The heating rates are identified near the corresponding curves. The experimental 
procedure: kept for 5min at 180°C, then cooled to 50°C at -10°C/min, and heated at 1, 2, 
5, 10,20, and 40°C/min, respectively. 

Because LLDPE shows a broad crystal size distribution, the average crystal size is 

not sensitive to the heating rate. The differences among the average crystal sizes at 

different heating rates are very small, as shown in Figure 3-12. Relatively high average 
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crystal Slzes appear at low heating rates (1 and 2°C/min) and high heating rate 

(40°C/min). This is due to MRR and thermallag. Therefore, heating rates between 5 and 

20°C/min appear to produce reasonable results under the experimental conditions 

employed. 
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Figure 3-12 the heating rate effects on number average crystal size for resins 1 and J 
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Chapter4 

4 Melting Temperature Characteristics for 

Polyethylenes from Crystal Size Distribution 

Because semi-crystalline polymers exhibit broad and multiple peaks in their melting 

traces, the melting temperature characteristics should consider both melting peak 

positions and melting temperature polydispersity. The melting temperature characteristics 

were calculated from the crystal size number distribution and the melting temperature 

equation. Three methods are proposed for calculating melting temperature characteristics, 

respectively, according to the value of average crystal size, the crystal stem number 

distribution function, and the monomer structural unit distribution function. They are 

applied to analyze the isothermal and non-isothermal experimental results for 

polyethylene polymers, especial1y for linear low-density polyethylene copolymers. The 

first method, based on the value of average crystal size, gives the most reasonable results. 
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4.1 Introduction 

The melting temperature is one of the most important properties of semicrystalline 

polymers. Generally, it refers to only one point: the melting peak position in the DSC 

endothermic trace. For small molecules, because the crystals are generally identical, only 

one narrow melting peak can be observed in their DSC traces. Therefore, it is acceptable 

for the melting peak position to represent the melting temperature characteristics. 

However, semicrystalline polymers generally show a broad peak or multiple peaks during 

melting. The melting traces depend on pol ymer molecular structure and thermal history.! 

The characteristics of melting temperature distribution need to be considered, as weIl as 

the melting peak positions. 

For a specific pol ymer crystal, the melting temperature is determined by the 

crystal size?,3,4,5 As the crystal size increases, the corresponding melting temperature 

increases. Thus, for a given crystal size distribution, the corresponding melting 

temperature characteristics need to be identified. 

In this paper, we discuss the melting temperature characteristics for 

polyethylenes, especially for linear low-density polyethylenes (LLDPEs). For these 

polymers, the molecular characteristics include, not only molecular weight (MW) and 

molecular weight distribution (MWD), but also short chain branching content (SCBC) 

and short chain branching distribution (SCBD). Their complex molecular characteristics 

result in complex melting traces. Generally, they show broad and multiple melting 

peaks.2
.
6

,7 Starting with the DSC melting trace, the crystal size number distribution can be 

predicted.8 The inverse problem is considered here. Thus, starting with the molecular 

characteristics, it is desired to predict the corresponding DSC trace or the melting 

temperature characteristics. 
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4.2 Theoretical analysis 

The melting tempe rature for a specified crystal stem depends on the crystal length. A 

generalized melting temperature equation has been proposed for a crystal stem with n 

monomer structural units (m.s.u.):1 

(4-1) 

where (je is the basal surface free energy, M-Iu is the heat of fusion per mole of m.s.u. in 

the perfect crystal, Tm
H

,= is the equilibrium melting temperature of the perfect crystal of 

the homopolymer, R is the gas constant, XA is the monomer volume fraction, and p is the 

sequence propagation probability that a monomer is succeeded by another monomer, i.e., 

the monomer mole fraction for homogeneous copolymers. Eq.(4-l) mainly applies to 

lamellar crystal structure, because it neglects the lateral surface free energy. Therefore, 

the above analysis is only suitable for lamellar crystal s, not for other crystal 

morphologies with large lateral surface, such as granular morphology. However, the 

proposed treatment may be applied to such systems, if an equation comparable to Eq.(4-

1) may be obtained to describe the melting temperature dependence on structural 

characteristics. 

Semi-crystalline polymers exhibit a broad melting peak, mainly because of the 

broad crystal size distribution,2 although sorne other factors, such as multiphase 

transitions, melting-recrystallization-remelting (MRR), secondary crystallization,2 and lag 

effects9
,IO are contributing factors. For ethylene copolymers, although the (pseudo) 

hexagonal phase was observed, Il and possibly also the monoclinic phase,12 they were 

only observed for relatively high comonomer content and under quenching experimental 

conditions. 13 As a result, the morphology of the crystals changes from the lamellar 

structure to the fringed-micellar structure with high defect content. 14 However, un der 

moderate experimental conditions, only the orthorhombic phase has been observed. 

Reorganization can be generally neglected in copolymers during heating. 15,16 AIso, the 

lag effect is not important in the case of broad peaks, because the change in heat of fusion 
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corresponding to the lag is smal1.4 Therefore, the melting traces can be employed directly 

to analyze the crystal size distribution and the average crystal size, under moderate 

experimental conditions.8 When Eq.( 4-1) is employed, the crystal size number 

distribution can be described by the following equation.8 

(4-2) 

where (~:) is the derivative of crystal stem number, N(n), with respect to crystal size, 

n; ( ~;) is the heat flow from DSC experiments; (~) is the heating rate (it is 

generally a constant for DSC experiments). Thus, Eq.(4-2) may be used to calculate the 

basis for obtaining the curve of (~:) vs. n from the DSC melting traces. According to 

Eq.(4-2), the crystal size characteristics, such as the number and weight average crystal 

sizes and the crystal size polydispersity.8 

As in the case of crystal size characteristics, it is possible to describe the melting 

temperature characteristics in terms of the number and weight average melting 

temperatures, TN and T w, respectively, and the melting temperature polydispersity, 

PT=T WfrN. The effective melting temperature, TNW, may also be defined: 

TNW =~TNTw (4-3) 

As in the case of the effective molecular weight,17 TNW considers both the average 

melting temperature and the melting temperature distribution. 

Three methods are proposed here to describe the melting temperature 

characteristics, starting with the DSC traces. The simplest method is the direct utilization 

of the number and weight average crystal sizes, nn and nw' to calculate the corresponding 

melting temperatures, using Eq.(4-l) 
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(4-4) 

(4-5) 

The other two methods employ the whole crystal size distribution. The 2nd method 

is based on the crystal stem number distribution for the sample. Eqs.( 4-6) and (4-7) 

describe, respectively, the calculation of number and weight average melting 

temperatures according to the 2nd method: 

fly(dN\q r1Y(n { dNtn ·h dT r J,s \dn! 
T N2 = = --:---'--:---'---

N/
o

/
al r( ~:}n 

(4-6) 

(4-7) 

where (~~) is the derivative of crystal stem number, N(T), with respect to melting 

temperature, T; ns and nL are, respectively, the m.s.u. numbers in crystal stems having 

the smallest and largest crystal sizes in the whole crystal size distribution; and Ts and h 

are, respectively, the melting temperatures corresponding to ns and nL according to Eq.(4-

1 ). 

The 3rd method is based on the m.s.u. number distribution in the whole sample. 

Eqs.( 4-8) and (4-9) describe the number and weight average melting temperatures, 

respectively, according to the 3rd definition: 

(T( ~;}T 
T N3 = -----"-----'---

n/e 

(4-8) 
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fr 2 (dntc \IT 
.\ dT r 

T wo, = --,-'----,'---- fr( dntc \IT 
.\ dT r 

(4-9) 

where nte is the total crystallized m.s.u. number in the sample. Because aIl monomer 

structural units have the same weight, the m.s.u. number reflects the weight of the 

crystals. Therefore, the 3rd method involves the crystal weight distribution. 

ln the following discussion, we compare the above three methods for 

polyethylenes, especially for linear low-density polyethylenes (LLDPEs). 

4.3 Experimental 

4.3.1 Materials 

The materials employed in this study were provided by Nova Chemical Co. (Calgary, 

Canada) in pellet form, including one commercial high density polyethylene (HDPE) 

(Sclair 2907), two experimental metallocene-based LLDPE (m-LLDPEs) (resins 1 and J), 

four experimental Ziegler-Natta based LLDPE (ZN-LLDPEs) (resins H, C, G, and L), 

and five solvent-mixed blends of m-LLDPE resins 1 and J (blends Il, 13, 15, 17, and 19). 

The material characteristics are listed in Table 4-1. The molecular structure parameters 

were also provided by Nova Chemical Co. The branching degrees were measured by 

nuclear magnetic resonance (NMR) , and molecular weights were measured by gel 

permeation chromatography (GPC). 

4.3.2 Differentiai Scanning Calorimetry 

Thermal analysis was performed in a Perkin-Elmer Pyris-1 differential scannmg 

calorimeter (DSC). The lag compensation, temperature and the heat flow were calibrated 

with pure indium standard (Tonset = 156.60°C, !1Hf = 28.45 J/g, as provided by the DSC 
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manual). Ali thermal analysis samples were compressed into 0.3 mm thick films at 

180°C. The DSC sample weights varied from 4 to 8 mg. They were heated to 180°C, and 

kept at this temperature for 10 min to remove previous memory. Then, for isothermal 

experiments (only m-LLDPE resins 1 and J were tested), they were quenched to the set 

crystallization temperature at -30°C/min, and held at that temperature to complete 

isothermal crystallization. Subsequently, they were cooled at -2°C/min to room 

temperature. For non-isothermal experiments (aIl materials were tested), they were 

directly cooled to room temperature at -2°C/min. Finally, after the above thermal 

treatment, the samples were heated again to 180°C at 10°C/min to obtain their melting 

traces. The contribution to the DSC curves by the empty aluminum pan was subtracted 

from each measurement. AIl measurements were performed under nitrogen. 

Table 4-1 Pol ymer molecular characteristics 

Material Corn a Type b DBranch (/1000C) Mn (kg/mol) Mw (kg/mol; O"e (J/molt 

H B ZN 18.9 29.5 123.0 3060 

C H ZN 18.9 33.3 102.0 2340 

L 0 ZN 14.0 25.9 114.0 3270 

G 0 ZN 15.8 23.1 98.6 2730 

J (10) 0 m 15.8 38.2 70.2 5200 

Il 0 mb (0.1 1 wt) 16.7 35.5 68.5 4870 

13 0 mb (0.3 1 wt) 18.5 31.2 65.0 4300 

15 0 mb (0.5 1 wt) 20.3 27.9 61.5 3970 

17 0 mb (0.7 1 wt) 22.1 25.1 58.1 3920 

19 0 mb (0.9 1 wt) 23.9 22.9 54.6 4300 

1 (110) 0 m 24.8 21.9 52.9 4660 

HDPE Sclair2907 20.6 69.2 10200 

a: Com is comonomer; B, H, and 0 are, respectively, butene, hexene, and octene. 
b: ZN, m, and mb are, respectively, ZN-LLDPE, m-LLDPE, m-LLDPE blend. 
c: The basal surface free energies were estimated from the Hoffman-Lauritzen secondary 
nucleation crystallization kinetics analysis for LLDPEs; 18 for HDPE, the reference value 
is applied. 17 
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4.3.3 Small Angle X-ray Scattering 

SmaIl angle x-ray scattering (SAXS) experiments were performed in a high resolution 

diffractometer with a convention al 2.2Kw Cu-Ka x-ray tube source, built in the Physics 

Department at McGill University. SAXS was used to measure the average crystal size.8 

The wavelength of x-ray, À, was 0.154nm. AIl SAXS samples were compressed into discs 

with 15mm diameter and 2mm thickness by compression molding. The discs were 

sandwiched between two round aluminum foils. Subsequently, the y were put in a Linkam 

shear stage (CSS 450). Then, they were exposed to the same thermal treatment as the 

corresponding DSC samples. Four layers of the same sample were stacked to produce a 

sample with 6mm thickness for each measurement. The scattering angle (28) was from 

0.01 to 2.01°. The scattering intensities were corrected for the background and sample 

adsorptions. 

4.4 Results 

4.4.1 SAXS 

It is necessary to make the Lorentz-correction for a one-dimensional stack model for 

semicrystalline polymers, 1 c (s) = 4m 2 1(s) .19.20 l( s) is the experimental SAXS intensity; 

. h. 2sin(e) 
SIS t e scattenng vector, S = Â, . 

Typical experimental Lorentz-corrected results are shown in Figure 4-1. SAXS 

patterns are similar for different crystallization temperatures. They have maximum points 

at S *. From these points, Bragg distances or long periods, L, which represent the average 

length of the amorphous layer plus the crystaIline layer, can be ca1culated as L = 1/ S * . 
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Figure 4-1 The Lorentz-corrected intensities of typical SAXS results 

Samples of resin J crystallized at 105°e and resin 1 crystallized at 90oe. 

As shown in Figure 4-2, the magnitudes of the long periods from SAXS, L, for 

resms 1 and J are almost independent of temperature: around 12.4 and 15.0nm, 

respectively. Their volume crystallinities from DSe, Xv, are also almost independent of 

temperature: around 0.22 and 0.28 for resins 1 and J, respectively. Therefore, their 

average crystal sizes are also similar, according to L c.SAXS = X vL, where Lc,SAXS is the 

average crystal size. The volume crystallinity, X\', can be calculated from the weight 

crystallinity, Xw, 

(4-10) 

where the amorphous density, Pa, is assumed to be 0.85g/cm3
.
21 If the density difference 

between the crystalline and amorphous phases is assumed to be 0.145g/cm3
,22 the 

crystalline density pc is 0.995g/cm3
. Xw can be easily predicted from the total numbers of 

m.s.u. in the crystalline phase, nte, over the total m.s.u. number in both the crystalline and 

amorphous phases, nt. 

(4-11 ) 
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Figure 4-2 Long periods and volume crystallinities for isothermal samples 

If nt is normalized to 1 mole, 

X w = nte /mol (4-12) 

4.4.2 DSe melting traces 

The experimental results of DSC melting traces are shown in Figure 4-3. Three melting 

peaks are observed under the experimental conditions employed. As the temperature 

increases, they are, respectively, referred to as the 1 st, 2nd
, and 3rd peaks in the following 

discussion. 

The 1 st peak appears at a temperature lower than the corresponding crystallization 

temperature. Therefore, it relates to the crystallization process after the isothermal 

crystallization. The uncrystallizable ethylene sequences (UCES) are solidified in the 

amorphous part in the solid phase during the isothermal crystallization, because they are 

not long enough. Sorne crystallizable ethylene sequences (CES) can also possibly be 

solidified in the amorphous part, because of kinetic factors. When the crystallization 

temperature is lowered after the isothermal crystallization, they become gradually 

crystallizable. Generally, this produces the 1 st melting peak. Eq.( 4-1) indicates that for 
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higher isothermal crystallization temperature, there are larger amounts of UCES. The 

sizes of these UCES are larger than those obtained at lower crystallization temperatures. 

Therefore, both the area and position of the 1 st peak increase, as the crystallization 

temperature increases, as shown in Figure 4-3. 
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(a) resin 1 (b) resin J 

Figure 4-3 Normalized heat flows of DSC melting traces 

110 115 

Crystallization temperatures are indicated for each trace. The arrows mark the 1 st peak 
positions for each trace. 

The relation between the 1 st peak positions and the corresponding crystallization 

temperatures is shown in Figure 4-4. As Tc increases, Tpl increases linearly, although the 

results are for two different resins. The linear fit shows that Tpl is 6.6 ± 1.1°C lower than 

the corresponding Tc. If the result for resin 1 at 100°C is excluded , the fit shows a high r

square coefficient. Perhaps, resin 1 was not completely crystallized at 100DC under the 

experimental conditions employed. This should be reflected in the crystal size 

distribution, as will be shown in the following discussion. 

The positions of the other two peaks (2nd and 3rd
) are higher than the 

corresponding crystallization temperatures. They should relate to the crystals that are 

formed during the isothermal condition. As the isothermal crystallization temperature 
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increases, their positions move to higher temperatures. The relative intensities of the 2nd 

peaks increase, and those of the 3rd peaks decrease. 
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o 
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90 a. 
1-

80 

i 0 resin J ! 

l~~~s~~ 
o 

Tp1 = Tc - 6.6 
R2 = 0.989 

70 ~-------------~ 
80 90 100 110 120 

Figure 4-4 The 1 sI peak positions of isothermal samples 

Based on analysis of the crystallization growth reglme behavior, the reglme 

transition temperatures between regimes III and II, Tm.ll, are 93.9 and 107. 1°C for resins 1 

and J, respectively.18 It is interesting to note that these temperatures are roughly equal to 

the temperatures at which the inversion is observed in the relative intensities between the 

2nd and 3rd peaks, as shown in Figure 4-3. Before TIlI-Il, the intensities of the 2nd peaks are 

lower than those of the 3rd peaks. After Tm-Il, the intensities of the 3rd peaks are lower 

than those of the 2nd peaks. 

4.5 Discussion 

4.5.1 Crystal sizes and distributions 

The crystal size number distribution can be obtained from Figure 4-3, using Eq.(4-2). The 

results are shown in Figure 4-5. 
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Figure 4-5 The crystal-size nurnber distribution 

Crystallization ternperatures are indicated for each trace. 

20 

Basically, there are three populations of crystal sizes, corresponding to the three 

peaks in the DSC rnelting traces, as shown in Figure 4-5. However, for the sarnple of 

resin 1 at 100°C, it can be clearly observed that two populations of crystal sizes 

correspond to the 1 st rnelting peak, rather than one population as for the other isotherrnal 

sarnples. It was suggested above that the isotherrnal crystallization rnay not have been 

cornpleted at 100°C under the experirnental conditions ernployed, because this 

ternperature is close to regirne IM, according to analysis of linear crystalline growth 

behavior. 18 Thus, sorne long ethylene sequences (ES) remained in the rnelt phase, before 

the crystallization ternperature was lowered. These ES form a population of relatively 

long crystal sizes, with respect to the 1 st rnelting peak. Therefore, as shown in Figure 4-4, 

the sample of resin 1 at 100°C has a higher 1 st rnelting position th an the expected value. 

With the crystal size nurnber distributions in hand, it is possible to estirnate the 

number and weight average crystal sizes, nn and nw ' and crystal size polydispersity, Pn 

(p = n ln ). The nurnber average crystal size can also be represented by crystal length, 
n w n 

Lc,DSC. Lc.DSC = n)u' where the ethylene rn.s.u. length projected along the c axis lu = 

0.2546 nrn. 17 The calculation results are shown in Figure 4-6. Although the distributions 
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of crystal sizes are totally different for different isothermal crystallization temperatures, 

the average crystal sizes are independent of temperature for both resins: 2.8 and 4.2 nm 

for resins 1 and J, respectively. SAXS results confirm the calculation results from DSC 

experiments. The non-isothermal experiments also gave almost the same values of the 

number average crystal sizes: 2.70 and 4.18nm for resins 1 and J, respectively.8 So, for 

the experimental conditions employed, the average crystal size is not very sensitive to the 

crystallization temperature. Although the differences of average crystal sizes are small, 

the crystal size polydispersities increase as the crystallization temperature increases, as 

shown in Figure 4-6. 
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Figure 4-6 The average crystal sizes and crystal size polydispersities 

4.5.2 Melting temperature characteristics 

The melting temperature characteristics can be calculated by three methods from the 

crystal size number distributions, as discussed above. The calculation results are shown in 

Figure 4-7 for the effective melting temperatures and Figure 4-8 for the melting 

temperature polydispersities. Figure 4-7 shows that the effective melting temperature 

from the lst method, TNWI , is the highest. TNW3 is a little lower than TNWI • TNW2 is the 

lowest effective melting temperature. Just like its effect on the average crystal size, the 
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crystallization temperature effect on the effective melting temperature is small, under the 

experimental conditions considered. Generally, as the crystallization temperature 

increases, the effective melting temperature decreases slightly in regime III, and increases 

slightly in regime II, by the Ist and 2nd methods, as shown in Figure 4-7. TNW2 keeps 

decreasing slightly as the crystallization temperature increases. 
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Figure 4-7 The effective melting temperatures from different methods 

Figure 4-8 shows that the melting tempe rature polydispersity, PT, increases, as the 

crystallization temperature increases. The 1 st method gives the highest value, and the 3rd 

method gives the lowest value. The increasing tendency of PT with the crystallization 

temperature is not so pronounced with the 2nd and 3rd methods in resin J. Pn and Pn for 

resin l do not show clear temperature dependence. As shown in Figure 4-3, the DSC 

melting traces show that as the crystallization temperature increases, the occurrence of 

the multiple peaks becomes more pronounced. Therefore, the 2nd and 3rd methods may 

not appropriate to characterize the melting temperature polydispersity. 
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Figure 4-8 The melting temperature polydispersities from different methods 

4.5.3 MeIting temperature characteristics for different polyethylenes 

The experimental and calculation results for non-isothermal crystallization8 are employed 

to compare the melting temperature characteristics for different polyethylenes. The 

crystal size number distributions obtained from non-isothermal experiments for the 

different resins are shown in Figure 4-9 (a) for HDPE, (b) for ZN-LLDPEs, and (c) for 

m-LLDPEs and their blends.8 

Figure 4-10 shows the effective average melting temperatures, as calculated by 

the three methods (Eqs.(4-4)-(4-9)). The maximum melting peak positions are also shown 

in the same figure. They are significantly higher than the average melting temperatures. 

The above analysis shows that the convention al melting temperatures (i.e., main melting 

peak positions) are higher than aIl the three effective temperatures. Just like the results 

from isothermal experiments, TNW1 is only slightly higher th an TNW3. TNW2 is the lowest 

among the calculated average melting temperatures. 
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Figure 4-9 The crystal size number distribution from DSC melting traces for non
isothermal experiments8 
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Among the different materials studied, HDPE has the highest melting 

temperature, then ZN-LLDPEs, and finally m-LLDPEs and their blends. Although the 

average crystal size of resin G (ZN-LLDPE) is lower than that of resin J (m-LLDPE),8 

the average melting temperature of the former is higher, because the basal surface free 

energy of ZN-LLDPE is lower th an that of m-LLDPE,18 when their short chain branching 
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contents (SCBC) are the same. In m-LLDPEs and their blends, the average melting 

tempe rature decreases as SCBC increases (as resin 1 weight content increases). 
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Figure 4-10 Number average melting temperatures from different methods and DSC main 
peak positions for different resins 

The melting temperature polydispersities, PT, obtained by the different calculation 

methods are shown for the different resins in Figure 4-11. GeneraIly, just as in the 

isothermal experiments, PTI are the highest and then Pn Pn are the lowest. Among aIl 

the resins, HDPE has the lowest values of PT. The melting tempe rature peak for HDPE is 

rather sharp, because there is no branching. PT for ZN-LLDPE (resin G) is much higher 

than PT for m-LLDPE (resin J). PT for m-LLDPE with high SCBC (resin 1) is higher than 

that for m-LLDPE with low SCBC (resin J). AIso, PT for ZN-LLDPE with high SCBC 

(resin G) is higher than that for ZN-LLDPE with low SCBC (resin L). In m-LLDPEs and 

their blends, PTI increases as resin 1 content increases, and reaches a maximum at 0.7 -

0.9 wt resin 1. This pattern interestingly corresponds to the pattern of the short chain 

branching polydispersity vs. resin 1 content. However, Pn and Pn do not show 

maximum values; they keep increasing, as resin 1 content increases. 
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Figure 4-11 Melting temperature polydispersity from different methods for different 
resms 

4.6 Conclusions 

The meIting temperature and meIting temperature polydispersity are defined according to 

the crystal size number distribution. The melting temperatures may be characterized by 

the number and weight average melting temperatures, and the effective melting 

temperature. Three calculation methods are proposed and compared. They are based on 

the value of average crystal size, the crystal stem number function, and the monomer 

structural unit function, respectively. 

The melting temperature characteristics are applied to polyethylene polymers, 

with special emphasis on LLDPEs in isothermal and non-isothermal experiments. The 

calculation results of average crystal sizes are confirmed by SAXS experiments. 

Un der the conditions used in the isothermal experiments, the effective melting 

temperatures decrease slightly in regime III and increase slightly in regime II, as the 

crystallization temperature increases. The melting temperature polydispersity increases as 

the crystallization temperature increases. 

For different materials, HDPE has the highest average melting temperature and 

the lowest melting temperature polydispersity. For LLDPEs, there are multiple 
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populations of crystal sizes. As the short chain branching content (SCBC) increases, the 

average melting temperature decreases, while the melting temperature polydispersity 

increases. As the short chain branching distribution becomes broader, the melting 

temperature polydispersity decreases, while the average melting temperature increases. 
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Chapter 5 

5 Spherulitic Crystallization Behavior of Linear Low-

Density Polyethylene 

The crystallization behavior of linear low-density polyethylenes (LLDPE) (ethylene-a

olefin copolymers) is studied by polarized light microscopy. A modified Hoffman

Lauritzen expression is proposed by replacing the equilibrium melting temperature, T,/'oc 
(TmO) , of the melting temperature of the crystal stem with the maximum possible stem 

length, T,/,n". It successfully describes the crystalline spherulitic growth kinetics for both 

homogeneous and heterogeneous LLDPEs. Besides regimes III and II, another regime 

(lM) is found in the high crystallization temperature range. Linear growth behavior of 

crystalline spherulites is observed in regime III; non-linear growth behavior is found in 

regime II and regime lM. The basal surface free energy can be estimated from the short 

chain branching polydispersity (SCBP) for LLDPEs with exc1uded comonomers. 
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5.1 Introduction 

The crystallization kinetics of linear low-density polyethylenes (LLDPEs) depends on the 

molecular structure, such as molecular weight (MW) and molecular weight distribution 

(MWD), short chain branching content (SCBC) and short chain branching distribution 

(SCBD), and crystallization processing conditions.! ,2,3 Spherulitic morphology is 

commonly observed in polyethylenes. Spherulitic growth is used to study and analyze the 

linear crystallization kinetics of LLDPEs.4
,5,6 Spherulitic growth rates of linear polymers 

during isothermal crystallization processes have been described by the Hoffman

Lauritzen the ory (HL)7,8 according to the secondary nucleation mechanism, 

(5-1) 

G refers to the spherulitic radial growth rate; the first exponent term refers to the 

diffusion across the interface of crystals and melts; the second term represents the 

deposition of crystal stems; Go is a pre-exponential parameter containing quantities not 

strongly dependent on the temperature. QD* is the diffusion activation energy; Tc refers to 

the crystallization temperature; (TlIlo -TJ is the degree of supercooling. TlIlo (T,/'=) is the 

equilibrium melting temperature of perfect homopolymer crystals with infinite crystal 

size; f = 2 Tj(Tmo + Tc) is a correction factor for the variation in the heat of fusion with the 

temperature. The nucleation constant Kg is the net activation energy for layer growth. It 

depends on the spherulitic growth regime behavior. According to the HL theory, the 

regime behavior passes from regimes III to II, and l, as the crystallization temperature 

increases, (the degree of supercooling decreases)7,8,9 ln regimes III and l, Kg can be 

expressed by: 

(5-2) 

ln regime II, Kg is: 

106 



Chapter 5 Spherulitic Crystallization Behavior of Linear Low-Density Polyethylene 

(5-3) 

where cr and cre are, respectively, the lateral and basal (folding) surface free energies, k is 

Boltzmann's constant, ho is the layer thickness, and M-lu is the heat of fusion. 

ln this paper, we propose a modification of the HL equation based on the 

generalized melting temperature equation,10 and apply it to homogeneous LLDPEs 

(metallocene catalyzed LLDPE: m-LLDPEs), th en extend it to m-LLDPE blends, and 

finally to heterogeneous LLDPEs (Ziegler-Natta catalyzed LLDPEs: ZN-LLDPEs). The 

regime behavior and other properties are discussed according to the modified HL 

equation. 

5.2 Experimental 

5.2.1 Materials and sample preparation 

The LLDPE virgin resins used in this work were described elsewhere. 11 They were 

provided by Nova Chemical Co. (Calgary, Canada) in pellet form, including two 

experimental m-LLDPEs (resins 1 and J), and four experimental ZN-LLDPEs (resins H, 

C, G, and L). The material characteristics are listed in Table 5-1. The molecular structural 

parameters were also provided by Nova Chemical Co. The branching degrees were 

measured by nuclear magnetic resonance (NMR), and molecular weights were measured 

by the gel permeation chromatography (GPC). Five blends of m-LLDPE resins 1 and J 

(blends Il, 13, 15, 17, and 19) were prepared by solvent-mixing. ll The blend 

characteristics were estimated from the pure m-LLDPE resins. They are also listed in 

Table 5-1. 

The pellets ofLLDPE resins (m-LLDPEs and ZN-LLDPEs) were pressed at about 

180°C into 2mm thick plates by compression mol ding and quenched to room 

temperature. Then, the plates were cut into small 3~5Jlm thick films, using a microtome 

under liquid nitrogen, for microscopy experiments. 
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Table 5-1 Pol ymer molecular characteristics 

Material Corn a Type b D Branch (Il OOOC) Mn (kg/mol) Mw (kg/mol) 

H B ZN 18.9 29.5 123.0 

C H ZN 18.9 33.3 102.0 

L 0 ZN 14.0 25.9 114.0 

G 0 ZN 15.8 23.1 98.6 

J (10) 0 m 15.8 38.2 70.2 

Il 0 mb (0.11 wt) 16.7 35.5 68.5 

I3 0 mb (0.31 wt) 18.5 31.2 65.0 

15 0 mb (0.5 1 wt) 20.3 27.9 61.5 

17 0 mb (0.7 1 wt) 22.1 25.1 58.1 

19 0 mb (0.91 wt) 23.9 22.9 54.6 

1 (110) 0 m 24.8 21.9 52.9 

a: Corn is comonomer; B is butene, H is hexene, and 0 is octene. 
b: ZN is ZN-LLDPE, and m is m-LLDPE, and mb is m-LLDPE blend 

The m-LLDPE blend samples were prepared by the solution method. After 

copolymers were dissolved in xylene (1 %w/v) at 120°C and strongly stirred for around 1 

hour, a droplet of the hot solution was sprayed on a clean circular microscopic glass 

cover. A thin film (about 2-3~m) formed after the solvent evaporated. Then, it was dried 

un der vacuum at about 50°C for more than one week. The same procedure was applied to 

the pure m-LLDPEs. The experimental results showed that there was no effect of the 

solution process on the properties of the polymers. 

5.2.2 Observation and measurement of spherulitic growth during crystallization 

A thin film specimen was fixed on a circular microscopic glass cover. Then, the glass 

cover was placed on a hot stage (Linkam TH600). The hot stage was used in conjunction 

with a polarized light microscope (Olympus BH-2), equipped with a digital camcorder 

system (SONY DXC-950/l). The tempe rature can be controlled within 0.1 degree. The 

film specimen was heated to 180°C and kept for 10 min to remove thermal history 
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effects. Subsequently, the melted film was quenched to the set crystallization 

temperature, and kept at that temperature until the crystallization process was terminated. 

The quenching rate was about 130°C/min, which was achieved by direct flow of 

compressed air through the hot stage sample holder. The spherulitic growth with time 

was recorded and saved in a computer by the Linkam software. The whole experimental 

process was conducted under nitrogen atmosphere. 

Under the experimental conditions employed, the crystalline morphology is the 

spherulitic structure, as shown in Figure 5-1. The spherulite is a typical structure of 

pol ymer crystallization from bulk melts. As the crystallization temperature increases, the 

spherulitic structure deteriorates. The Linkam software provides a method to measure the 

spherulitic size directly. If the spherulite was too small to detect directly, especially in the 

initial crystallization stage, the image was enlarged before application of the image 

analysis software. The measurement precision is about O.05~m. 

Figure 5-1 Crystalline spherulites of resin J at 100°C 

5.3 ResuUs 

Typical plots of spherulitic radius versus crystallization time un der isothermal conditions 

are shown in Figure 5-2 for m-LLDPE resin J, in Figure 5-3 for m-LLDPE blend 13, and 

in Figure 5-4 for ZN-LLDPE resin C. As shown in these figures, for all three different 
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types of LLDPE, when crystallization temperature is relatively low, the spherulitic radius, 

R, increases linearly with the crystallization time, te; and, the spherulitic radial growth 

rate, G, is constant during the whole crystallization process. When the crystallization 

temperature is relatively high, the spherulitic radius increases non-linearly with te, and G 

decreases with te. The non-linear growth characteristic becomes more obvious, as the 

crystallization temperature increases. Although non-linear spherulitic growth has aIready 

been observed in blend systems with crystalline and amorphous components,12,13.14 here it 

is observed in LLDPE in the high crystallization temperature range. 
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Figure 5-2 Spherulite radius vs. crystallization time for m-LLDPE resin J 

In order to confirm that the non-linear spherulitic growth was not caused by 

possible degradation, sorne samples that experienced non-linear growth were melted and 

allowed to crystallize again at relatively low temperature. The experimental results 

reproduced the expected linear behavior obtained previously at the low temperature. This 

is illustrated in Figure 5-2(a) for crystallization of resin J at 103°C after exhibiting non

linear crystallization at 111°C. Therefore, under the experimental conditions employed, 

the degradation effects appear to be negligible. 
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Figure 5-3 Spherulite radius vs. crystallization time for m-LLDPE blend 13 (I/J:317) 
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Figure 5-4 Spherulite radius vs. crystallization time for ZN-LLDPE resin C 

The spherulitic growth rate, G, was calculated from data on the variation of 

spherulitic radius with crystallization time. In the linear growth region, the spherulitic 

growth rate was the sI ope of the straight line. In the non-linear growth region (including 

irregular spherulites), the growth rate was determined from the slope of the linear portion 

(in the initial crystallization stage), by using linear regression for at least the first 15 
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experimental points. Generally, R2 was higher than 0.985. For irregular spherulites, the 

crystal morphology could roughly maintain the spherulitic structure in the early 

crystallization stage. Thus, it is also possible to measure the spherulitic sizes. The results 

are shown in Figure 5-5. For ail three types of LLDPE, the crystallization temperature, 

Tc, has a significant effect on the spherulitic growth rate. As the crystallization 

temperature increases, the growth rate decreases rapidly. For ex ample, for m-LLDPE 

resin J, it decreases from 0.45,.wvsec to 0.00076~n1fsec, when Tc increases from 100°C to 

111°C. 
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Figure 5-5 Spherulitic growth rates vs. crystallization temperatures 

Under the experimental conditions employed in this study, the experimental 

crystallization temperature range is restricted by spherulitic growth rate: from about 

0.0001 to 1 ~n1fsec. At high temperatures, such long times are required, that other factors, 

such as degradation, become significant. On the other hand, at low temperatures, the 

growth rates are so fast that the growth is completed before the temperature stabilizes. 
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For m-LLDPE resins and their blends, as shown in Figure 5-5(a). Under experimental 

conditions, as resin l weight content increases, the experimental crystallization 

temperature range bec orne lower. For example, it goes from lOO-111°C for resin J (IO, 

Owt resin 1), to 85-103°C for resin l (Il 0). At the same crystallization temperature, the 

spherulitic growth rate increases as the ratio of resin l decreases, as shown in Figure 5-6 

for 100°C isothermal experiments. This is mainly because resin J has a lower short chain 

branching content (SCBC) th an resin land thus a higher melting temperature for the 

crystal stem with a maximum possible crystal size, Tmc,n*. However, as shown in Figure 

5-5(a), when the crystallization temperature is higher than 107°C, the growth rates 

crossover for blends Il,13 and resin J. The spherulitic growth rates of blend 13 are higher 

than those of blend Il and resin J. Therefore, there should be other factors, which also 

affect the spherulitic growth rates. According to the Hoffman-Lauritzen (HL) equation, 

the growth rates are not only dependent on the SCBC, but also on the basal surface free 

energy, Œe, which can be taken as a material constant. For different materials, cre is a 

function of chemical composition and molecular structure. For LLDPEs with excluded 

comonomers, it mainly depends on the branching characteristics. A low basal surface free 

energy is expected for polymers with a high short chain branching polydispersity 

(SCBP), because a high SCBP produces high irregularity of the basal surface, which 

provides more space for holding branching units, which have relatively large volume . 
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Figure 5-6 Spherulitic growth rates of m-LLDPEs and their blends at 100°C 
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Figure 5-5(b) shows the results for ZN-LLDPE resins. Resins Gand L incorporate 

(X-octene comonomer, and the SCBC of resin L is lower than that of resin G. However, at 

the same crystallization temperature, the growth rate of resin Lis lower than that of resin 

G. Therefore, it is expected that the basal surface free energy of resin L is higher th an that 

of resin G. For resins H and C, the short chain branch contents are similar, but the growth 

rate of resin H is much less than that of resin C. So, it would be expected that the basal 

surface free energy of resin H is much larger than that of resin C, if the difference 

between (X-hexene and (X-butene comonomers can be neglected. These observations will 

be discussed in a later section. 

5.4 Discussion 

5.4.1 Modified Hoffman-Lauritzen expression 

Because it was initially proposed for linear crystalline polymers, the Hoffman-Lauritzen 

(HL) equation has to be modified, when it is applied to copolymers. For copolymers with 

excluded comonomers, such as LLDPE, we suggest that TlIlo be replaced by the melting 

temperature of the crystal stem with the maximum possible length, TmC.n*.1O Tm
c.n* is a 

function of the short chain branching content (SCBC), the short chain bran ching 

polydispersity (SCBP), the comonomer volume, the basal (fol ding) surface free energy, 

and the molecular weight characteristics. It may be obtained from the following equation: 

_1, [1- 2ae .J __ 1 =-[~Jlnp-J.[~Jln[.&J 
T CIl Ml n TO Ml n Ml p m U 11l U U 

(5-4) 

where R is the gas constant, XA is the volume fraction of monomer units, n* is the 

maximum possible number of monomer units in the crystal stem, and p is the sequence 

propagation probability that a monomer is succeeded by another monomer. For random 

copolymers, it is equal to the monomer mole fraction. 

In homogeneous copolymers, the comonomers are distributed randomly. 

Furthermore, the comonomer content can be assumed to be uniform in aIl molecules, 
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even though their molecular weights are different. Generally, for LLDPE, the branching 

degree is represented by the number of branches per 1000 backbone carbons, DBranch. For 

random systems (m-LLDPE), the following relationship is obtained between DBranch and 

p: 

p = 1- DBrul1ch /500 (5-5) 

where 500 arises from the presence of two carbons in each ethylene repeat structural unit 

For an ethylene sequence with length n * between two branches, the maXImum 

possible crystal length is n *. Since the detail mole weight distribution and short chain 

branching distribution are rather complex, the actual value of n * for a LLDPE resin is 

difficult to identify exactly. Therefore, in this work, an effective n * is identified to 

correspond to an effective molecular weight with a corresponding effective homogeneous 

SCBD, as shown in the following equation: 

n * = [ M :w J/[ D Branch M :'" + 1J 
28.06 500 28.06 

(5-6) 

where 28.06 is the molecular weight of the repeat structural unit, (C2H4), and M nw * is the 

effective molecular weight of the main chain: 

M * . = M 1(1 + nt - 2 D Branch ) 
m, n» 2 500 (5-7) 

where nt is the number of carbons in the comonomer, and M nw represents the molecular 

weight of the main chain. The latter can be described as,8 

(5-8) 

where Mn and Mw are the number and weight average molecular weights, respectively. 

Thus, Mnw contains, to sorne extent, the effect of molecular weight distribution. The 

volume fraction of ethylene structural units, XA , is 
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XA=--"---P_
m(l_p)+p 
2 

(5-9) 

Therefore, for homogeneous random a-alkene-ethylene copolymers, TmC,n* is given by,1O 

_1 (1- 2at
. J __ 1 =-(~J{lnp-_1 In[m(l- p)+P]} 

T C.n* M-l' T H .= M-l * 2 
m un III u n 

(5-10) 

From Eq.(5-10), TIIl
C

.
n* of m-LLDPEs can be calculated according to their molecular 

structures. 

In this work, m-LLDPE blends are mixtures of two m-LLDPEs. We assume that 

Eq.(5-10) can be applied to m-LLDPEs blends by employing average molecular 

structural parameters calculated from the weighted contributions of the parameters for the 

indicated resins. Moreover, we assume that heterogeneous LLDPEs (ZN-LLDPEs) may 

be considered as blends of several m-LLDPEs or of several ethylene sequences with 

different length. Thus, Eq.(5-1O) is also extended for ZN-LLDPEs. The molecular 

structural parameters are represented by their corresponding averages. The different types 

of LLDPE have different values of the basal surface free energy. With the help of the 

average molecular structural parameters, it is possible to estimate. Tm
c.ll * values for m

LLDPE blends and ZN-LLDPEs, using Eq.(5-1O). In the following discussion, the 

predictions of Eq.(5-1 0) are compared to the experimental results. 

As suggested above, the HL equation is modified as follows for copolymers with 

excluded comonomers, such as LLDPE, or their mixtures: 

G G 
QD MI', [ *] [ K ] = exp --- exp -

o RTe Tc (T,,;.n* - Tc )f (5-11) 

where (T,/· Il* -Tc) is the effective degree of supercooling. The correction factor for the 

variation of the heat of fusion with the temperature, f, remains the same, 2 Tj(T} + TJ, 

since the correction is applied to the heat of fusion at TlIlo. The plots of (lnG+QD*/RTJ vs. 

1 J(Te tJ.T 1) are straight lines. In different regimes, the slopes are, 
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(5-12) 

for regimes 1 and III, and 

(5-13) 

for regime II. Theoretically, the ratio of the sI opes in regimes III (or 1) and II equals 2. In 

the following discussion, the following parameter values are used: Tilla = 145.5°C15
, QD* = 

24 kJ/mol,16 ha = 0.415 nm, lu (projected length per CH2) = 0.1273 nm, Mfu = 8.106 

kJ/mol (CH2CH2), and (j = Il.8 mJ/m2
.
8 

Table 5-2 The calculated parameters and results according to the MHL expression 

K MglII K MglII c c 
(je a T C,n* K MKIII (je (J/mol) b Til-lM Till_II 

Resin I/J (104 K2) (104 K2) 
(J/mol) (K) K MKll 

f T C,oo (oC) (oC) 
Theoretical Experimental rom fil 

H 3060 401.0 5.45 5.45 1.97 7870 117.4 112.5 

C 2340 403.5 4.20 4.20 2.00 5220 122.5 118.5 

L 3270 404.6 5.91 5.91 1.97 6980 117.3 

G 2730 403.9 4.93 4.89 1.92 6140 122,0 116.5 

IO (J) 5200 396.4 9.20 9.20 1.97 17100 107.1 

Il 4870 396.3 8.60 8.60 1.82 16900 107.2 

13 4300 396.0 7.60 7.60 1.98 14400 105.8 

15 3970 395.1 6.99 6.99 2.01 13600 107.6 

17 3920 393.3 6.88 6.88 1.97 12900 103.3 

19 4300 389.5 7.48 7.48 2.04 15700 103.0 96.0 

Il 0 (I) 4660 386.7 8.04 8.00 2.05 19800 100.8 93.9 

a: (je were estimated using a trial-and-error method by comparing theoretical values of 
KgIII obtained from Eq.(5-12) with slopes from experimental results. 
b: (je from Tmc,oo are calculated from the slopes according to the HL expression. 
c: TIll-II and Til-lM are the regime transition temperatures from regimes III, II and lM, 
respectively. 
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Figure 5-7 The description of crystallization kinetics by the MHL and HL equations 

Figure 5-7 shows typical results of the application of Eq.(5-11) to three types of 

LLDPE: (a) m-LLDPE resin l, (b) m-LLDPE blend 19, and (c) ZN-LLDPE resin G. The 

results of application of the HL equation are also shown in Figure 5-7 for comparison. As 

shown in Figure 5-7, the linear crystallization kinetics for aIl three types of LLDPE can 

be described by the MHL equation. Under the experimental conditions employed in this 

study, regimes III and II are observed for aIl LLDPEs. The estimated characteristic 

parameters based on the experimental results are listed in Table 5-2. (je values were 
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estimated usmg a trial-and-error method by companng theoretical values of Kg/IJ 

obtained from Eq.(5-12) with sI opes from experimental results. A value was guessed for 

(je, then Tmc,n was calculated. Subsequently, the theoretical value of Kg/IJ was calculated. 

The right (je is obtained, when the theoretical KgIII value matches the experimental value 

obtained from plotting the experimental data, using the MHL equation. The slope ratios 

between regime III and regime II are about 2, as theoretically expected. This suggests that 

Eq. (5-4) and (5-11) provide a reasonable description of the linear crystallization kinetics 

of the three types of LLDPE. 

5.4.1.1 Crystallization regimes 

Figure 5-7 shows that, in addition to regimes III and II, a special regime is observed in 

the high crystallization temperature range for m-LLDPE resin 1, m-LLDPE blend 19, and 

ZN-LLDPE resin G. In this regime, the slopes deviate from those for regime II, yet they 

do not increase to the expected values for regime 1 (the same as the values for regime III). 

ln fact, the sI opes in this regime are lower than the slope values for regime II. Because 

the slope in this regime is different from those obtained for regimes II or 1 (or III), we 

should refer to it as regime lM (1 Modified). Similar behavior was also observed for ZN

LLDPE resins H and C. 

It is difficult to observe regime 1 in LLDPEs. According to the HL secondary 

nucleation growth mechanism, the crystallization growth rate is determined by the co

operation between the secondary nucleation rate and the substrate completion rate.7
,8 In 

regime 1, the crystallization temperature is high. The substrate completion rate is so fast 

that the growth rate does not depend on the substrate completion rate, but depends only 

on the secondary nucleation rate. However, due to the branching, more time is needed for 

ethylene sequences to fit into niches on the crystal substrates. Thus, the substrate 

completion rate in LLDPEs is too low to reach the requirements of regime 1, especially 

when the short chain branching content (SCBC) is high. This behavior is similar to that of 

linear polyethylenes with high molecular weights. Entanglement effects are large in such 

polymers. Thus, the chain folding time is increased, and the substrate completion rate 

cannot reach sufficient levels to exhibit regime 1 behavior. 8 
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5.4.1.2 Basal surface free energy 

If the HL expression is directly employed to describe the spherulite growth kinetics, 

T,/'= (Tmo) has to be replaced by the melting temperature of the crystal stem with infinite 

length, Tmc.=, for copolymers with exc1uded comonomers. Kamal et al. lo pointed out that 

Tm
c,= can be estimated from the Flory equation. 10,17 

1 1 R 
-----=---lnp 
T C ,= TH,= l1.H 

m m u 

(5-14) 

It only depends on the comonomer content for LLDPEs. As shown in Figure 5-7, based 

on the HL expression, all experimental data can be fitted into one straight line for the 

different LLDPEs. The regime behavior is difficult to identify, under the experimental 

conditions employed in this study. However, the different regimes are more easily 

distinguished according to the modified HL expression. The sI opes are much higher when 

using the HL equation than those obtained with the MHL expression. Based on the HL 

slopes, the basal surface free energies are estimated and listed in Table 5-2. The values 

for m-LLDPEs and their blends are much higher th an for linear polyethylene 

(l0.2kJ/mol).8 This is unreasonable. So, the method appears to be inconsistent with 

expectations. Furthermore, because of weak resolution of the differences among slopes of 

the different regimes, the estimated parameters cannot be compared, and the application 

of the equation for this purpose is limited. 

The melting temperatures of crystal stems with possible maximum length, Tmc,n*, 

and the corresponding basal surface free energies, (Je, estimated with Eq.(5-10) and 

Eq.(5-11), are also listed in Table 5-2 for the various resins. According to Eq.(5-10), 

there are two factors that have a significant influence on T,/,n*: SCBC and (Je. TI/lC,n* 

decreases as the SCBC increases, and it increases as (Je increases. For m-LLDPEs and 

their blends, Figure 5-8 shows that as resin 1 content increases, the SCBC increases. 

Thus, Tmc,n* decreases. Although the low basal surface free energy could involve a higher 

Tmc,n*, according to Eqs.(5-1O) and (5-14), the reduction of p has a more important effect 

on Tm C,n* by causing a reduction in the equilibrium melting temperature of copolymers, 

TmC,=.lO So, the SCBC has a dominant effect on T,/,n*. As the SCBC increases, p 
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decreases. Tmc. oo and Tmc.n* also tend to decrease. For ZN-LLDPEs, Tt/,n* has the same 

tendency as that of m-LLDPEs and their blends. For example, Tt/,n* of resin L (octene 

comonomer, Dbranch 14.0) is higher than that of resin G (octene comonomer, Dbranch 15.8). 
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Figure 5-8 cre, Tmc,oo and Tt/,n* for m-LLDPEs and their blends vs. resin 1 weight content 

5.4.2 Basal surface free energy and short chain branching characteristics by TREF 

Although Eqs.(5-4) and (5-10) were derived for homogeneous copolymers, they were 

shown to be also suitable for describing the behavior of heterogeneous copolymers and 

blends of homogeneous copolymers. 11 One of the important parameters in the se equations 

that differentiates various types of LLDPE is the basal surface free energy, cre. This 

material property depends mainly on the short chain branching content (SCBC) and 

distribution (SCBD). The SCBC may be determined by techniques, such as FTIR and 

NMR. However, it is difficult to measure the short chain branching polydispersity 

(SCBP) directly. Generally, the SCBP may be deduced from temperature rising elution 

fractionation (TREF) experiments. Table 5-3 shows the elution temperature 

characteristics determined by TREF for the resins of interest. The elution temperature 

characteristics are designated in the same manner as for molecular weight characteristics. 

Tel,w and Tel.N are defined as the weight and number average elution temperatures, 
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respectively. The effective average elution tempe rature is defined as T d .wN = ~Tel.wTel.N . 

The elution temperature distribution (polydispersity) is given by Tel. wITel.N. TREF results 

were provided by Nova Chemical Co. (Calgary, Canada). For m-LLDPE blends, they 

were ca1culated according to their weight fraction. 

Table 5-3 TREF ca1culation results 

Resin T el.W (OC) T el.N (OC) T el.WN CC) Tel. WITel.N 

IO (1) 78.4 77.9 78.1 1.0064 

Il 76.8 75.8 76.3 1.0125 

13 73.6 72.1 72.8 1.0213 

15 70.4 68.6 69.5 1.0258 

17 67.2 65.5 66.4 1.0259 

19 64.0 62.7 63.4 1.0216 

Il 0 (1) 62.5 61.4 61.9 1.0178 

G 80.7 76.6 78.6 1.0542 

C 79.0 74.2 76.6 1.0647 

H 76.6 74.3 75.4 1.0316 

Tel. W and T el.N are defined as the weight and number average elution temperatures, 

respectively. The effective average elution temperature is defined as Tel.WN = ~Tel.wTel.N . 

The elution temperature distribution (polydispersity) is given by Tel.WITel.N. 

Tel. WN is an indicator of SCBC. As shown in Figure 5-9, T el.WN increases, as 

SCBC decreases. However, because the elution tempe rature in TREF experiments 

directly corresponds only to the longest ethylene sequence of individual molecules, it is 

not possible to find a direct relationship between the SCBC and the elution temperature. 18 

TREF results for LLDPEs with octene comonomers can be fitted in one curve (Figure 

5-9). However, the results for ZN-LLDPE resin C (hexene comonomers) and resin H 

(butene comonomers) do not follow the same curve. ZN-LLDPEs are heterogeneous from 

both inter- and intra-molecular considerations. Because of the intra-molecular 

heterogeneity, they have higher possibility of containing long ethylene sequences than m-
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LLDPEs or m-LLDPE blends. Therefore, for ZN-LLDPEs, Tel,WN are higher than those 

for m-LLDPEs and their blends at the same SCBC, as shown in Figure 5-9. 

The results in Table 5-3 and Figure 5-9 (excluding resins C and H) may be fitted 

to the following equation: 

Tel .WN = 118.2exp(- 0.0261DBrallch) Oc (R2 = 0.9995) (5-15) 

where the maximum effective average elution temperature in the TREF solvent IS 

118.2°C. Actually, it is the equilibrium melting/dissolution temperature for a 

polyethylene chain with infinite chain length in a dilute solution, Ts
o. The reported value 

is 118.6±2°C in xylene, when TmH,oo (Tm
o) is 145.5±2°c.19

,20 Thus, the prediction is 

consistent with reported results. 
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Figure 5-9 Tel, WN vs. Dbranch for different materials 

For LLDPEs with excluded comonomers, the short branch units (comonomers) 

become the ends of crystal stems, because they are not crystallizable. In such polymers, 

the folds are large and only loose folds are obtained. The folding work is much lower 

than the regular tight foIds. Thus, the short chain branches reduce cre. The content of 

loose loops increases, as the SCBC increases, although it is difficult to find a direct and 
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simple relation between (Je and the SCBe. However, when the SCBC reaches a certain 

high value, only loose folding crystals occur in the crystalline phase, because ail ethylene 

sequences between branches may not be long enough to fold at a certain crystallization 

temperature. Then, the SCBC has !ittle effect on (Je. Therefore, the SCBC effect on (Je is 

not significant, when the SCBC is not very small, as under the experimental conditions 

employed in this study. 
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Figure 5-10 The basal surface free energy and SCBP 

The SCBD has more important effects on the basal surface free energy than the 

SCBC, under the experimental conditions employed in this study. It can be described by 

the elution temperature distribution, Tel, W/Tel,N, from the TREF experimental results. The 

minimum value of Tel, W/Tel,N is 1. The higher it is, the broader is the SCBD. As shown in 

Table 5-3, ZN-LLDPEs have higher SCBP values than m-LLDPEs and their blends, and 

the SCBP of m-LLDPEs are the smallest values, as expected. As the SCBD becomes 

broader, the irregularity of the basal surface increases. The irregular basal surface can 

easily hold comonomers with larger volume. Therefore, as the SCBD becomes broader, 

(Je decreases. Under the experimental conditions employed, the relationship between (Je 

and SCBP, shown in Figure 5-10, may be described by the following equation except 

resin H: 
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(R2 = 0.996) (5-16) 

Data for all the resins evaluated, except resin H, can be satisfactorily fit to the above 

equation. In resin H, the comonomer is (X-butene. Because the ethyl branching size is 

rather small, it may be partially inc1uded in crystal 1 atti ces in TREF experiments. So, the 

apparent SCBP is probably smaller than the real value, as indicated in Figure 5-10. If 

Tel, WITel,N takes the minimum value, 1, the length of the longest ethylene sequences in 

different molecules would be the same. Thus, for the case when all ethylene sequences 

have approximately the same length, cre = 5765 J/moI. The difference between this value 

and the value respected for linear polyethylenes (10.2 kJ/mol)8 reflects the effect of the 

branching units. 

5.4.3 Growth behavior in different regimes 

As shown in the results, linear growth behavior is observed in regime III. On the other 

hand, non-linear growth behavior is observed in regimes II and lM. The regime transition 

points between regimes III and II appear to be the transition points between linear and 

non-linear spherulitic growth behavior. Application of the A vrami equation to overall 

crystallization kinetics (by DSC),21 yields A vrami exponents equal to 2, 1.5, and 1 for 

regimes III, II and lM, respectively. The different exponents correspond to specifie 

growth mechanisms,22 as shown in Table 5-4. Under the experimental conditions 

employed in this study, the nuc1eation mechanism is heterogeneous. 

Table 5-4 A vrami exponents and corresponding growth characteristics in different 
. chI' h' 'D "3 reglmes lor eterogeneous nuc eatlOn mec amsm--'-

Regime Avrami Exponent Growth Habit Growth Control 

Rod Interface 
lM 1.0 

Dise Diffusion 

II 1.5 Sphere Diffusion 

III 2.0 Dise Interface 
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Figure 5-11 The plots of radius vs. crystallization time in regime II 

ln regimes III and II, the growth habits are disc and sphere, respectively. So, in 

PLM experiments, the spherulitic structure is observed, as shown in Figure 5-1. For 

regime III, the interface mechanism controls the crystallization process. The growth rate 

is constant. So, the spherulite shows linear growth behavior. For regime II, the diffusion 

mechanism controls spherulitic growth. Although radial growth becomes slower with 

time, linear growth with l·5 is expected, if it follows the model of a moving boundary.23 

As shown in Figure 5-11, the spherulitic radius increases linearly with tD
.
5 during most of 
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regime II of the crystallization period for aIl three types of LLDPE. In the final stage, 

because of the impingement effect, the linear relationship cannot be maintained. 

Therefore, diffusion growth results in the non-linear growth behavior observed in regime 

II. 

Table 5-4 shows that the Avrami exponent is 1 in regime lM. Thus, there are two 

possible growth habits, i.e., rod and disc forms, which are controlled, respectively, by the 

interface and diffusion mechanisms. Because the crystal morphology can roughly 

maintain the spherulitic structure in the early stages of crystallization, it is possible to 

measure the spherulitic growth rates. The propagation of rods in the melt phase helps to 

dissipate the self-created mechanical, thermal, and compositional fields at the growth 

front. 23 Therefore, the growth rate is higher than the expected value for the disc form. The 

characteristic slopes to fit experimental data, as obtained using the modified HL equation, 

are higher than the theoretical values. This leads to regime lM. As the crystallization 

continues, because of the competition between interface and diffusion mechanisms and 

the fluctuation of the concentration of crystallizable ethylene sequences in the melt phase, 

irregular morphologies are observed, as shown in Figure 5-12. Because of the diffusion 

mechanism, the non-linear growth behavior is also observed in regime lM, ev en in the 

early crystallization stages of that regime. However, because of the complex growth 

habit, it is difficult to find a direct generalized relationship between the spherulitic radius 

and the crystallization time. 

Figure 5-12 irregular crystallization morphologies in regime lM for resin G at 123°C 
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5.5 Conclusions 

Although Eqs.(5-4) and (5-10) were originally proposed for homogeneous copolymer 

with excluded commoners, they can be extended to non-homogeneous LLDPEs, which 

may be considered as blends of homogeneous LLDPEs. These equations can thus be 

employed to calculate the melting temperatures of the crystal stem with the maximum 
C n* possible length, Tm' for both homogeneous and heterogeneous LLDPEs. 

It is proposed to modify the Hoffman-Lauritzen (HL) equation for copolymers by 

replacing the equilibrium melting temperature, Tmo, by Tmc,n*. The modified Hoffman

Lauritzen equation provides satisfactory descriptions of the spherulitic growth kinetics 

for m-LLDPEs, m-LLDPE blends, and ZN-LLDPEs. The regime behavior was observed 

and analyzed according to the MHL equation. In addition to regimes III and II, regime 

lM was observed for ZN-LLDPEs, m-LLDPE resin l, and m-LLDPE blend 19. Non

linear growth behavior of spherulites was observed in regimes II and lM. Non-linear 

growth behavior and morphological characteristics may be explained by the 

crystallization growth habits and mechanisms indicated by the A vrami exponents, 

obtained from bulk crystallization kinetics experiments. 

The basal surface free energy is strongly dependent on the short chain branching 

characteristics. The latter can be qualitatively described by the TREF results for 

LLDPEs. 
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Chapter 6 

6 Non-linear Crystalline Spherulitic Growth Behavior 

for Linear Low-Density Polyethylene 

Non-linear growth behavior was observed in two crystallization regimes, depending on 

the temperature. Non-linearity may be explained by the reduction of the concentration of 

crystallizable ethylene sequences (CES) in the melt phase. In the two regimes, the 

concentration of uncrystallizable ethylene sequences (UCES) increases, as the 

crystallization time increases, because UCES are continuously excluded from the crystal 

lattice into the melt phase. An empirical equation is proposed to describe the melting 

temperature of the crystal stem with the maximum possible length, ~n C.n*, in non-linear 

growth processes, assuming that the diffusion layer is negligible. A modified form of the 

Hoffman-Lauritzen equation (MHL) describes weIl the crystallization growth kinetics of 

LLDPE spherulites in the non-linear growth region. 
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6.1 Introduction 

The Hoffman-Lauritzen nuc1eation mechanism has been widely used to explain 

crystalline spherulitic growth behavior during pol ymer crystallization.1
,2.3 ln order to 

extend the utility of the Hoffman-Lauritzen (HL) equation from linear homopolymers to 

copolymers with exc1uded commoners, a modified equation was proposed. In this 

equation, the equilibrium melting temperature, TlIlo, is replaced with the melting 

temperature, T,/,n*, of the crystal stem with the maximum possible length, 11*.4,5 Thus, the 

modified Hoffman-Lauritzen (MHL) equation takes the form: 

(6-1) 

where Go is a pre-exponential parameter containing quantities not strongly dependent on 

the temperature, R is the gas constant, QD* is the diffusion activation energy, the 

nuc1eation constant KMg relates to the net activation energy for layer growth, Tc refers to 

the crystallization temperature, (T,,;·n* - Tt is the degree of supercooling (!1T) (it replaces 

(T,,~ - Tc) in the HL equation), fis the correction factor for variation of the heat of fusion 

with the temperature and is equal to 2TJ(T III ° + Tc), and Tmo is the melting temperature of 

the crystal stem with infinite crystal Iength for homopolymers. 

The plots of InG+QD * /RTe vs. lI(Te!1Tf) are straight lines. In different 

crystallization regimes, the slopes, i.e., KMg , are different. Thus, in regimes III and l, 

(6-2) 

and in regime II, 

(6-3) 

where cr and cre are, respectively, the lateral and basal (folding) surface free energies, k is 

Boltzmann's constant, ho is the layer thickness, and Mu is the heat of fusion of monomer 
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structural unit (m.s.u) in the perfect crystal. Theoretically, the sI opes in regimes III and 1 

are equal. Each of these slope equals twice the slope of regime II. 

The melting temperature of crystals is dependent on the crystal size, n (represented 

by the number of m.s.u.), according to the following equation:4 

_1 (1-~J --;- = -(~J ln p - ~ (~J ln( X A) 
Tm MIu n Tm MIu n Mill P 

(6-4) 

where R is the gas constant, XA is the monomer volume fraction, and p is the sequence 

propagation probability that a monomer is succeeded by another monomer, i.e., the 

monomer mole fraction for homogeneous copolymers. TmC.n* may be estimated from 

Eq.(6-4) by replacing n with the maximum possible length, n *.4,5 

The regime behavior was observed for linear low-density polyethylenes (LLDPE), 

and analyzed according to Eq.(6-1).5 In addition to regimes III and II, a special regime 

(regime IM) was found in the high crystallization temperature range. Non-linear 

spherulitic growth behavior was observed in regimes II and IM.5 

Non-linear crystalline growth behavior has been reported in miscible blends of 

crystalline and amorphous polymers, such as blends of isotactic polypropylene and 

atactic pOlypropylene,6 blends of isotactic polypropylene and liquid paraffin,7,8 mixtures 

of isotactic polystyrene and atactic polystyrene,9 and blends of poly(ethylene oxide) and 

PEO melt-miscible amorphous polymers. lO It has been suggested that non-linear growth 

behavior depends on the interaction between the crystalline component and the 

amorphous component,IO the molecular weight of the amorphous component,6,8,9 and the 

content of the amorphous component. 11 Strong interaction between the two components, 

high molecular weight of the amorphous component, and high content of the amorphous 

component tend to produce non-linear growth behavior. A two-step diffusion mechanism 

has been proposed to explain the crystallization kinetics. 11 

Non-linear growth behavior was not only observed in miscible blend system, but 

it was also observed in LLDPEs 12 and syndiotactic polypropylene l3 in the high 

crystallization temperature range. However, it was ignored and treated similarly to the 

linear cases. 12,13 Bassett et al. 14,15 applied reflection optics to observe a series of 
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quenched and etched samples, and predicted the non-linear crystalline spherulitic growth 

behavior in LLDPEs. However, their experiments were not real-time observations. 

Because polyethylene is a fast crystallizing pol ymer, crystal morphologies obtained 

during crystallization are possibly different from those observed in quenched samples. 

ln this paper, the non-linear spherulitic growth behavior of LLDPEs is observed 

in-situ using polarized light microscopy. The effects of crystallization temperature, 

crystallization time and concentration of uncrystallizable ethylene sequences (UCES) are 

discussed. 

6.2 Experimental 

6.2.1 Materials 

Two experimental metallocene-based LLDPE (m-LLDPEs) (resins 1 and J) and one 

experimental Ziegler-Natta-based LLDPE (ZN-LLDPE) (resin H) were provided by the 

Nova Chemical Co. (Calgary, Canada) in pellet form. Material characteristics are listed in 

Table 6-1. The molecular structural parameters were also provided by the company. The 

branching degrees were measured by nuclear magnetic resonance (NMR), and molecular 

weights were measured by gel permeation chromatography (GPC). Three blends of m

LLDPE resins 1 and J (blends Il, 13, and 15) were prepared by solvent-mixing. 16 Blend 

characteristics were estimated from the pure m-LLDPE resins, and they are listed in 

Table 6-1. The characteristic temperatures of the resins are also listed. 

6.2.2 Two-step crystallization process by polarized light microscopy (PLM) 

As shown in Figure 6-1, a two-step isothermal experimental procedure was employed. 

After a thin film specimen was fixed on a circular microscopy glass coyer, the glass coyer 

was moved to a hot stage (Linkam TH600), which could control temperature within 0.1 

degree. The hot stage was installed on a polarized light microscope (Olympus BH-2) 

equipped with a digital camcorder system (SONY DXC-9501l). 
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Table 6-1 Pol ymer molecular characteristics and characteristic temperatures 

Dbranc:h Mn Mw (T IT Cn* 
Material Corn a Type b 

{je el, W e/,N Tm' T lI_IM TIll-li 

(/1000C) (kg/mol) (kg/mol) (J/mol)C -1 )x1 00 d (OC) CC) e (oC) e 

J (IO) 0 m 15,8 38.2 70.2 5200 0.64 123.2 107.1 

Il 0 mb(O.lIwt) 16.7 35.5 68.5 4870 1.25 123.1 107.2 

13 0 mb(0.3Iwt) 18.5 31.2 65.0 4300 2.13 122.8 105.8 

15 0 mb(0.5Iwt) 20.3 27.9 61.5 3970 2.58 121.9 107.6 

l (II 0) 0 m 24.8 21.9 52.9 4660 1.78 113.5100.0 93.9 

H B ZN 18.9 29.5 123.0 3060 3.16 127.8117.4112.5 

a: Com is comonomer; 0 is octene, B is butene. 
b: ZN is ZN-LLDPE, and m is m-LLDPE, and mb is m-LLDPE blend. 
c: The basal surface free energies were ca1culated from the MHL secondary nucleation 

crystallization kinetics analysis for LLDPEs.5 

d: The short chain branching polydispersities (SCBP) are ca1culated from the TREF 
results.5 It is represented by (Tel,W/Te/,N -l)x100. Tel,w and Tel,N are defined as the 
weight and number average elution temperatures, respectively. 

e: The regime transition temperatures from regime III to II, Tm-Il, and from regime II to 
lM, TlI_IM, were based on MHL analysis.5 
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Figure 6-1 The procedure of a two-step isothermal experiment for m-LLDPE resin J 

TIc = 108°C in regime II, T2c = 104°C in regime III, tIc = 90 min 

The film specimen was heated to 180°C and kept for 10 minutes to remove the 

thermal history memory. Subsequently, the melted film was quenched to crystallize for a 
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certain time, tIc, at a high temperature, Tic. At TIc. the crystalline spherulitic growth 

behavior was non-linear. Then, the specimen was quenched to a lower temperature, T2e , 

to finish the crystallization. Generally, T2e is chosen in the temperature range of regime 

III. The growth behavior was linear at T2e. if the specimen was cooled down directly from 

the melt to T2e (one-step crystallization). Also, sorne of the T2e values for ZN-LLDPE 

resin H were chosen in regime II. The crystallization time in the second step at T2e was 

t2e. The quenching rate was about 130°C/min, which was achieved by direct flow of 

compressed air through the hot stage sample holder. The spherulitic growth with time 

was recorded and saved in a personal computer by the Linkam software. The whole 

experimental process was conducted under nitrogen atmosphere. 

6.3 ResuUs and Discussion 

6.3.1 Uncrystallizable ethylene sequences (UCES) in different regimes 

When the size of the comonomer unit in LLDPE is larger than propylene, comonomers 

are generally excIuded from the crystal lattice. 17 Comonomers separate the molecular 

chain into a series of ethylene sequences (ES). The ethylene sequence size is not uniform, 

but shows a distribution, which depends on the short chain branching distribution 

(SCBD). Thus, as indicated by Eq.(6-4), sorne ethylene sequences are perhaps not long 

enough to crystallize, at sorne crystallization temperatures. The amount of 

uncrystallizable ethylene sequences (UCES) depends on the crystallization temperature 

and the molecular structure. The concentration of UCES (CUCES) increases, as the 

crystallization temperature increases. During the crystaIlization process, not only UCES 

are exc1uded from the crystal lattices, but also sorne crystallizable ethylene sequences 

(CES) are possibly exc1uded, because of kinetic factors. If they are trapped in the sol id 

amorphous part, they can undergo secondary crystallization. 

The variation of CUCES in the melt phase, as crystallization time increases, 

determines the variation of spherulitic growth rate with time. Because, in a chain, 

ethylene sequences are connected, only a group of contiguous UCES can form a large 
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loop and diffuse from the solid phase into the melt phase, i.e., those UCES are untrapped. 

If UCES are directly attached to crystallized CES, they cannot diffuse, but they are 

trapped between crystalline lamellae as the solid amorphous part. Therefore, diffusion 

depends on the probability of appearance of the contiguous UCES. When the 

crystallization temperature increases, this probability increases. As the crystallization 

time increases, the CUCES in the melt phase increases, because the amount of untrapped 

UCES increases. Therefore, the crystalline spherulitic growth rate decreases, and non

linear growth behavior is observed. 

The regime transition temperatures can be determined by employing an analysis 

based on Eq.(6-1). In regime III, the degree of supercooling is high, and the CUCES is 

low. During the crystallization process, the UCES form small folds, which are fixed in 

the solidified amorphous part. Thus, the CUCES is constant in the melt phase. Therefore, 

the spherulitic growth rate is constant, and linear growth behavior is observed. 

In regime II, a number of ethylene sequences are not long enough to crystallize. 

The probability that a group of contiguous UCES are untrapped from the solid phase 

increases. Thus, non-linear growth behavior may be observed in regime II. As the 

crystallization temperature increases, this probability increases, thus, non-linear growth 

behavior becomes more obvious. 

In regime lM, the probability that a group of contiguous UCES are untrapped 

from the solid phase is higher than in regime II. As the amount of amorphous part 

untrapped from the solid phase and diffuses into melt phase increases, the spherulitic 

morphology in the solid phase becomes less stable. Therefore, the crystalline spherulitic 

morphology deteriorates, and irregular crystalline structure could appear. Figure 6-2 

shows that while the regular spherulitic morphology is obtained in regimes III and II 

(Figure 6-2(a)), the crystalline morphology in regime lM is irregular (Figure 6-2(b)). 

Because the CUCES in the melt phase in regime lM increases faster than that in regime 

II, the non-linear growth behavior is more obvious in regime lM. 

Therefore, in the different regimes, because of the variation of the CUCES in the 

melt phase, the crystalline growth behavior and morphological characteristics are 

different. 
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(a) 90°C (regime III) 

Figure 6-2 Regular and irregular spherulitic morphologies in regimes III and lM for rein 1 

6.3.2 Diffusion layer 

As discussed above, the concentration of crystallizable ethylene sequences (CCES) in the 

melt phase decreases with time during isothermal experiments in regimes II and lM, 

because uncrystallizable ethylene sequences (UCES) are untrapped from the solid. If the 

untrapped UCES cannot diffuse immediately into the melt phase, a diffusion layer 

appears. If a diffusion layer exists in a crystallizing system, three phases may co-exist, 

i.e., solid (spherulite), melt, and diffusion layer (between spherulite and melt). The 

diffusion layer is part of the melt phase. It is the result of delay of UCES diffusion, and it 

hinders the free diffusion of ethylene sequences. The CCES is lower than that in the melt 

phase. The CCES increases along the direction from the diffusion layer/solid interface to 

the melt. As tIc increases, the thickness of the layer increases, and the spherulitic growth 

rate decreases gradually to zero. Because it is difficult to measure the distribution of the 

CCES (or SCBC) in the diffusion layer, it is also difficult to provide quantitative 

description of the crystallization kinetics. 

If the untrapped UCES can diffuse immediately into the melt phase, the diffusion 

layer does not exist. However, the CCES in the melt phase decreases with crystallization 

time. Non-linear growth behavior can be observed. Also, it is easier to describe the 

growth crystallization kinetics, quantitatively. 
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The diffusion layer for LLDPEs depends on the crystallization temperature and 

material structural parameters, such as short chain bran ching. The thickness of the 

diffusion layer depends on the amount of UCES that has to diffuse through it and the 

diffusion rate of UCES. As the amount of UCES increases and the diffusion rate 

decreases, the thickness of the diffusion layer increases. 

6.3.2.1 Effect of TIc 

The thickness of the diffusion layer is sensitive to the 1 st step crystallization temperature, 

TIc. The crystallization temperature has two effects on the thickness of the diffusion 

layer. As TIc decreases, the CUCES decreases. Thus, the amount of UCES that has to 

diffuse through the diffusion layer at TIc decreases. So, the thickness of the diffusion 

layer tends to decrease, as TIc decreases. However, because the diffusion rate also 

decreases as TIc decreases, the thickness of the diffusion layer could increase. Under the 

experimental conditions employed, the effect of the diffusion rate on the thickness of the 

diffusion layer seems to be somewhat weaker than the effect of CUCES. As the 

crystallization temperature decreases, the thickness of the diffusion layer seems to 

decrease or disappear. 
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Figure 6-3 The growth of 1 st kind of spherulites from different TIc for resin J 

T 2c = 100°C, tIc = 2 hrs, and t2c stans to count when Tc reaches T 2c . 
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The diffusion layer can be identified from the slope change in the plot of 

spherulitic radius vs. the crystallization time, during the 2nd crystallization step, as shown 

in Figure 6-3. Figure 6-3 shows that the diffusion layer for resin J is c1early observed for 

TIc 109°C, while it is not observed for TIc lOS°C. The development of a diffusion layer at 

TIc = 109°C causes the initial growth rate to be low and to rise slowly to the steady level 

associated with T2c. 

The low sI ope, in the early crystallization region at T2c, could be due to a delay in 

reaching the crystallization temperature (T2c). Figure 6-4 shows that the observed 

behavior is not caused by this effect. When Tc is lowered to T2c , sorne new nuc1eated 

spherulites appear. The growth processes of old (nuc1eated at Tic) and new (nuc1eated at 

T2c) spherulites are shown in Figure 6-4. The new spherulites show the same linear 

growth slope at T2c during the whole spherulitic growth process as the slope exhibited by 

the old spherulites during the late stage of crystallization. No low slopes were observed 

during the early crystallization stage at T2c for the new spherulites. Thus, the low slope 

during the early stage of crystallization of the old spherulites at T2c is due to diffusion 

layer effect. 
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Figure 6-4 The growth processes of old and new spherulites at T2c for Blend 13 

TIc = 109°C in regime II, T2c = 100°C in regime III and tIc = 2 hrs for 2-step experiments, 
t2e starts to count when Tc reaches T2c. 
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The above results show that m-LLDPE resin and m-LLDPE blends produce a 

diffusion layer in the high crystallization temperature range in regime II. On the other 

hand, ZN-LLDPE resin H shows that the diffusion layer seems to be negligible, even if 

TIc is as high as the highest isothermal experimental temperature, 120°C (in regime lM), 

as shown in Figure 6-5. 
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Figure 6-5 The spherulitic growth process at T2e for ZN-LLDPE resin H 

TIc = 120°C in regime lM, T2e = 110 and 112°C in regime III and tIc = 1 hr for 2-step 
experiments, t2e starts to count when Tc reaches T2e• 

6.3.2.2 Effeet of SCBC 

When the crystallization temperature is higher than a certain value, the diffusion layer 

becomes important. The effective thickness of the diffusion layer, Ld, may be estimated 

from the radius growth distance that is influenced by the diffusion layer (i.e., during 

which growth occurs at the lower rate). Thus, Ld is obtained from the radial growth 

distance measured at the intersection of two growth lines for old spherulites, as indicated 

in Figure 6-4. Figure 6-6 shows that, for different resins, under the same crystallization 

conditions, Ld increases, as the short chain branching content (SCBC) increases. As 

SCBC or short chain branching degree (Dbrunch) increases, the average size of ethylene 
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sequences between two comonomers decreases; thus, the amount of UCES increases, and 

Ld increases. 
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Figure 6-6 The thickness of diffusion layer for different resins 

Tlc = 109°C in regime II, T2c = 100°C in regime III and tl c = 2 hrs for 2-step experiments. 

6.3.3 Crystallization kinetics in non-linear crystallization pro cesses 

According to the above discussion, when the crystallization temperature is lower than a 

certain value, the diffusion layer can be neglected. Under such conditions, the 

concentration of UCES (CUCES) in the whole melt phase is uniform. Thus, Eq.(6-1) may 

be used to evaluate the spherulitic growth kinetics during the linear stage of T1c•
5 The 

same approach is employed in this study to analyze the growth rate, G2, in the 2nd 

crystallization step at T2c• The required parameters for the LLDPE systems employed are 

specified as follows: Tm
o = 145.5°C,18 QD* = 24 kJ/mol,19 bD = 0.415 nm, Mfu = 8.106 

') ') 

kJ/mol (CH2CH2), and cr = Il.8m J/m-.-
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6.3.3.1 Spherulitic growth rate in the 2nd crystallizatioll step, G2 

The diffusion layer is not important for resin J at TIc = 108°C, since the diffusion layer is 

not observed when the crystallization temperature is lowered to T2c (100 or 104°C),. Plots 

of spherulitic radius vs. the 2nd step crystallization time are shown in Figure 6-7. The 

spherulitic growth behavior in the 2nd crystallization step remains linear. So, after the 1 st 

crystallization step, the growth behavior is still in regime III under the experimental 

conditions employed. 

15 
Te2=100C 

12 

9 

6 t,c 
.600min 
<> 150min 

3 o 90nin 
{:,. 40nin 
o Omin 

15 

12 

E 
9· 

:::l 
[f 

6 

3 

Te2=104C 

t,c 
<> 150min 
o 90min 
{:,. 40min 
o Onin 

0 O~--~----------------------~ 
0 5 10 15 20 o 50 100 

t2e. sec 

(a) T2c =100°C (b) T2c =104°C 

Figure 6-7 The linear growth behavior in isothermal crystallization after different tIc at 
TI c 108°C for resin J 

The plots of G2 vs. the crystallization time at TIc, tIc, are shown in Figure 6-8 for 

resin J at TIc = 108°C. The results for T2c (100 and 104°C) are shown, respectively, in 

Figure 6-8(a) and Figure 6-8(b). G2 depends strongly on tIc. As tIc increases, G2 

decreases, following a sigmoid curve. G2 decreases slowly, for tIc less than 20 minutes, 

then it decreases rapidly between 20 and 100 mins, and it decreases slowly at longer 

times, possibly approaching a constant value. For comparison, the one-step isothermal 

experimental results at 108°C are also shown in Figure 6-8(c). The growth rates were 
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calculated from the derivative of the curve of radius vs. time. The spherulitic growth rate 

decreases, as the crystallization time increases, due to the non-linear growth behavior. 

0.5,----------------, 0.08 

o T1C=108C, T2c=100C 
0.4 

o 
(,) 

lB 0.3 -E o 
::l 
ci' 0.2 o 

o 
o 

0.1 o 

0.06 

(,) 

lB -E 0.04 
::l 

ci' 
0.02 

0 

0 

0 

T1c=108C, T2c=104C 

o 0 
o 

o 

o~----------------~ o ~--------------~ 
o 50 100 150 200 o 50 

(a) T2c 100°C 

0.005 ,-----------------, 

0.004 

(,) 

lB 0.003 -E 
::l 
- 0.002 

CJ 

0.001 

T1C=108C, T2c=108C 

o 

o 

o 

o 

01-.------------____ -J 

o 20 40 60 80 

(c) T2c 108°C (l-step isothermal experiment) 

Figure 6-8 G2c vs. tic for resin J 

Tic, is 108°C; T2c are 100, 104, and 108°C, respectively. 

6.3.3.2 Time dependence of Tm C,n* 

100 

During the non-linear crystallization process, the concentration of crystallizable ethylene 

sequences (CCES) in the melt phase decreases with time, because the comonomer 
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content or the short chain branching content (SCBC) in the melt phase increases. 

Therefore, the melting temperature T,/· Il * of the crystal stem with the maximum possible 

length (n *) decreases, as tIc increases. T lIl
e.n* in the melt phase and G2 depend on tIc at a 

specifie TIc' The values of T ,/·
n* at different tIc may be calculated, if the basal surface 

free energy is considered to be independent of the crystallization process (cre = 5.2 kJ/mol 

of m.s.u. for resin J\ This is possible by employing Eq.(6-1) to analyze plots of 

InG+QD*/RTc vs. 1/(Tc!1Tf) and G2. The results are shown in Figure 6-9. 
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Figure 6-9 TlIl
e.ll * and Dbranch (SCBC) vs. tIc at 108°C for resin J 

Dots: experimental data; Solid curve: the five-parameter sigmoid equation, (T,/·n*)'>o = 
393.3K, a = 3.12, b = 0.96, c = 0.017, to = 12.8 min, and R2 =0.985. 

Figure 6-9 shows that, as tIc increases, TII1C,n* decreases slowly initially, then it 

decreases rapidly in the middle region, and finally it decreases slowly again. An 

empirical five-parameter sigmoid equation is proposed to fit the experimental values of 

Tm
e.ll* under the experimental conditions employed in this study: 

T,,;,n* = (T,,;·n* t + [ (a
t 

_ t ))C 
l+exp ~_o 

b 

(6-5) 
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where (Tmc.n*yx', a, b, c and to are empirical constants that depend on material and 

processing history. (Tmc'n*)''''' is the value of Tmc'n*, as tIc approaches infinity. It depends 

on TIc and the molecular structure. If the basal surface free energy is considered to be 

constant, the SCBC in the melt phase at different tic can also be calculated according to 

Eq.(6-4). The results are also shown in Figure 6-9, indicating the number of branches per 

1000 backbone carbons, Dbranch. The dependence of SCBC in the melt phase on tic is 

almost the inverse of the dependence of Tm c,n* on tIc. When tIc is less than 20 mins, the 

diffusion effect is very small. The CUCES or SCBC in the melt phase increases slowly, 
Cn* because the amount of untrapped UCES is small. AIso, Tm' decreases slowly. As more 

untrapped UCES diffuse into the melt phase, the SCBC increases rapidly. AIso, Tmc,n* 

decreases rapidly. After the CUCES or SCBC increases to a certain value, the 

concentration of crystallizable ethylene sequences (CCES) is so small that diffusion of 

CES to the crystal surface becomes limited. At long crystallization times, the CUCES or 

SCBC approaches a constant value, Dbranch = 17.66 per 1000 backbone carbons, under the 

experimental conditions employed. TIIlC,n* also approaches a constant value, (Tmc,n*)oo. 

(Tmc'n*)oo = 120.1°C (393.3K), at TIc = 108°C for resin J. 

The above discussion has dealt mainly with homogeneous LLDPE (m-LLDPE 

resin J). Similar results were obtained for heterogeneous LLDPE. The parameters of 

Eq.(6-5) for ZN-LLDPE resin H at TIc =118 and 120°C (regime lM) are listed in Table 

6-2. 

Table 6-2 Sorne temperature characteristics and parameters of the empirical equation for 
m-LLDPE resin J and ZN-LLDPE resin H 

C n* 
Tet Tic C n* = 

Material 
Tm' C,n* (Tm' ) (T c'n*)oo _ T b to 
eC) (oC) Tm -Tet (oC) (oC) III le a c 

(min) 
J (10) 123.2 111.0 12.2 108.0 120.1 12.1 3.12 0.96 0.0017 12.8 

H 127.8 120.0 7.8 118.0 125.8 7.8 7.85 7.00 0.0017 38.0 

H 127.8 120.0 7.8 120.0 127.8 7.8 5.50 7.00 0.0017 50.0 

Tet is the highest isothermal experimental crystallization temperature.5 
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Parameter c was found to be the same (0.0017) for aIl the conditions in Table 6-2. 

It seems to be independent of resin type and TIc. Parameter b is the same for resin H at 

different TIc,. However, it is much higher than that for resin J. A high value of a is 

associated with low TIc, as indicated by the results for resin H at different TIc. 

Resin J did not exhibit any solid phase during one-step isothermal experiments at 

Tc higher than 111°C.s This temperature is considered to be the highest isothermal 

experimental crystallization temperature, Tcf The corresponding degree of supercooling 

is 12.2. For a non-linear isothermal growth process at TIc, it is possible to estimate 

(T,;·n· t, as indicated above. Table 6-2 suggests that [(Tn~·n' t -Tic ] is equal to the 

degree of supercooling at Tcr (i.e., lI:,~·n· - T,f h. This observation appears to be valid 

under three conditions reported in Table 6-2. 

6.3.3.3 Crystallizatioll killetics 

Eq.(6-l) may be used to evaluate the spherulitic growth kinetics, when the growth 

behavior is non-linear at high crystallization temperatures. This requires knowledge of 

the variation of T,/,n* with time, according to Eq.(6-5). Figure 6-10 shows the analysis 

results at three different T2c (100, 104 and 108°C), For TIc = 108°C for m-LLDPE resin J. 

Figure 6-11 shows the analysis results at different T2c, and different TIc (118 and 120°C) 

for ZN-LLDPE resin H. In order to demonstrate explicitly the influence of the variability 

of TmC,n* with tic, the x-axis in these figures is defined as Tm
c.n*f(Tc!1T f). 

Figure 6-10 and Figure 6-11 show that the crystallization kinetics of non-linear 

isothermal spherulitic growth are in good agreement with the MHL theoretical curves, 

which were based on the one-step isothermal crystallization behavior in the linear growth 

stage.5 This supports the validity of Eq.(6-l) to de scribe the non-linear spherulitic 

crystallization kinetics with time dependence, by consideration of Tm
c.n* as a function of 

tIc. The above conclusion is valid only when the diffusion layer between the solid and 

melt phases is negligible. 
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Figure 6-10 The application of the MHL equation to the crystallization kinetics of non
linear spherulitic growth for resin J 
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Figure 6-11 The application of the MHL equation to the crystallization kinetics of non
linear spherulitic growth for resin H 

Figure 6-10 shows that during the 2nd step (T'le = 100 and 104°e), the spherulitic 

growth remains linear (Figure 6-7) and continues to be in regime III, while crystallization 
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growth at 10SoC follows regime II behavior. Figure 6-11 shows a similar pattern. If the 

values of T1c are in regime lM (118°C), regime II (114 and 116°C), or regime III (110 and 

112°C), the crystallization behavior remains in these respective regimes as in isothermal 

experiments. Therefore, the 1 st step crystallization process does not seem to change the 

MHL regime for the second crystallization temperature. 

6.4 Conclusions 

The modified Hoffman-Lauritzen (MHL) equation indicates that non-linear spherulitic 

growth behavior occurs in regimes II and lM for LLDPEs. During non-linear growth 

processes, the concentration of uncrystallizable ethylene sequences (CUCES) in the melt 

phase increases with time. The diffusion layer plays an important role at high 

crystallization temperatures and in polymers with high short chain branching content 

(SCBC). 

When the diffusion layer is not important, the crystallization kinetics can be 

described by the MHL expression. This is true for both one-step and two-step 

crystallization processes. As tIc increases, the spherulitic growth rate decreases. This is 

due to the reduction of crystallizable ethylene sequences (CES) in the melt phase, which 

leads to a lowering of the melting temperature of the crystal stem with the maximum 

possible length, T,/·n*, in the melt phase. An empirical equation is proposed to describe 

the evolution of TmC.n* in the non-linear growth region. 
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Chapter 7 

7 Crystallization and Melting Behavior of Linear Low-

density Polyethylene Resins 

The crystallization behavior of homogeneous and heterogeneous linear low-density 

polyethylenes (LLDPE) was investigated by evaluating the characteristics of melting 

traces obtained by differential scanning calorimetry (DSC). Based on the isothermal 

experimental results, the concept of the effective nucleation induction time is suggested. 

In the initial crystallization stage, the A vrami equation in conjunction with the effective 

induction time can be used to successfully describe the overall crystallization kinetics. 

Avrami exponents are 2, 1.5, and 1 were found to apply in regimes III, II, and lM, 

respectively, as identified by the modified Hoffman-LaurÏtzen (MHL) equation. The 

kinetic parameters estimated from evaluating the linear crystallization behavior during 

spherulitic growth experiments analysis using polarized light microscopy (PLM) are in 

agreement with the overall crystallization kinetic parameters obtained from DSC 

experiments. 

150 



Chapter 7 Crystallization and Melting Behavior of Linear Low-density Polyethylene Resins 

7.1 Introduction 

Pol ymer molecular structural characteristics and processing conditions have significant 

effects on the crystallization behavior of semicrystalline polymers, linear low-density 

polyethylene (LLDPE) has complex molecular structural characteristics, reflected by 

molecular weight and short chain branching characteristics. Basically, there are two types 

of LLDPE, which depend on the catalysts used, i.e., homogeneous LLDPEs with 

metallocene catalyst (m-LLDPE), and heterogeneous LLDPEs with Ziegler-Natta catalyst 

(ZN-LLDPE). Various studies have been reported regarding the behavior of m

LLDPEs,1.2,3,4 ZN-LLDPE,5,6,7 and their blends.8 Moreover, a generalized melting 

temperature equation was proposed for random copolymers with excluded comonomers, 

and applied it to homogeneous LLDPEs.9 Subsequently, it was extended and applied to 

heterogeneous LLDPE copolymers. 1O The crystal size distribution Il and the melting 

temperature distribution l2 were estimated from differential scanning calorimetry (DSC) 

melting traces for LLDPEs, and a method to determine the crystal size number 

distribution was proposed. It was observed that the effect of molecular weight is smaller 

than that due to short chain branching. When the molecular weight is high, its effect may 

be neglected,9 and short chain branching is the dominant factor.9,13 

In this paper, the crystallization behavior of homogeneous and heterogeneous 

LLDPEs is studied, from the melting traces obtained after different crystallization times, 

under isothermal crystallization conditions. The Avrami expression I4,15,16 is employed to 

analyze overall crystallization behavior from DSC traces in the initial isothermal 

crystallization stage (primary crystallization process). Finally, the results are compared 

with data regarding the linear crystallization behavior observed in from polarized light 

microscopy (PLM) experiments. 1O 
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7.2 Experimental 

7.2.1 Materials 

The LLDPE resins, employed in this study, were provided by Nova Chemicals Inc. 

(Calgary, Canada) in pellet form. They included two experimental m-LLDPEs (referred 

to as resins 1 and J), and one ZN-LLDPE (resin G). The comonomer in aIl the LLDPE 

resins is 1-octene. The material characteristics are listed in Table 7-1; Nova Chemicals 

Inc. provided the molecular structural parameters. The short chain branching contents 

(SCBC) were measured by nuclear magnetic resonance (NMR), and the number and 

weight average molecular weights, Mn and Ml<" respectively, were measured by gel 

permeation chromatography (GPC). The short chain branching polydispersities were 

calculated from the traces of temperature rising elution fractionation (TREF). Tel, w and 

Tel,N are defined as the weight and number average elution temperatures, respectively. 

The melting temperature of the crystal stem with the maximum possible length n *, Tmc'n*, 

the basal surface free energy, De, the regime transition temperatures between regimes III 

and II, TIll-II, and between regimes II and lM, Til-lM, were estimated from the modified 

Hoffman-Lauritzen secondary nucleation crystallization kinetics analysis for the LLDPEs 

under study.9,lO 

Table 7-1 Pol ymer characteristics 

DBranch Mn Mw c,n* 
Tel, W/Tel,N-l Til-lM TIll-II 

Type a 
Tm (je 

Resin 
(l1000C) (kg/mol) (kg/mol) (oC) (J/mol) x 100 (oC) (OC) 

G ZN 15.8 23.l 98.6 130.7 2730 5.42 122.0 116.5 

J m 15.8 38.2 70.2 123.2 5200 0.64 107.1 

17 mb (0.7 1 wt) 22.1 25.1 58.1 120.1 3920 2.59 103.3 

1 m 24.8 21.9 52.9 113.5 4660 1.78 100.8 93.9 

a: ZN is ZN-LLDPE, and m is m-LLDPE, and mb is blend of m-LLDPE resins 1 and J 

The m-LLDPE blends are intermolecular heterogeneous and intramolecular 

homogeneous. Their molecular characteristics estimated from those of pure m-LLDPEs. 
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One m-LLDPE Blend (blend 17) was selected for this study. It was prepared using a 

solvent method. ll After resins land J (7:3 weight ratio) were dissolved thoroughly and 

stirred in xylene (1 %w/v) at 120°C for around 2 hour, the blend was immediately 

precipitated in a large amount of cold methanol. After filtering, the blend was dried under 

vacuum at about 50°C for more than one week. The molecular structural parameters were 

calculated based on those of pure resins. 

7.2.2 Differentiai scanning calorimetry 

Thermal analysis was performed in a Perkin-Elmer Pyris-l differential scanmng 

calorimetry (DSC) apparatus, with an ice bath. Calibrations were carried out for the lag, 

temperature, and heat of fusion before the experiments. The temperature and the heat of 

fusion were calibrated with pure indium (Tol1set = 156.60°C, Mlf = 28.45 J/g). All DSC 

samples were compressed into 0.3 mm thick film at 180°C. The specimen weight varied 

from 4 to 8 mg. The specimens were placed in the aluminum pan and heated to 180°C, 

kept at this temperature for 10 min to remove thermal memory effects, and quenched to 

the specified temperatures at 60°C/min for isothermal experiments. After certain 

crystallization times, they were heated to 180°C at lOCoC/min. The contribution due to 

the effects of the aluminum pan on the DSC curves was subtracted from each 

measurement. Ail measurements were performed under nitrogen. 

7.2.2.1 Nonisothermal stage in the initial isothermal process 

The fast cooling rate could not be followed exactly under the experimental conditions 

employed, since the sample temperature lagged slightly behind the set program controlled 

temperature during the quenching process. Therefore, at the beginning of the isothermal 

stage, the isothermal condition could not be accurately attained. Figure 7-1 shows the 

heat flow rate, and temperature plotted against crystallization time. As can be seen, a 

stable crystallization temperature could not be achieved until 0.3 min, after which, the 

real isothermal crystallization time started. The corresponding heat flows showed high 

negative values, which are related to the effects of the heat capacity and perhaps the 
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nonisothermal crystallization. The latter is more obvious at low crystallization 

temperatures. Because the initial point of the crystallization peak was overlapped by 

other information, sorne crystallization already appeared in blend 17 crystallized 

isothermally at 96°C, before the temperature reached the set isothermal crystallization 

tempe rature (see Figure 7-1). Therefore, in order to analyze the isothermal crystallization 

behavior accurately, the effects of the nonisothermal stage need to be removed. The delay 

time is about 0.3 min, under these experimental conditions; therefore, the experimental 

results before 0.3 min cannot directly be used in the analysis. At high crystallization 

temperatures, the delay time needs not be considered, because the normal nucleation 

induction time is of much larger duration. However, at low crystallization temperatures, 

delay time becomes significant and should be considered when the normal nucleation 

induction time is less than or about equal to the delay time, and non-isothermal 

crystallization has already taken place. 
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Figure 7-1 Isothermal crystallization curves after quenching from 180°C at 60°C/min for 
m-LLDPE blend 17 at 96°C. 
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7.3 ResuUs and Discussion 

7.3.1 Crystallization traces 

Polymer crystallization is a complex process. BasicaIly, it may inc1ude pnmary 

crystallization and secondary crystallization. Primary crystallization is a process in which 

molecular chains or segments (parts of a chain) are extracted from the melt phase and 

regularly arranged into the crystal phase. At the same time, pol ymer chains or segments 

are also possibly irregularly fixed among the crystals. Then, an amorphous phase also 

forms. Secondary crystallization refers to the rearrangement of irregular pol ymer chains 

or segments that are left in the amorphous phase into the crystals. It could be due to the 

perfection of original crystals, the length increase of original crystals, and the formation 

of new crystals. 17 Under the experimental conditions employed in this study, the 

perfection effect is relatively small, thus, secondary crystallization effects are mainly due 

to the length increase of old crystal and the formation of new crystals. 

Three regimes can be clearly observed, by employing the modified Hoffman

Lauritzen (MHL) expression, under the experimental conditions employed. 1o These 

regimes will be referred to as III, II, and lM. In the following discussion, the 

crystallization and corresponding melting behavior of the three different types of LLDPE 

(m-LLDPE, m-LLDPE blend, and ZN-LLDPE) are evaluated. Because it takes extreme 

long time for DSC experiments in regime lM, only resin 1 is evaluated in this study. 

7.3.1.1 Crystallization traces for different types of LLDPEs 

The crystallization traces at the different temperatures are shown in Figure 7-2 for m

LLDPE resin l, Figure 7-3 for m-LLDPE resin J, Figure 7-4 for m-LLDPE blend 17, and 

Figure 7-5 for ZN-LLDPE resin G. The dots represent the points when the spherulites 

have finished their growth, in polarized light microscopy (PLM) experiments,1O at the 

corresponding isothermal crystallization temperature. At that time, aIl spherulites in the 

field of view appear to impinge on each other. The crystallization traces for different 

types of LLDPEs exhibit various corn mon features. In regimes III and II, only one 

155 



::1 
uS 

E 
0 
E -3: 
..: 
-c 
è 
-c 

Chapter 7 Crystallization and Melting Behavior of Linear Low-density Polyethylene Resins 

crystallization minimum is observed for each individual crystallization trace. As the 

temperature increases, the crystallization trace becomes broad, and the crystallization 

time at the peak position, tp_DSC , increases. 
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Figure 7-2 The crystallization traces at different temperatures for m-LLDPE resin 1 
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Figure 7-5 The crystallization traces at different temperatures for ZN-LLDPE resin G 

As shown in Figure 7-2(a) to Figure 7-5(a), in regime III, the crystallization 

curves are almost symmetrical about the peak positions. The m-LLDPEs curves for 

individual resins l, and J, and blend I7 have the highest symmetry, while that for ZN

LLDPE resin G has the lowest. A shoulder can be clearly seen on the left side of the 

crystallization trace for ZN-LLDPE, indicating that, as the short chain branching 

distribution (SCBD) broadens, the crystallization peak symmetry in regime III decreases. 

In regime II, the crystallization curves are not symmetric, and a discernible tail 

appears in Figure 7-2(b) to Figure 7-5(b). As the temperature increases, the tail becomes 

longer. 

In regime lM, the crystallization traces do not exhibit definite single-peak 

characteristics, as shown in Figure 7-2(c). It will be shown below that this behavior can 

be explained by changes in crystallization kinetics. Because the Avrami exponent in this 

regime is 1, crystallization peaks are not expected to appear; the explanation for this 

behavior is given in detail later in discussion. Another factor could be due to significant 

interference from experimental noise. Because the crystallinity, in this case, is very small, 

the signal for the heat fIow is very weak. Thus, the crystallization curves oscillated, and 

system noise cannot be neglected. 
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7.3.1.2 Crystallizatioll peak time and spherulitic growth time 

The experimental results of polarized light microscopy, \0 provide data regarding 

spherulitic growth time, tfç]LM. The data are represented by the dots in the corresponding 

isothermal crystallization traces, shown previously in Figure 7-2 to Figure 7-5. During 

the complete crystallization process, the spherulites undergo various stages of 

development. When the crystallization time reaches a value tj:ç]LM, primary 

crystallization is completed. The remaining part of the crystallization peak after tj:ç]LM, is 

th en due to secondary crystallization. This part of the crystallization curve is not small. 

Thus, secondary crystallization respects a significant part of the crystallization process. 

ln regime III, tj:ç]LM appears before the peak position, tp_DSC, for aIl resins. Rence, 

most of the crystallization process occurs during secondary crystallization. In regime II, 

for m-LLDPE resin 1 and m-LLDPE blend I7, tf's]LM appears after tp_DSC. Because the 

spherulites show non-linear growth behavior in this regime, the spherulitic growth rate 

decreases, as the crystallization time increases. It takes much more time to finish the 

primary crystallization process. For ZN-LLDPE resin Gand m-LLDPE resin J, tf's]LM 

appears before tp_DSC. This behavior could be due to their relatively low (15.8 /kC) short 

chain branching content (SCBC). The non-linear spherulitic growth behavior is not so 

obvious as for resin 1 and blend I7, which have higher SCBC values (24.8 /kC, and 

22.1/kC, respectively). 

Figure 7-6 shows a companson between tjs]LM and tp_DSC at different 

crystallization temperatures in regimes III and II for the different type of LLDPEs. 

Interestingly, for resin 1 and blend I7, the dependences of measured tj:ç]LM and tp_DSC on 

the crystallization temperature can satisfactorily be represented by linear exponent 

characteristics, as shown in Figure 7-6(a) and Figure 7-6(b). Where the lines intersect is 

the transition temperature between regimes III and II. Rowever, resuIts for resins J and G, 

show a different behavior. For resin G, the dependence of t(s]LM and tp_DSC on the 

crystallization temperature is approximately the same, but the data do not completely 

agree with the fitted exponent curves over ail the range of temperatures considered 

(Figure 7-6(c)). For resin J, the distributions do not intersect, with ljs]LM al ways lower 

than tp_DSC (Figure 7-6 (d)). 
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Figure 7-6 Comparison of the crystallization peak time and the spherulite growth time 

Dots: experimental results, lines: exponent fitted curves. 

7.3.2 Melting traces 

For the isothermal crystallization process, several factors affect the initial crystallization 

curve, such as, the nonisothermal crystallization, heat capacity, and nucleation induction 

time. It is difficult, therefore, to estimate accurately the value of the crystallinity directly 

from the crystallization curve in the initial stage of the isothermal process, especially at 

low crystallization temperatures. In addition, heat flow is very weak, especially when the 
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crystallization temperature is high (in regime lM), and system noise could be a major 

factor that cannot be neglected. As a result, it is difficult to obtain precise information 

directly from the crystal1ization curve. Alternatively, the melting curve is used to study 

the crystallization characteristics. The heat of fusion from the heating curve is calculated 

after a certain isothermal crystallization time, and this is assumed to be equal to the heat 

of fusion of the material crystal1ized during the previous crystallization experiment. In 

this case, the reorganization effects, such as melting-recystal1ization-remelting (MRR) 

and crystalline multiphase-transformation, are assumed to be small and are neglected. 11 

7.3.2.1 Melting traces in regime III 

Typical results of the melting traces after different crystallization times in regime III are 

shown in Figure 7-7 for m-LLDPE (a) resin 1 at 90°C, and (b) resin J at 103°C; Figure 7-8 

for m-LLDPE blend 17 at (a) 96°C, and (b) 98°C; and Figure 7-9 for ZN-LLDPE resin G 

at (a) 109°C, and (b) 113°C. The values of tfç]LM, and tp_DSC were not corrected for 

nucleation induction time. Although only one peak appeared in the crystallization traces 

as shown earlier, multiple peaks were observed in the melting traces. Thus, at least two 

crystal populations with different size (distributions) coexist in the crystal phase. Il Here, 

the multiple peaks are classified into two groups. The peaks in the high and low melting 

temperature ranges are called the H-peak and the L-peak, respectively, and their 

corresponding peak positions are called Tmph , and Tmpl, , respectively. For the different 

types of LLDPEs, the low temperature range only includes one L-peak, while the high 

temperature range could include two H-peaks, Figure 7-9 (a). 

For aIl the LLDPEs, the melting traces show similar features, from the beginning 

of crystallization to full spherulite growth. Initially, only the H-peak is observed with no 

L-peak, as also observed in crystallization traces. As the crystallization times increase, 

the L-peak appears with increasing intensity, while the intensity of the H-peak also 
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increases slowly. When the corresponding crystallization peak time is reached, the L

peak can be clearly observed. After this peak, the intensity of the H-peak increases very 

slowly, then, both the intensity of the L-peak heat flux and the L-peak temperature 

position keep increasing together, with the slowly rising H-peak. 
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Figure 7-8 The melting traces after different crystallization times in regime III for m
LLDPE blend 17 

The main difference between the various types of LLDPE is the multiple-peak 

behavior in the high temperature range. For m-LLDPE resins 1 and J, as shown in Figure 

7-7, there is only one H-peak. For m-LLDPE blend 17, the distribution includes a 

shoulder in the high temperature position, as shown in Figure 7-8, and hence, appears to 

have multiple peaks. This shoulder disappears gradually, as the crystallization time 

increases. The shoulder is more easily observed at the low crystallization temperature 

(96°C), Figure 7-8(a), than at the high crystallization temperature (98°C), Figure 7-8(b). 

For ZN-LLDPE, Figure 7-9, the multiple H-peak behavior in the high temperature zone is 

more pronounced. At the low crystallization temperature (109°C), two H-peaks can be 
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clearly seen, Figure 7-9(a). At the high crystallization temperature (113°C), the traces 

show only a small shoulder. As the crystallization time increases, the multiple peaks 

gradually combine into one peak. The multiple-peak behavior does not appear in the 

homogeneous m-LLDPEs, because their molecular heterogeneity, i.e., multiple ethylene 

sequence populations, is relatively low. Since the ZN-LLDPE resin G has a higher 

molecular heterogeneity (a broader short chain branching distribution) than m-LLDPE 

blend 17, the multiple-peak behavior is more prominent in resin G than in blend 17. Thus, 

for these experimental conditions covered in this work, the multiple-peak behavior in the 

high temperature range appears in heterogeneous LLDPEs at a low crystallization 

temperatures and after a short crystallization time. 
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As previously noted from crystallization traces, in reglme III, the pnmary 

crystallization process (spherulite growth process) terminates, before crystallization heat 

flux reaches its maximum value, The H-peak relates to the spherulite crystals, which 

crystallize from the melt phase. They are the product of the primary crystallization 

process. The crystals corresponding to the L-peak mainly crystallize from the solidified 

amorphous part in the spherulites. They are the product of one of the secondary 

crystallization processes: the new crystal formation. As the crystallization time 

continuously increases, the increasing length of original crystals makes the melting peak 

position move to the higher temperatures, for both the H-peak and the L-peak 

temperatures. 

The relative intensity of the L-peak in the final crystallization stage is dependent 

on the short chain branching content (SCBC) and the crystallization temperature. It is 

smaller for LLDPE with lower SCBC. Hence, resins Gand J (15.8/mC) have lower 

relative intensities of the L-peaks than resin 1 (24.8/kC) and blend 17 (22.1/kC). The 

relative intensities of the L-peak in the final crystallization stage increase, as the 

crystallization tempe rature increases (compare curves in Figure 7-8(a) and (b), and in 

Figure 7-9(a) and (b». Because the L-peak corresponds to secondary crystallization 

behavior, the final intensity is higher, as the amount of solidified amorphous parts after 

primary crystallization increases. As the crystallization temperature decreases and the 

SCBC increases, much more crystalline ethylene sequences are involved in the solidified 

amorphous part. Thus, the effect of secondary crystallization (the new crystal formation) 

increases, accompanied by an increase in relative intensity of the L-peak. 

7.3.2.2 Melting traces in regime II 

Typical results of the melting traces obtained after different crystallization times in 

regime II are shown in Figure 7-10 for m-LLDPE (a) resin 1 at 96°C and (b) resin J at 

109°C, and in Figure 7-11 for (a) m-LLDPE blend 17 at 107°C and (b) for ZN-LLDPE 

resin G at 98°C. The values of tj"s]LM, tp_DSC were not corrected for the nuc1eation 

induction times. Although only one peak appeared in their crystallization traces, Figure 

7-2 to Figure 7-5, multiple peaks were observed in the melting traces, as already seen for 
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regime III. The peaks appeared at almost the same time from the initial crystallization 

stage. Therefore, the spherulitic crystals possibly include two populations with different 

crystal sizes from the H- and L-peak temperature ranges. 
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Figure 7 -10 The melting traces in regime II after different crystallization times for m
LLDPEs 

In the initial stages of the isothermal crystallizations, the spherulites grew almost 

linearly in the polarized microscopy experiments,10 and both H- and L- peaks appeared in 

the DSC melting traces. After primary crystallization (spherulite growth completed), the 

166 



-
~ 
"0 -

Chapter 7 Crystallization and Melting Behavior of Linear Low-density Polyethylene Resins 

overall crystallization process is not yet finished, and both the H and L peaks keep 

increasing. The changes of melting curves with the crystallization times in regime II are 

more pronounced than in regime III. Therefore, Both the formation of new crystals and 

the increase of length of old crystals are significant in regime II. Therefore, secondary 

crystallization in regime II is more pronounced than in regime III. This is also confirmed 

in the crystallization traces, where the tails of the profiles in regime II are longer than 

those in regime III. 
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7.3.2.3 Meltillg traces in regime lM 

Typical results of the melting traces obtained after different crystallization times in 

regime lM are shown in Figure 7-12(c) for m-LLDPE at 102°C. Although, it is very 

difficult to identify crystallization peak(s), Figure 7-2(c), the melting traces also inc1ude 

two peaks, as in regimes III and II. For the same crystallization time, both the H- and L

peaks appear. Thus, it is possible that the primary crystallization produces two groups of 

crystals with different crystal sizes, as those in regime II. As the crystallization time, te. 

increases, the area and position of the H- and L-peaks increase. Because a large amount 

of ethylene sequences are involved in the solidified amorphous part during the primary 

crystallization process, the L-peak is much stronger than the H-peak. 
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Figure 7-12 The melting traces after different crystallization times in regime lM for m
LLDPE resin 1 at 102°C. 
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7.3.2.4 Melting peak positions 

As discussed above, two types of melting peaks (the H- and L-peaks) strongly depend on 

the crystallization temperature and time. The plots of the melting peak position versus the 

crystallization time at different isothermal crystallization temperatures are shown in 

Figure 7-13 for m-LLDPE resin l, Figure 7-14 for m-LLDPE resin J, Figure 7-15 for m

LLDPE blend 17, and Figure 7-16 for ZN-LLDPE resin G. 
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Figure 7-13 The melting peak positions in melting traces at different crystallization times 
and temperatures for m-LLDPE resin 1 (TII-IM= IOO.8°C, Tm-I1= 93.9°C) 

The results show that the temperature effect is very significant. As the isothermal 

crystallization temperature rises, both the H-peak position, Tmph , and the L- peak position, 

Tmp/, increase. Because the H- and L-peak positions are related to the corresponding 

isothermal crystallization temperature, the L-peak position at the high crystallization 

temperature is possibly higher than the H-peak position at the low crystallization 

temperature. This behavior is shown in Figure 7-13 where the L-peak positions in regime 

lM are higher than the H-peak positions in regime II. However, in the same MHL regime, 

the L-peak position at the highest crystallization temperature is generally lower than the 

H-peak position at the lowest crystallization temperature, as shown in the figures. 
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Figure 7 -15 The melting peak positions in melting traces at different crystallization times 
and temperatures for m-LLDPE blend 17 (Tm-II= 103.3°C) 

For resin G, the effects of the melting temperature on the melting traces are more 

complex. In regime II, the multiple peaks are combined into one broad peak. Thus, no L

peak appears in Figure 7 -16(b) for regime II. At low crystallization temperature in regime 
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III (l09 and 111°C), two H-peaks are observed, as well as the L-peak. As shown in the 

figures inserted in Figure 7-16(a), the high H-peak almost does not vary as the 

crystallization time increases. Interestingly, their values are between those of the H-peak 

of isothermal crystallization traces at 115 and 117°C. If the transition tempe rature 

between regime III and II for resin G, TIll-lI, 116.5°C is used as the isothermal 

crystallization temperature, the H-peak position is expected to be equal to the value of the 

high H-peak at 109 and 111°C. 
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Figure 7-16 The melting peak positions in melting traces at different crystallization times 
and temperatures for ZN-LLDPE resin G (TIIl-lI= 116.5°C) 

For (a): low H-peaks at 109 and 111°C; the left inserted figure is for high H-peaks at 109 
and 111°C. 

The effects of the crystallization time on the melting positions are complex. For 

the H-peak position, Tmph, the tendencies are shown in Figure 7-13(a) for m-LLDPE resin 

1, Figure 7-14(a) for m-LLDPE resin J, Figure 7-15(a) for m-LLDPE blend 17, and Figure 

7-16(a) for ZN-LLDPE resin G. Initially, Tmph decreases, as te increases. Because the 

longer ethylene sequences are easier to form the crystal s, in the initial stages under 

isothermal crystallization conditions. Moreover, sorne may be crystallized during the 

cooling process (nonisothermal crystallization). They show high melting temperatures. 
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After the stable isothermal crystallization is reached, the normal crystalline ethylene 

sequences crystallize. Then, Tmph decreases slightly and tends to the minimum value at 

the end of the primary crystallization. After primary crystallization finishes, Tmph 

increases slightly, because of secondary crystallization due to the length of original 

crystals. 

The tendencies for the L-peak position, Tmpl, are shown in Figure 7-13 (b) for m

LLDPE resin l, Figure 7-14 (b) for m-LLDPE resin J, Figure 7-15(b) for m-LLDPE blend 

17, and Figure 7-16 (b) for ZN-LLDPE resin G. the relations are slightly different in the 

different regimes. In regime III (low temperature), as te increases, Tmpl increases and 

tends to a constant value. In regimes II and lM (high temperatures), after a slight decrease 

initially, Tmpl follows the same pattern as in regime III: as te increases, Tmpl increases and 

tends to a constant value. As discussed above, the Tmpl peaks provide information 

regarding primary and secondary crystallization in regimes II and lM. The initial small 

decrease of Tmpl are assumed to relate the primary crystallization, as shown in the 

behavior of Tmph, because the longer ethylene sequences are crystallized first. As te 

increases, the secondary crystallization prevails. The increase of original crystals (related 

to Tmpl) results into the increase of Tmpl. In regime III, the Tmpl peaks are mainly related to 

secondary crystallization. Therefore, the initially slightly decrease of Tmpl does not 

happen. 

7.3.3 Induction time 

The application of the Avrami expressionl4J5.16 is generally effective in describing the 

overall crystallization kinetics. However, because it does not take into consideration 

secondary crystallization effects, it is useful only in the initial stages of crystallization 

The A vrami equation has the following form: 

(7-1) 

where X is the crystallinity, to is the induction time, and n and k are crystallization 

constants. A plot of ln[ -ln(l-X)] vs. lnU-to), can be used to determine the coefficients n 
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and k. The crystallization constant k contains cumulative information about the entire 

crystallization curve at Tc, and it can provide quantitative kinetic information about the 

crystallization mechanism. The A vrami exponent, n, depends on the growth geometry 

behavior, and the crystallization nucleation and growth mechanisms. 17 The induction 

time, to, is an important factor in determining overall crystallization kinetics. It is easy to 

identify in a slowly developing crystallization curve. However, under fast crystallization 

conditions, it is very difficult to identify, because it is significantly affected by several 

factors. 

Because of energy barrier effects, sorne time is required to form the nucleation 

sites, even for the heterogeneous nucleation process. Thus, a normal nucleation induction 

time, 10, is observed. For materials that crystallize slowly, 10 can be clearly identified in 

the isothermal crystallization curve. At a high crystallization temperature, even for 

materials that crystallize fast, it is possible to measure 10. In order to obtain the real 

crystallization time, 10 should be subtracted from the apparent crystallization time. 

For materials that crystallize fast, su ch as polyethylene and polypropylene, it is 

possible that the y undergo sorne nonisothermal crystallization during quenching, before 

they reach the specified isothermal temperature, as shown in Figure 7-1. If the 

crystallization temperature is low, even for materials that crystallize slowly, 

nonisothermal crystallization can also be observed. Since the A vrami expression is 

generally applicable only in the initial stages of crystallization, it is necessary to make 

corrections for this effect. r, is defined to deal with the quenching effect. It refers to the 

isothermal crystallization time that would produce the same crystallinity obtained during 

the quenching (cooling) process. r, should be added to the apparent isothermal 

crystallization time. It is very difficult to identify 1j individually. So, it is considered that 

for the purposes of the present work, the use of an effective crystallization induction time, 

to, is sufficient. This time to is defined as follows: to= 10- ri. The use of such an effective 

induction time may lead to a negative value, especially for materials that crystallize fast 

at low crystallization temperatures. 

The experimental results in the initial crystallization stages were fitted to the 

Avrami expression with the effective nucleation induction time, to. The crystallinity 
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employed was the absolute value. The heat of fusion of the 100 percent ethylene crystals 

was assumed to be 297 J/g. 18 Because the LLDPE branches are exc1uded from the crystal 

lattices, the heat of fusion of pure material exc1udes the contribution of the short chain 

branching part. The results of the A vrami expression are shown in Figure 7-17. In the 

initial crystallization stage of aIl resin samples, the modified A vrami expression appears 

satisfactorily describe the overall primary crystallization kinetics. However, the same 

relationship cannot be applied to the secondary crystallization part. 
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The fitting parameters of the A vrami expression are plotted against crystallization 

temperature in Figure 7-18. All three types of the LLDPEs show similar tendencies. The 

A vrami crystallization constant, K ( = 'ifk), decreases, as the crystallization temperature 

increases. At low crystallization temperature, the effective crystallization time, to, shows 

negative values, because of the aspects considered above. As the isothermal 

crystallization temperature increases, to increases dramatically. 
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The A vrami exponent, n, reflects the regime behavior, under the experimental 

conditions employed. Exponent values are 2, 1.5 and 1, for regimes III, II, and lM, 

respectively. Therefore, crystallization growth appears to involve the formation of disc 

and sphere morphology, and possibly a mixture of discs and circular rods. The value of 

the exponent is determined by interfacial or diffusion mechanisms, and possibly a 

mixture of these two mechanisms. 17 It should be recalled that non-linear growth behavior 

was observed in microscopy experiments in regimes II and lM, under the experimental 

conditions employed. 1o 

7.3.4 Comparison between the Iinear and overall crystallization kinetics 

The linear crystallization kinetics can be described by the modified Hoffman-Lauritzen 

(MHL) expression: 10 

[ 
Q* 1 [ ( T C

.

n

< )] G = Go exp - _D_ exp - KMIi --"n"-.-,_ 

RTe Te!J.Tf 
(7-2) 

where !J.T = T,;,·n* - Te' The plots of InG+QD*/RTc vs. Tmc.n*/(Tc!J.T f) are straight lines. 

4hOO'O'e. 2hoO'O'· 
K Mlilll = K Mlil = for reglmes 1 and III, and K Mgll = k!J.H e for reglme II. For 

k!J.H u u 

calculations, parameter values are: Tm
o = 145.5°C,19 QD* = 5736 cal/mol,2o ho = 0.415 nm, 

!J.Hu= 8.106 kJ/mol (CH2CH2), cr = 10.2 J/mol. l8 

The concentration of crystallizable ethylene sequences may be considered 

constant during the early crystallization stage for each of regimes. Th erefore , For 

heterogeneous nucleation crystallization, the spherulitic growth rate can be taken as a 

constant in the initial crystallization stage, even if spherulites actually show overall non

linear growth behavior in regimes II and lM. The A vrami expression can be applied in 

the following form: 

(7-3) 
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where g is a geometric factor, and N is the nucleation density (for the heterogeneous 

nucleation process, it is a constant). Thus, 

(7-4) 

Figure 7-19 shows a comparison between the results obtained from the A vrami' s 

overall kinetics and those based on Eq.(7-2). The results from the linear and the overall 

crystallization kinetics show very good agreement. Therefore, under the experimental 

conditions employed, the overall crystallization kinetics described by the A vrami 

expression and the linear crystallization kinetics, described by Eq.(7-2), show the same 

behavior in the initial crystallization stage (the primary crystallization process). 

The values of the shift factors, A (= - In(Ng)), used to be superimpose both sets 
n 

of data are listed in Table 7-2. In regimes III, II, and IM, the values of A are represented 

by Am, (Am+AIl), and (Am+AIl+AIM) , respectively. For different materials, the values of 

Am are different. From the values of Am, it is possible to estimate the relative spherulite 

size. A high value indicates low nucleation density; so, a large spherulitic size is 

expected. Polarized light microscopy results confirm this behavior. Resin G has the 

largest average spherulitic size (radius 30.l~m), followed by resin J (8.0~m) and resin 1 

(7.7~m), with blend 17 having the smallest average size (6.5~m). Because the values of 

AIl and A1M only reflect the differences among the geometric factors in the different 

regimes, they have the same values, even for different materials, as shown in Table 7-2. 

Table 7-2 The shift factors "A" 

Resin Am AIl A1M 

G -9.2 1.0 

J -10.0 1.0 

1 -10.3 1.0 2.0 

17 -10.6 1.0 
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7.3.5 A vrami crystallization constants and crystallization peaks 

The crystallization rate constant can be estimated from the isothermal crystallization peak 

position. If the secondary crystallization is neglected, according to Eq.(7-1), the second 

derivative of crystallinity with respect to crystallization time is equal to zero at the 

crystallization peak position. Then, if n is not equal to 1: 
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k(T)= n-1 n 

n(t peak -to) 
(7-5) 

where tpeak is the crystallization time at the peak position of the isothermal crystallization 

curve. When n is equal to 1, the only result for k is zero. This means that no peaks appear 

in the crystallization curves. As discussed above, in regimes III and II, one clear peak was 

observed in each crystallization trace, but in regime IM (as shown in Figure 7-2(c)), no 

clear crystallization peak could be found. 

Although Eq.(7-5) can be used to predict the Avrami crystallization constant, it 

did produce satisfactory results in this study, because crystallization peak positions are 

significantly affected by secondary crystallization, under the experimental conditions 

employed. As shown in Figure 7-18, the A vrami crystallization constants estimated from 

the crystallization peak position using Eq.(7-5), KDm are much higher th an those 

obtained using the primary crystallization analysis directly by the Avrami expression. 

7.4 Conclusions 

Under the experimental conditions employed, the crystallization traces show a clear peak 

in regimes III and II. Secondary crystallization is significant, because spherulite growth 

finishes before the crystallization peak. In regime IM, no clear peaks can be identified in 

the crystallization traces, because the Avrami exponent is 1 in this regime. 

Multiple peaks appear in the melting traces after certain crystallization times at 

specified isothermal crystallization temperatures. Basically, they can be grouped into the 

H- and L-peaks. In regime III, a single H-peak seems to correspond to the primary 

crystallization crystal, i.e., spherulitic crystal s, in the initial crystallization stage. For 

heterogeneous LLDPEs, at low crystallization temperature, two such peaks are observed. 

As both the crystallization temperature and crystallization time increase, these combine 

into one peak. The formation of the L-peak is due to secondary crystallization. In regimes 

II and IM, it is difficult to identify the crystals from the primary or secondary 
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crystallization processes. Both the H- and L-peak positions depend on the crystallization 

temperature and time. 

When the A vrami expression is applied to describe the overall crystallization 

kinetic, the nucleation induction time has to consider the effects of the nonisothermal 

crystallization, the size of heterogeneous nucleation agents, as well as the normal 

nucleation induction time. The A vrami expression with an effective induction time can 

explain the overall crystallization kinetics for the three different types of LLDPEs. The 

Avrami exponents in the regimes III, II, and lM are 2, 1.5, and l, respectively. The 

A vrami crystallization constants superimpose to the linear crystallization kinetics by 

employing a shift factor. 
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Chapter8 

8 Stndy on Morphology of Linear Low-Density 

Polyethylene with Polarized Light Microscopy 

This study shows that, as the crystallization temperature increases, the morphology of 

linear low-density polyethylene (LLDPE) changes from non-ring-banded spherulites, to 

ring-banded spherulites, and sometimes to irregular structures with rough ring bands. The 

above morphologies were observed in regimes IlIA, III, II, and lM, respectively, as 

identified by the modified Hoffman-Lauritzen secondary nucleation growth mechanism. 

The ring-banded spherulite structure is more obvious in LLDPEs with high short chain 

branching content and low short chain branching polydispersity. The ring-banded 

distance shows the same linear dependence on the crystallization temperature in regimes 

III and II, but not in regime lM. Possibly, the morphology undergoes lamellar twist and 

rotation in regimes III and II, while undergoing lamellar (bundle) branching in regime 

lM. Because the growth habit of the spherulite is 3-dimensional, spherulites tend to 

deteriorate away from the spherulitic centers in regime II. 
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8.1 Introduction 

The crystalline morphology of semi-crystalline polymers depends on their molecular 

structural properties and the crystallization processing conditions. The morphological 

characteristics of polyethylenes correspond to the regime behavior, according to the 

Hoffman-Lauritzen (HL) secondary nucleation mechanism. 1
•
2 

The original HL equation was proposed for linear crystalline polymers. For 

homopolymers, the melting temperature for perfect crystals or for molecular length 

crystals (T,/'OO) is used as the reference melting temperature. For copolymers with 

excluded comonomers, such as linear low-density polyethylene (LLDPE), the melting 

temperature for perfect crystals of copolymers based on the Flory's expression3 (T,/'OO) is 

usually used. However, T,/'oo refers to a hypothetical state: the perfect crystal. There is a 

large difference between T,/'oo and the melting tempe rature for the maximum possible 

length crystals for copolymers with excluded comonomers (T,/,n*).4 As reported 

elsewhere,5 the use of Tmc'oo does not lead to differentiation of the various regimes and 

leads to overestimation of the basal surface free energy. On the other hand, the 

application of Tmc,n*, as the reference melting temperature for the degree of supercooling, 

produces more reasonable results. 

In this paper, the optical morphological characteristics of LLDPEs are studied, in 

the different regimes identified according to the modified HL expression.5 The 

dependence of the ring-banded distance on the crystallization temperature and molecular 

structure is also discussed. 

8.2 Experimental 

8.2.1 Materials 

The characteristics of the polyethylene resins used in this work are summarized in Table 

8_1.5,6 They were provided by Nova Chemical Inc. (Calgary, Canada) in pellet form, 

including two experimental metallocene catalyzed LLDPEs (m-LLDPE resins land J), 
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and three experimental Ziegler-Natta catalyzed LLDPEs (ZN-LLDPE resins H, C, and 

G). 

Table 8-1 Pol ymer molecular characteristics 

Material Coma Type b 
SCBC Mn Mw (Je Tel, wlTel,W 1 TIl-lM TIll-II 

(/1000C) (kg/mol) (kg/mol) (J/mol)C (x 100) d (oC)e (oC)e 

H B ZN 18.9 29.5 123.0 3060 3.16 118.0 112.5 

C H ZN 18.87 33.3 102.0 2340 6.47 122.5 118.5 

G 0 ZN 15.8 23.1 98.6 2730 5.42 122.0 116.5 

J (IO) 0 m 15.8 38.2 70.2 5200 0.64 107.1 

Il 0 mb (0.1 1 wt) 16.7 35.5 68.5 4870 1.25 107.2 

I3 0 mb (0.31 wt) 18.5 31.2 65.0 4300 2.13 105.8 

15 0 mb (0.5 1 wt) 20.3 27.9 61.5 3970 2.58 107.6 

17 0 mb (0.7 1 wt) 22.1 25.1 58.1 3920 2.59 103.3 

19 0 mb (0.9 1 wt) 23.9 22.9 54.6 4300 2.16 103.0 96.0 

1 (110) 0 m 24.8 21.9 52.9 4660 1.78 100.0 93.9 

a: Com is comonomer; B is butene, H is hexene, and 0 is octene. 
b: ZN is ZN-LLDPE, and m is m-LLDPE, and mb is m-LLDPE blend. 
c: The basal surface free energies were ca1culated from the modified Hoffman-Lauritzen 

secondary nucleation crystallization kinetics analysis for LLDPEs.5 

d: The short chain branching polydispersities are ca1culated from TREF results.5 It is 
represented by (Tel, W/Tel,N -1)x 100. Tel, w and Tel,N are defined as the weight and 
number average elution temperatures, respectively. 

e: The regime transition temperatures from regime III to II, TIll-If, and from regime II to 
lM, TIl-lM, were based on the modified Hoffman-Lauritzen expression.5 

The molecular structural parameters were also provided by Nova Chemical Inc. 

The short chain branching contents (SCBC) were measured by nuclear magnetic 

resonance (NMR), molecular weights by gel permeation chromatography (GPC), and the 

short chain branching polydispersities (SCBP) were determined by temperature rising 

elution fractionation (TREF). Five blends of m-LLDPE resins 1 and J (blends Il, I3, 15, 

17, and 19) were prepared by the solvent-mixing method.6 Thus, three different groups of 

LLDPEs were used in this study, i.e., heterogeneous LLDPE resins (ZN-LLDPE), 

homogeneous LLDPE resins (m-LLDPE), and heterogeneous inter-molecular and 
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homogeneous intra-molecular LLDPE resms (mb-LLDPE). The blend characteristics 

were weighted averages based on the properties of the pure m-LLDPE resins. 

8.2.2 Polarized light microscopy (PLM) with a hot stage 

A thin film specimen was fixed on a circular microscopic glass co ver. Then, the glass 

coyer was placed on a hot stage (Linkam TH600). The hot stage was used in conjunction 

with a polarized light microscope (Olympus BH-2), equipped with a digital camcorder 

system (SONY DXC-950/I). The temperature precision was O.ldegree. The film 

specimen was heated to I80DC and kept for 10min to remove thermal history effects. 

Subsequently, the melted film was quenched to the set crystallization temperature, and 

kept at that tempe rature until the crystallization process was terminated. The quenching 

rate was about l30DC/min, which was achieved by direct flow of compressed air through 

the hot stage sample holder. The spherulitic growth with time was recorded and saved in 

a computer by the Linkam software. The whole experimental process was conducted 

under nitrogen atmosphere. 

8.3 ResuIts and Discussion 

8.3.1 A Modification of Hoffman-Lauritzen Expression 

In order to adapt the Hoffman-Lauritzen (HL) expression to the crystallization of 

copolymers with excluded comonomers, it was modified by replacing the equilibrium 

melting temperature for perfect crystals, Tmo (Tmc.",,), with Tm
c.n*, the melting temperature 

of the crystal stem with the maximum possible length, n *.5 The modified Hoffman

Lauritzen expression becomes: 

G G [
Q; ] [ K MM ] - exp - -- exp - -,----"-------.--

- 0 RT. T (T C
.
n* -T )f 

(' (' 111 C 

(8-1) 
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G refers the spherulitic radial growth rate; Go is a pre-exponential parameter containing 

quantities not strongly dependent on the temperature; the first exponential term refers to 

the transportation across the interface of crystals and melts; the second term represents 

the deposition of crystal stems; QD* is the diffusion activation energy; Tc refers to the 

crystallization temperature; and tJ..T = Tn;,n* - 1',. is the degree of supercooling; f = 

2 Tc/(Tmo + Tc) is a correction factor for the variation in the heat of fusion with temperature. 

Plots of ln( G)+QD * /RTe versus lI(TctJ..Tf) are straight lines. The slopes are the nucleation 

constant, KMg, corresponding to the net activation energy for layer growth. In regimes III 

and 1, 

(8-2) 

and in regime II, 

(8-3) 

where cr and cre are, respectively, the lateral and basal (folding) surface free energies, k is 

Boltzmann' s constant, ho is the layer thickness, and Mlu is the heat of fusion. For 

polyethylenes, TlIJo = 145.5°C,7 QD* = 24 kJ/mol,8 ho = 0.415 nm, MIll = 8.1 kJ/mol 

monomer structural unit (m.s.u., CH2CH2), cr = 10.2 mJ/m2 
.1 

Eq.(8-1) was applied to evaluate the spheru1itic growth behavior of the above 

LLDPE resins. The resins exhibited three regimes: regimes III, II, and lM, as the 

crystallization temperature increased (the degree of supercooling decreased), under the 

experimental conditions employed.5 

8.3.2 Crystalline Morphology of LLDPEs 

The crystallization temperature has a significant effect on the crystalline morphological 

characteristics. Generally, as the crystallization temperature increases, the spherulitic 
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morphology deteriorates. The morphological characteristics for different types of 

LLDPEs in different regimes are discussed below. 

8.3.2.1 Morphology of ZN-LLDPEs 

On applying the MHL analysis for the ZN-LLDPEs, three regimes (regimes III, II and 

lM) were clearly observed, un der the experimental conditions employed.5 In different 

reglmes, different crystalline morphologies are observed. The morphological 

characteristics in different regimes are shown in Figure 8-1 for ZN-LLDPE resin G (with 

octene comonomer, 15/kC), Figure 8-2 for ZN-LLDPE resin H (with butene comonomer, 

18.9/kC), and Figure 8-3 for ZN-LLDPE resin C (with hexene comonomer, 18.87/kC). 

(c) 117°C, regime II (d) 123°C, regime lM 

Figure 8-1 The morphologies of resin G in different regimes 

The dependence of the morphological characteristics on the crystallization 

temperature (regime) is similar for different ZN-LLDPEs. Under the experimental 

conditions employed in this study, three typical morphologies are obtained, as the 
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crystallization tempe rature increases: spherulite without nng bands, ring-banded 

spherulite, and irregular morphology. 

For resins Gand H, when the crystallization temperature is relatively low in 

regime III, no clear ring bands can be observed in the spherulites, as shown Figure 8-1 (a) 

and Figure 8-2(a). This could be due to the ring band distance being too small to be 

identified by PLM, or that no ring bands are formed at low crystallization temperatures. 

For resin C, however, as the crystallization temperature increases, the ring-banded 

structure is gradually formed, as can be seen in Figure 8-1(b) for resin G, Figure 8-2(b) 

for resin H, and Figure 8-3(a) for resin C. In regime II, the ring-banded spherulite is the 

typical morphology, as shown in Figure 8-1 (c), Figure 8-2(c), and Figure 8-3(b) for resins 

G, H, and C, respectively. The ring-banded distance decreases, as the crystallization 

tempe rature decreases. As the crystallization temperature continues to increase, regime 

IM with only irregular morphology is observed, as shown in Figure 8-1 (d), Figure 8-2(d) 

and Figure 8-3(c) for resins G, H, and C, respectively. 

(c) 116°C, regime II (d) 120°C, regime IM 

Figure 8-2 The morphologies of resin H in different regimes 
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(c) 123°C, regime IM 

Figure 8-3 The morphologies of resin C in different regimes 

8.3.2.2 Morphology ofm-LLDPEs 

For m-LLDPE resin J (octene comonomers, 15.8/kC), the morphological characteristics 

in different regimes are shown in Figure 8-4. Under the experimental conditions 

employed, only regimes III and II were observed.5 ln regime III, the spherulites do not 

have any ring bands, as shown in Figure 8-4(a). In regime II, the ring-banded spherulites 

can be observed, as shown in Figure 8-4(b). Sorne spherulites become irregular during 

crystallization because of the three-dimensional growth. 

The m-LLDPE resin 1 (octene comonomers, 24.8/kC) has a higher short chain 

branching content than resin J. The morphological characteristics in different regimes are 

shown in Figure 8-5. AIl three regimes appear in resin l, under the experimental 

conditions used.5 However, the ring-banded spherulites do not appear over the whole 

experimental crystallization temperature range. In regimes III and II, regular non-ring

banded spherulites are observed, as in Figure 8-5(a) and Figure 8-5 (b). In the regime II, 

sorne spherulites become irregular during isothermal crystallization, as in the case of 

resin J. In regime IM, the morphology is irregular, as shown in Figure 8-5(c). 
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(b) 111°C, regime II 

Figure 8-4 The morphologies of resin J in different regimes 

(c) 100°C, regime lM 

Figure 8-5 The morphologies of resin 1 in different regimes 

8.3.2.3 Morphology of m-LLDPE blends 

Blends of m-LLDPEs are solvent-mixed using the m-LLDPE resins 1 and J. They have 

similar optical morphological characteristics. Figure 8-6 shows the morphological 

characteristics in different regimes for blend Il (10% resin 1 weight fraction, octene 

comonomers, 16.7/kC). Under the experimental conditions employed, only regimes III 

and II were observed.5 In regime III, in the low temperature range, the spherulites do not 
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show any ring bands, Figure 8-6(a). In the high temperature range of regime III and 

regime II, ring-banded spherulites are observed, as shown in Figure 8-6(b) and Figure 

8-6(c), respectively. Sorne spherulites become irregular during crystallization in regime II 

(Figure 8-6(c)), as already observed with the pure m-LLDPE resins. 

Figure 8-6 The morphologies of blend Il in different regimes 

For Blends 13, 15, and 17, only regimes III and II were observed, under the 

experimental conditions employed.5 They show the same crystallization morphological 

characteristics as Blend Il. For Blend 19, regime IM was also observed,5 together with 

irregular ring-banded characteristics, as shown in Figure 8-7. 
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Figure 8-7 The morphology of blend 19 at 105°C, in regime lM. 

8.3.3 Ring-banded spherulitic morphology 

For different LLDPEs, the temperature ranges, in which the ring-banded spherulites were 

observed, are shown in Figure 8-8. The experimental isothermal crystallization 

temperature range, the regime transition temperature,5 and the short chain branching 

polydispersity (SCBP) are also included. The experimental crystallization temperatures 

for different resins were mainly determined by the crystalline spherulitic growth rate. The 

spherulitic growth rates generally varied from 0.001 to IIlm/sec,5 because of the 

limitations of the experimental arrangement employed.5 However, the corresponding 

crystallization temperature ranges were totally different for different materials, because 

of the differences of their molecular structural characteristics, especially the differences 

of the short chain branching characteristics. 

For the experimental conditions employed, ring-banded spherulites did not appear 

in m-LLDPE resin lover the whole experimental crystallization temperature range. They 

were observed in the other resins, generally seen in regimes III and II, but only for blend 

19 in regime III. For ZN-LLDPE resin H and m-LLDPE blend 19, sorne rough ring

banded structural characteristics were also seen in regime lM. 
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Figure 8-8 Characteristic temperatures and SCBP for different LLDPEs. 

Trb and TIj refer to the lowest and highest temperatures, respectively, at which the ring
banded spherulites were observed, under the experimental conditions employed. 
Teb and Tet are the lowest and highest experimental crystallization temperatures, 
respectively. 
Til-lM and Tm-Il refer to the regime transition temperatures from regimes II to IM and from 
regimes III to II, respectively.5 
SCBP is described by the TREF experimental results, and, Tel. W and Te/. N are defined as 
the weight and number average elution temperatures, respectively.5 

The results indicate that the probability of appearance of ring-banded spherulites 

in LLDPEs depends on the short chain branching content (SCBC) and short chain 

branching polydispersity (SCBP). As SCBP increases, the probability increases. For 

examples, for ZN-LLDPE resin G (SCBC = 15.8/kC, SCBP = 5.42) and m-LLDPE resin 

J (15.8/kC, 0.64), resin G has a larger crystallization temperature range ([Trb-TIj] = lQ°C 

= [112-122°q), in which the ring-banded spherulites are observed, than resin J (6°C = 
[105-111°C]), because SCBP of resin G is much higher than that in resin J, as can be seen 

in Figure 8-8. AIso, the ring-banded distances of resin Gare much larger than those of 

resin J at the same supercooling degree, Figure 8-9(a). Although ZN-LLDPE resins H 

(18.9/kC, 3.16), C (18.87/kC, 6.47), and m-LLDPE blend 13 (18.5/kC, 2.13) have similar 

SCBC, the ring-banded spherulites were observed over the whole experimental 

crystallization temperature range for resin C ([Trb-TIj]/[Teb-Tct] = 11/11 = [112-

123°C]/[ 112-123°C]), a partial range for resin H (13/16 = [1 06-119°q/[ 1 04-120oq), and 
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a narrower range for blend 13 (4/10 = [103-107°C]/[100-11O°C]). Resin Chas the highest 

SCBP, resin H has an intermediate SCBP, and blend 13 has the lowest polydispersity, as 

shown in Figure 8-8. Figure 8-9(b) shows that the ring-banded characteristics become 

more obvious (the ring-banded distance, Drb, increases) as the SCBP increases. However, 

this tendency is not as large as shown in Figure 8-9(a), possibly, because the SCBC is 

higher for the materials in Figure 8-9(b) than for those in Figure 8-9(a), and also because 

the commoners are different for the materials in Figure 8-9(b). The comonomers are 

butene-1, hexene-1, and octene-1 for resin H, resin C and blend 13, respectively. As the 

comonomer size decreases, the ring-banded characteristic becomes less obvious (the ring

banded distance, Drb, decreases). 
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Figure 8-9 The plots of ring-banded distance versus reciprocal supercooling degree 

Figure 8-8 shows that as the SCBC increases, the probability of appearance of the 

ring-banded spherulites decreases. For ex ample, although the SCBP of m-LLDPE resin 1 

is higher than that of m-LLDPE resin J, the ring-banded spherulites could be observed in 

resin J but not in resin I. This is because resin 1 C24.8/kC) has much higher SCBC than 

resin J (15.4/kC). Furthermore, although m-LLDPE blend 13 and 17 have similar SCBP, 

blend 13 has a larger crystallization temperature range ([Trb-Tljl/[Tcb-Tcfl = 4/10 = [103-
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1 07°C]/[ 1 00-11 O°C]), in which the ring-banded spherulites could be observed, than blend 

17 (2/10 = [102-104°C]/[94-104°C], because blend 17 (22.1/kC) has a higher SCBC than 

blend 13 (18.5/kC). 

8.3.4 Ring-banded distances in different MHL regimes 

Eq.(8-1) is used to discuss the ring-banded distance, Drb. Typical experimental results are 

shown in Figure 8-10 for resin H. In regimes III and II, the measured ring-banded 

distances can be fitted with one straight line for each individual LLDPE. Thus, the same 

mechanism seems to be operative for the formation of the ring-banded structure in 

regimes III and Il. However, the data in regime IM deviate from the straight line. The 

experimental distances observed in regime IM are much higher than those obtained by 

extrapolation of the straight lines for the material, as can be seen in Figure 8-10. Thus, 

the ring-banded structure in regime IM appears to follow a different mechanism. 
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Figure 8-10 The ring-banded distances in the different MHL regimes for resin H 

If the straight lines fitted over regimes III and II are extended to Drb=O, that is, the 

start of the no ring-banded spherulite region, the corresponding temperatures can be 
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ca1culated, and these are shown in Figure 8-11. This temperature is identified as the 

transition temperature between regime IlIA and normal regime III, TIIlA-/ll. When the 

crystallization temperature is below TIl/A-III, the crystalline morphology does not exhibit 

ring-banded spherulitic structure. In Figure 8-8, sorne of the lowest crystallization 

temperatures at which ring-banded structure was observed, T rb , are higher than TillA-III, 

under the experimental conditions employed. In such cases, non-ring-banded structure 

was observed between T IIlA -1ll and T rb . It is possible that un der these experimental 

conditions, there is a transition temperature range in which ring-banded structure 

develops. Alternatively, the microscope magnification does not provide sufficient 

resolution to observe the ring-banded behavior. 
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Figure 8-11 The transition temperatures between spherulites without and with ring bands 
in regime III for sorne resins, which are deducted from the MHL expression. 

8.3.4.1 Twist mechanism in regimes III and II 

The regular ring-banded structure, which appears ln reglmes III and II, might be 

controlled by the lamellar twist mechanism. If the crystals rotate regularly about an axis 

orienting along the spherulite radius, the ring-banded spherulites appear.9
,10 The rotation 

is accompanied by the twist of lamellae along the spherulite radius. Il The period of the 

twist (the ring-banded distance) decreases, as the supercooling degree increases (the 
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crystallization temperature decreases)12 and as the concentration of uncrystallizable part 

increases. 13 For LLDPE resins, the concentration of the uncrystallizable part depends on 

the crystallization temperature and the short chain branching characteristics. The 

concentration of the uncrystallizable part rises, as the crystallization temperature 

increases and as the SCBC increases. 

For polyethylenes, a twisting mechanism, that produces ring-banded structure, 

occurs only in S- and C-profile lamellae. 11 The basal surfaces in these lamellae provide 

enough space to hold adjacent folding loops. A flat basal surface can hold the loops, if the 

fol ding loops are loose. Thus, it is not necessary to form S- and C-profile lamellae, and 

no ring-banded structure appears. Furthermore, if the crystal stem size is not uniform in 

the same crystallamella, a rough basal surface appears, then, the surface area is possibly 

sufficient to hold folding loops. Under these conditions, non-ring-banded structure 

appears. 

At low temperature, because the molecular chain mobility is too slow to fold 

tightly, the secondary nucleation is the sole method for crystal growth. Therefore, 

ethylene sequences are roughly packed into crystal lattices, with few tight folding loops. 

No S- and C-Iamellae appear, then spherulites without ring bands are observed in regime 

IlIA, as indicated in Figure 8-10. As the temperature increases, the molecular chain 

mobility increases, and the part of tightly folding loops increases. Therefore, S- and C

profile lamellae appear, and the ring-banded spherulites are observed. As the temperature 

lllcreases, so also does the crystal size, and then, the rotation period (ring-banded 

distance). 

The regular tightly folding loops appear only in ethylene sequences. When the 

folding loops include branches, they cannot fold tightly, but loosely, because branches 

need more space. As the SCBC increases, the average length of ethylene sequences 

decreases. When ethylene sequences are not long enough to fold once, no S- and C

profile lamellae can form. Thus, no ring-banded structure appears, as observed in the m

LLDPE resin 1. As the SCBP increases, the concentration of long ethylene sequences, 

possibly also increases. Thus, the content of tightly folding loops increases, and it is more 

likely to observe ring-banded spherulites. 

197 



Chapter 8 Study on Morphology of Linear Low-Density Polyethylene with Polarized Light Microscopy 

8.3.4.2 Branching mechanism in regime lM 

The rough ring-banded structure in regirne IM is different frorn that in regirnes III and II, 

and possibly relates to the branching rnechanisrn. 14 Larnellar branching appears, only 

when there is enough free space. The larnellar growth direction is along the radial 

direction for spherulitic structure. The free space (without larnellae) between larnellae 

increases, as the spherulitic size increases. If the spherulitic growth rates are the sarne 

along aIl radial direction, the free spaces between larnellae are also the sarne. Thus, the 

branching points occur at sirnilar distance from the spherulitic center. Ring-banded-like 

structure appears. The evolution of the crystallization rnorphology for resin H in regirne 

IM (at 119°C) is shown in Figure 8-12. In the initial stages, the rnorphology was 

irregular; it exhibited sorne larnellar (bundle) branches, as shown in Figure 8-12(a). As 

the crystallization tirne increased, the rnorphology developed into ring-banded structure, 

because of the larnellar branching, as shown in Figure 8-2(b). However, because of the 

concentration fluctuations of crystallizable ethylene sequences in front of the crystals, the 

regular and concentric ring-banded spherulites are not observed clearly. Also, the typical 

spherulitic Maltese cross structure is not obvious. 

(a) 43rnin (b) 167rnin 

Figure 8-12 The irregular ring-banded spherulitic rnorphology in regirne lM for 
resin H at 119°C 

8.3.5 The 3-dimensional growth behavior 

ln regirne II, in the early crystallization stage, aIl spherulites show a regular structure. As 

the crystallization tirne increases, sorne of them bec orne irregular, starting at the centers. 
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Typical irregular spherulites are shown in Figure 8-13(a) for m-LLDPE resm J at 

109.3°e, (b) for ZN-LLDPE resin G at 120oe, and (c) for m-LLDPE blend Il at 108°e. 

The irregular spherulites are caused by the 3-D growth characteristics. According to the 

overall crystallization kinetics for LLDPEs, the A vrami exponent is 2 in regime ILs Thus, 

the growth habit is a 3-dimensional sphere structure.S,IS 

(c) m-LLDPE blend Il at 108°e 

Figure 8-13 3-Dimensional characteristic of spherulites for different types of LLDPEs in 
regime II 

Arrows in (a) and (c) refer to the 3-D irregularized spherulites. 

For 2-dimensional spherulitic discs, the thickness along the radial direction is 

approximately the same. For perfect 3-D spherulites, un der 2-D observation, the 

thickness is the largest at the sphere centers, then it decreases along the radial direction, 

and becomes the lowest at the spherulite boundary. Under the experimental conditions 

employed, perfect 3-D spheres could not be formed, because of the restriction due to 

sample thickness. There was no glass co ver on the top of the film samples. Thus, it was 

possible that the thickness in the whole sample was not uniform, or that the sample 

199 



Chapter 8 Study on Morphology of Linear Low-Density Polyethylene with Polarized Light Microscopy 

surface became rough during the crystallization process. If sorne spherulites were located 

in regions with a relatively large thickness, they could grow along the normal direction, 

as weB as along the surface direction, and the 3-D sphere structure would appear. 

However, Because of the sample thickness restriction, the spheres could not be perfectly 

formed. Therefore, the typical morphology is as shown in Figure 8-13. The 3-D growth 

characteristic appears first in the spherulite center, and then extends graduaBy to the 

whole spherulite. As sample thickness increases, the number of irregular spherulites 

increases. No irregular spherulites were produced in the very thin samples sandwiched 

between the two glass covers. Therefore, the formation of irregular spherulites appears to 

be related to the 3-D growth behavior. 

In order to confirm that the appearance of irregular spherulites is due to 3-D 

growth behavior rather than to degradation effects, the same samples, which had already 

shown irregular spherulites and finished crystallization, were subjected to new 

experiments again, in which the crystallization temperatures were in regime III (without 

irregular spherulites at aB). Their morphological characteristics and growth rates were 

almost the same as those obtained with fresh specimens. Therefore, under the 

experimental conditions employed, the specimens did not degrade, and the irregular 

spherulites that were observed could not be attributed to degradation. The irregular 

spherulite formation is most likely due to the 3-D growth behavior. 

8.4 Conclusions 

For the experimental conditions employed, the following crystalline morphologies were 

observed: spherulites without ring bands, ring-banded spherulites, and irregular 

structures. The above morphologies were obtained in the low crystallization temperature 

range of regime IlIA, in the slightly high crystallization temperature range of regime III 

and in the whole range of regime II, and in regime lM, respectively. The application of 

Eq.(8-1) seems to indicate accurately the transitions between the above regimes. 

The probability of appearance of ring-banded spherulites in LLDPEs increases, as 

the short chain branching content (SCBC) decreases, and as the short chain branching 
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polydispersity (SCBP) increases. The ring-banded structure follows the lamellar twisting 

mechanism in regimes III and II, but a lamellar (bundle) branching mechanism is 

observed in regime lM. 

In regime II, some irregular spherulites appear during the crystallization process. 

This seems to be due to the effect of the 3-dimensional growth behavior, because the 

crystalline structure follows a spherulite growth habit in this regime, according to the 

value of the A vrami exponent. 
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Chapter 9 

9 General Conclusions, Contributions to Original 

Knowledge, and Suggestions for Future Work 

9.1 General Conclusions 

1) A general treatment is proposed leading to a melting temperature equation to 

calculate melting temperature characteristics of homopolymers and compolymers. 

The equation provides a basis for the calculation of the melting temperature of crystal 

stems with the infinite crystal size, Tm c,oo, the melting temperature of crystal stems 

with the maximum possible size (n *), Tm c.n*, and the melting temperature of crystal 

stem with the actual crystal size (n), TlIlC.n, for copolymers with excluded 

comonomers. It is proposed that TlIlC,n* should be the basis for estimating the degrees 

of supercooling and superheating. With proper assumptions, the equation leads to the 

Gibbs-Thomson equation for homopolymers and of a modified form of the Gibbs

Thomson equation for copolymers. Experimental data from the literature regarding 
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the melting behavior of linear low-density polyethylene (LLDPE) confirm the validity 

of the proposed equation. 

2) Using the above melting temperature equation, a calculation method is described to 

estimate the crystal size number and weight distributions and melting temperature 

polydispersity from DSC melting traces. The proposed method provides a realistic 

estimation of crystal size distribution for finite-Iength crystals, with due consideration 

to the contribution of the basal surface free energy to the heat of fusion. DSC and 

SAXS experimental results for different types of polyethylenes, including high

density polyethylene (HDPE), Ziegler-Natta-based LLDPE (ZN-LLDPE), 

metallocene-based LLDPE (m-LLDPE), and m-LLDPE blend, were analyzed, using 

the proposed distribution form. The results suggest that the proposed melting 

temperature equation can be extended to non-homogeneous copolymers with 

excluded comonomers, by treating them as blends of homogeneous ethylene 

sequences. 

3) A modified form of the Hoffman-Lauritzen (HL) equation is proposed for copolymers 

by replacing the equilibrium melting temperature, Tmo, by T,/,n*. The modified 

Hoffman-Lauritzen equation (MHL) provides satisfactory description of the 

spherulitic growth kinetics for m-LLDPEs, m-LLDPE blends, and ZN-LLDPEs. The 

regime behavior was observed and analyzed according to the MHL equation. The 

application of the MHL equation seems to indicate accurately the transitions between 

regimes. In addition to regimes III and II, a special regime (regime IM) was observed 

for ZN-LLDPEs, m-LLDPE resin l, and a m-LLDPE blend. Non-linear growth 

behavior of spherulites was observed in regimes II and IM. 

4) Non-linear growth behavior and morphological characteristics may be explained by 

the crystallization growth habits and mechanisms indicated by the A vrami exponents, 

as obtained from bulk crystallization kinetics experiments. The basal surface free 

energy is strongly dependent on the short chain branching characteristics, as 

qualitatively indicated by temperature rising elution fractionation (TREF) results. 

5) During non-linear growth processes (in regimes II and IM), the concentration of 

uncrystallizable ethylene sequences (CUCES) in the melt phase increases with time. 
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The diffusion layer plays an important role at high crystallization temperatures and in 

polymers with high short chain branching content (SCBC). The reduction of 

crystallizable ethylene sequences (CES) in the melt phase leads to a lowering of the 

melting temperature of the crystal stem with the maximum possible length, Tmc.n*, in 

the melt phase. An empirical equation is proposed to describe the evolution of Tm
c.n* 

in the non-linear growth region, when the diffusion layer is not important. The non

linear spherulitic growth crystallization kinetics can be described by the MHL 

expression by employing a variable Tmc.n*. 

6) The A vrami expression with an effective induction time can explain the overall 

crystallization kinetics for the three different types of LLDPEs. The A vrami 

exponents in the regimes III, II, and IM are 2, 1.5, and l, respectively. The Avrami 

crystallization rate constants, K, are proportional to the linear crystallization rate, G. 

The proportionality constants depend on the crystallization regime. Multiple peaks 

appear in the melting traces after certain crystallization times at specified isothermal 

crystallization temperatures. Basically, they can be grouped into the H- and L-peaks. 

In regime III, a single H-peak seems to correspond to the primary crystallization, i.e., 

spherulitic crystal s, in the initial crystallization stage. The formation of the L-peak is 

due to secondary crystallization. In regimes II and IM, it is difficult to distinguish the 

crystals from the primary or secondary crystallization processes. Both the H- and L

peak positions depend on the crystallization temperature and time. 

7) The crystalline morphologies show spherulites without ring bands, ring-banded 

spherulites, and irregular structures. The above morphologies were obtained in the 

low crystallization temperature range of regime IliA, in the slightly high 

crystallization temperature range of regime III and in the whole range of regime II, 

and in regime IM, respectively. The probability of appearance of ring-banded 

spherulites in LLDPEs increases, as the short chain branching content (SCBC) 

decreases, and as the short chain branching polydispersity (SCBP) increases. The 

ring-banded structure follows the lamellar twisting mechanism in regimes III and II, 

but a lamellar (bundle) branching mechanism is observed in regime IM. 

205 



Chapter 9 General Conclusions, Contributions to Original Knowledge, and Suggestions for Future Work 

9.2 Contributions to Original Knowledge 

1) An equation is derived and proposed to de scribe the melting temperature 

characteristics of homopolymers and copolymers with excluded comonomers, It 

incorporates the effects of comonomer volume, crystal length, folding surface free 

energy and enthalpy of fusion. 

2) The proposed equation is used, along with melting traces obtained by differential 

scanning calorimetry (DSC), to estimate the crystal size number distributions. 

3) New melting temperature parameters are proposed to relate the melting temperature 

characteristics to the crystal size number distributions. 

4) A modified Hoffman-Lauritzen (MHL) expression IS proposed for the linear 

crystallization kinetics by replacing the equilibrium melting temperature, TlIlo, with 

the melting temperature of the crystal stem with the maximum possible length, T,/,I7*. 

5) The MHL expression is used to analyze non-linear growth crystallization kinetics by 

employing a variable Tmc'Il*. 

9.3 Suggestions for Future Work 

1) This research dealt with LLDPE polymers. Theoretical analyses and experimental 

methods may be modified and expanded for the study of other copolymers with 

excluded comonomers, such as polypropylene copolymer systems. 

2) The proposed melting temperature equation in this study is restricted to copolymers 

with excluded comonomers. AIso, it does not consider the lateral surface free energy. 

Possible extensions could de al with copolymers having included comonomers and 

non-Iamellar structural crystals. 

3) In order to understand the whole crystallization process, the secondary crystallization 

kinetics needs to be studied in more detail for LLDPE systems. 
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Appendix 

GPC and TREF Traces for Blends of Resins 1 and J 
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Figure Appendix-1 GPC results of blends of resins 1 and J 
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Figure Appendix-2 TREF results of blends of resins 1 and J 
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