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ABSTRACT

Ethylene/l-octene copolymers produced using metallocene catalysts have a
homogeneous comonomer content with respect to molecular weight. Two series of
molecular weight having 1-octene content ranging from zero to thirty nine branches per
1000 carbon atoms, have been studied. The influence of branch content on structure and
melting behavior as well as on isothermal and non-isothermal bulk crystallization has been
studied. The principal techniques used have been thermal analysis and small angle x-ray

scattering.

As branch (defect) content increases in olefin copolymers, non-isothermal and
isothermal crystallization rates, melting temperature, and heat of fusion decrease. Melting
temperatures of homogeneous random copolymers are always lower than those of
fractions of heterogeneous copolymers, having approximately the same comonomer
content and molecular weight. Hence, defect distribution in copolymer systems is a more

important parameter rather than defect content.

The Hoffman-Weeks plot to obtain the equilibrium melting temperatures of
ethylene/1-octene random copolymers results in a non-sensible, high value or no intercept
at all. The equilibrium melting temperatures of linear polyethylenes and homogeneous
ethylene/1-octene random copolymers were determined as a function of molecular weight
and branch content, using Thompson-Gibbs plots involving lamellar thickness data. This
systematic study makes it possible to evaluate two equilibrium melting temperature
depression equations for the olefin type random copolymers, the Flory equation and the
Sanchez-Eby equation, as a function of defect content and molecular weight. An empirical
equation determined from this study for predicting the equilibrium melting point of linear
polyethylene as a function of molecular weight is more sensitive to molecular weight than
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the Flory-Vrij equation. The range over which the two equations can be applied depends
on the defect content, after correcting the molecular weight effect on the equilibrium

melting temperature. The T, (n — o) of linear polyethylene at infinite molecular weight

was found to be 144.4 °C.

The equilibrium melting temperature, T, (n,p;), of ethylene/l1-octene random
copolymers was a function of the molecular weight and defect at low defect content
(py%<1.0%). The T, (n,py) was a weak function of molecular weight and a strong
function of the defect content at high defect content ( p,% 21.0%). The Flory copolymer
equation could predict T, (n,p,) at p,% <1.0% when molecular weight was corrected.
Sanchez-Eby’s uniform inclusion model could predict T, (p;) at high defect content,
1.6% < py% < 2.0%. It was observed that some defects were included in crystalline phase

and the excess free energy (18 ~37 kJ/mole) estimated in this study were within the

theoretical range.

A mathematical and graphical method was developed to estimate the phase
boundary thickness. The calculated electron density profiles showed an intermediate
profile between linear-gradient and semi-sigmoidal models. Background intensity showed
a systematic positive deviation as a function of defect content. Electron density
fluctuation component increased and electron density difference between amorphous and
crystalline phase decreased with defect contents, reflecting defect inclusion. Interfacial
layer thickness depended on defect content, defect distribution, crystallization
temperature and time, and the temperature at which SAXS intensity is measured. The
interfacial layer thickness of the homogeneous ethylene/1-octene copolymers decreased as
a function of defect content while that of the heterogeneous copolymers increases. The

interfacial layer thickness of LPE and EO copolymers at low in-situ temperature were
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higher than those at ambient temperature. On increasing in-situ temperature, the phase

boundary became thin and finally disappeared.

As a conclusion, the philosophy that defects can affect the thermodynamics

properties and morphology was verified experimentally and theoretically through this

study.
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PREFACE

This study is reported in six chapters. Chapter 1 introduces the objectives and the
importance of this research including a short explanation of the approach. Chapter 2
provides an extensive literature review: The metallocene catalysts are reviewed briefly to
provide a basis regarding linear polyethylene, ethylene/ a-olefin random copolymer and
recent trends of catalysts for producing these polyolefins. The general thermodynamics
for understanding melting and crystallization behavior, the isothermal bulk kinetics, the
various methods to obtain equilibrium melting temperature and the fundamental theory of
small angle X-ray scattering and its theoretical background for morphology study are
described. Even though this chapter is titled as literature review, some explanations are
modified and added and some equations are rearranged for more clear understanding of the
concepts. Chapter 3 describes the experimental methods to reach the objectives of this
research described in Chapter 1. The experimental results obtained in this study are
shown in Chapter 4 and they are analyzed and discussed in Chapter 5 based on Chapter

2. Lastly, Chapter 6 summarizes the conclusions of this study.
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1. INTRODUCTION

Linear low density polyethylene (LLDPE) is a copolymer of ethylene with o-
olefins such as propene (Z\), l-butene (2 ), l-hexene (A V'), l-octene
(ANNNN), or 4-methyl-1-pentene (M), The a-olefin comonomers produce the
corresponding branches (methyl, ethyl, n-butyl, n-hexyl, or iso-butyl) along the main
chain backbone which consists of methylene (-CH;-) linkages. These branches are named
short chain branches (SCB) because of their uniform, short branch length, unlike the
branches found in low density polyethylene (LDPE) that has long and short branches,
and linear polyethylene (HDPE) with few branches in its main chain. The number and the
length of SCB are controlled by the proper comonomer concentration and its
concentration in the reaction medium. The sequence length-distributions are dependent on

the catalyst and the reaction condition.!

Crystallization behavior and morphological phenomena are influenced by the type
and number of branches, the molecular weight, and the inter- and intra-sequence length
distribution. As one increases the SCB, one observes a decrease in degree of crystallinity,
crystallite size, crystallization temperature, onset and peak melting temperatures, long

periods and lamellar thickness.23

As a consequence, it is important to use the linear low density polyethylene where
parameters such as chain length and branch distribution are precisely controlled, in order
to study the melting behavior and the morphology. In the past, these parameters could
not be controlled using the classical Ziegler/Natta catalysts, but in the present, the new

catalysts make it possible to produce the linear polyethylenes and a-olefin type



copolymers with the narrow molecular weight distribution, (MWD, Mw/Mn =2.0) and

uniform distribution of comonomer in copolymer systems.

The underlying philosophy of this study came from the simple concept that the
defects affect the morphological structure and crystallization behavior regardless of
whether they enter into or are rejected from the crystal. The objectives of the present
work based on this idea are to trace the relationships between structures and defects
qualitatively and quantitatively through the systematic study of location of defects,
equilibrium melting temperature, lamellar thickness, interfacial layer thickness and other
miscellaneous morphological parameters. To achieve these objectives the two research
techniques, (i) equilibrium melting temperature, (i) small angle X-ray scattering behavior,
have been used on ethylene/1-octene random copolymers with narrow molecular weight

distribution and uniform distribution of comonomer along the main chain backbone.

The equilibrium melting temperature is a very important parameter reflecting the
nature of the structure. It is also important to the analysis of secondary nucleation
kinetics and the simulation of kinetics, and in other polymer physics fields. In spite of its
fundamental nature, there has been no absolute systematic study aimed at obtaining this
value accurately. The equilibrium melting point of linear polyethylene that has been a
matter of controversy will be re-estimated as a function of molecular weight. It will then
be used to test the validity of the Flory & Vrij equation, based on the their analysis. The
equilibrium melting temperature of ethylene/1-octene random copolymers will be studied

as a function of the defect content and the molecular weight (Section 4.3 and Section 5.3.).

The equilibrium melting temperatures will be obtained from the relation between

lamellar thickness (from SAXS) and observed melting temperatures using the Thompson-



Gibbs concept. Data will then be used to evaluate the applicabilities of the rival Flory and
Sanchez-Eby theories of equilibrium melting points in copolymers. In addition, the defect
location in semi-crystalline polymers will be studied, and the application of the Hoffman-
Weeks plot to obtain equilibrium melting temperature and the annotated problems will be

demonstrated.

The morphology study using small angle X-ray scattering (SAXS) will be focused
on morphological parameters such as periodicity, lamellar thickness (crystalline phase
thickness) and interfacial layer (transition layer, phase diffuse boundary) thickness
assuming a three-phase model. In this study, new analytical methods to estimate
transition layer thickness will be introduced, based on mathematical concepts (Section
4.4.3). Especially, Section 4.4.3 will be considered as an independent part concentrating
on this analytical method although the concepts and values described and obtained in this
section are connected to the results of Section 5.4. We will test the possibility, if SAXS
supports the results of Section 5.3.4 and 5.3.5, that some defects are incorporated into
the crystalline phase. Additionally, some miscellaneous morphological parameters such as
electron density (or mass density) for each amorphous and crystalline phase, lamellar

planarity and shapes of particles will be considered.



2. LITERATURE REVIEW

2.1. Catalysts for Polymerization of Olefins

2.1.1. Multi Site (Heterogeneous or Ziegler-Natta) Catalysts

The introduction of poly(olefins) originated with low density polyethylene
(LDPE) produced at high pressure (124MPa, 18,000psi) and high temperature
(100~300°C) in Imperial Chemical Industries, Ltd. (ICI) in 1933. Since Karl Ziegler et al.

in Germany discovered that titanium tetrachloride (TiClg) or vanadium tetrachloride
(VCly) / alkyl aluminum catalysts system can polymerize ethylene at room temperature
and atmospheric pressure and simultaneously G. Natta ef al. in Italy found that the
polymer from these catalysts shows stereoregularity and crystalline properties, various
vinyl polymers such as high density polyethylene (HDPE) or linear polyethylene (LPE),
linear low density polyethylene (LLDPE) and isotactic polypropylene have been
produced commercially. These catalysts (or initiator) systems are referred to as Ziegler-
Natta catalysts and are composed of an organometallic compound of a Group I-III metal
with a halide of a Group IV-VII of the periodic table.* Two main systems are titanium
chloride with alkylaluminium (e.g., Et3Al/TiCl3) and chromium on silica. The catalyst
systems are heterogeneous for some titanium-based systems and soluble for most
vanadium-based catalysts. HDPE and LLDPE are produced using both titanium- and
chromium-based systems and isotactic polypropylene (iso-PP) is polymerized with

titanium-based catalyst.



In spite of their practical importance due to the commercial production of iso-PP,
HDPE and LLDPE et al., the Ziegler-Natta catalysts can't control molecular weight
distribution and avoid the production of by-products of low molecular weight and low
density due to their multi-site properties. The terminology, multi-site, came from the fact
that a heterogeneous (transition metal) catalyst species has the various sites with different
activity. Due to the different activity the polymers produced with multi-site (or
heterogeneous Ziegler-Natta catalyst) catalysts consist of various chain lengths resulting
in different physical properties. Especially, in the case of the random copolymers of
ethylene/ @-olefins (LLDPE), the narrow comonomer distribution as well as narrow
molecular weight distribution is required. It is impossible to satisfy this requirement with
heterogeneous catalysts since multiple active sites with different reactivity ratios for
ethylene and comonomers cause polymers with broad MWD and broad SCB. New
attempts to control polymer structure and properties have been concentrated on the

preparation of catalysts with uniform activity.

2.1.2. Uniform Site (Homogeneous or Metallocene) Catalysts

The kinds of metallocene catalysts consisting a Group IV transition metal complex
with methylaluminoxane (MAO) have uniform activity and allow the production of
poly(olefins) with controlled molecular weight, narrow molecular weight distribution
(Mw/Mn = 2.0) and stereoregular structures.’ These uniform site catalysts are variously
called (a) single site catalysts or homogeneous catalysts, due to their uniform activity
compared to multi-site Ziegler-Natta catalysts with heterogeneous activity, (b)
Kaminsky-type catalysts due to the contribution of Kaminsky et al. to improve activity

of these catalysts, (c) metallocene catalysts and (d) constrained geometry catalysts (Dow



Chemical Co.). Although metallocene chemistry was started by Natta ef al., the activity
of the catalysts was too low to be useful .6 In 1980, Sinn and Kaminsky reported that the
addition of a small amount of water increases the activity of these catalyst systems

significantly.”

The most popular single site catalyst systems are a combination of bent
metallocenes, which are a Ti, Zr or Hf complex with two cyclopentadieny! ligands and
two halides or alkyl ligands (1 in Table 2.1.1), and excess MAQ, which was discovered
by Kaminsky ef al.5* Furthermore the cyclopentadienyl-amide catalysts (2 in Table
2.1.1), named Constrained Geometry catalysts by Dow Chemical, have only a single
cyclopentadienyl! ligand and seem to have been used in the production of LLDPE. In
1990, Dow filed patents for these types of catalysts (European Patent Application 416
815) and 13 days later, Exxon did the same independently (European Patent Application

420 436).

The cyclopentadienyl-amide catalysts/excess MAQO cocatalysts systems allow

ethylene/1-octene copolymer of high molecular weight to be obtained. In these catalyst

systems, molecular weight is controlled using hydrogen gas (Hj).

2.2. Random Copolymers of Ethylene/ O -olefins

To obtain narrow molecular weight distribution (MWD) from the poly(olefins)
polymerized with heterogeneous catalysts, fractionation methods such as temperature
rising elusion fractionation (TREF) for fractionation by crystallinity and composition of

copolymer or solvent-gradient elusion fractionation (SGEF) and successive
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reprecipitation fractionation for separation by the molecular weight have been used.
However, it is not easy to provide a large volume of resin with narrow molecular weight
to the market. Recent catalyst developments allow the production of a new type of
LLDPE by controlling molecular weight, its distribution (MWD), comonomer
incorporation, or homogeneous distribution of short chain branch, using single site

(homogeneous) catalysts.

In industry, the first products using single site catalysts are copolymers of
ethylene/ ar-olefins of Exxon that has produced 15kt of LLDPE/year from the
demonstration plant since 1991. Following Exxon, Dow Chemical began producing 57kt
of LLDPE/year using a titanium-based catalyst with a linked cyclopentadienyl-amide

ligand in 1993.

The cyclopentadienyl-amide catalysts/excess MAO cocatalysts systems have the
following characteristics: i) a-olefins (comonomers) randomly incorporate to the
propagating ethylene chain, which will cause uniform SCB distribution, ii) comonomer
content is independent of the chain length, iii) significant comonomer incorporation into
the polymer is achieved without a large excess of comonomer, iv) very precise control of
molecular weight is possible, v) narrow MWD (M,/M,, =2.0) is obtained, vi) these
controlled molecular parameters will produce uniform morphology. On the other hand,
classical multi site (heterogeneous) catalysts cause non-random copolymers with broad
MWD and heterogeneous SCB distribution (i.e., shorter chains have a much higher -olefin
contents than the longer chains). The LLDPE with narrow MWD shows sharper melting
point, better hot tack and heat-seal properties, as well as higher clarity, better impact

resistance and lower levels of alkan-soluble components 5 * Resins prepared with single



site catalysts are being produced on a demonstration scale for niche markets and their cost

remains high relative to competing resins.

Despite their unique advantages, there are practical processing problems with
these new polymers. The narrow MWD makes the melt viscosity of polymers low shear
sensitive. However, Dow can overcome this problem by incorporating long chain
branches into the linear short chain branched structure, using cyclopentadienyl-amide
catalysts. The final products show very high shear sensitivity and higher melt strength,
allowing facile processing. This technology is called In-site technology and is different
from common single-site catalysts technology at the point that Constrained Geometry
Homogeneous Catalyst is used.® It is known that Dow produces copolymers having from

2~12%(w/w) 1-octene to a thermoplastic elastomer with up to 20%(w/w) comonomer.

2.3. Thermodynamics of Melting and Crystallization

The thermodynamic behavior of flexible polymer chains can be summarized as
shown in Figure 2.3.1.1° For spontaneous process to be possible the Gibbs free energy
(or free enthalpy) should be negative. This spontaneous process will derive a system go
to a lower energy state from a higher energy state. Thus the lowest energy state is most
stable state. This most stable and lowest Gibbs free energy state can be obtained
energetically in the most favorable conformation of polymer chains. The most favorable
conformation of polymer chains depends on temperature and the phases present such as
crystalline phase and amorphous phase. This thermodynamics will be explained based on
the Gibbs free energy equation which shows the relation of free enthalpy (G), the

enthalpy (H) and entropy (S) with thermodynamic temperature (T):
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G=H-T§ (23.1)

In the molten state the polymer chains will have many more possible
conformations since the flexible polymer chains are coiled and entangled. It will cause
entropy increase and hence, will lead the Gibbs free energy decrease of polymer chains as
sharply as —TS. This means that there is a temperature above which the random coil
state is more stable. This temperature is the melting temperature (T, ) and called first
order transition by Ehrenfest due to the sharp discontinuity change of the slope,
JdAG/JdT =-AS . These first order transition temperatures are (iv), (v), (vi) as shown in
Figure 2.3.1. If the crystal is metastable, the first order transitions appear (iv) and if the
crystal is the equilibrium crystal structure (fully extended chains), the first order

transition is (v) and called the equilibrium melting temperature.

When, however, the melts are supercooled (III') to a temperature below the
melting temperature, the long range ordering of polymer chains occurs due to
crystallization. Clearly, this long range ordering leads to a reduction in entropy due to
fewer available conformations than in the amorphous phase. This unfavorable entropy
reduction that causes the increase of Gibbs free energy can be offset by a large reduction
of enthalpy because of intermolecular forces such as van der Waals force or Hydrogen
bonding. Thus, the relationship of magnitudes between the enthalpy change and the
product of the melting temperature and the entropy change will determine whether

crystallization is favorable or not. If the magnitude of enthalpy change,

|AH|= H,,,, — H,,,, is larger than that of the product of the melting temperature and the

entropy change, T]AS|=71.S’C,W,—SM,,, crystallization will be favored

thermodynamically since the Gibbs free energy will be lowered (i).
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It is worthwhile to note that the value of the T, is dependent on the

intermolecular interaction force between adjacent chains. Thus a single isolated fully
extended chain will have highest free enthalpy and a relatively low melting point because
of lack of interaction with the neighboring chains (IV). Usually, since fully extended
chains pack well crystallographically generating intermolecular interaction, the Gibbs free
energy will be lowered compared to a single isolated fully extended chain and thus T, will
shift to higher temperature (IV — I ~T). This is also the reason why the equilibrium
melting temperature (v) of polyethylene with weak van der Waals force between the
chains has a lower value than that (vii) of polyamide with strong hydrogen bonding

between adjacent chains.

In fact, the melting temperature of the crystal with the lamellar, fibrillar, and
fringed micellar structures is a non-equilibrium melting temperature due to the
metastability of the crystal. This metastable crystal can become more stable by
controlling three variables, time, temperature and pressure, although its metastability can
not be removed completely unless it changes to fully extended chains. As increasing the
crystallization time at a crystallization temperature, the non-equilibrium crystal will
approach to the lower free enthalpy and less metastable crystal due to the annealing effect
(i1). Interestingly, the molten state has also metastability when the metastable crystal
melts. In the metastable molten state that has the free energy of supercooled melt,

recrystallization may occur (iii).

The difficulty in measuring melting temperature is to remove the effects of
annealing, superheating and recrystallization on heating. As a whole these effects will
cause higher temperature than zero entropy production melting, at which there is no

reorganization process. There are three classical methods to obtain zero entropy melting

12



of polymer chain during heating: first, fast heating in which the crystal does not have
enough time to reorganize; second, crosslinking of polymer chain in the amorphous region
to prevent lamellar thickening due to annealing; third, removing of the fold and amorphous

region by etching technique to make thickening impossible.

2.4. Kinetics of Isothermal Crystallization

The crystallization process is controlled by primary nucleation and growth
(secondary nucleation). Primary nucleation is the process by which molten polymer
chains become aligned to form nuclei when the polymer melt is cooled down below its
equilibrium melting temperature. Growth is a step that the crystal nuclei grow through
by the addition of polymer chains onto the nuclei surface. Primary nucleation is
categorized as homogeneous and heterogeneous nucleation. Homogeneous nucleation
occurs when the nuclei form spontaneously and heterogeneous (or instantaneous)
nucleation takes place when the foreign surface such as impurity, motes, and wall of
container are already present in the system. The characteristic behavior of these
nucleations can be explained as a function of time. In homogeneous nucleation the number
of nuclei increases with crystallization time and in heterogeneous one the number of nuclei
is constant with time. The former is a kind of athermal nucleation and the latter is that of

thermal nucleation.

The rate of nucleation is a function of temperature. The crystal growth process is
governed by two competing terms, diffuse-control at low crystallization temperature and

nucleation-control at high crystallization temperature.!' This process is expressed in

B



* -

G=G, exp(—g )exp(_AU ) 24.1)

kT
where G is the growth rate at a crystallization temperature 7,, G, a pre-exponential
factor, AF" the free energy of formation of the critical nucleus and AU" the activation
energy of the elementary jump process. At high crystallization temperature, the rate of
nucleation becomes slow whereas the mobility of chains is high and the viscosity becomes
low. Thus this condition is nucleation-control. As temperature is lowered, the rate of
nucleation (or rate of crystallization) is increased due to favorable thermodynamic driving
force, keeping the favorable mobility of chains. As the temperature is lowered further
toward the glass transition temperature, the motion of chains becomes restricted and the
viscosity of the system is increased, whereas the rate of nucleation is increased. This slow
molecular motion makes the transport of polymer chains difficult across the phase
boundary to the crystal growth surface. Thus this condition is diffusion-control.
Therefore, nucleation occurs between the equilibrium melting and glass transition
temperature and the rate of crystal growth shows a maximum somewhere between the

two temperatures.

The overall (or bulk) crystallization kinetics is a result of the nucleation and
crystal growth processes. The first attempt at analysis of the crystallization kinetics is
Avrami analysis. More advanced theory of crystallization kinetics is the introduction of

secondary nucleation as a function of supercooling by Hoffman and Lauritzen.1213
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2.4.1. Avrami Analysis

The kinetics of isothermal crystallization can be quantitatively analyzed by

Avrami equation :

X =1-exp(-K-1") (24.2)

After rearranging and taking the double natural logarithms in both sides of equation

(2.4.2)

Ln(-Ln(1-X,))= Ln(K)+n - Ln(t) (2.4.3)

where K is the kinetic rate constant, that is temperature dependent, and n the Avrami

exponent, can be obtained from slope and intercept in the plot of Ln(—Ln(1- X,)) versus

Ln(t), respectively. Alternatively, K can be calculated using the following relationship:

k=12 (2.4.4)

fo.s

The constant K contains the information relating nucleation, linear growth rate, and

crystal geometry

The problems of Avrami analysis came from the assumption behind this theory.
These assumptions are (i) the constant volume, which cannot be satisfied in real polymer
systems since volume contraction takes place during crystallization by as much as
5~20%.'¢ and (ii) the complete crystallization, which can not be achieved in polymer

systems. When the volume change is corrected, the n values may change by one to two

15



tenths of a unit. The maximum crystallinity is around 90% in our experience.
Additionally, Avrami exponents, n, do not show the integer values in experiment results
unlike the theoretical estimation. An additional complication is that even the same n value
is related to different crystallization and nucleation type. Thus, without detail
morphological information, the Avrami analysis cannot be used correctly, although it is

recommended to get rough sense of crystallization mechanism.

2.4.2. Bulk Isothermal Crystallization Kinetics

Bulk crystallization kinetics can be studied with assuming one of two nucleation
types, homogeneous nucleation and heterogeneous nucleation. Homogeneous nucleation

can be plotted using '

In(t,,,)+U"/2.3R(T, - T.) vs. YT.(AT)* f (2.4.5)

For heterogeneous nucleation,

In(t,,,)+ U [2.3R(T, = T_) vs. YT.(AT)f (2.4.6)

where AU” is the activation energy(J/mole) for chain motion, T, is the temperature

(generally, T_ =T, -30K) and R is gas constant (8.314J/moleK). The factor fis a

correction term which is close to unity at high crystallization temperatures, but that is
important at high supercooling where the heat of fusion varies significantly with

temperature. This correction factor f is given empirically as:
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f=2T. [T, +T.) (24.7)

Usually, U* and T, are little importance in the kinetic analysis of polyethylene.

2.5. Equilibrium Melting Temperatures

The equilibrium melting temperature (T, ), at which the infinitely large crystal
melts, is an important parameter for studying crystallization kinetics that describes the
crystal growth rate as a function of supercooling (7}, —T.)."" In spite of its importance,
there has been no detailed study to determine the equilibrium melting temperature for the
ethylene/ a-olefin copolymer within the limit of our knowledge. The purpose of this
study is, thus, to determine the equilibrium melting temperatures of the series of the
ethylene/1-octene copolymers as a function of SCB contents and study the location of the

defects in the system.

The equilibrium melting temperature of a polymer depends on the molecular
weight, comonomer (or branching) contents, diluents, pressure and so on. A theoretical
method to calculate T, of the copolymer as a function of B-counit contents in the
polymer chain was developed by Flory under the assumption of eutectic separation of
homopolymers and comonomer units.'617, Other theoretical methods were developed

under the consideration of the molecular weight effect'®, the lamellar thickness 3, and the

location of the B-counits in the system’>2° and the need to estimate the T, from the

experimentally determined melting points. For homopolymers, the latter takes the form of
an extrapolation from the observed melting temperature of the n-alkanes to infinite

molecular weight of linear polyethylene, an extrapolation to infinite lamellar thickness in
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the plot of the melting temperature against the reciprocal lamellar thickness, or an
extrapolation to the T.=T =T, in the plot of melting temperature versus
crystallization temperature. In the later section these theoretical and experimental
methods will be compared and discussed with the experimental results from the

ethylene/1-octene copolymer.

2.5.1. Effect of Defects

There are many well-known theoretical approaches to estimate the equilibrium
melting temperature. These theoretical methods have been developed, focusing on the
effects of the molecular weight and non-crystallizable B-counit content on the melting
temperature. (Usually, the notation A, and B mean the crystallizable unit and the non-
crystallizable counit as chosen by Flory.'s The equilibrium melting point depression
equations of the random copolymers with B counits were derived from two different
models that are based on the location of B-counits in the system. One is the case of
complete exclusion of B counit from the lattice solid solution formation, eutectic
separation, and the other is that of uniform inclusion of B counit in the crystalline phase.

The following sections introduces of the models shown in Figure 2.5.1.

2.5.1.1. Complete Exclusion of Defects

Flory's equilibrium melting point depression equation of a non-polar copolymer
was developed assuming the exclusion of all the B co-units(defects including chain ends)

from the crystalline lattice. The equilibrium melting temperature, melting end, liquid's line
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Figure 2.5.1. Exclusion and Inclusion Models.
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of the copolymer T, (X;) is expressed by the relationship of the equilibrium melting

point of homopolymer T,, the enthalpy of fusion AH, per crystallizable repeating A

unit, and the sequence perpetuation probability p

1 1 R

_— = 1 251

T, To(X,) (AHJ"” @31
or

1 __1 __Ry (2.5.2)

T. T.(X,) AH

m u

where R is the universal gas constant, and for a random copolymer p is the mole fraction

of crystallizable unit A, and X, is the mole fraction of noncrystallizable B-counit. As p

approaches unity, it reduces the melting point depression to zero.

2.5.1.2. Uniform Inclusion of Defects

On the other hand, using Helfand and Lauritzen's equilibrium theory of B counits
in the crystal'®, Sanchez and Eby derived the equilibrium melting point depression
equation of a random copolymer for the case of the uniform inclusion of defects into the

crystal lattice 2°

1 1 R [ &Xx,, 1- X, . X,
- =- ~—+(1-X, )1 =+ X, - In| —= 253
T, T.X,) AHu{RT;<x,,) (1= Xac) “[1-x,, peln S| @53)
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where T, and T, (X;) are the equilibrium melting temperatures of the infinitely large
crystal of a homopolymer consisting of A units and that of a copolymer with B-counits
in the crystalline lattice, respectively. The mole fraction of all B-counits in the whole

polymer and the mole fraction of the B-counits incorporated into the crystalline phase are
Xz;and X, ., and. € is the excess free energy created by incorporating a B-unit in the
crystalline phase. Finally, AH, is the enthalpy of fusion of the homopolymer (i.e. for
X; = 0). Equation (2.5.3) can be rearranged to evaluate the degree of defect inclusion in

the lattice or the excess free energy by introducing the term 8= X, . /X,, the degree of

incorporation of the B-counit.2!

T, T.(X,) AH,|RT.(X,) 1-X,

1l__! __R {e-px,_c +(1—ﬁXB)ln[l'ﬁX"Janlnﬂ} (2.5.4)

Since the mole fractions of B-counits (i.e. hexyl branch in case of ethylene/1-octene
copolymer) in the whole polymer of the ethylene-1-octene copolymers are X, <<1.0,
equation (2.5.4) can be changed to a more tractable form by expanding the first logarithm

term in the parentheses to first term

—L- I =—RXB £'ﬂ _
T, To(X,) AHH{RT;(XB)+(1 ﬁ)+ﬂ1n[3} (2.5.5)

m

Equation (2.5.5) shows the linear relation between equilibrium melting point depression

and mole fraction of B-counit. If we know the values of T, (X,) and &, the degree of
incorporation 8 can be determined from the plot 1/T;, —1/T:(X,) vs. X,. Here B=0

(i.e. X; . =0) means the perfect exclusion of B-counit from the crystalline lattice and

equation (2.5.5) reduced to Flory’s equilibrium melting point depression equation (2.5.2)
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(the expanded form of equation (2.5.1)). For the complete inclusion of all B-counits into

the crystalline lattice, § =1(i.e. X, = X;), equation (2.5.3) or (2.5.4) becomes

T, T;(Xn.c= s) AHuT;l(XB.C= 5)

(2.5.6)

where the heat of fusion AH, of the homopolymer has a relation with the observed heat

of fusion AH (T, X,) that is assumed as the linear function of the number of comonomer

units entering the crystal and the temperature independence.

AH, = AH(T,X;)+€- Xy =~ AH(X,) + € X, (25.7)

By combining equation (2.5.6) and (2.5.7) we obtains :

1 1 £- X,

— T == (258)
T, T, (Xpc=Xp) (AH(XB)+£'XB)'T;:(XB.C= 5)

As the crystallization temperature decreases, the driving force for crystallization,
the so-called supercooling T, — T, for the homopolymer and T.(X,)-T. for the
copolymer, increases and it will make the rate of the addition of a stem larger than the rate
of detachment during the crystallization process. This will provide enough excess energy
for the B-counit to be incorporated into the crystal lattice.!> As the supercooling
decreases, however, the crystal growth rate slows, both the rate of addition and
detachment of stems on the substrate are nearly equal, and the defect concentration will
approach equilibrium. Clearly, the respective equilibrium melting temperatures of the
copolymer evaluated at large supercooling and at low supercooling will be different based

on the derived equations.
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For the case of the equilibrium, an expression for the defect (B-counit)
concentration in the crystal has been suggested by the Helfand and Lauritzen.!® According

to Helfand and Lauritzen, for the polymer composed of a fraction X, of B-counits and a
fraction X, =1- X, of A-units, the ratio of B-counits in the crystal to A-units is given

by equilibrium statistical mechanics as follows

—-€&/RT
Xpe " (2.5.9)
1-X,

and the fraction of B-counit in the crystal, X, ., under the equilibrium condition (i.e.

T, (X;) is given by

(2.5.10)

Equation. (2.5.3) for X, . = X, becomes then :

1 1 _ R
T, TX,.=X.,) AH(X)+eX,

Inf1 - X, + X,e 7T ®e"0] - 2511)

The relation between T,, (X5 = X;) *and T,( X, . = X, ) is given by?

1 _ 1 - € X, RIn(1— X, + X, """t
T.X,c=X,) T.X,.=X,) (AH(X,)+eX,) T.(X,)

(25.12)

—eIRTL(XpcmX,,)
€-X,e e

AH(X,)+
%) 1- X, + X,e "

Equation. (2.5.12) seems to be cumbersome but we can calculate the excess free
energy due to the defect incorporation in the crystal if we know the respective

equilibrium melting temperatures of the copolymer crystallized at low and high
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crystallization temperature region since we already know the composition X, of B-counit

in copolymer and the observed enthalpy of fusion AH(X}).

2.5.2. Equilibrium Melting Temperature from Hoffman-Weeks Plot

So far we have mentioned the Flory's equilibrium melting point depression
equation of the copolymer in the case of complete exclusion of B-counits from crystalline
phase, the Sanchez-Eby's equilibrium melting point depression for the case of uniform
inclusion of B-counits into the crystalline phase, and the equilibrium melting temperature

determination for the perfect inclusion of all B-counits into the crystalline phase from the

plot of T, vs. T.. As will be shown in the preliminary results of the Hoffman-Weeks
plot in later section 4.3.1, one cannot find, however, the T, in the low supercooling
region of crystallization that is sufficiently close to equilibrium. Therefore, it is necessary
to understand the background of the Hoffman-Weeks plot. The well-known Thompson-
Gibbs equation can be derived from the thermodynamics of the single chain folded thin

lamella consisted of the thickness, /, and the lateral dimension, x.

AQ, . =—-X'IAG, +4xlc + 21’0, (2.5.13)

where A¢,,,.,, is the free energy of formation of a crystal, AG, is the bulk free energy of
fusion, o, is the surface interfacial free energy of the lamellar basal plane, o is the lateral
surface interfacial energy. Using the conditions that lateral dimension of crystal is much

bigger than its thickness, x >> 1/, the fold surface energy contribution normal to chain

direction is much larger than the lateral surface free energy, g, >> 0, and that A¢, ., =0

at the melting point, AG, from equation(2.5.13) is equal to 20, /l(= AH (T, -T)/T,).
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Thus, the relationship between the lamellar thickness and the melting temperature can be

expressed in a well-known Thompson-Gibbs equation form.

20
T =T (1-—= 2514
m = T AH, 1) ( )
where T, is the melting temperature with a certain lamellar thickness /, AH, is the heat of

fusion. Equation (2.5.14) requires the condition of no recrystallization, reorganization, or
superheating.(ref.10) The lamellar thickness / in equation (2.5.14) is the essential key

point for understanding the Hoffman-Weeks plot.

If the lamellar thickness / is equal to the initial lamellar thickness l; (equation

(2.5.15)) of a chain folded lamella, although this assumption is not quite realistic,

=29, 5290 5 (2.5.15)
AG, AH AT

Equation (2.5.14) becomes

1
T, =T + AT{I " S AT T } (2.5.16)2

where the AT is the supercooling and &/ is a quantity related to very small thickening

and only a weak function of supercooling. &l is kT/bo for the case of AG, =0 and can
be considered as constant.!* Equation (2.5.16) means that the melting temperature is the
same as the crystallization temperature for the case of 6/ =0. Thus, it is required that &/
must be larger than zero for the crystal to grow. The melting point with negligible

isothermal thickening is slightly above the crystallization temperature. Also equation
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(2.5.17) shows the non-linear relationship between the melting temperature and the

crystallization temperature.

If / is the lamellar thickness of the finally thickened crystal and it reaches a

lamellar thickness y times larger than the initial lamellar thickness l; as shown in the

relationship

I=y-1 (2.5.17)

by inserting equation (2.5.15) and equation (2.5.17) into equation (2.5.14) we can have

a more general formula

_ e AT 1
=T % {1+61(AH,)(AT)/20,T;} (2.5.18)

where for ¥ =1 (i.e. I =1I) equation (2.5.18) reduces to equation (2.5.16). Under the
condition of the I(=20,/AG)>>4l at low supercooling, 6&l(AH,)AT)/20,T,

approaches zero, and equation (2.5.18) reduces to the well-known equation for the

Hoffman-Weeks plot as follows:

T, =T.(A-Yy)+T./y (2.5.19)

From the slope of the linear relationship in the plot of the observed melting temperature
against the crystallization temperature of equation (2.5.19) the thickening parameter y

can be obtained. The T, can be obtained at the intersection of T, =T.. However, as

shown in the Figure 4.3.1.1 and 4.3.1.2, the experimental result does not follow the linear
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relationship but shows the curvature between the low and the high crystallization
temperature. In order to estimate the defect free energy € in the earlier section, this

curvature was assumed to be caused by the inclusion of B-counits into the lattice at low

T, and the exclusion of B-counits from the crystalline phase at high T..

2.5.3. Effects of Chain Length (Molecular Weight)

Flory and Vrij suggested an equation to predict the equilibrium melting
temperature of linear polyethylene with infinitely large chain length from the melting
temperatures of the n-alkane molecular crystals of uniform length, considering the
entropy contribution, Rln(cn) to the molar free energy of fusion.!® ¢ The molar free

energy of fusion, nAG, of a chain with n repeating unit at a temperature T is given by

nAG, =nAG(T)+ AG,(T)-RTInn (2.5.20)

where AG(T) is the free energy of fusion per repeating unit at the temperature 7, AG,(T)
independent of n is an excess free energy change due to the destruction of the pairing

terminal unit during the melting process. These two terms are the temperature dependence

function and can be expanded in a Taylor series about the equilibrium melting temperature

T, for n— eo

ODN  (r-1)+ L€M) T-T)' ,F6D| T-LY, = (3521

AG(T)= AG(T.,) +
(D=A6T0+ =57 ror: or: |.. 2! or |.. 3

where AS = AH, [T;, at AG(T.) =0 and equation (2.5.21) becomes
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- 2 C o _ 3
A, _(T°2T) -—ﬂ-u L (AC,-AC T )---- (2522)

AG(T)=(T, -T)—*
() (m )To T; 6 T;z

Similarly, the second term of equation (2.5.20) can be expanded using the
AG,(T,)=AH, -T, AS,

C
AG, =AH, -T:AS, - (T, - T)f-;?—--. (2.5.23)

After substituting equation (2.5.20) with equation. (2.5.22) and (2.5.23), Flory and Vrij

derived equation (2.5.24) using the condition of AG, =0 at the melting temperature (i.e.
T=T, =T,(n) of a n-alkane,

n{AH(r_ - T_)-A—fL(T; -T.y - -}- RT.T.In(n)=T,T.AS, - AH, +2—§f;¢(1; T, )+ (2.5.24)

and obtained the T, of the linear polyethylene by analyzing the plot of left-hand-side of

equation (2.5.24) against T, - T, .

2.6. Small Angle X-ray Scattering (SAXS)
In small angle X-ray scattering, we will consider the scattered beam as elastic
scattering since the Compton effect is small enough to be neglected. Small angle X-ray

scattering can be used to obtain the following information for polymeric materials:

i) Morphological parameters:




» determination of phase
crystalline, interfacial (transition layer), amorphous phase
» periodicity of phases
shape of particle
rod, disk, lamellar, cylinder, spherical, ellipsoidal, hollow geometry
etc.
» dimension of each phase
lamellar (crystallite layer), amorphous layer, transition
» layer(interfacial layer) thickness
 size of particles (geometrical parameters)
radius of gyration for spherical particle
thickness factor for plate-like particle
cross-section factor for rod-like particles
* electron density difference between two phases

» inner surface (surface/volume)

ii) Molecular weight (molar mass) of particle
iii) Degree of coiling
iv) Void, craze, interfacial area, and surface topography of reflective surface

(v) fractal geometry

Those parameters can be obtained from the relative intensity and absolutely intensity,
depending on the properties of the parameters. The geometric parameters such as length,
area, and volume of a system can be obtained from the relative intensity as well as
absolute intensity. The parameters related to mass such as the molecular weight and the

electron density fluctuation require the measurement of the absolute intensity .25 26
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To measure the absolute intensity needs much time. The simultaneous
measurement of the intensity of the primary beam with scattered intensity is difficult
because the primary energy exceeds that of the scattered X-ray by several orders of
magnitude. Three methods have been suggested to measure the absolute intensity:
attenuation of primary beam using (i) Nickel filter or (ii) a perforated Rotor, (iii)
correction of that of the unknowns with the absolute intensity of the standard samples

such as PES3-STD or Vitreous Carbon. In this research, method (iii) was used.

2.6.1. Fundamental Theory of Small Angle X-ray Scattering.

X-rays have dual natures of electromagnetic wave and particle behavior. When X-
rays pass through matter, they interact with electrons, depending on these two natures.
On the basis of wave-like properties of X-rays, if scattered waves have no change of
wavelength (i.e., no energy loss) this scattering is called Thomson scattering (or elastic,
coherent scattering). On the other hand, the particle properties of X-rays will cause the
transfer of momentum when X-ray particles collide with electrons. This is called
Compton scattering (incoherent scattering). The fundamental theory of X-rays will be
reviewed under the following assumptions: (i) The wavelengths of the incident and
scattered beams are constant (Thomson scattering). (ii) Only primary scattering will be
considered and secondary scattering will be neglected. In other words, scattered beams
interfere with other scattered X-rays, but they do not interact with other atoms, although
X-rays from a given atom spread out over all space and certainly have a enough chance to
collide with other atoms in the vicinity. (iii) All the scattered X-rays arriving at a given
observation point (detector) are parallel, just as the incident beams are taken to be parallel

(Fraunhofer approximation) if the detector position is far enough and the distance
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between point O and P is short enough (Figure 2.6.1). (iv) In small angle range, the

polarization effect can be neglected due to the small 26 values.
Scattering from One Electron
To understand X-ray diffraction, let's start with a single electron. In the case of
the elastic scattering from a single electron, Thomson intensity is given

2 2
e’ ., 1+cos" 20
I =1 26.1
¢ °(m¢c2R) ( 2 ) ( )

where I, is the incident beam intensity, e is the charge of electron (1.602177 x107°C),
m, the electron mass (9.10939x10™' Kg), R is the distance from the sample to the
detector (or observation), ¢ the velocity of light (2.99792458 x 10® m/sec), 26 the

scattering angle. With proper conversion wunit, Thomson’s number

(e*/mc?)? =7.940x 107 cm® 2" Therfore, Thomson intensity becomes

2
I = 1,(7.94030 X 10" cm? )%(”;‘;s@) (2.6.2)

where, (1+cos?26/2) is the polarization factor. As assumed earlier, in small 26 range,
cos26 =1. The polarization factor is approximately equal to unity, and the correction of

the polarization effect can be ignored.
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Figure 2.6.1. General Small Angle X-ray Scattering Phenemena.
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Scattering from more than One Electron

The general X-ray scattering theory for more than one electron can be understood

with the interference among the scattered waves of the individual electrons. Here, let's

imagine an incident beam of wavelength and unit vector s,. For coherent scattering, r,

represents the vector distances from origin to the j-th scatters (Figure 2.6.1). The path
difference of the scattering between an origin O and an arbitrary point P is given

-r-(s-s,). Thus the phase is

Q= -(—Zf)-r(s-s,,) (2.6.3)

The magnitude of the scattering vector s’

. ?l =2 Si“;'e (2.6.4)
For convenience, the different form of scattering vector can be defined in
q=2ns’ (2.6.5)
In this case, the phase lag is ¢ = —q-r and the absolute magnitude of q becomes2t
q= Iqli’-“;f'i (2.6.6)

The amplitude is given in the Fourier transform of the electron density over the irradiated

volume of X-rays
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F(q) = [ p(r)expliq-r)dy, 2.6.7)

For a system where a center of symmetry exists in the electron distribution, the
intensity is a result of the interference for various scattered X-rays of the individual
electrons in the materials. The intensity in this case is given by the product of the
structure factor F(q), which is the ratio of the total scattering amplitude to the amplitude

of radiation scattering by one electron, and its complex conjugate F"(q):2°

1@ =L@|F-F|=1L@[p@e™dv, [p(r)e™"dv,
’ ’ (2.6.8)
=L@ [ pmpa)e™ = dv,dv,

Equation (2.6.8) shows that the scattering intensity is a function of the square of the
electron density p(r) and the scattering vector q. Since the scattering vector has the
reciprocal dimension [L]™ of wavelength, in fact, the measured intensity shows the real
morphology of a material in reciprocal space. Thus, in order to get any morphological
information from the measured intensity, as mentioned earlier, it is required to switch
from the reciprocal domain to the physical (real) space, using the Fourier transform, or to

compare theoretical intensity based on a model to measured intensity profile.
One of the fundamental parameters in morphology study of a crystalline polymer

is crystallite thickness. The following section will show the theoretical background to get

crystalline phase thickness.
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2.6.2. Theoretical Background to Obtain the Thickness of Long Range Order

Here the long range order reflecs to the crystalline phase in a material. The
morphological shapes of this crystalline phase may be rod, disk, lamella, cylinder, crystal
bundle, and hard segment domain in block copolymers. The thickness of those crystalline
phases can be obtained from the SAXS.

There are two approaches to determine the lamellar thickness of semi-crystalline
polymer using the SAXS. The one is the reciprocal space approach by Bragg's law
assumption, and the other is the real space in which reciprocal domain is changed by the

Fourier transform.

2.6.2.1. Bragg's Law

The reciprocal space method has been the most commonly used to get thickness
of crystalline phase. By assuming the Bragg's law for a two-phase system, the average
one-dimensional period (so-called long period, L) can be obtained. The term one-
dimensional means that the electron density within a system varies with only one-
direction which implies the length (for the system with lamellar structure, the electron
density varies with only the normal direction to the lamellar plane). When collimated X-
rays encounter a crystal, they are diffracted by the electrons of atoms arranged
"periodically.” These diffracted X-rays produce the sharp spot on a photographic film or
maximum intensity at SAXS curve. Therefore, in order to apply Bragg's law to the semi-
crystalline polymer, the polymer should consist of parallel lamellae and have a sharp
phase boundary between the amorphous and the crystalline phases. The Bragg's law

relation can be expressed as follows:
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nA =2d-sin26 (2.6.9)

where, d is the distance between the crystalline planes ( for semi-crystalline polymer d is
Long period) and, 20, is the scattering angle, A is the wavelength of X-ray. From
equatio (2.6.6) and (2.6.9) ,d = L (long periodicity) for n=1 (first-order) is given as

follows:

L==2 (2.6.10)

where ¢, corresponds to the maximum in the intensity profile. If the value of ¢, is
obtained from the I(g) versus g plot, it would yield the long periodicity in real space.
The semicrystalline polymer, however, cannot satisfy Bragg's law that assumes the
regular repeat of planes in only one direction. The repeating plane would not align parallel
and has a different reflection condition. In this case the Lorentz correction can be applied,
which requires the intensity corrected by the multiplication factor g*.23! The long

periodicity can be obtained from the maximum in the plot of 1(q)- ¢ against q.

The lamellar thickness (/) can be obtained from the long period multiplied by

volume crystallinity.

I=L-¢, (2.6.11)

where ¢, is the volume fraction of crystalline portion in the system, which is determined

from the DSC, density measurement, or using the WAXS and density measurement.
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2.6.2.2. Correlation Function

The method for obtaining crystallite thickness from real space is based on the
correlation function, originally developed by Debye and Bueche for the case of
inhomogeneous solid materials with voids.3233 When we introduce the concept of electron

density variation into equation (2.6.8), the scattered intensity becomes 2°

(@)= L(@)[[ [P + n(O)Ip + n(x)le ™™ "dv,dv,. (2.6.12)

where p is the average density of the substance, 7(r) is electron density difference

between the mean electron density (p) and that p(r) at a point r. It is defined as
n(r)=p(r)-p (2.6.13)
The integration result is given by Guinier et.al,?

1@ = L@7V[7,00)e* dv, (2.6.14)

where 7, so called mean square electron density fluctuation, is the average value of n?,

and 7,(r) is the three dimensional (or spatial) correlation function given by
<My >, = 150N (2.6.15)

where the local deviations of the electron density of each point 1 and 2 from the average

density are givenin 7, =p,—p and 1, =p, - p.
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The reason that is named in three dimensions is because the electron density is
considered in the volume domain. In other words, this function connects the mean
electron density fluctuation between two points as a function of r. To understand this

function, let's consider the following two extreme conditions.

Im7y:@®-=0 : y,(r)-<nn, >=0
. — (2.6.16)
lim7@®->1 : 70)><nn,>,.=10

r-0

In the first case there is no relation between the fluctuations of point 1 and 2 for large r.

In this case 7,(r) goes to zero as the distance r increases to the infinite region. Thus the
average product of each electron density fluctuation will be zero, since n, and 7, will
vary quite independently. Second is the case of small r, in which two points overlap, or

the distance of two points is so close that the electron density fluctuation between the

two points cannot be distinguished. Thus 7,(r) goes to unity as the distance r decreases

to the infinitesimal region.

Here y,(r) depends only on the distance r and not on the direction in this vector

space, the integration of equation (2.6.14) over all directions in space can be expressed as

follows:

I(q)=4n1,(q)7v] j j ¥o(r)e T sin 9dOdpdr (26.17)

r=0 $=0 820

The result of equation (2.6.17) becomes

singr
qr

I(q)=4nl, (q)?VIr’n(r) dr (2.6.18)
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Taking the inverse Fourier transform of equation (2.6.18), we can get the spatial ‘
correlation function:

n(r)— 1 I,,,,,() P (2.6.19)
7( n qr

An important physical quantity can be derived using the relation ¥,(0)=1. For
singr
qr

r =0, the term in equation (2.6.19) goes to unity and equation becomes

7:(0) = j I(g)-¢’dg =1 (2.6.20)

2I()2V

Equation (2.6.20) shows that the integration of the Lorentz corrected intensity over
reciprocal space is directly related to the mean square fluctuation of electron density ,
irrespective of the special features of the structure. In other words, the integration in
equation (2.6.20) remains invariant, and represents the scattering power of the system.

Thus the equation is the so called invariant Q (=7).

It
e |

Q=7'= 2,()VI I(g)-q’dg (2.6.21)

If the intensity is measured absolutely, I,.(g), that is the ratio of scattered

intensity to the intensity of primary beam (or that of the intensity of single electron) per

unit volume

1,,(q)= 71-—(%); (2.6.22)
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the 3-dimensional correlation function and invariant can be simplified

v5(r) = ——:—-;Jl,,,,,(q) g’ qu (2.6.23)
27°n° % qr
1 7 -3
0=1,0=5lu@-g'dg =7 (2.6.24)

With the combination of equation (2.6.19) and (2.6.21) (or equation (2.6.23) and

(2.6.21)), the final spatial correlation function can be expressed by

[1q)-q* 527
A L — 4 (2.6.25)
[1(9)-q*dgq

0

where this spatial correlation function is not sensitive to the intensity type when it is
normalized with the invariant. As mentioned earlier, the three dimensional correlation
function has been derived on the assumption of spherical symmetry and that there is no
concept of direction, since the electron density between two points depends only on the
distance from the center of a given region or phase. On the other hand, if the system has
electron density change in only one direction, we can project the scattering vector q on a
line in reciprocal space parallel to the distribution. Vonk and Kortleve developed the
method to measure the crystalline thickness in real space by the Fourier transform of the

scattering intensity, which is called one-dimensional correlation function.3

The application of 3-dimensional correlation function that is derived for the case

of the spherical symmetry of electron density deals the electron density of all the
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directions from the center of a given origin or phase. To obtain the one-dimensional

correlation function from the 3-dimensional scattering intensity due to all orientation of
lamellar stacks, the observed intensity was corrected by multiplying the /(g) with g2. The

7,(x) can be obtained by the Fourier transform of the Lorentz corrected scattering curve

-
M) =57 [Ln(@)-q cos(gr)dg (26.27)

q=0
and the correlation function normalized by invariant is 3

[1,.(@) 4" cos(qx)dg
n(r)=— (2.6.28)
[1..(9)-q%dg

q=0

Equation (2.6.28) is the one-dimensional correlation function normalized by the

invariant. The invariant, Q, is the total scattering power of the sample and is defined for

pinhole-collimation in the case of an ideal two-phase system as follows:

Q=5 [1u(@)4dg=0.0-0,)- (.~ p,) (26.29)

q=0

where, ¢, is vol ume fraction of crystalline phase and p, and p, are the corresponding

electron densities.

There is a relation between one-dimensional and three-dimensional correlation

functions

41

-




dr,(x)) _ (dys(r)) 1(d2y,(x)) =(d’73(r))
(———-—dx B 2 b . and A= 0 ) (2.6.30)

When we consider the inside of lamellae, the direction along the chain direction
perpendicular to the surface plane is more important than other directions. Thus the one-
dimensional correlation function approach is more reasonable than the three-dimensional

correlation function to obtain crystallite thickness.

Since the one dimensional correlation function should be integrated from ¢ =0 to
q =< and the scattering data from the 5 m geometry were only measured at 0.040
< g(nm™) < 1.060 region, it is necessary to have the data of near zero q and of g = co
region. The scattering vector of the near zero region was obtained from fitting the low
scattering angle region with the second order power equation. The infinite q region was
obtained from plot of the logI(q) versus logl/q*. This extrapolation of the tail region
contributed to the smoothness of the curve shape of the one-dimensional correlation
function, and that of the low g region didnot show any particular effect on the shape of

the one dimensional correlation function.
The number average lamellar thickness was obtained from the intersection of the
slope in the self-correlation triangle and the baseline corrected with volume crystallinity.
2.6.2.3. Interface Distribution Function

A similar function to the one-dimensional correlation function was developed by

Ruland. 35337 and is called the interface distribution function , which describes the
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distribution of the lengths of all chords that can be drawn between the interfaces in two a

phase system. The interface distribution function g,(x) is the second derivative of

equation (2.6.28).
8 (x)= 47" [1(g)- q* cos(qx)dg /Q (2.6.31)
0

The integration of equation (2.6.31) is a Fourier transform of /(g)-¢*. The lim I(q)- ¢*
g

is a constant if this tail region obeys Porod's law and this term can be separated to a &-

function in the origin of g, (x), which may be ignored in the calculation of g, (x). Thus the

remaining part becomes

&(x) = 4%’][3{@_0@) -¢*)~I(q)- q*]cos(gx)dg /Q (2.6.32)
0

An important procedure required for using this function is the determination of
lim I(g)- g*. If there is good separations of multiple peaks, the distribution of amorphous
g

and crystalline phase as well as the crystallinity can be directly obtained from the

interface distribution function.

2.6.3. Distance Distribution Function

Distance distribution function, p(r), represents the number of distances within
the particle for homogeneous particles, i.e. the number of lines with length r which are
found in the combination of any small volume element i/ with any other volume element

J.3* For inhomogeneous particles the electron density difference at the volume element
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must be considered. In this case p(r) function is proportional to the number of different

electrons separated by the distance r which are found in the combination of any volume

element i with any other volume element & of the same particle.

The p(r) function can be defined as a product of the three-dimensional correlation

function and the distance r between two element volumes.
pr) = 15(r) -1 (2.6.33)

From equation (2.6.19) and (2.6.33), the p(r) can be given

1 3 .
p(r)= ;{7!1@(4) -q - rsin(gr)dg (2.6.34)

Information on the particle shape and its internal structure from the p(r) function

can be obtained.* 3 For homogeneous particles consisting of constant electron density

difference, p(r) function is summarized in Table 2.6.1.

The deviation from spherical shape can be expressed as the ratio, r_, /D. As the

ratio decreases, changes of the geometry will appear from globular particles (three
dimension) to flat particles (two dimension) and then rod-like particles (one dimension) in

sequence. . 3
For a planar particle, let's take a point in the center of the lamella and imagine the

following conditions: (i) if r << d, p(r) will increase with the second power of r if no

boundary loss, since the number of distance is proportional to the surface of a sphere
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with radius r. However actually, even very small r, there is boundary loss, p(r) will
increase a quadratically. (ii) if »r>d, p(r) will increase roughly linearly, since the

intersecting plane between lamella and sphere approximates a circular cylinder. (iii) if

r2 D, p(r) will drop to zero since the point of center will be place outside of the lamella.

These transitions of geometry cannot be seen clearly some cases like r =d. If we

introduce f(r) function as defined in equation (2.6.35), more clear shape of the plot can

be obtained.

fr)=y(r)-r= 2 (2.6.35)
r

This f(r) function can be applied for lamellar particles. The curve increases linearly and

at the point r = d the curve becomes almost linear. It is possible to calculate the area of

the basal plane of the lamellar from the extrapolation of the quasi linear part of f(r)

function toward r =0.

A=f0)|_, = %‘{ (2.6.36)

For a rod-like particle satisfying A << L of the whole particle, p(r) will increase

linearly as r decreases, starting from r = L. In principle, the cross-section area 4 can be

obtained from the slope of the linear part of p(r) if the electron density, p,, of a particle

is known

p(r)=51-7;-p3 “A%-(L-T1) (2.6.37)




2 2
dp(r) _ A" -p. (2.6.38)

lope = -
SOPe =T g 2

In order to use equation (2.6.32) ~ (2.6.37) as well as other Fourier transform
functions the whole range of small angle scattering must be measured. Since the
background range, however, is usually beyond the measurable small angle limit and
intensities scatter, accurate intensity measurements are required. The termination effect
on integrating will cause such strong artificial oscillation (so called "Fourier ripples") in
one-, three-dimensional correlation function, interface distribution function, and distance
distribution function, as to make the analysis by these functions unreliable. These
termination effects can be severely reduced by applying appropriate extrapolation
techniques in Porod's region and the Guinier region. This effect will be shown in this

research.

2.6.4. Radius of Gyration by Guinier Approximation

Other structural parameters such as particle size can be obtained in terms of the
root-mean-square radius of gyration from the intensity profile, based on the Guinier
approximation that assumes a dilute system of monodisperse particles. The amplitude of

scattering for a space is given by equation (2.6.7)

F(q) = [ p(ryexp(iq-r)dv, (26.7)
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At the point r in (8, ¢ ,r) space, the amplitude can be written in

r=R = 2x

Fq=4nn | [ [ sinpd6dpdr (2.6.39)

r=0 ¢=08=0

Taking integration over and, one can have

F(q) = 471 J’ r —"‘—ifd (2.6.40)

r=0

If gr<<1

. 2 4
str=l_%+%_... (2.6.41)
qr ! !

By considering first two terms of equation (2.6.41) and inserting it into equation

(2.6.40)
F(q) = F,(g)4nn J' (- (q3,) )dr (2.6.42)
r=0
we can have
F@) = F.(@)3 #R (1~ <o 4R) 2.6.43)

Using the relation e =1- x for small arguments

2p2

4 3 -Lq R
F(g)=F.(7nR%e (2.6.44)
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The relative intensity can be expressed

122

1(g) =L@V’ ,un’e s (2.6.45)

ar

where V is the volume of the particle as 47R’/3, and I(q) is essentially

particle
independent of g and can be considered as a constant. If the intensity is absolute intensity

Iy.(q)

_iqz .R?

Iabs (q) = V;arlicle 7723 s (2646)
The natural logarithm of equation (2.6.45) or (2.6.46)

log 1, (g)(= 1(‘1))=10g(K)—-;-q2R2 (2.6.47)

allows us to get the radius of a particle. The radius of a particle can be obtained from the

slope of the linear part in the plot of log/(g) versus g’

R= -\/5 -slope (2.6.48)

In order to get radius of gyration, R,, the shape of a particle should be considered. As

shown in the Table 2.6.2, the radius of gyration depends on the shape of particle. For
example, the radius of gyration of a sphere is R, = v3/5R, equation (2.6.45) becomes

the Guinier equation 40

1
--qu:

(@) =L@V M€ 3 (2.6.49)
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and the natural logarithm of both side in equation (2.6.49) make it possible to estimate

the R, directly by the Guinier plot . If we know the shape of a particle, it is more

convenient to get the R of a particle using the plot based on equation (2.6.45) and

convert the R into the R For reference for the further work the relations among the radius

of gyration, the intensity and the simple geometrical shapes of particles are summarized

in Table 2.6.2.

Whereas the Guinier approach uses reciprocal space to evaluate the radius of

gyration, the real space can be used to get the R . This is related to the distance

distribution function. The starting point is to substitute equation (2.6.18) with equation

(2.6.41)
I(g)= 47r1,(q)'r?'f Pyl - (gr)* /3)dr (2.6.50)
7 I Yy,(rydr
=4zl (q)an R @2.6.51)
jr273(r)dr

where at g =0, the intensity becomes from equation (2.6.18)

1(0) = 4l (0*V [ ry,(r)dr (2.6.52)

and

R = [r*y(r)dr / 2]:r27(r)dr (2.6.53)
0 0
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Thus equation (2.6.51) can be expressed as

2 p2
I(q) = 1(0)[1 - q%] (2.6.54)

Since the approximations neglect the higher orders of gR, the application can be reliable in
the range about gR < 1.0. Therefore to obtain the accurate R, (around 1%), it is necessary

to redefine R, by trial-and-error procedure, after estimating this value roughly and then

checking if the range satisfy g <1/R.

The disadvantages of using the Guinier approximation to estimate R, that

determines the behavior of the scattering intensity near the g =0 come from the facts that
(i) the g,,, depends on the geometrical set-up of the SAXS experimental condition, (ii)
there are not enough points of the value of g, to satisfy statistical confidence, (iii) the
points of the scattering intensity due to the primary beam around the beam stop can be
detected and can affect to the slope behavior although we have to remove these points.
Thus it is convenient to use equation (2.6.52) if the condition of g, <n/D is satisfied,
although it has the difficulty of integrating from zero scattering vector to infinite
scattering vector, whose range is hard to be obtained experimentally. Extrapolation

techniques can be applied to get integration intervals, thus this extrapolation procedures

can affect the value of R,. If Guinier region shows non-linear behavior, it can be

approximated by using a polynomial of second order.*
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3. EXPERIMENTAL

3.1. Materials

The ethylene/1-octene random copolymers with branch content, molecular weight

and polydispersity(M, /M,) controlled by homogeneous catalyst of methallocene type

and two linear polyethylenes were supplied by the Dow Chemical Co. The details of as-
received samples are listed in Table 3.1.1. Here, the code H, L, number and O stand for
the high molecular weight, low molecular weight, methyl groups per 1000 carbon (i.e.

branch content) and octene comonomer, respectively.

The ethylene/1-propene and ethylene/l-butene copolymers were provided by
Exxon chemical company. Specifications of these materials are in Table 3.1.2, where the
code P and B represent 1-propene and 1-butene comonomer, respectively. Melting point

data were measured at a heating rate 10 °C/min using DSC under the conditions described

in later thermal analysis section 3.3.

In this study, we used the CH3/1000C to calculate the mole fraction of branching

points, assuming a branch as a point defect.
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3.2. Sample Preparations and Dimensions

The films were prepared using a hydraulic press. The thickness of the samples
was 0.15 - 0.3 mm for SAXS, and 0.1 mm for DSC experiments. The films were stacked

together to make a total thickness about 1.0 mm for SAXS measurement.

3.3. Thermal Analysis

Thermal analysis was performed under a nitrogen atmosphere using a Perkin-
Elmer Series 7 differential scanning calorimeter (DSC) attached with a cooling accessory.
The calibration of the DSC with indium ( T,,,,,, =156.60°C, AH, =28.45]/g) was carried

out several times until deviation from the known onset temperature (7,,,) of indium was

within 10.05°C. After completing study, the T, . of indium was re-measured and the

onset

deviation from the known T

onsel

of indium was always within £0.15°C. In all melting
experiments, the DSC heating rate was 10 °C/min. The peak temperature in the DSC

thermogram was chosen as the melting temperature.

3.4. Bulk Crystallization and Melting by Polarized Light Transmission.

Bulk crystallization kinetics were studied by measuring the intensity of
transmitted polarized light.42, 43, 44 The equipment used in this study are a polarized
optical microscope (OLYMPUS BH-2) consisting of light source, a light detector

(photomultiplier tube) and radiometer (IL 700 Research Radiometer) for tracing the light
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intensity, together with two hot stages (Mettler-82) for melting and crystallization.
Isothermal crystallization was done in two steps under dry nitrogen gas. The first step
was to melt samples at 160 °C in one hot stage and hold for 10 min to remove thermal
history. The second step was to transfer the samples quickly into another hot stage,
having a fixed crystallization temperature, mounted on the microscope. As polarized light
passes through a sample crystallizing isothermally in the Mettler-82 hot stage, the
intensity changed and was measured as a function of time on XY chart paper and then it

was digitized for Avrami, half time, and induction time analysis.

After light intensity leveled-off, melting temperatures for Hoffman-Weeks plots
were measured as the disappearance of birefringence under the microscope attached to a

Mettler-82 hot stage with a heating rate of 10 ‘C/min (uncorrected for instrument lag).

3.5. Isothermal Crystallization

The isothermal crystallizations were carried out in a silicone oil bath. In order to
avoid contact of oil and sample, the sample was placed between the two cover glasses,
placed in a thin copper jacket and then sealed in an aluminum bag coated with a thin
plastic film, under nitrogen gas. The sealed samples were melted at 150°C for 10 minutes
to remove the thermal history and then transferred to the oil bath, pre-set at the
crystallization temperature. The isothermal crystallization studies were carried out as a
function of crystallization temperature and time. In order to avoid thickening phenomena
during small angle X-ray scattering(SAXS) at the crystallization temperature, all the
materials were crystallized for at least 24 h. After crystallization, the samples were

rapidly quenched in liquid nitrogen to room temperature. By this quenching process, it
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was hoped to separate the isothermally crystallized fraction from the fraction that

crystallized on quenching,

3.6. Small Angle X-ray Scattering (SAXS)

To study the morphological parameters of the polymers, the 10m Small Angle X-
Ray Scattering Spectrometer (SAXS) of Oak Ridge National laboratory (ORNL) was
used. A schematic diagram is shown in Figure 3.6.1.45 The ORNL-SAXS allows the
measurement of a true scattering pattern, which is free from the procedures of collimation
(desmearing) correction.* The X-ray generator was a 12 kW Rigaku-Denki rotating anode
and only CuKa radiation (=1.54 A) was used at an accelerating voltage 40 kV and a
current 100 mA. The monochromator was a pyrolytic graphite crystal. The detector was
a 2-dimensional position-sensitive proportional counter with resistance wire mesh of a
dimension 20 cm X 20 cm. The X-ray source-to-sample distance was 3.5 m and sample-

to-detector distance (SDD) was 5.115 m that provides the highest resolution at room

temperature (RT) and was 5.065 m for measurement at crystallization temperature (T_).
The reason for using different geometry between RT and T is that different sample

holders (see Figure 3.6.2) for T experiments were used at fixed geometry, SDD = 5.115

m. Both geometries will be described as 5 m geometry for simplicity.

The wheel with twelve holes was used for room temperature experiments. Each
sample disk or film was attached to the center of each hole. A stepping motor controlled
the automatic revolution with a programmed time. On the other hand, high temperature
experiments were performed manually. The samples were placed on a Kapton film in the

sample cell, which was inserted into the cell holder at a chosen temperature. The sample
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cell and cell holder were made of brass for fast thermal equilibrium. Intensity was

measured for at least 40 ~ 60 min, depending on the total count rate of photons, after
waiting about 5 or 10 min or so until the temperature of the sample cell reached the

programmed temperature.

The scattering vector, q (nm™), at SDD = 5§ m was about 0.040 ~ 1.060 nm™.
Also, for the purpose of obtaining high scattering vector q, necessary to correct for the
thermal density fluctuation of the sample itself, SDD=1.119 m whose q range is 0.9160 ~

4.8620 nm" was used at both ambient and crystallization temperature.

The proper corrections (such as thickness of sample, detector sensitivity, dark
current, background scattering, and absolute intensity factor) to obtain the net corrected
absolute scattering intensity (cm®/cm®) were carried out for all scattering measurements.
First, in order to correct the non-uniform detecting efficiency of the detector, a radioactive
isotope, Fe-55, which emits y-rays uniformly was placed in the sample position and
monitored by detector without X-rays for more than 4 hours. This sensitivity run was
used to correct the possible non-uniform performance of each detector element. Second,
the dark current related to environmental radiation such as cosmic radiation and electronic
noise was measured by detector for at least 30 minutes with X-rays was blocked from the
radiation source. Third, background intensity was measured in the empty sample chamber
for more than 30 minutes. Fourth, the absolute intensity factor (AIF) used for absolute
units of scattering intensity was obtained as follows: in the case of 5 m geometry, the
maximum intensity of secondary standard material, so called PES3-STD (thickness; 0.72
mm, transmission; 0.768) with a pre-calibrated absolute scattering cross-section, was
obtained from the number average of only the symmetrical region around the peaks of the

scattering pattern and equations (3.6.1) and (3.6.2).
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) _ ’
(m)m_u.s:l(cm ) (3.6.1)

ili(‘I)

where, the (dZ/dQ)Pe . is the scattering cross-section per unit volume obtained by

calibration against the primary standard. In the case of 1 m geometry (SDD=1.119 m), a
Vitreous-Carbon-STD (thickness: 1.29 mm ; transmission: 0.0422) was used as the
secondary standard. The AIF was obtained from the ratio of the intercept of linear region
(0.2 A_z <¢*<1.0 A-z) in the Debye-Bueche plot (1/ \/—ITq_) versus q°) to the known
I.,=321cm"

The transmission of each sample was calculated by equation (3.6.3):

Uges = 1pc) —0.686 X (I; — 1)

(3.6.3)
Uge —Ipc) = 0.686 X (I, — Ipc)

Transmission of sample (T,) =

where, I, Ipc, I, Ig.and I, are the intensity of glassy carbon and sample, dark

current, sample alone, glassy carbon alone, and nothing in the beam, respectively. The

0.686 is the transmission of the glassy carbon used in the ORNL-SAXS system.

Finally the net corrected absolute scattering intensity that had been used for data

analysis was calculated as shown in Equation (3.6.4):

1000.0 t T ¢ t 1.0
Lou(q)= L-2e g |~= |, =2 Lo |l A 3.6.4
(q) Cu.: ,:( Ihe ) Tu‘r [ Cu.u-r I J:I T.r k- f-wm,(" ])' fmr ( )
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where, C,, ; and C,,,.. are the monitor counts for the sample run and for the empty
background run and ¢, ¢, are the measuring time for the sample run and for the dark
current run, respectively.  is the thickness of sample, ..., (i.j) sensitivity factor, and

f ., absolute intensity factor. The ... (i,j) means 64x64 data array which is related to

detector resolution.

The total photon flux from the X-ray generator at ambient and Tc experiments

were more than 1.0x10° and 5.0x10° ~ 1.0 x10° photons / (sec- mm?), respectively.
The SAXS data were in the form of net corrected absolute intensity I(g) versus scattering

vector g(nm™).

3.7. Wide Angle X-ray Scattering (WAXS)

Wide angle X-ray scattering studies were carried out using the Rigaku
diffractometer at reflection mode which connected to the Digital pdp-11/34 computer and
a XY-chart recorder. WAXS was calibrated using the silicon standard (26 = 24.465°). The
unit cell parameters were calculated using the digitized data and the weight degree of
crystallinity was obtained by the deconvolution method*? using the planimeter. CuKor
radiation (=1.54 A) was used at 35 kV and 20 mA. The scan range of 26 was 10°~ 40°,

the step size was 0.05°, and normally the run time was 45 min.
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3.8. Density Gradient Column

The density was measured with a density gradient column (DGC) which contains
mixtures of isopropanol and ethylene glycol. DGC was calibrated with standard beads
and a linear gradient (correlation coefficient = 0.999) was obtained and the density range

was 0.8800 ~ 0.9400g/cm’.

Weight (w_) and volume (v,) average crystallinity were calculated from the

following equation.
v, =L2"P (3.8.1)
P =P,
w, =Ly (3.8.2)
p

where p, =1.002 and p, = 0.855 (g/cm’) are the density of the unit cell and that of the
amorphous phase of polyethylene, respectively. p is the density measured of the sample

obtained from the calibration plot of density versus height of standard beads.
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4. RESULTS

4.1. Thermal Analysis

Thermal analysis deals with heat capacity, enthalpy, and temperature changes.
The study of these parameters can guide us to obtain thermal and morphological
information of the polymer. Crystallization, and first order (melting temperature) and
second order transitions (glass transition temperature) of polymer are related to enthalpy
change. A crystallization process causes the release of heat (exothermic), a first order
transition the absorption of heat (endothermic), and a second order transition the

discontinuity of heat capacity and volume.

In this chapter, crystallization and melting behavior of ethylene/1-octene (EO),
ethylene/1-butene (EB), and ethylene/propene (EP) random copolymers are studied as a

function of branch content, branch length and crystallization conditions.

4.1.1. Non-isothermal Crystallization

4.1.1.1. Cooling Rate Effects

Before studying isothermal crystallization of ethylene/l1-octene random (EO)
copolymers, it is necessary to find the crystallization temperature range; this was done

using non-isothermal crystallization in the DSC. Usually, the isothermal crystallization

65



should be carried out above the non-isothermal crystallization temperature. Figure
4.1.1.1 (a) and (b) show exotherms of H7-O and H16-0, which are of similar molecular
weight but different hexyl branching content, with different cooling rates. As cooling rate
increases, the areas of the exotherms increase and the maximum peak temperatures shift to

lower temperatures.

There are two different crystallization exotherms. The first is a large exotherm at
high temperature(LEHT) and the other a small one at low temperature(SELT). LEHT is
known to be due to the crystallization of polymer chains with high molecular weight and
low branching content while SELT is caused by polymer chains with low molecular
weight and high branching content.4® This tells us that segregation of polymer molecules
by molecular weight can occur. In other words, there is enough time for molecular
fractionation, even during non-isothermal crystallization at a cooling rate of 40 °C / min.
Molecular weight is not the only factor to cause different crystallization temperature. The
low molecular weight chains tend to be more branched. According to D. Wilfong et al.?
temperature rising elusion fractionation (TREF) shows the high molecular weight chains
to have fewer branches. Therefore, segregation during crystallization is controlied by

branching content as well as molecular weight.

When we consider that the EO copolymers were polymerized using metallocene
catalysts (uniform site catalyst) of Dow Chemical Co., the branching distribution should
be quite random without localization of branching along the main chain as well as narrow
molecular weight distribution. However experimental results show there is still the

possibility of branching heterogeneity or of low molecular weight molecules.
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Figure 4.1.1.2 is the plot of the exothermic peak temperatures (non-isothermal
crystallization temperature) as a function of cooling rate. Non-isothermal crystallization
temperature decreases linearly with cooling rate and that of the highly branched polymers

is lower than that of less branched polymers.

4.1.1.2. Branch Amount and Length Effects

At a constant cooling rate 10°C/ min, the exotherms as a function of branch
content are shown in Figure 4.1.1.3. As branch content increases, the non-isothermal
crystallization temperature decreases. Two samples with different molecular weight but
the same branch length and content, H10-O (high molecular weight) and L10-O (low
molecular weight), show similar crystallization temperature occurs. Non-isothermal
crystallization temperatures are dominated by branch content rather than molecular

weight in the case of branched polyethylene.

The olefin copolymers with different branch lengths such as hexyl, ethyl and
methyl show different non-isothermal crystallization temperatures. Non-isothermal
crystallization temperature of L93-P that has methyl branch as much as 93 SCB is higher
than that of L39-O with hexyl branch as much as 39 SCB and the one of L40-P is higher
than that of L24-0. In the same manner, the crystallization temperature of L31-B that has
ethyl branch as much as 31 SCB is higher than that of H16-O. In other words, increasing
branch length causes a lowering of non-isothermal crystallization temperature. Longer
branches will have more chance of inhibiting the ordering of polymer chains during
crystallization due to the increase of effective radius. Since the crystal structure becomes

poorer and less stable as branches get longer, the polymer stays in molten state at high
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crystallization temperature. Therefore, for polymer chains having long side chains to be
crystallized, lower crystallization temperatures are required. Figure 4.1.1.3 demonstrates

this physical explanation.

4.1.2. Melting Behavior

The melting behavior of semi-crystalline material is as important as non-
isothermal crystallization behavior for understanding the effect of the polymer structure

on the phase transform process.

4.1.2.1. As-received LLDPE

» Ethylene/1-octene Random Copolymers

The melting behaviors of as-received ethylene/1-octene random copolymers are
shown in Figure 4.1.2.1 and 4.1.2.2 for the high and low molecular weight series,
respectively. Peak temperature (at which most probable crystals in system melt) was
chosen as melting temperature rather than onset temperature at which melting of crystals
starts by definition, or baseline return point, at which the last trace of crystal melts. The
peak melting temperature decreased as branch content increased. Because melting point is
a function of crystal thickness based on the Thompson-Gibbs concept if surface energy
and heat of fusion are constant, melting point depression with branch content means that
the branches restrict the thickness of lamellae. Therefore, lamellar thickness decreases

with branch content and melting point shifts toward lower temperature.
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The shape of melting thermogram becomes broader with branching content. This

means crystal thickness (or lamellar thickness) distributions become broader as branching
content increases. In more detail, increasing branching content decreases the distance
between branch points and results in thin lamellar thickness. As mentioned in section
4.1.1.1, if there is still heterogeneity of branch distribution, it will cause the crystals to

have a broader range of lamellar thickness.
* Ethylene/1-propene (EP) and ethylene/1-butene (EB) random copolymers

Melting behavior of L31-B, L40-P and L93-P are shown in Figure 4.1.2.3. The
shape of melting thermograms is similar to that of EO random copolymers. As branch
content increases, the width of the melting curve broadens and peak temperatures shift to
lower temperatures. The humps arour.45°C of L31-B and L40-P are at the same
position as the peak temperature of highly branched L93-P. Because their molecular
weights are similar to each other and the molecular weight distributions are narrow, the
branch distribution is probably the main factor in producing these small humps. On
cooling, segregation and crystallization of highiy branched parts occurs. This certainly
means that there is an unevenness of branch distribution for L31-B and L40-P. In more
detail, a localized branch distribution exists for L31-B and L40-P and the distance
between branch points in this localized area must be similar to the distance between two
branch points in the randomly distributed area of L93-P. In the same sense, the humps of

EO copolymer probably reflect the heterogeneity of the branch distribution

Comonomers of propene, 1-butene and 1-octene produce methyl, ethyl and hexyl

branches. It is of interest to learn if there is a branch length effect on thermal properties.

The comparison of melting temperatures in Figure 4.1.2.4 shows L31-B(T, =94.46°C)
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Figure 4.1.2.4. Plot of peak melting temperatures as a function of branch
content for EO, EB, and EP copolymers quenched in room temperature.
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= L18-O(T, =94.46°C) = HI16-O(T, =94.54°C), L40-P(T, =92.04°C) > L24-
O(T, =90.24°C), and L93-P(T,, =49.45°C) > L39-O(T, =48.23°C) and this is the
same tendency as the branch effect on non-isothermal crystallization temperature(see
section 4.1.1.2). This result is an expected one because the crystals formed at higher
crystallization temperature will have higher melting temperatures than those formed at
lower temperatures. It is important to know that branch length affects the melting
temperature and the crystallization temperature in a consistent manner. The melting
temperature of a polymer having a small amount of long side branches corresponds to that
of a polymer having a large amount of short branches. In other words, the melting point
depression of a copolymer with long side branches is bigger than that of a copolymer with
short chain branches. Of course, this does not mean they have the same thermal,
mechanical, and rheological properties. In fact the isothermal crystallization behavior and
the ability to crystallize are quite different. A long branch copolymer showed poorer
crystal structure than a short branch copolymer. (Here EP and EB copolymers are

assumed homogeneous copolymers.)

4.1.2.2. Isothermally Crystallized LLDPE

* Isothermal Crystallization Temperature Effect

The effect of crystallization temperature at a fixed crystallization time of 1 day is
shown in Figure 4.1.2.5, Figure 4.1.2.6, and Figure 4.1.2.7 for L31-B, L40-P and L93-
P. The broad single melting peak of the quenched sample was separated into three discrete

melting peaks, except for the L31-B crystallized at 90°C. The first peak (T1) appears at a

higher temperature than the isothermal crystallization temperature (7), and results from
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the isothermal crystallization process. The second peak (T2) just below 7, and the last

peak (T3) around 45°C (far away from 7)) are due to the quenching process. The value of

T1 shifts to a higher temperature with increasing crystallization temperature. Evidently,
this may be due to the crystallization of molecules capable of thick lamellae at a particular
temperature. The first peak area of L31-B crystallized at 102°C is much smaller than for
samples crystallized below 102 °C. This indicates that some molecules can be crystallized
at this temperature even though most molecules are in the molten state. The latter will
crystallize, generating the second and third peaks during cooling. All molecules have a
particular crystallization temperature depending on branch content and molecular weight.
Molecules are segregated as a function of branch distribution in the random copolymer
even during the fast cooling process resulting in the two endotherms, T2 and T3, below

the crystallization temperature.

» Isothermal Crystallization Time Effect

Crystallization is controlled by time as well as temperature. A demonstration on
the melting behavior with crystallization time is shown in Figure 4.1.2.8 and Figure
4.1.2.9 for H7-O and H16-0, respectively. The quenched sample of H16-O shows a
single broad melting peak around 94.0 °C in Figure 4.1.2.9 with a weak shoulder around
40 °C. As isothermal crystallization proceeds, the single broad peak is separated into

multiple peaks. The first peak (T1) appears above the isothermal crystallization
temperature(7.), the second peak (T2) below 7 and the last peak (T3) around 45°C , far

away from 7 .. The last two peaks are caused by the quenching process.

In Figure 4.1.2.8 and Figure 4.1.2.9, the T1 just above the crystallization

temperature (T¢) grows larger at the cost of the T2 peak and shifts to higher temperatures
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with crystallization time. Further the T2 peak shifts to a lower temperature and the gap
between the first and second peaks increases as crystallization time increases. Figure
4.1.2.10 and Figure 4.1.2.11 show that T1 increases rapidly for short crystallization time
and then increases slowly as time is increased. Simultaneously, T2 decreases steeply for
short crystallization times and then decreases slowly. Long crystallization times are
known to result in the crystal becoming more stable by annealing and reorganization. As
crystallization time becomes longer the increase of the T1 temperature levels off. The
reason for the increasing of T1 with crystallization time can be explained. The polymer
chains that form the most stable crystals at a certain temperature will crystallize first,
while other polymer chains form unstable crystals or remain in the molten state. The
crystallized polymers will thicken by depleting such features as folded chains, loops,
loose chains, cilia and tie molecules connected to crystalline phase, and be reorganized to
lower the free energy and be more stable. Thickening and stabilization of the crystal will
cause the increase of melting temperature, since melting point is a function of lamellar

thickness and heat of fusion based on the Thompson-Gibbs equation.

The reasons for decrease of the T2 temperature are complex. One way to
understand this behavior is to consider the effect of molecular weight distribution on the
crystallization process. If the crystallization follows the order of chain length, lower
molecular weight will be incorporated after longer chains are consumed. If this happens,
under the assumption that annealing effect is small, the peak melting temperature (T1)
should be decreased because most probable crystal thicknesses are decreased statistically
as the chain of low molecular weight participates in crystallization. However, the
tendency in Figure 4.1.2.10 and Figure 4.1.2.11 contradicts the above expectation. To

explain this, we need to borrow the secondary nucleation idea.
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Figure 4.1.2.10. Melting temperature, T1 above T ¢ and T2 just

below T, of high molecular weight EO copolymers with crystallization

time at labeled temperatures. Open and closed symbols are T1 and T2,
respectively. Square, circle, and triangle are H7-O, H10-0O, and H16-0,
respectively.
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Figure 4.1.2.11. Melting temperature difference (T1-T2) of high
molecular weight EO copolymer as a function of crystallization time.
Labeled numbers are isothermal crystallization temperatures.
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The starting point is the crystal surface with some niches. The chains of low
molecular weight are unstable at the temperature at which long chains crystallize. For
short polymer chains to overcome this thermodynamic barrier, it is necessary to reduce
their surface energy. The only place for this to occur is the niche of the growing crystal
surrounded by two and three surfaces. As short polymer chains are registered on niches,
the crystal surface becomes smooth, the crystal becomes more perfect and shorter chains
remain in the amorphous state. As the crystal becomes perfect, the peak melting
temperature (T1) is increased. Shorter chains remaining in the amorphous state will be
crystallized on cooling, resulting in shifting the second peak(T2) to lower temperature.
The reduced amount of low molecular weight chains will cause the decreasing heat of

fusion shown in Figure 4.1.2.12.

Consider now the relationship between heat of fusion and crystallization time.
The heat of fusion (the area under melting curve) is the amount of energy required to
break intermolecular forces in transforming the crystalline phase into the amorphous
phase. This heat of fusion is directly related to the degree of crystallinity and crystal
perfection. Increasing crystallization time has two effects on a semi-crystalline system.
The preformed crystals will be annealed, the crystals becomes more stable by molecular
reorganization process and annealing, as mentioned before. Annealing behavior was
reported even in crosslinked low density polyethylene®. 5. 5! where molecular mobility
was reduced and annealing effects small. Therefore, the presence of annealing process in

LLDPE is quite reasonable because of more favorable chain mobility. As thickening and

reorganization takes place, intermolecular force increases and enthalpy( H,,,,,) of crystal

decreases. Thus heat of fusion AH,(J/¢g) (= H,,, —H,,,,) increases. This means that

more energy is needed for the crystals to melt. Simultaneously, new amorphous molecules

will be transformed to the crystalline phase. In other words, after a system depletes
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Figure 4.1.2.12. Heat of fusion, AH1 above T, and AH2 just below
T, of high molecular weight EO copolymers with crystallization time at

labeled temperatures. Open and clossed symbols are AHI1 and AH2,
respectively. Square, circle, and triangle are H7-O, H10-0, and H16-0,
respectively.
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polymer chains consisted of long A-sequence that can form the longest lamellar thickness,
next polymer chains with next long A-sequence that can form next longest lamellar
thickness will register on the pervious formed crystal surface, or the nucleus when

secondary nucleation is assumed. Both effects will contribute to an increase of heat of

fusion and to the continuous distribution of lamellar thickness above T,. Thus the area
under the DSC curve above the T, increases. All the polymer chains, however, cannot
participate in crystallization at a particular temperature, since there are highly branched or
low molecular weight polymer chains that form unstable crystal at the high T ¢ Those
molecules will be crystallized on cooling, making second peak, T2. The area of the second
peak and the gap between the T1 and T2 peaks depends on how many polymer
molecules, which are related to the second peak for short crystallization time, are
incorporated in the first peak for long crystallization time. More incorporation will cause
that second peak to become weak. In the case of narrow molecular weight distribution, the
second peak will strongly depend on the branch concentration. Similarly, the polymer
chains with high branch contents will have a short distance (i.e., sequence length) between
two branching points. The crystals being obtainable from these chains are unstable at high
T, because they form thin lamellae. They are stable only at low T, (at high
supercooling).'s Therefore, the area of the second peak of H16-O changes a little with

crystallization time whereas that of H7-O decreases drastically.

The third peaks (or humps) around 40 and 50°C are not sensitive to
crystallization time, except that the peak of quenched H16-O is lower than others
crystallized isothermally. As expected, since polymer chains crystallizing in this range
will be in the molten state at high crystallization temperatures, there is no effect of

isothermal time on this peak.
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4.1.2.3. Degree of Crystallinity with Crystallization Temperature, Time and

Branch Content.

The relationships among degree of crystallinity, isothermal crystallization time,
and temperature are shown in Figure 4.1.2.13 for high molecular series, Figure 4.1.2.14
for low molecular weight series of EO copolymers and Figure 4.1.2.15 for EB and EP
copolymers. The indicated numbers are crystallization time (unit : day) and the degree of

volume V,(%) and weight crystallinity W_(%) are obtained from the area between the

crystallization temperature and the base line beyond base line return point.

The heat of fusion decreases as crystallization temperature increases (i.e.,
supercooling decreases). This may be due to the contribution of reduction of crystallinity
rather than that of increasing of crystal perfection. The reduction of crystallinity is due to

an decrease of nucleation density with increasing temperature.

The degree of crystallinity increases with increasing crystallization time due to the
primary crystallization until radial growth of spherulite finishes by impingement and then
due to the secondary crystallization after impingement of spherulite, or deviation point
from the Avrami plot. The crystallinity increase was observed in all samples. Even highly
branched LLDPE (L39-O) shows the increase of degree of crystallinity although the
increase is small compared to low branched LLDPE. The degree of crystallinity decreases

with branch content because of the role of the branches as defects that cause chain

irregularity.

Figure 4.1.2.16 is the plot of heat of fusion and weight crystallinity of the sample

crystallized at various temperatures and times against branch content. The overall trend of
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Figure 4.1.2.13. Heat of fusion (AH, J/g), degree of volume (v,(%),dsc)
and weight crystallinity (w_(%),dsc) obtained between T, and base line
return temperatures ( 7,,) as a function of T, for low molecular weight EO
copolymers. Labeled numbers are isothermal crystallization time, ¢, (day).
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return temperatures ( 7,,) as a function of T, for low molecular weight EP

ans EB copolymers. Labeled numbers are isothermal crystallization time,
t, (day).
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Figure 4.1.2.16. Heat of fusion (AH, J/g) and weight crystallinity
(w.(%),dsc) of EO copolymers crystallized at various temperature and

time with branch content.
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these parameters in both AH,,(RT ~ T, ) and AHI(T, ~ T,,) decreases with branch

content.

4.2. Crystallization Kinetics

4.2.1. Avrami Analysis

The reduced crystallinity and the Avrami plot are shown as (a) and (b) in Figures

4.2.1.1 ~ 4.2.1.5 for EO copolymers. The reduced (or relative) crystallinity (1-X,) is

obtained from the following equation.

1-X, =, - 1)/~ 1,) @.2.1)

where I, I, and I_ are the measured transmitted light intensities at initial time, time t,

and the final time of crystallization. The reproducibility of the intensity profile was
obtained when the remeasurements were carried out at some crystallization temperatures.
The rate constant (K) and the Avrami indexes (n) are obtained from the intercept and the
slope of the Avrami plot (b), respectively. Avrami index n was determined including the
initial point and n' from taking the section of (b) corresponding to the linear range of (a).

The analysis of the Avrami index permits one understanding of the growth dimensions

and the morphology. The half time (1,,), rate of crystallization (or reciprocal half time

It (sec) ) and induction time (¢, ) were estimated from (a). These parameters are listed

in Table 4.2.1.1.
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Figure 4.2.1.2. Normalized intensity (a) and Avrami plot (b) of L18-O at the indicated temperature.
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Table 4.2.1.1. Induction(t;(sec)), half time (t,,,(sec)) and Avrami index obtained from
bulk crystallization using transmitted depolarized light intensity.

Samples T(C) t, (sec) t,,(sec)  t_(min) n n’
L10-0 85.0 6.3 94 0.7 - -
90.0 6.9 - 2.4 - -
95.0 13.2 17.5 5.0 - -
98.0 18.1 31.0 10.0 8.6 -
99.0 133 31.2 10.1 6.7 -
100.0 23.0 52.1 11.0 6.4 2.0
101.0 29.0 73.1 9.9 5.2 2.1
102.0 31.5 115.9 11.0 5.4 2.0
103.0 54.2 164.2 13.3 5.9 2.0
104.0 54.5 244.7 26.1 5.2 2.0
105.0 125.0 340.83 26.7 5.3 1.9
106.0 3159 655.54 276 7.6 21
107.0 266.6 1203.3 26.2 5.4 2.1
108.0 345.2 1730.5 69.7 53 20
L18-0 85.0 18.2 58.6 10.8 33 2.5
86.0 27.9 86.3 14.0 3.9 2.7
87.0 21.2 118.7 25.0 2.6 2.5
88.0 64.4 177.0 37.4 3.2 3.4
89.0 75.9 250.7 34.8 3.6 2.1
90.0 124.5 401.0 38.7 3.8 2.3
91.0 220.2 628.3 35.4 4.1 2.4
92.0 324.7 951.4 60.0 3.8 2.1
93.0 3333 1357.0 66.9 34 22
95.0 910.6 3703.1 476.6 2.8 1.6
H7-0 104.0 24.1 93.0 13.0 4.0 33
105.0 24.0 146.5 12.8 4.1 2.9
106.0 66.2 282.6 29.4 4.0 3.0
107.0 72.6 462.1 35.5 4.0 2.9
108.0 235.6 996.6 58.9 3.7 2.8
109.0 418.4 5560.7 178.7 2.3 2.4
110.0 1018.2 3890.9 97.0 3.8 3.0
H10-0 96.0 23.1 48.9 5.4 5.4 3.4
97.0 284 575 7.0 6.1 35
98.0 37.5 80.9 7.0 5.4 33
99.0 54.3 131.2 8.1 5.0 3.1
100.0 714 236.1 15.0 4.2 2.8
101.0 118.5 334.9 19.8 4.7 2.6
102.0 238.5 591.6 303 3.7 23
103.0 386.7 1057.5 454 4.0 2.5
H16-0 81.0 33.3 43.9 3.0 - 5.5
82.0 35.8 55.3 3.9 - 5.8
83.0 37.1 70.0 5.9 6.4 5.2
84.0 39.6 80.0 6.5 6.5 43
87.0 86.1 283.0 22.4 4.8 3.6
88.0 84.8 320.2 30.6 5.3 3.5
89.0 185.5 905.8 40.3 4.4 3.6
90.0 245.3 904.4 99.1 3.2 2.6

t_(min) ; time (sec) at the end of crystallization.
n; Avrami index including initial point.
n’ ; Avrami index obtained from the linear region except for initial point.
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4.2 2. Rate of crystallization

* by reciprocal half time, 1/¢,,,

The rate of crystallization was analyzed using the reciprocal half time

(Y1, (sec™)) as a function of temperature (a) and supercooling (b) in Figure 4.2.2.1. As
T, increases (i.e., supercooling decreases), the rate of crystallization decreases. As branch
content increases, the rate of crystallization decreases at a fixed T, and the crystallization
rate, 1/t,,,, versus temperature curve shifts to lower temperature. There is a molecular

weight dependence of the 1/t,,, at a constant branch content. The rate of crystallization of

low molecular weight L10-O is larger than that of high molecular weight H10-O. Also the
highly branched low molecular weight sample, L18-0, has a higher rate of crystallization
than relatively lower branched high molecular weight H16-O. Both molecular weight and
branch content affect the rate of crystallization, the molecular weight effect being bigger

than the branch effect.

The supercooling analysis is based on theoretical background and makes it
possible to compare the rate of crystallization accurately. When the 1/1,,,s of L10-O and
H7-0O are compared with crystallization temperature (see Figure 4.2.2.1 (a)) rather than

supercooling ( see Figure 4.2.2.1 (b)), the rate of crystallization of H7-O is larger than

that of L10-O. However, when 1/¢,, is plotted against AT, the rate of crystallization of

H7-0 is smaller than that of L10-O. When the rate of crystallization is analyzed as a

function of supercooling (AT =T, —T,), the experimental result that the molecular
weight effect on 1/t,,, is larger than the effect of branch content becomes more distinct.
L10-O and L18-O show higher rates of crystallization than H7-O and H16-O at a fixed
AT.
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* by reciprocal initial time, 1/,

The induction time was determined by reading a point at which the light intensity

starts to increase. The reciprocal induction time can represent the rate 1/t of initial
crystallization as shown in Figure 4.2.2.2 (a) and (b). The general tendency of 1/t, with
T, and AT and the dependence of 1/z; on branch content and molecular weight are similar

to that of 1/t ,.

4.2.3. Secondary Nucleation

The crystallization regime plot of EO copolymer is obtained from

equation(2.4.5) and (2.4.6). The input values were U’ =1500 cal/mole and
T_ =T, -30K, where T, of polyethylene was tested using —40°C * and -125°Cs2.

The equilibrium melting temperatures for the copolymers were obtained in this study and

the method and values will be reviewed in a later chapter.

4.3. Equilibrium Melting Temperature (T7)

To obtain the equilibrium melting temperatures ( T) of linear polyethylenes and

EO copolymers as a function of molecular weight and branch content, the extrapolation

techniques such as the Hoffman-Weeks plot and the Thompson-Gibbs plot are applied in

this study.
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4.3.1. Hoffman-Weeks Plots

Peak melting temperatures of EO copolymers were plotted against the
crystallization temperature in Figure 4.3.1.1 for high molecular weight copolymers and
Figure 4.3.1.2 for low molecular weight copolymers. The weight average crystallinity

was obtained from the heat of fusion of DSC under the same condition with the hot stage.

The plots of T, versus T, for the EO copolymers show the clear curvature. In order to
get T,, the intercept was obtained by taking the low supercooling region, at which most
weight crystallinity was less than 1.0%. The labeled values indicate the crystallization
time and the weight crystallinity, which were obtained from DSC. The interception
points for high molecular weight samples decrease with the branch content in such a
following way H7(157.6 °C) > H10(128.8 °C) > H16(120.7 °C) while the intercept for

low molecular weight L10 is 152.5 °C. L18-O shows the parallel relation between the

melting temperature and the crystallization temperature, T,, = T, + const.

4.3.2. Thompson-Gibbs Plots

The melting temperatures, T _s, as a function of the number average lamellar
thickness, /, were plotted in Figure 4.3.2.1 for linear polyethylenes of medium (M-LPE)
and high molecular weight (H-LPE) , Figure 4.3.2.2 for EO copolymers of high molecular
weight, and Figure 4.3.2.3 for EO copolymer of low molecular weight. The numerical
values for Figures 4.3.2.1 ~4.3.2.3 are listed in Table 4.3.2.1. (Comment : When
generating the above Figures using the values in Table 4.3.2.1, if the same T, s with the
reported values in this study can not be obtained, it is due to the round-off error). The

melting temperature was obtained from the peak temperature of DSC with a heating rate
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Figure 4.3.1.1. Plot of melting temperatures against crystallization

temperatures for the ethylene/1-octene random copolymers of high

molecular weight. Labeled numbers are the crystallization time and
the weight crystallinity.
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Figure 4.3.2.1.  Peak melting temperature(°C) against reciprocal
lamellar thickness(A -1) for linear polyethylene of high and medium
molecular weight.

110




‘s1pwAjodod Og

WY31om repnosjow y3iy jo (- y)ssowyoryy refjawre] jesoidivas sureSe (5, Jormesodway unpw yead T T'c’y unBig
Gy) mn Gy) i
$T0°0 0200 S100 0100 S00°0 0000 €700 0700 §100 0100 $000 0000
e s . — —— v . _ _ — ——— 006
v
// q
¥ 4 0001
1:0:::< /II r
N . o011
D///@ ///
o, N ] 00zt
- 0'0¢1
OLIH v ) B
O-LH m]
~ 00l

(D.) wy,

111



Tm (°C)

0.028

A 14-0
1350
. o L10-0
L ° L18-0
$ “~ A
125.0 —\\\ ©  Las0
\\\ \\\ ~‘~A\
1150 | oo e
\\\ \\.\. ‘.O‘~
. % ™
1050 | R _
N ‘” N
\\ \.\‘\ 0
95.0 | . &
O%O .
1
850"‘1‘ | U B | i |
0.000 0.004 0.008 0.012 0.016 0.020 0.024
11 (A1)
Figure 4.3.2.3.  Peak melting temperature("C) against reciprocal

lamellar thickness(A 1) for low molecular weight EO copolymers.

112



Table 4.3.2.1. Peak melting temperatures and lamellar thicknesses of LPE and EO

copolymers.
Code | Te(ecy t(day) | 1,00 | w®?2| LA | |2y
quenched®  quenched® | 1346 66.0 270.8 178.6
100 1 1359 71.1 306.4 217.9
113 1 135.8 71.3 3182 226.8
115 1 137.1 71.9 3229 232.1
118 28 138.0 83.1 259.1 298.2
118 38 137.8 69.6 358.4 249.6
118 48 139.4 82.9 410.1 339.9
120 38 138.2 84.8 355.9 343.6
120 48 138.2 90.4 358.4 347.2
H-LPE® 121 28 137.3 92.1 377.1 301.7
123 28 137.3 76.7 349.8 296.6
125 28 137.6 71.9 348.0 250.1
125 38 138.0 86.6 386.8 335.0
127 4 138.3 85.9 375.7 322.8
130 6 139.5 88.8 426.4 378.4
130 17 139.0 92.7 423.1 392.0
quenched®  quenched ® 131.5 59.6 228.5 136.2
100 1 134.6 66.3 276.5 183.4
113 1 135.4 68.9 285.2 196.5
115 1 135.8 69.6 287.0 199.7
118 28 136.2 80.6 325.6 262.3
118 38 135.1 70.0 3104 217.2
M-HPE ® 118 48 136.2 76.9 346.2 266.1
125 48 137.3 85.2 315.1 256.8
120 4 1358 81.9 309.3 268.5
130 3 135.8 88.1 340.5 293.4
130 6 137.6 64.3 318.1 347.4
130 17 138.5 76.4 336.0 368.7
120 28 138.6 78.4 395.3 253.2
120 38 136.9 89.7 327.1 300.1
123 38 134.2 90.0 385.8 204.5
127 10 136.9 89.3 413.1 310.0
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Table 4.3.2.1. (continued)

Code | Tc(°c)y t(ay) | T,0) | w(®)2 | LA 1(A)
quenched®  quenched * 1227 62.8 164.3 103.1

100 1 125.3 56.4 192.5 108.7

113 1 126.1 57.4 205.1 117.8

115 1 128.0 57.3 203.1 116.2

118 28 129.4 64.6 258.7 167.2

118 38 128.6 61.8 239.0 147.6

118 48 127.1 61.8 219.4 135.5

L4-0° 120 4 128.2 60.0 242.1 145.3
120 38 130.7 62.5 287.1 179.4

120 48 130.9 63.2 286.0 180.8

123 28 131.4 60.4 299.1 180.7

123 38 128.2 63.0 236.9 149.4

123 48 127.3 60.5 208.7 126.3

125 28 128.4 57.6 223.7 128.8

a) Quenched in room temperature

b) Intensity of SAXS was measured at room temperature and lamellar thickness was obtained from
I=Lxv,,
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Table 4.3.2.1. (continued)

Code Te (°C) 1, (day) T,(°C) 1 (A) '
ﬁ

102 1 113.5 60.3
104 1 113.5 62.0
106 1 114.8 63.6
108 1 115.2 64.5

H7-O° 113 1 116.8 60.5
113 2 116.6 70.8
113 5 116.3 64.8
113 10 117.3 70.5
113 49 118.7 76.1
113 63 1219 76.4
102 1 113.3 63.1
104 1 113.5 559
106 1 1144 64.8

H7-O° 108 1 113.8 64.1
112 1 116.5 65.7
114 3 117.3 67.3
115.6 3 119.6 71.2
98 1 108.1 52.8
102 1 108.8 -
104 1 108.9 54.5
105 1 109.0 55.6
105 2 110.2 56.7

H10-0 ¢ 105 3 1109 58.3
105 5 111.5 -
105 10 111.1 574
105 7 112.0 60.3
105 9 112.2 61.2
106 1 110.3 55.1
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Table 4.3.2.1. (continued)

Code Tc (°C) t, (day) T,(°C) 1(A)
_
*

94 1 99.3 46.2

96 (94)" 1 99.3 46.2

98 10 103.7 532

98 25 104.0 54.1

98 (97) 28 104.0 54.6

98 (96) 34 104.1 55.5

100 2 103.1 53.2

H16-0° 100 3 105.3 512
100 h) 105.2 525

100 10 106.0 554

100 49 106.4 579

100 63 106.0 56.8

102 1 106.8 544

102 (96) 5 101.8 49.2

102 (95) 14 102.2 51.6

102 (95) 27 102.2 50.9

94 (93) 1 98.2 479

96 (95) 1 99.6 470

98 (7 1 92.7 413

98 10 104.0 54.0

98(96.4) 25 103.7 53.2

98(97) 2 104.3 54.7

98(97) 34 104.5 54.5

H17-0°¢ 98(95.7) 38 103.5 56.0
102 1 106.0 48.0

102(97) 5 102.6 52.5

102(%4) 12 101.9 52.5

102(95) 14 1024 52.0

102(94) 2] 102.7 52.1

102(95) 27 102.9 52.7

104(98) 1 102.0 494
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Table 4.3.2.1. (continued)

Code Te (°C) t, (day) T,(°C) 1 (A)
100 7.5 min 109.0 519

100 1 110.9 55.8

100 2 112.1 58.1

100 5 112.0 59.1

100 28 113.3 64.0

L10-O°¢ 100 63 113.9 64.0
102 1 112.1 59.3

106 1 113.1 62.1

110 1 112.6 60.2

110 11 1128 60.3

110 63 1154 68.1

98 (97) 1 101.9 50.8

100 1 105.1 54.0

100 5 106.2 57.0

100 21 106.2 59.0

LI18-O°¢€ 100 63 106.6 59.9
97 (92) 7 101.5 41.5

97 (89.2) 27 101.4 48.8

97 (94.2) 45 99.5 47.1

102 1 105.6 53.7

78 2 954 39.9

78 3 95.1 40.2

80 3 88.5 40.7

80 5 88.4 410

87 (84.1) 4 91.1 429

87 (84.1) 5 90.5 423

87 (84) 7 91.1 438

L24-O°¢ 90 (83.5) 1 894 419
90 2 94.2 4.1

92 (88.7) 2 944 44.7

96 (91.6) 1 96.4 39.3

97 (94.1) 1 97.9 47.7

97 (92.8) 7 99.3 49.6

97 21 100.3 484

97 (95) 45 99.0 47.5

¢) Intensity of SAXS was measured at T, or peak separating point. The values in parentheses are the
separating point around T,of DSC thermogram. The inconsistency between T, and separating point of

DSC may be due to the experimental error from handling sample and oil bath temperature or the
insufficient time for segregation of peaks. Lamellar thickness was determined from the self-triangle zone
with corrected base line in the case of base line missing. This method will be mentioned in later section.
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10°C/min, assuming to correspond to the average lamellar thickness. The lamellar

thicknesses were estimated from the 1-dimensional correlation function analysis of the
SAXS intensity profile. The detail description of this method will be mentioned in the

section of SAXS study. In the Thompson-Gibbs plots, T, versus 1//, an intersection at

which the reciprocal lamellar thickness goes to zero in the case of the infinite lamellar

thickness was determined as an equilibrium melting temperature, T,.

For linear polyethylenes, the intersection of high molecular weight is higher than
that of medium molecular weight (see Figure 4.3.2.1). For EO copolymers of high and
low molecular weight, the intersections shift down with increasing branch content in the

system.

4.4. Morphology Study using SAXS.

4.4.1. Intensity Measured at Ambient and Crystallization Temperature.

4.4.1.1. Quenched Samples

SAXS profiles observed from Sm geometry, which measured at room temperature,
of samples quenched to ambient temperature are shown in Figure 4.4.1.1. SAXS profiles
of linear polyethylene (H-LPE) of high molecular weight show the strongest Bragg peak
(the first maximum) at the lowest scattering vector, ¢ while that of medium molecular
weight linear polyethylene (M-LPE) shows the second strong peak at second low g. As

branch content increases the intensity decreases and the first maximum migrates toward
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Figure 4.4.1.1. SXAS intensity profiles for the quenched LPE and
EO copolymers.
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high g(nm™). Even low branch levels (e.g., L4-O) cause the intensity to decrease to 5
times lower than that of H-LPE and about 3 times lower than that of M-LPE. As branch
content increases further there is a reversal of the first maximum peak between L24-O and
L39-O while the tendency of the intensity change is consistence with other samples. A
comparison of SAXS behavior for L24-O and L39-O will be discussed in later. All the
samples quenched to ambient temperature show the first maximum in the SAXS intensity
profiles. Lorentz corrected intensity profiles for the quenched LPE and EO copolymers

are shown in Figure 4.4.1.2.

4.4.1.2. Measured at Crystallization Temperatures

The intensity of SAXS measured at the crystallization temperatures is
represented in Figure 4.4.1.3. The crystallization temperature corresponding to each
melting temperature was given in Table 4.3.2.1. As melting temperature increases, the
first maximum peak shifts to low scattering vector and the intensity increases. The
intensity profile of H6-O(T. =113 °C, ¢, = 49days) with highest melting temperature
does not show a clear first maximum peak. However, when the Lorentz plot is
constructed, the peak appears clearly as shown in Figure 4.4.1.4. A question is why the
samples with same melting temperature have different peak positions. This behavior will

be discussed in a later section.
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Figure 4.4.1.2. Lorentz corrected SAXS intensity profiles for
quenched LPE and EO copolymers.
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Figure 4.4.1.4. Lorentz corrected SAXS intensity profiles for H6-O
with different melting temperatures.
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4.4.1.3. Temperature Effect on SAXS Intensity for Linear Polyethylene.

The SAXS intensities were measured at different temperature for the sample of
linear polyethylene crystallized at 130 °C for 17 days. The observed intensity and

Lorentz corrected intensity profiles are shown in Figure 4.4.1.5 and Figure 4.4.1.6.

As measuring temperature increases, the intensity increases and first maximum (¢, ) is
almost constant. Figure 4.4.1.6 shows the second peak (g, ) as a shape of shoulder. The

ratio of both peaks is about ¢, .. /g, =1.9.

4.4.2. Tail Region Effect on SAXS analysis

The measured intensity of most samples does not reach zero intensity in the high
q region when it is measured in the range of g(nm™)=0.04 ~1.06 using the Sm
geometry. An example is shown in Figure 4.4.2.1. The observed intensity (solid line)
from Sm geometry is above zero intensity. Although this tail region intensity behavior is
not related to the Bragg peak shown in Figure 4.4.2.1, it is required to obtain the
intensity profile of tail region around and beyond g(nm™) =10 in order to understand
the background intensity behavior. For this purpose, the tail region intensity profile was
obtained from the range of g(nm™') = 0.92 ~ 4.90 using the 1m geometry. The combined
total intensity profiles from 5m and 1m show that both intensities are exactly on the same
intensity profiles around g(nm™) = 0.6 ~ 1.0 and the intensity beyond g(nm™)=1.0
decreases continuously. Also 5m geometry can cover the Bragg region with high
resolution while 1m geometry does not cover this region for .39-O quenched in air. Since

other samples used in this study have the first maximum lower than that of L39-O (see
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Figure 4.4.1.5. SAXS intensity profiles for H-LPE (Tc = 130 °C,
t . = 17days) measured at different temperatures.
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Figure 4.4.2.1. SAXS intensity profiles obtained from 5m and 1m geometry

of L39-O quenched in ambient temperature.
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Figure 4.4.1.1) the geometry used to measure the lamellar thickness is reasonable. The

detailed analysis of this tail region will be discussed in later.

In section 5.4.3, the tail region intensity will be calculated and the calculated

intensity be compared to that measured actually from 1m geometry.

4.4.3. Theoretical Development for Estimation of Interfacial Layer Thickness using

SAXS

4.4.3.1. Theoretical Background for Transition Layer Thickness

The corrected net absolute intensity was obtained as described in the experimental
section. Assuming Bragg's law is applicable, the long period (L=2r/q ) can be
calculated from the maximum peak position of the Lorentz corrected SAXS pattern (i.e.,

plot of I(q)-q* versus q).

The q,,, (nm™) is the best estimated scattering vector that is obtained from the

first derivatives of the second order polynomial fitting equation around the symmetry
region of Lorentz corrected SAXS pattern. The long period represents that the summation

of the amorphous phase length (/,) and the crystalline phase length (/,) for a two-phase

system with sharp phase boundary. However, in the case of a three-phase model with

diffuse transition boundary, the L is expressed as L=1,+I +2I,, where I is the

e’
diffuse transition (or interfacial) layer thickness from the crystalline to the amorphous
phase or vice versa. The transition layer thickness can be obtained from line broadening of

NMR, internal mode of LAM mode of Raman spectroscopy3 5455 56 and SAXS.

128



S

There are two general approaches to get /,, from the SAXS. One is to use the one-
dimensional correlation function’”. % %9 based on the linear gradient of electron density,
and the other is to use a modified Porod's law suggested by Ruland® ¢! The displacement
from the slope in the so-called self-correlation triangle section®? can be used to calculate

interfacial layer thickness for linear-gradient model. However, the modified Porod's law

method is usually recommended for polymers 38

According to the Porod's law, the intensity (/,,,(q)) decreases proportionally to
g™ at the tail region scattering vector for an ideal two-phase system with a sharp phase

boundary as shown

lim I (q) = K; /q' (4.4.3.1)

where K =(27r)‘Kp and I,,(q)-q* reaches a constant, K,, which is called Porod's

constant. However, deviation from Porod's law has been observed.s® 6 6! In our case, the
intensity in the tail region decreased with the form of fractal dimensions. These values
were obtained by the multiplying exponent of g, 4, with the slope of the near zero region
(i.e, large g region which assumed to follow Porod's law) in the plot of logI(q) versus
log(1/q*). So there seems to be no point in describing the intensity in tail region as
decreasing with g, ¢*, or ¢°. More important thing is the direction of deviation since it
involves physical meaning. Positive deviation from the Porod's law is caused by the
presence of thermal density fluctuations or mixing within the phase. Negative deviation is
related to the existence of a diffuse transition layer in the system. To obtain the correct
transition layer thickness, the intensity, /5(q), due to the electron density fluctuations
has to be subtracted from the net corrected absolute intensity. This electron density

fluctuation in the system with defects is shown schematically in Figure 4.4.3.1. Electron
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Figure 4.4.3.1. Schematic diagram showing electron density fluctuation
due to defects and interfacial layer in systems
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density fluctuation known to cause the positive deviation from the Porod's law, which
shows the opposite effect to scattering behavior caused by the transition layer, can be

calculated using the empirical equations of Vonk 38 or Ruland 3.

Vonk's expression for slit smeared intensity is
I14(q)=Fl+b-q" (443.2)

where Fl is the thermal density fluctuation constant at 7,(0), b is a constant. Exponent

n has even values to fit the curve to the experimental SAXS patterns.

Ruland 's expression is
I,(q)=Fl-exp(b-q*) (4.4.3.3)

From the intercept of log-log plot of equation (4.4.3.2) or (4.4.3.3) the I, is obtained.
Therefore the observed scattering intensity, 1, (g), which is the net corrected absolute

scattering intensity, I,.,,(q), by equation (3.6.4) of Chapter 3, is given by

lg{’,[lm(q)]= Iwmz(Q)'Hz(CI)'*‘In(q) (4434)

The intensity correcting the background intensity due to electron density fluctuation

becomes |

gi—l:r-‘-[l”ct’r(q)] = Lya(9)- H*(g) (44.3.5)
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Where IHCar (q) = Iob.v(q) - ]FI (q)

where I,,(q) is Porod's intensity from the ideal two-phase system and H(q)
represents negative deviations from Porod's law due to the transition region. The form of
H*(q) depends on the chosen model for describing the electron density profile of the
interfacial layer. The electron density profile, p(r), of a system with a transition region is
given by the convolution product of the electron density variation, g(r), of the ideal two

phase system and the smoothing function, h(r).

p(r)=g(r)*h(r) = [ gQu)h(r - u)du (4.4.3.6)

The observed scattering intensity (unit: el/cm®), I, (¢), of the system is

2
Ig) _|Fg) (4.4.3.7)

D= vy

where 1,(g) is the Thomson scattering intensity from a single electron, V is irradiated
volume, and the F(q) is the amplitude of the system which is given by the Fourier

transform of the function p(r).
F(q) = {p(n} = g} {n(n)} (4.4.3.8)

where

o)} = [p(rexpligrydr (4439)
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From equations (4.4.3.7) and (4.4.3.8)

L,(q@) = {g(r*g(}- o {h(ryxh(r)} (4.4.3.10)
where
K
F{8(r)*g(N} =1,.(q)= ;% (4.43.11)
S {h(r)*h(r)} = H(q) (4.4.3.12)

Using the relations of equations (4.4.3.10), (4.4.3.11), and (4.4.3.12), we can obtain
equations (4.4.3.4) and (4.4.3.5) for the case without electron density fluctuation and

with correction of electron density fluctuation, respectively.

If the linear electron density gradient across the interface boundary is considering,
H?(q) takes the autocorrelation Fourier transform of a top hat function, h(r), of width E

and height 1/E 58

I/E <|E/2
h(r)={/ (r<[E/2) (443.13)
0 (r>[E/2)
. 2
H(q)= S (Eq/2) 4.43.14
(@) (Eq/2)2 ( )

By expanding the sine-function into the power series and truncating the higher order after

the second term, equation (4.4.3.14) become a more tractable form for graphical analysis.

H*(q)=(1-E*¢*/12) (4.4.3.15)
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From equations (4.4.3.1), (4.4.3.5), and (4.4.3.15), the observed scattering intensity

corrected thermal density fluctuation can be expressed as

lim[l,,,,(¢9)-¢*]1=lim[K,(1- E’¢*[12)] (4.4.3.16)
g g

where E, the transition layer thickness, is obtained from the plot I,,., (g)-q* versus. ¢’

of equation (4.4.3.16) derived from the model assuming a the linear gradient of electron

density within the phase boundary.

If the electron density decreases sigmoidally within the phase boundary between
the crystalline and the amorphous region, H?(g) is a Fourier transform of the

autocorrelation of a Gaussian function, h(r).5!

h(r) = exp(-r’/24%)/A\27 (4.43.17)
H*(g) =exp(~A? - ¢*) (4.4.3.18)

where A means the transition layer thickness as a standard deviation of Gaussian

function.
From equations (4.4.3.1), (4.4.3.5), and (4.4.3.18)
lim(/,, (9)-4*1= im(K; exp(-4" - ¢")]

(4.4.3.19)

By expanding the exponential function, equation (4.4.3.19) become approximately
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In(lpic, (9)- ¢*) = im(K; (1 - ")) (4.4.3.20)

The determination of a diffuse transition layer thickness (A) using pin-hole collimation

can be calculated from the negative slope of the plot ln(I,,.,Ca,(q)-q‘) versus g°.of

equation (4.4.3.19) (or plot I.,,(q)-q* versus g* of equation (4.4.3.20)) under the

assumption of a sigmoidal-electron density gradient across the boundary. To avoid the

truncation effect, equation (4.4.3.19) was used in this study.

According to Koberstein, et al.®° the range of applicability for each modified
Porod's law model is given as all A-g for sigmoidal-electron density gradient model
(equation (4.4.3.19)), A- ¢ <0.051 for expanded sigmoidal model (equation (4.4.3.20)),
and E- ¢ <0.19 for expanded linear gradient mode (equation (4.4.3.16)) by allowing for
5% error in the estimation of A and E. Thus, the sigmoidal gradient model is
advantageous in view of the fact that the exact form for graphical analysis can be plotted

in the full A - g range for pin-hole collimation.

4.4.3.2. Development of Mathematical Model and Analytical Approach

Even though the sigmoidal model obtained from the Gaussian function gives a
reasonable result, sometimes, it gives an unreasonable thin transition thickness (for
example, H7-O crystallized at 113'C for 9 weeks has A =3 A at room temperature).
Also, the linear gradient model shows too thick a transition layer thickness (for example,
H7-O crystallized at the same condition has E=~44A at in-situ). Therefore, an
intermediate model has been developed in this study. Moreover, to find a new smoothing

(ghost) function and to solve its convolution product has its own interest regardless its
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usefulness. The electron density profile of the ideal two phase system was assumed to
follow the uniform distribution function as before. The triangular angular smoothing

function is used.

=—%|r|+A JST, (T=2T,)

h(r) = (44321)

=( ,Il'lgT

where A is 1/T, and the autocorrelation Fourier transform of the equation (4.4.3.21)

becomes

16sin*(Tq/2)
H(gq)=——-12 (4.43.22)
(Tg)*
Therefore, a modified Porod's intensity is given by
. A 16sin*(Tq/2)
lim(Tpc,, (9)-4*) = K; G (4.43.23)

equation (4.4.3.23) can be a tractable form for the graphical analysis by taking the first

two terms of the expanded series for the case of Tq/2 << 1.0.

lim (T, (@)-4°) = Ky (1= < T°g?) (4.43.24)

where the transition layer thickness, T, can be obtained from the negative slope and the

intercept of the plot I, (q)-q* versus g* as follows:

T= /M (4.4.3.25)
intercept
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Electron density profiles calculated using various models are given in Figure
4.4.3.2 and a summary of the models for estimating the transition layer thickness from the

pin-hole collimation is shown in the Figure 4.4.3.3.

The relations among the transition layer thickness, of sigmoidal-electron density
gradient model, that, E, of linear-electron density gradient model, and the T in this study
can be obtained from the ratio of each scattering intensity, equations.(4.4.3.20),

(4.4.3.16), and (4.4.3.24).

E(=v12A4)> T(=6A) > A (4.4.3.26)

The transition layer thickness, T, of this study has thickness intermediate between that of

the linear gradient model and of the sigmoidal model.

4.43.2.1. Slit collimation

Although pin-hole collimation is an ideal collimation and all the equations for
estimating the transition layer thickness can use pin-hole collimation scattering intensity
directly, slit collimation is used widely since it provides a higher intensity and resolving
power and lower parasitic scattering due to the collimator edge. The intensity obtained
from slit collimation is the smeared one. Therefore, the desmearing procedure of the
experimentally observed SAXS intensity is required. However, many methods for the
desmearing have been known to cause a statistical error at the large scattering angle that is

related to the transition layer.s* The theoretical treatment of the smeared intensity has
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where, K, =(27)' - K,

Figure 4.4.3.3. Various modified Porod's law for the pin-hole collimation with a scattering
vector, g=4xr-sin6/A.
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been preferred to the desmearing methods. The smeared intensity ,}(q), can be expressed

by

I(g)= j ]W,(u)ww(t)lm,,[«q’ - #)+u?) |drdu (443.27)

where W,(u) and W, (¢) are the weighting function of the slit length and the slit width,
respectively. And ¢ and u, are arbitrary variables for integration and have no physical
meaning.

If we assume that the slit width contribution can be neglected equation (4.4.3.27) become

1(q) = 2[ W, () i, (g +u*) du (4.4.3.28)
0

From equation (4.4.3.5) that describes the negative deviation from the Porod's law,

equation (4.4.3.28) can be represented by

1(g) = 2[ W), (¢* + )P H (g +u*) P du (4.4.3.29)
0

By assuming infinite slit-length the slit smeared intensity can be approximated by
I(q)-¢* = K'(1-T¢*/3) for Tq/2 << 1.0 (4.4.3.30)

where K'=W, (0)K,z/2, K, =(2n)*-K,, and W/ (0).is constant. In this case, the

transition layer thickness from the plot of I(g)-q’ versus g is given by

T = +/3(-slope)/intercept
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An alternative method to obtain slit smeared intensity for the case of infinite slit

length was suggested by Bonart at. el.s

I(q)=2H" (q)I Wil 4 (q" +u*)" du (4.4.331)
0

where H’(q)=1-T"¢*/6 for the triangular smoothing function. The slit smeared

intensity becomes
1(q)-¢° = K'(1- T*¢*/6) for Tg/2 << 1.0 (4.4.332)

| The transition layer thickness in this case can be obtained from the plot of }(q)-q3

against ¢°.

The successful application of all the equations to estimate the transition
(interfacial or phase difuse boundary) layer thickness depends on how having reliable tail
region intensity. Of course, the tail region intensity can be extrapolated to large scattering
vector using the Porod's law or modified Porod's law to generate the best fit to the curve.
Although this extrapolation method has been used for one-dimensional correlation
function (1-DCF) approach to obtain the lamellar thickness, however, when there is
highly scattered intensity in tail region, the extrapolation method can result in a the
reliability problem. Furthermore, the problem becomes worse when we extrapolate from
low angle region which has not reached the background to high angle region which shows |
two different deviation behaviors from Porod's law. Roess mentioned similar problems

and Roe tried to deal with these difficulties using a model.
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In the 5 m geometry (0.040 < g(nm™) < 1.060) that was used to determine the
lamellar thickness, the tail region seems to be the starting line for entering the background.
Whereas, the 1 m geometry (0.9160 < g(nm™) < 4.8620) has the following advantages: it
covers more background than that of 5 m. Thus, it provides information such as electron
density fluctuation related to the high g region. In this study, 1 m geometry was used to
study background intensity and electron fluctuation density component of EO copolymer
system with defects as well as LPE. The procedures and the models to obtain the

transition layer thickness were described earlier.

4.4.4. Interfacial Layer Thickness of LPE and EO Copolymers

The intensity reflecting interfacial layer thickness is observed between the
scattering vectors of the Bragg peak and the background. The scatering vector range,
(0.040 < g(nm™) < 1.060), of Sm geometry is enough to measure interfacial layer

thickness as well as lamellar thickness.

The plots (a) of the sigmoidal model and the plot (b) of the linear-, semi-sigmoidal
model are shown in Figure 4.4.4.1 for H7-O and Figure 4.4.4.2 for L39-0 in the case
with background correction and without background correction, respectively. The lightly
branched H7-O has a steep negative slope change while that of highly branched L39-0 is
not clear. This means that H7-O has a thicker phase boundary than L39-O. The negative
slope obtained from subtracting the positive deviation of background produces the
steeper slope change. The importance of correcting background intensity can be
demonstrated in the case of L39-O. The slope of L39-O without correction of background

intensity is almost flat or a little positive, suggesting that there is no interfacial layer
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thickness in the system. However, when the positive background is corrected, the slope
direction becomes negative, showing that a transition boundary exists in L39-O system.
This background correction is more sensitive around the scattering vector region relating

to the interfacial layer (i.e., transition region) and as g decreases the correction effect is

not visible.

The plot to estimate the interfacial layer thickness for LPE and a series of EO
copolymers quenched in ambient temperature is shown in Figure 4.4.4.3 assuming linear
and semi-sigmoidal model and Figure 4.4.4.4 assuming sigmoidal model. The background
subtracted intensity was used to obtain accurate interfacial layer thickness. As branch
contents increase from L4-O to L24-0O, the slope becomes moderate and apparently
levels-off at L39-O. There are two negative slopes for LPE. In this case, the negative
slope was chosen comparing the slope of modified Porod plots to the curvature at near
zero region of 1-DCF of Figure 4.4.4.5, although both methods reflect the intensity

behavior of the high ¢ region.
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Figure 4.4.4.3. Plot to estimate interfacial layer thickness of the quenched
LPEs and EO copolymers, using linear and semi-sigmoidal electron density
gradient model.

146



Ln(IBgCor' q4) (arblﬂ‘ary Unlt)

Figure 4.4.4.4. Plot to estimate interfacial layer thickness of the quenched

LPEs and EO copolymers, using sigmoidal electron density gradient model.
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Figure 4.4.4.5. One-dimensional correlation function showing
invariant and transition layer variation as a function of defects.
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5. DISCUSSION

5.1. Thermal Analysis

5.1.1. EO, EB and EP Copolymers

The fact that melting, crystallization temperature, and heat of fusion (or
crystallinity) are reduced means that the branches are defects in a crystallizable polymer.
In branched polymers, the multiple melting thermogram of LLDPE may be due to the
segregation of polymer molecules during crystallization. This segregation is dominated by
the branch amount for a highly branched polymer and by molecular weight for a low
branched polymer according to this study. The branch, branch point and branch end play
roles as defects in crystallization because their different molecular size will not have the
same crystallography as the polyethylene main chain. If we can assume that the chain
growth stops whenever they meet a defect, the available chain lengths for crystallization
become reduced. This assumption is reasonable because the crystal system has more free
energy when it accommodates defects in the crystalline phase. This excess free energy
causes an unfavorable condition for crystal growth due to the increased energy barrier. As
long as the system cannot overcome this increased energy barrier or reject the defect to
the amorphous phase, the stem growth stops at the defect location. After all, sections of
chain with a long distance between two branch points will crystallize at high
crystallization temperature and parts consisting of short distances between branch points
will crystallize at lower crystallization temperature. However in a LLDPE of low branch

content since many stems can deposit before encountering a defect, the defect effect will
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be reduced. In this case the segregation by molecular weight will dominate as is well

known.

It is an important fact that different branch lengths affect melting and
crystallization temperature as well as morphology. The melting temperatures of some EO
copolymers are lower than EB and EP copolymers that are highly branched. This means
the branch is not a point defect but a size defect. There are two ways to describe the
effect of branch on the crystallization process. One is based on crystallization progress
and the other is based on the location of the branch after crystallization. In crystallization
progress, the branch will hinder the attachment of the chains to crystal surface or nucleus,
due to increased entropy as long as they are not included in the crystalline phase.
Therefore, long branches will have wider hindering radii than short branches. And the
crystal size and lamellar thickness of EO copolymer will be reduced resulting in larger
melting and crystallization temperature depressions compared to those of EB and EP.
Also, the crystallization depression will cause lowering of melting temperature due to the
formation of thin lamellae. The location of the branch after crystallization can affect the
T, and T_. A branch group can be inside or outside the crystalline phase. In the inclusion
case, it is possible for these branches to change the conformation of neighboring chains in
order to produce the space for inclusion of the branch defect. The crystallography will be
distorted from ideal. As the size of the defect increases, the distortion will be increased.
This study did not concentrate on what parts of the branch are in the crystalline phase
and how a long branch enters the crystal. If branches are long enough to crystallize, the
defects are the branch end and the branch point. On the other hand, if the branches are not
long enough to crystallize, they can be expelled from crystalline phase. Although we do

not know this critical branch length, both the inclusion of the defect and the exclusion of
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the defect from the crystalline phase cause the depression of 7,,,, T,, and AH,. The

inclusion and exclusion possibilities will be discussed in separate chapter.

5.1.2. Melting Temperatures of Homogeneous and Heterogeneous EO Copolymers.

So far thermal analysis of homogeneous EQ copolymers has been discussed based

on the analysis of DSC. The homogeneous EO copolymers showed that there is a linear

relationship between 7, and p, without molecular weight effect in Figure 4.1.2.4. In
other words, T, decreases linearly with defect content for the homogeneous EO

copolymers. The values extrapolated to zero defect content coincide with T, of the linear

polyethylenes produced using homogeneous (uniform site) catalyst.

It is essentially required to compare T, of the heterogeneous EO (HTEO)

copolymer with that of homogeneous EO (HMEO) copolymer in order to know whether
both LLDPEs produced using different catalyst system have identical thermal properties.
For this purpose, the HTEO copolymes with M./M. < 2.0, which fractionated using
TREF method, were used. This comparison is represented in Figure 5.1.2.1. The HTEO
copolymers do not show the clear linear relationship between T, versus p, found in the
case of HMEO copolymers. Despite that fact, a surprising point is the experimental
result that 7, of HTEO copolymer is depressed in much less degree than that of HMEO
copolymers. The difference of T, between HMEO and HTEO copolymers increases
with increasing defect content. For instance, the difference of T, between both systems is

about 25°C at around 2.0% of defect content. A spontaneously arising question is why

T,, of HTEO copolymer is always higher than that of HMEO. The T, of HTEO

copolymer with about 2.0% defect content is even higher than that of H7-O with defect
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Figure 5.1.2.1. Peak melting temperatures as a function of branch

content for the fast cooled homogeneous (circle) and heterogeneous (triangle
and cross) EO random copolymers.

152



content of 0.7%. (This question is also directly related to the question why regime
transition temperature of HTEO is higher than that of HMEO copolymers, which will be
shown in the crystallization kinetics study). This question can be explained by

considering the defect distribution in the polymer chain.

The HTEO copolymers obtained from the heterogeneous catalyst (i.e., classical
Ziegler-Natta catalyst) are consisted of the inter- and the intra-heterogeneous distribution
of branches while the HMEO copolymers from the homogeneous catalyst have the better
uniform distribution of branches along the main chain. A schematic diagram for
heterogeneous and homogeneous copolymers is shown in Figure 5.1.2.2. In the
heterogeneous copolymer, the branches (i.e., B-counits) locally distribute. This local
distribution of branches separates the polymer chain with two parts. One is long A-
sequence length without branch and the other is short A-sequence. An extreme case is the
polymer chain consisting of long A-block and short B-block. After all, in the case of the
heterogeneous copolymer, the long A-sequence length will be crystallized at high
crystallization temperature, excluding the branch concentrated part and causing high
melting temperature. The exclusion of highly branched chain region is more probable since
inclusion requires a large excess energy to be provided experimentally. This long A-
sequence part will behave similar to the chain of linear polymer allowing chain folding and
thickening. In other words, the branch content of HTEO copolymer contributes little to
the melting temperature as long as the A-sequence length long enough. In fact, Figure
S.1.2.1 shows that the T, of HTEO copolymers are close to those of linear
polyethylenes. On the other hand, the homogeneous copolymers have a more uniform
distribution (i.e., delocalization) of defects on the chain, which reduce the A-sequence
chain length. Melting temperature of HMEO copolymer is depressed by both inclusion

and exclusion of defect. Inclusion reduces the heat of fusion while exclusion reduces the
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lamellar thickness. (Inclusion and exclusion of defect will be discussed in Section 5.3).

Therefore the heterogeneous copolymer has higher 7, than that of the homogeneous

copolymers although two copolymers have the same branch content numerically.
Similarly, crystallization temperature of heterogeneous copolymers becomes higher than

that of the homogeneous copolymers. The less clear relationship between T, and defect

content may also be due to the heterogeneous distribution of defects.

In conclusion, one of the most important factors governing 7T, of olefin type
copolymers is the branch distribution in copolymer system rather than branch content.
The regime transition study for HTEO and HMEO copolymers is another evidence to
support the importance of defect distribution on melting behavior as well as

crystallization process.

5.2. Bulk Crystallization

5.2.1. Avrami Analysis

Crystal growth mechanism and nucleation type can be obtained with Avrami
exponent (or index). A question is which part of slope must be chosen for estimating
Avrami index. Both the initial part including the initial point, and the linear region around
half time without including the initial point in the plot of reduced crystallinity versus time
((a) of Figure 4.2.1.1 ~ 4.2.1.5) give different Avrami values, n and n', respectively
(Table 4.2.1.1). Avrami index was plotted as a function of crystallization temperature

(Figure 5.2.1.1) and branch content (Figure 5.2.1.2).
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Figure 5.2.1.1. Avrami index with crystallization temperature. ( open
and closed symbol : obtained including initial point and except initial
part, respectively ).
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The non-integer values of Avrami index, unlike integer value n expected
theoretically, were observed in all systems. The fraction may be due to the co-existence of
two different nucleation types as well as different growth mechanism. In the following

discussion, the fraction of Avrami index will be rounded off for simplicity.

5.2.1.1. At Early Stage of Crystallization Process.

The Avrami analysis of the early crystallization stage is important because the
crystal embryo or nuclei are sufficiently isolated to satisfy the assumption behind the
Avrami equation. The growth analysis of crystal embryo or nuclei was obtained from the

region within the reduced crystallinity of less than 3%.

+ Crystallization T Eff

As crystallization temperature increases, the values of n for most samples
decrease, except for the case of H7-O. This indicates that crystal growth at early stage
depends on crystallization temperature. High value of Avrami index indicates the
complicated geometry (e.g., sheaf shape) while a low value the simple geometry (e.g., rod
shape). L10-O has the values between n =8 and n =5 in the form of non-integers. The
values of non-integer may be due to the co-existence of different nucleation process or the
nonuniform shape of the crystals(i.e. deformed from the ideal geometry). Unlike L10-O,
the n values of H7-O show almost constant integer values, n = 4.0 , indicating uniform

nucleation in system.
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« Branch Content and Molecular Weight Effect

The branch and molecular weight influence is shown in Figure 5.2.1.2. There is an
inconsistency between high and low molecular weight. In the high molecular weight
samples , both the values of n increase with branch content. On the other hand, in the
samples of low molecular weight, the n values of low branched samples are lower than

those of highly branched samples.

For the high molecular weight series, branched H10-O and H16-O have a severe
deviation from integer n unlike that of low branched H7-O. Understanding of this
behavior is not possible at present. A possible explanation is to consider the distribution
of branches along the main chain. As far as the copolymers have uniform inter- and intra-
distribution, the nucleation mechanism should be consistent in the whole temperature
range. Lowest branch content can satisfy this uniform distribution since the sequence
length is sufficiently long to crystallize without facing the branch. As branch content
increases the uniform distribution can not be satisfied as mentioned in thermal analysis
section 4.1 and S.1. At high temperature only high A-sequence length will be participated
and the morphology should match with lowest branch content. In fact, the values n of

H10-O at high T, are close to n = 4.0 of H7-O, which represents the sporadically formed

(heterogeneous) spherical crystal embryo (i.e., initial spherulite).

For the branched samples of low molecular weight, the branch effect becomes

more complicated. The low branched L10-O starts initial crystal growth in the form of a

sheaf by the heterogeneous (sporadic) process (n 2 6) at low T, or by the homogeneous

(simultaneous) nucleation (n 25 ) at high T, whereas high branched L18-O (n=3~4)

forms a spherulite by homogeneous and heterogeneous nucleation. A fact that cannot be
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understood is why highly branched L18-O must form spherulite type growth and low
branched L10-O sheaf-like growth. One possible explanation can be done by comparing
Avrami index of the crosslinked low density polyethylene. According to the data by
Phillips and Kao 4, the highly crosslinked polyethylene and gel (low chain mobility and
high viscosity) tend to have the low Avrami index around n=2.5~ 4.0 while lightly
crosslinked polyethylene and gel (high chain mobility and low viscosity) to have
n=35.0~6.0. The comparison of the Avrami exponents between EQ copolymers and
crosslinked polyethylenes imply that the viscosity of medium (or chain mobility) can be
a factor to determine the crystallization mechanism. The Avrami exponents decrease as

the branch content and the viscosity of medium increase.

The molecular weight influence on the initial crystal growth can be shown by
comparison of L10-O and H10-O with the same branch content. When the values of n are
compared at the same temperature (for example T, =103°C), the values n of L10-O (melt
index : 26.70), n=35.9, are higher than that, n=4.0 , of H10-O (melt index : 0.50). To

understand the relationship between the branch content and the viscosity is required.

5.2.1.2. Crystallization Process at Middle Stage.

The analysis of linear region around the reduced crystallinity 50% can give
information about the mechanism of growing crystal. The Avrami index n’ of the middle
stage of crystallization is smaller than n of the initial stage. The complicated geometries
of initial crystals converge to more simple geometries with time. Most crystal aggregates

are disks or spherulites, except for the H16-O at low crystallization temperature.
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+ Crystallization T Ef

The change of Avrami index n’ at the middle stage crystallization is less severe
compared to that of n at the initial stage except for H16-O. This means the morphology
change is small with temperature. In fact, the rate of crystallization increases linearly with

crystallization time.

* Branch Content and Molecular Weight Effect

As branch content in system increases, the Avrami exponent shows non-integer
values. The theoretically derived Avrami exponents were for the case of the simple
geometries such as sheaf, rod, disk and sphere whose dimension is uniform. The deviation
from integer value may mean that the geometry and dimension of the growing crystal is
not uniform. In fact, even a single spherulite in the system tends to show a different
growth rate in different directions. However, if there is the expulsion of the low molecular
weight molecules (LMWM) and defects such as branching points, branch ends, branches,
and main chain ends from the crystalline phase as a crystal grows, the growth front will
confront the different thermodynamic environments which cause the chemical potential to
change unlike before. Also the expelled defect fraction or low molecular weight molecules
may not be distributed equally on all growth front directions due to the viscosity of the
medium and the crystal growth cannot be uniform under the localization of LMWM and
defects. The less LMWM and defects on growth front, the faster crystal growth. This
uneven growth makes its geometry nonuniform, which may cause the non-integer Avrami
index. Therefore the high branched sample H16-O has a more deviated Avrami index. The

non-integer value indicates the actual system is not ideal.
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The molecular weight effect on the Avrami analysis of the branched polymer can
be analyzed by comparison of L10-O and H10-O. The geometry of low molecular weight
L10-0 is not sensitive to crystallization temperature and may be the uniform disk shape
geometry due to the integer value of Avrami exponent. On the other hand, the high
molecular weight H10-O has the non-uniform spherical shape at low crystallization
temperature and the non-uniform disk-like shape at high crystallization temperature. The

reason is not easy to understand.

The comparison of n and n’ for L10-O, H10-O and H16-O show the crystal

change from sheaf-like form to disk or spherical geometry as it grows.

5.2.2. Rate of Crystallization

* Molecular Weight Effect

The effect of molecular weight on the crystallization rate can be analyzed when a
branch content is fixed. When L10-O and H10-O are compared, the crystallization rate of
high molecular weight H10-O is lower than that of low molecular weight L10-O and the
crystallization temperature of H10-O shifts toward lower temperature. The difference
between the crystallization temperatures of low and high molecular weight polymer at
constant crystallization rate is about 20°C. The reason may be due to the chain mobility
since the chain must have a conformational change to transform from the amorphous state
to the crystalline phase. If we disregard the branch effect or assume the contribution of
the branch effect is equal due to the same amount of branch content, we can consider both

branched polymers like linear polymers. In this case, we can apply the reptation theory.
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According to de Gennes%, the entangled polymers can rearrange their conformation
through reptation process. The self-diffusion coefficient D of a single free chain P in a gel

is dependent on the chain length (or molecular weight) as follows:

D~ 1M? (52.2.1)

and the relaxation time required for complete renewal of the chain conformation

T~ M (52.2.2)

Also the long chain will have high friction coefficient {, =n{, on reptation causing the
rate of crystallization to slow. Here {, are the friction coefficients of the repeating unit,
n. High molecular weight H10-O needs more time for conformational change and its long
chain will cause higher friction coefficient. Therefore the crystallization rate is reduced

with molecular weight as shown in Figure 4.2.2.1. and 4.2.2.2. .
* Branch Effect

At constant crystallization temperature or supercooling, the highly branched
polymer chains have lower rates of crystallization. The branch effect on the reptation rate
( 7,p) is not well known theoretically. Relying on experience, branching may cause an
extra friction force during a polymer chain movement due to the junction point and bulky

side group. Side chains also possess their own frictional force. If we assume that they

contribute as a linearly independent manner, the total friction force f (n,n;,n;,n,,T) for

T >>T, can be expressed as follows:
Lmnam,n T =n-{ (1) + X n&(T)+ Y nl (T + d.nl(T) (5223)
i j k
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where n, n;, n; and n,are the number of repeating unit of the main chain, the number of
the branch chain with length i., the branching point and the branch end. And {,, {, {;
and {, are the corresponding friction coefficients. When we consider that the reeling-in
rate contributes to crystal growth, the rate of crystallization should decrease with

increasing branch content as following manner®’

Frepl(~ l/tvz) ~ fc/C,(n,T) (5224)
fo=Q/1")a, b.,(&)(éETQ,-AI) (5.2.2.5)

where f, is the mean force drawing the polymer chain onto the substrate that is

proportional to AG. (see Figure 4.2.2.1. and 4.2.2.2). Also as branch length increases,
the rate of crystallization will decrease. As branch length increases further the reptation
process becomes impossible causing no crystallization. Despite this quite empirical
explanation, we can reach the same expectation that there is no reptation process in the
case of the polymer chain with long enough branch using reptation theory developed for

explaining viscoelastic behavior of star shaped polymers.©6°

Crystallization temperature for a given crystallization rate shifts to lower
temperature with the branch content. This behavior can be rationalized using the
relationship (5.2.2.4) and equation (5.2.2.5). For the highly branched polymer chain to
be crystallized, the mean force, f., associated with crystallization should overcome the
total friction coefficient. Therefore, the low crystallization temperature (i.e., high
supercooling) is necessary for highly branched chain to be crystallized as long as the

crystallization temperature is above the glass transition temperature.
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5.2.3. Secondary Nucleation Kinetics

Another method to analyze the crystallization kinetics was developed by
considering the relative values of the rate of nucleus deposition, i( nuclei/cm/sec), and the
lateral spreading rate, g(cmj/sec), of the growing crystal face. Depending on i and g, three
Regimes may develop. In Regime I, g is much greater than i as a single surface nucleus
leads to completion of the substrate face and the overall growth (or crystallization) rate is
G, =i-g. In Regime II, both / and g rates are comparable, more surface nuclei are
involved in substrate completion and G, = b,(2ig)"*. In Regime III, i is greater than g and
the crystal growth rate G, is governed by the rate of deposition of nuclei. In this case,

G,, becomes again proportional to i.

There was extensive research conducted on bulk kinetics study of polyethylene. It
has been shown that there is a Regime I-II transition for linear polyethylene, and linear
low density polyethylenes (ethylene/1-octene random copolymers) obtained using
heterogeneous catalyst” and Regime III for crosslinked linear polyethylenes due to
elimination of reptation by Phillips et. al's. The main objective of this study is to use
copolymers with branches distributed randomly. The bulk kinetics of EO copolymers
produced using uniform site catalyst (a kind of metallocene catalyst) will be studied as a
function of molecular weight and branch content. The results will be compared to those of

copolymer fractions from heterogeneous catalystis by Lambert ez.al.”

The reciprocal half time 1/t,, (sec’) was used for the regime analysis instead of
the linear growth rate G(cm/sec) by Lauritzen-Hoffman” 7. This was verified by
Magill™ and then by many authors.#. 7. 7> Magill reported that there is a correspondence

between reciprocal half time and linear growth rate. Phillips et. al.,'s showed that values of
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oo, from reciprocal half time analysis can be compatible with those from linear growth

rate in the kinetics study of crosslinked polyethylenes, while Lambert et.al.,71 showed
the bulk kinetic data may not be used to estimate fold surface free energy ( 5,) but may be
used to determine regime transition temperatures. In this study the o, was obtained from

the Thompson-Gibbs plot.

5.2.3.1. By Reciprocal Half-time (1/t,, )

The regime analysis to understand the crystallization process is performed with
the rate of crystallization by reciprocal half-time (1/1,, ) in Figure 5.2.3.1, assuming the
heterogeneous (a) and the homogeneous (b) secondary nucleation. Of interest is the
experimental result that the plot of the homogeneous secondary nucleation shows the
same regime transition behavior as that of the heterogeneous nucleation. To know which
nucleation type is a reasonable process, the results of regime analysis such as the slope of
each regime and the surface energy were compared for both cases. When the ratio of
regime slopes is compared, L10-O is close to the theoretical value, K L(D/K,()=2.0 for
heterogeneous nucleation while H10-O is close to the theoretical one for homogeneous
nucleation. Superficially, this comparison can indicate the prevailing nucleation
mechanism. However when the values of oo, are considered, the values obtained from
the case of the homogeneous nucleation are non-sensibly large. Therefore, the assumption
of the homogeneous nucleation can not be applied in linear low density polyethylene even
allowing a large enough error range. According to Lambert and Phillips !, the kinetic
parameter such as o, may not be obtained from the bulk kinetics data, In fact, the values
of lateral surface energy o are much higher than the literature values (especially, in the

case of homogeneous nucleation, o values are unreasonably high) when the values of
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o, are obtained independently from the Thompson-Gibbs plot. The value of o, is
somewhat wide range from 30 to 140 erg/cm’7677.7% Ultimately the system of

homogeneous olefin copolymer should be controlled by heterogeneous nucleation. The

ratio, K, (I)/K,(II), deviates from the theoretical value. This deviation from theoretical

values may be due to the possibility that the system is not crystallized strictly by the

relative rate of / and g in each regime (see Table 5.2.3.1 and 5.2.3.2).

« Input Parameter Effect

Two different glass transition temperatures, T,=—40°C+" and T, =-125°C%,

obtained from the literature were used to check the importance of this parameter. As

expected from the secondary nucleation equation, the glass transition temperature does

not affect the regime transition behavior since the term of T, will contribute only to the
shift of the y-axis. The calculated results are shown in Figure 5.2.3.1 ~ 4 and Table
§.2.3.1 and 5.2.3.2) In a like manner, the value of the activation energy U* will not affect

the regime transition behavior but only the shift of the y-axis.

* Molecular Weight Effect

The observed regime I-1I transition (7;_;;) of L10-O and H10-O was observed at
96.5 and 97.5 °C , respectively. T;_; of low molecular weight sample L10-O is close to
T,_; of high molecular weight H10-O. However when the transition point was determined
from supercooling, the regime I-II transition supercooling, (AT),_, =38.1 °C, of low

molecular weight (L10-O) was observed as much as 3°C lower than that,
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(AT),_, =41.1 °C, of high molecular weight (H10-0O). Physically, the analysis by
supercooling is more reasonable based on the secondary nucleation theory. To understand
the molecular weight effect on the crystallization kinetics at fixed branch content, let's
think of classical reptation behavior of a polymer chain. The rate of reptation of a single
chain, so-called reeling-in rate, r(cm/sec), from the molten state to the substrate decreases
with chain length as well as the rate of surface spreading g(cm/sec). The comparison of
g with r is more easy to understand the reptation behavior of a single chain than with the
net nucleation rate, i(nuclei/sec- cm), because of the consistency of the dimension. Both
rate r and g have a known molecular weight dependence. The reeling-in rate r is faster as
much as about ¢ times than surface spreading rate g.” (Comment : Here the constant ¢
was 36 in Hoffman and Miller’s condition for linear polyethylene. These values may be
different in our sample and supercooling condition). The fact of r> g seems to be
reasonable due to the niche on the substrate which will reduce the thermodynamic barrier.
This may make the multiple nucleation possible leading to the physical phenomena of
regime II. However, this imagines depends on the substrate length (L). We can consider

two extreme cases, depending on the relative quantity of the distance, [, from an

arbitrary place at which a single chain starts to move to the substrate and the substrate
length, L : case (i) hpration 2 €L and case (ii) Vepiation << cL. The case (i) can cause the
surface spreading domination, since the faster r can not interrupt a polymer chain to
spread on the substrate due to the long traveling distance to substrate and the system will
have the same result with the regime I of the secondary nucleation theory. The case (ii)
may lead to multiple nucleation on the substrate with the same manner probably leading
regime III. Faster r will allow a single polymer chain to deposite on the

thermodynamically favorable location of substrate and shorter /,,,,,, than L will make a

reeling-in polymer chain interrupt the surface spreading of the already-deposted polymer

chain. As /

repiation | L 18 T€duced at constant L, the more polymer chains to be on the
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substrate, which creates more nitches. As more thermodynamically favorable nitches are
created the rate of deposition and growth rate will be accelerated. In fact, this bebavior can
explain the fact that the initial stage of the S-shape light intensity profile shows sharp
upturn at low temperature compared to that at high temperature. The regime II may be

between these two extreme conditions.

The unknown fact is the effect of molecular weight on the ! eprasion and L. If we can
calculate L experimentally, we can estimate /,,,,,,. Explanation is possible using the
linear growth rate. In this study the rate of crystallization (1/t,,) was used for the same
purpose. As shown in Figure 4.2.2.2, the rate of crystallization of H10-O is slow
compared to that of L10-O due to the increasing of frictional force with the chain length.
Phenomenologically, this slow rate of crystallization can be related to the slow reeling-in
rate r while g is still favored thermodynamically. The large supercooling that is the
necessary condition for high molecular weight to overcome the total friction coefficient
(see equation (5.2.2.5)) and the slow reeling-in rate r for high molecular weight (see
equation (5.2.2.4)) will cause the transition temperature T,_; to occur at a high

supercooling compared to low molecular weight.

* Branch Effect
Low branched H10-O has a higher regime I-II transition temperature

T,y =97.5 °C and lower transition supercooling AT,_; =41.1 °C than high branched
H16-O has T, ;, =84.0 °C and AT,_; =49.9 °C, respectively.
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This regime transition behavior of the branched polymer chain as a function of
supercooling can be understood as the same way with the molecular weight effect using
equation (5.2.2.3) ~ (5.2.2.5). Based on equation (5.2.2.3) and (5.2.2.4) the reeling-in
rate rnp for high branched chain must be slow or zero due to the large total friction
coefficient, {,(n,n;,n;,n,,T). For a single polymer chain to reptate to the substrate, it is
required for f_ to be larger than friction coefficient. Remember £, is the mean force
drawing the polymer chain onto the substrate and proportional to the supercooling.
Therefore, the high supercooling is necessary condition for high branched polymer chain
to overcome the total friction coefficient (based on equation (5.2.2.5)). Chose an
arbitrary temperature as regime transition temperature, the regime I-II transition
temperature T,_; for branched polymer takes place at low crystallization temperature and
high supercooling than linear polymer. Therefore, the highly branched H16-O has lower
crystallization temperature, T;_; =84.0 °C, and higher supercooling, AT, ; =49.9 °C,
than those, T;_; =97.5 °C and AT,_; =41.1 °C, of the low branched H10-O.

Of course, as temperature decreases, the friction force may be increased. Therefore

thr eeling-in rate depends on the relative contribution of {,(n,n;,n;,n,,T) and f.. Below a

certain temperature but above a glass transition temperature, if the contribution of

£,(n,n;,n;,n,, T) become much larger than f,, there is no reeling-in process.

A surprising fact is that the regime transition temperatures of this study are very
much lower than the literature values by Lambert and Phillips”. Their regime I-II
transition temperatures are almost the same with T, ; = 125.0°C of linear polyethylene.
Even if LLDPE with 22 hexyl branches/1000 carbons shows the regime I-1I transition
temperature just 2.0°C lower than that of liner polyethylene. The answer for this

behavior can be extracted from the discussion on the melting temperature of homogeneous
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and heterogeneous EO copolymers in Section 5.1.2. As described in earlier section, the
difference of both systems is the defect distribution. The former has heterogeneous and

the latter have rather uniform distribution of branches in chain (see Figure 5.1.2.2).

In the case of heterogeneous copolymer, the long A-sequence length will be
crystallized at high crystallization temperature, excluding the branch concentrated part.
This A-sequence part will behave similar to the linear polymer as long as A-sequence is
long enough. Therefore, the branch content of heterogeneous copolymer contributes little
to the regime transition temperature. On the other hand, the homogeneous copolymers
have the better even distribution (i.e., delocalization) of branch on the chain, which reduce
the A sequence chain length and lower the crystallization temperature. Therefore,
although the polymers have the same branch content numerically, the heterogeneous
copolymer is crystallized at high crystallization and the homogeneous copolymer
crystallized at much lower crystallization. The previous melting study for heterogeneous
and homogeneous EO copolymers also supports the importance of defect distribution on

crystallization process.

5.2.3.2. By Reciprocal Initial-time (1/t, )

One problem of kinetics study by measuring the transmitted light intensity is to
reach the constant light intensity at the final stage. Unfortunately, this requirement cannot
be achieved within experimental time scale since this region is related to the secondary
crystallization process, which is very slow process. An example of this kind problem is

shown above T, =106.0 °C in Figure 4.2.1.1. Normalized light intensity does not level

off due to relatively short crystallization time, about 1 hr. To avoid this problem the

177



initial time was tested and compared to the result from 1/z,, The regime transition
temperature obtained from 1/r; coincides with that from 1/1,,, . But the ratios of slopes for
regime I and II deviate more than those from 1/t,, analysis. However the values of o
obtained from the analysis of 1/, are similar to those from 1/, except for highly

branched H16-0. Therefore, the reciprocal initial time may be selectively used to confirm

the analysis of 1/t,, and may predict the regime transition temperature, thus avoiding

long crystallization times.

5.3. Equilibrium Melting Temperature, T,

The equilibrium melting temperature (T, ) of linear polyethylene is one of the

controversies in polymer physics, many studies having been reported. However, there is
inconsistency among literature values as listed in Table 5.3.1, although only the values
obtained from the plots of T, versus 1// are listed. In the case of random copolymers
the equilibrium melting point is depressed. Flory suggested that equilibrium melting point
depression equation in the case of complete exclusion of defects from the lattice forming
two phase(exclusion model). On the other hand, Sanchez-Eby derived the depression
equation in the case of uniform inclusion of defects in the crystal forming solid solution

(uniform inclusion model). Neither of these theories has been tested experimentally for

olefin type random copolymer due to the difficulty of obtaining T7. In the following

section, a systematics discussion on the study of 7T, carried out in this study is

m

described.
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5.3.1. Hoffman-Weeks Plots

There are two distinctive phenomena in the plot of T, versus T, for the EO
copolymers, which don’t obey the theoretical expectation. One is the case of the
anomalously high values of T, for H7-O and L10-O or the case that T, runs in the

identical slope with T, like the case of L18-O, causing no intersection point. Another is

the deviation from linearity giving rise to the curvature.

Overestimation and T» =7 *+¢

Let us think about the first case. The crystallization temperature region for
extrapolation is the high crystallization temperature that is closer to the equilibrium
melting temperature (or equilibrium condition) than the low crystallization temperature.
As mentioned in Section 2.5.2, when we consider that the Hoffman-Weeks plots were
derived for the case of low supercooling to satisfy the linear relationship between the
observed melting temperature and the crystallization temperature, the extrapolation region
chosen here is reasonable. The overestimation tendency for H7-O and L10-O may be due
to the inappropriate heating rate. As is well known, heating rate causes superheating or
lamellar thickening during heating process. A question is whether a heating rate 10 °C/min
used in this study is fast enough to prevent the thickening of thin lamellae or slow enough
to prevent the superheating of thick lamellae for all the samples. The thickening occurs
when the thermodynamically unstable thin lamella goes to the stable thick lamella. In this
case, if a heating rate is slow and a system stays long enough at a particular temperature,
the chance for a lamella to be thick will be increased and the melting temperature measured

actually becomes the melting temperature of the thickened crystal. Therefore the

180



measured melting temperature of a sample becomes higher giving rise to diverge from

T,=T..

Superheating may occur for a thick crystal due to the thermal lag. If a heating rate
10 °C/min is so fast, the inside of a crystallite is not the same thermal environment with
the outside of the crystal that is contact with the heating chamber and with the instrument
itself by reason of heat transfer. Correspondingly, the inside of a crystal will be melted
later, the measured temperature will be overestimated and the slopes in Hoffman-Weeks
plot become more stiffer causing the intersection shifts to higher or infinitely high

temperature.

The phenomenon of T, =T, +c, where ¢ =10 °C, for L18-O in Figure 4.3.1.2

have been also reported for the EO copolymers and the hydrogenated butadiene,® but the
reason has not been understood. Although the constant ¢ may be related to the molecular
reorganization, it is not easy to give the exact physical meaning on ¢ and to comprehend

why highly branched low molecular weight L18-O show this kind of tendency.

Curvature

An attempt to explain the deviation from linearity in the plot of T, versus T, was

done by Dalal et.al., for cis-polyisoprene.®!, based on equation (2.5.18). They claimed

Sl contributes as much as 10% to the lamellar thickness of cis-isoprene and suggested

that 8I(AH)(AT)/20, T, cannot be neglected. In our case, a high supercooling effect can
contribute to this term rather than lamellar thickness. In both cases equation (2.5.18) can

be expanded in a binomial series as shown in
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2
T =T _ﬂ{l_(‘m”{ )AT+(&AH.{) (AT)? —} (53.1.1)
14 20,T, 20,7,

For the case of /=1 (i.e. y=1) equation (5.3.1.1) reduces to the expanded form of

equation (2.5.16.) as shown by Alamo et. al.”. Taking only to second term in the

parentheses and using the necessary parameters, AH,, o, and T,, listed in the Table

5.3.1.1, the melting temperatures calculated as a function of crystallization temperature

are shown in Figure 5.3.1.1 and Figure 5.3.1.2 for high and low molecular weight,

respectively. The AH . for each copolymer were calculated using the equation
AH (pp)=55.9+0.1942T; (p;) - 7.2 X 107* T2 (p,): (53.12)

suggested by Dole and used by E. Martuscelli et. al 2. T, and o, were obtained from the

plot of the reciprocal lamellar thickness vs. the observed melting temperature (Figure
4.3.2.2 and Figure 4.3.2.3). Here &/ was assumed as 10A. The ratio of the lamellar
thickness to initial lamellar thickness, so called thickening coefficient ¥, was adjusted to
have the best fitting curve with the observed melting temperature and the values were
listed in Table 5.3.1.1. As B-counit increases the y decreases. This means that the
accumulated B-counits outside the crystalline phase, which were expelled from the lattice
during the crystallization process, play roles as obstacles for the copolymer

crystallization.

An arising general question is about the assumption(?) behind equation (2.5.18),

which y is temperature independent constant. This kind of question is always raised
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Figure 5.3.1.1. Observed and calculated melting temperatures ("C)
against crystallization temperatures (°C) for high molecular weight EO
copolymers.
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crystallization temperatures(°C) for low molecular weight EO copolymers.
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when a numerical value is obtained from the slope in an arbitrary plot. (For instance,
average fold surface energy from the slope of Thompson-Gibbs plot). When the fact that

annealing and defect behavior are dependent on the temperature is considered, y should

be a function of temperature.

Another factor causing deviation is the possibility of the change of the intra- and
the inter-sequence length distribution with crystallization time and crystallization
temperature as far as the copolymer does not have the same sequence length. This
phenomenon was studied in Section 4.1 and 5.1. For examples, the chains with large
sequence length between two branches will be crystallized first at high crystallization
temperature, at which the chains with small sequence length will be molten state. The
chains with small sequence length will be crystallized at lower crystallization
temperature. The change of sequence lengths on the way of crystallization will cause the
change of the thermodynamic properties of system. Even if the imaginary polymer
system consisted of uniform sequence length, the change of the chemical potentials(i.e.
partial molar quantity of Gibbs free energy), u; = (0G/on;), p., during crystallization (or
on melting) cannot be avoided, because of the change of B-counit content outside the
crystalline phase by inclusion and exclusion process of defects, as far as they are not
homopolymer. The different gradients in chemical potentials will cause the different

rearrangements of molecules. Finally, all these variables will cause deviation from the

linearity of the plot of T, versus T,. The ¥ should be a function of these all variables.
Therefore, the application of the plot of T, versus T, to the copolymer system seems to
be not reasonable. On the other hands, for the case of homopolymer that does not have
the sequence length distribution, the equilibrium melting temperature may be obtained

from the Hoffman-Weeks plot in spite of the arbitrariness of the melting temperature.
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In later section, this curvature will be used to study the defect location in system.

5.3.2. Thompson-Gibbs Plots

Because of the problems of Hoffman-Weeks plots described in the previous
section, reliable 7, for the EO copolymers could not be obtained. An more reliable and
reasonable method is to rely on the classical fact that melting temperature is a linear
function of the thickness of a single folded lamella, Thompson-Gibbs equation (equation

(2.5.14)).

The most important step of this work is to determine the lamellar thickness
precisely as well as the melting temperature. The ORNL 10m-SAXS with high resolution
power was used and the SAXS intensity was measured at isothermal crystallization
temperature (Detail experimental methods were described in Chapter 3). When we
consider that SAXS intensity profile results from the average of the whole crystal
thickness, to include the thin lamellar thickness due to the quenching process will cause a
reduction of the number average lamellar thickness compared to when the thin lamellae are

removed. In other words, the reason we measured the SAXS intensity at 7T, is to avoid

the discontinuous lamellar thickness distribution effect(see Section 4.1 and 5.1)

crystallized below T, during quenching process. In other words we want as narrow a

lamellar thickness distribution as possible. Sometimes, the separating point in DSC

melting thermogram does not coincide the crystallization temperature T, of oil bath. In

this case, the temperature at which the DSC melting thermogram separates was chosen for
the measurement of SAXS intensity. Figure 5.3.2.1 shows an example of the DSC

thermograms where the peaks are separated at the center of crystallization temperature.
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SAXS intensity was measured at this separating point. The lamellar thickness was
obtained by analyzing the SAXS intensity profile using the 1-dimensional correlation

function.

The T, s obtained from Thompson-Gibbs plots (Figure 4.3.2.1 ~ 4.3.2.3) are
listed in the last column of Table 5.3.2.1. The T, of linear polyethylene depends on the
molecular weight. High molecular weight H-LPE has high T° =142.6 °C while medium
molecular weight M-LPE does low T, =141.3 °C. The molecular weight dependence is
also shown between the branched polyethylene H10-O (7 = 138.6 °C) of high molecular
weight and L10-O (T, =134.5 °C) of low molecular weight. This molecular weight

dependence will be discussed in the later Section 5.3.3 independently.

The observed melting temperatures of EO copolymers decrease linearly as number
average lamellar thickness decreases as shown in the plot of observed melting temperature
against reciprocal number average lamellar thickness. Mentioned in Section 5.3.1, the
thickening coefficient decreases with branch content in the system, which demonstrates
that branches prevent lamellae from becoming thick. Thompson-Gibbs plot, however,
shows the lamellar thickness is not the only factor controlling the melting temperature. At
fixed lamellar thickness the melting temperatures of low branched samples (for example,
H10 and H16 of Figure 4.3.2.2 or L10-O and L18-0 of Figure 4.3.2.3) are always higher
than those of highly branched samples. This may be due to defects in the crystalline
phase. Incorporation of some defects in the crystalline phase causes the distortion of
chain regularity which make the secondary force between chains weak and leads to a

lowering of melting temperature even at the same lamellar thickness.
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Of interest is the case of linear polyethylenes. Despite a branch-free system, T,
of high molecular H-LPE is higher than that of M-LPE at constant lamellar thickness (see
Figure 4.3.2.1 and 5.3.3.2). Only defect in linear polyethylene is the chain ends if H-LPE
and M-LPE are truly branch-free state). This leads us to realize the importance of chain

ends on morphology, crystallization behavior and melting behavior.

The possibility of defect incorporation into the crystalline phase will be described

in the Section 5.3.5.

5.3.3. Molecular Weight Effect

5.3.3.1. Equilibrium Melting Temperatures of Linear Polyethylenes from

Literature

The equilibrium melting temperatures of linear polyethylenes, which were
determined from the Thompson-Gibbs equation, have been reported as shown in Table
5.3.1. If the values obtained from other methods were added, much more equilibrium

melting temperatures can be shown?®3.

Despite the fact that only the equilibrium melting temperatures obtained from
Thompson-Gibbs equation were collected, all the values are different from each other.
Except for the value by Bassett ef. al., the values in Table 5.3.1 originated from the
analysis of small angle X-ray scattering (SAXS) intensity. The lamellar thicknesses by

these authors were obtained from Bragg's peak of SAXS intensity (or Bragg's peak with

Lorenz correction). Among these values, T. by Martuscelli & Pracella is not
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recommended for comparison since Thompson-Gibbs plot were constructed using long

period (L) instead of lamellar thickness (/).

Of interest is T,, of Basset et. al. They used the gel permeation chromatography
(GPC) to get the stem length, which is the synonym with lamellar thickness, of the etched

samples.

The purpose of this Section 5.3.3 is to check whether there is a molecular weight
(MW) effect on T, or not. Unfortunately, most literature do not mention molecular
weights of their samples clearly. Maybe they seem to disregard the MW effect, or to
think their material have high molecular weight enough to satisfy the level-off region (see
Figure 5.3.3.4) of Broadhurst or Flory and Vrij analysis whose region is not very
sensitive to MW. Even Bassett ez. al. who knew well the molecular weight effect on T°
constructed Thompson-Gibbs plot including the melting temperatures of all the samples

that were fractionated with MW (Figure 2-a in reference 84). They reported

T, =142.0£0.3 °C for linear polyethylenes. Regenerated plot using their data is shown
in Figure 5.3.3.1 and the value of T is T7 =140.8 °C. There is an inconsistency of
about 1.0 °C. A similar approach was used by Illers & Hendus®. T° =141.0£0.5 °C
was suggested from the plot of T, vs. 1/! including melting points of linear
polyethylenes that were measured by several authors. Wunderlich et. al., obtained

T, =141.0 °C using a very slow heating technique in the dilatometer to reach the
equilibrium condition.® These values are lower than Flory-Vrij 's value, T, =1455°C.
To understand the inconsistency of values, we need to check MW effect on equilibrium
melting temperature. If MW affects equilibrium melting temperature, the melting
temperatures obtained from different molecular weight ranges cannot be used to construct

Thompson-Gibbs plots since they will cause decreasing or increasing true equilibrium
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Tm (°C)

145.0
o) Tc =130.0 ~ 130.7 °C
[ ° Tc=1279~1283°C
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140.0 O a Tc=1248~125.1°C
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o' | Tc=119.8 ~ 120.2°C
| A quenched
135.0
1300
125.0
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120.0 - ' . . L
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(stem length)! by GPC, nm!

Figure 5§.3.3.1. Plot of peak melting points against reciprocal stem
length using the data by D. C. Bassett et. al., (Proc. R. Soc. Lond. A377,
39 (1981)).
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melting temperatures, where true equilibrium melting point means the one obtained from

narrow MW distribution and same MW range.

Considering MW effect on T, the data (Table in Appendix reference 84) by
Basset et. al., are reanalyzed in the following Section 5.3.3.2 and compared to the results

of this study.

5.3.3.2. Determination of T, of Linear Polyethylenes as a Function of Molecular

Weight

5.3.3.2.1. Using the Data of D. C. Bassett et. al.

The only literature that shows the molecular weight of samples was that by
Bassett et. al(Table in appendix of reference 84). They fractionated the two linear
polyethylenes, Rigidex 140-60 and Rigidex 50, and bulk-crystallized each fraction at
different crystallization times and temperatures. Using the crystallized samples after
nitration. mass average chain lengths of etched samples were determined using GPC. #87
As mentioned earlier, since they did not analyze the data as a function of MW, their data
were re-analyzed to obtain T, as a function of molecular weight. To obtain enough data
points, similar molecular weights were grouped and the average MW of each group was
taken as shown in Table 5.3.3.1. The corresponding plots of T, against reciprocal stem
length are shown in Figure 5.3.3.2. Intercept points which reflect 72 ’s are clearly raised
as MW increases. This can be explained by the possibility that the higher molecular

weight of the sample the longer is the extended chain that can be obtained. The highest
value (T, =144.1 °C) is close to Flory-Vrij's value (T =145.35 °C). Of course, the fact
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Table 5.3.3.1. Molecular weights* and corresponding equilibrium melting temperatures.

Averaged
Fractions M. M. MM, #.),, M), | T CO
L12 20,900 12,600 1.66
LM5 26,000 19,800 1.31 23,500 16,200 139.0
LM10 29,600 20,000 1.48
M12 30,700 22,800 1.35
H12 37,300 29,300 1.27
MM10 36,500 29,200 1.25 33,500 25,300 139.1
HM10 43,600 35,400 1.23
LM6 47,500 32,600 1.45
LM11 51,800 29,800 1.74 47,600 32,600 139.6
MC7 60,200 47,500 1.27
MCé6 61,300 46,000 1.33 60,800 46,800 -
MCS8 71,500 58,800 1.22 - -
Hi5 111,000 51,400 2.16
MM11 126,000 72,400 1.74
Hil0 156,000 55,100 2.83
Hi6 156,000 77,100 2.03 137,300 64,000 142.1
HM11 442,000 222,000 1.99 - 144.1
Whole polymer
|
Rigidex 140-60 53,900 16,800 3.21 - -
Rigidex 50 67,800 11,600 5.85 - 140.4
Marlex 5 91,800 12,200 7.55 - -
Manolene 6003 134,000 20,800 6.44 - -
Rigidex9 170,000 11,300 15.1 - 141.4
HO20-54P 231,000 28,200 8.21 - -
Hifax 1900 > 2,000,000 - - - 142.9
Hostalen G.U.R. | ~ 4,000,000 - - - -
Birmingham 2 |< 6,000,000 - - - .
HDPE
This study Tm® "C)***
e e———]
M-LPE 77,600 38,200 2.03 - 1413 £ 1.0
H-LPE 101,300 53,900 1.88 - 142.7 £ 0.7

*) fraction 5, 10, 11, 12 extracted from Rigidex 50.

fraction 6, 7, 8 extracted from Rigidex 140-60 (D. C. Bassett et. al. Proc. R. Soc. Lond. A377, 25 (1981)).
**) analyzed in UT using the data in the appendix by D. C. Bassett et. al., Proc. R. Soc. Lond. A377, 39 (1981).
***) measured in this study from the plot of melting temperature vs. reciprocal lamellar thickness.
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Figure 5.3.3.2. Plot of melting temperatures against reciprocal stem
length at indicated molecular weights, reanalyzing the data by D.C.
Bassett et.al.
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that we used Flory-Vrij value for comparison does not mean Flory-Vrij's value is

absolutely right. This will be discussed in Section 5.3.3.4.

5.3.3.2.2. From This Study

Two T,s of linear polyethylenes with two different molecular weights and

narrow molecular weight distribution (=2.0) were obtained in this work from the

relationship of T, and lamellar thickness ! (see Figure 4.3.2.1). Lamellar thickness was

measured from SAXS intensity analysis by 1-dimensional correlation function. The T, of

linear polyethylene with Mw = 77,600 is 141.3°C and that with Mw=101,300 is
142.7°C (see Table 5.3.2.1 or 5.3.3.1).

The prediction that there is MW effect on T, of linear polyethylenes, which has

guessed only from melting temperatures of n-alkanes, has been experimentally proved
through the this section. Using the systematic study of T on linear polyethylenes, an

m

empirical equation to predict T, of linear polyethylenes is suggested in the following

section.

5.3.3.3. Empirical Estimation of 7, for Linear Polyethylenes

Equilibrium melting temperatures (7) discussed in previous Section 5.3.3.2

showed a strong MW dependence. Since T is the temperature at which infinitely large

crystal melts and infinitely large crystal will be obtained from the infinite MW, if we

know T.'s of linear polyethylenes with MW, we can get the equilibrium melting
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temperatures for infinite MW by constructing the plot of T, versus reciprocal MW and
taking an intercept. Here an arising question is what kind of MW is appropriate for this
analysis. Most reliable MW is absolute MW from scattering experiment. Unfortunately,
our MW was obtained using GPC. The molecular weight from GPC is not absolute but
relative one to that of standard sample. Simple test for chosing appropriate MW can be
carried out considering low molecular weight chains as impurities, since polymers always

have some amount of low molecular weight chains.

Table 5.3.3.2 demonstrates well the effect of impurities of low MW. Last two
columns are the index3® to show degree of deviation from MW of pure polymer. The
lower the MW of impurities becomes the less the average MW becomes. For example, in
the case of the polymer of M =100,000g/mole, even 1% of impurities with
M =500g/mole causes M, = 33,400 while M. =99,000 . The degree of deviation from
the MW of pure polymer, which is M/M,=2.99 for number average MW and
M/M. =1.01 for weight average MW. Number average MW is much more sensitive to
the content of low MW in system even though that the amount is less than 1%, while
weight average MW dose not much deviate from MW of pure polymer. Therefore the
actual polymer MW may be distorted even if small amount of impurities exists in
polymer system. Table 5.3.3.2 shows as increasing low molecular weight in system the
index, M/Mn, for number average MW ( M.) is increased sharply while that, M/Mw, of
weight average MW (M., )is still around 1.0. Therefore M. is thought more reliable than

M, Weight average molecular weight from GPC was used for constructing the plot of T,

versus reciprocal molecular weight.
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T, as a function of MW is shown in Figure 5.3.3.3, using the data listed in Table

5.3.3.1. The empirical equation to estimate T° as a function of M. is as follows:

T (°C) = 144.42 -2.302 x 10° Mi (533.1)

w

The equilibrium melting temperatures of two low MW groups were not

considered in this plot because of severe deviation. Equation (5.3.3.1) make it possible to

predict T, as a function of MW. The T, obtained from the intercept is 144.42 °C within
the error range of Flory-Vrij value, T, =145.35+1.0 °C, obtained from the analysis of n-
alkanes.

At this time it is necessary to review Flory and Vrij analysis and to compare it

with equation (5.3.3.1) for finite MW region, although T° for infinite MW between

Flory-Vrij equation and equation (5.3.3.1) is similar within 1 °C error limit.

5.3.3.4. Modification of Flory-Vrij Equation

As introduced in Section 2.5.3, Broadhurst and Flory and Vrij developed

independently the semi-theoretical equations to estimate the T2's of linear polyethylenes

as a function of chain length based on melting thermodynamics and melting temperatures

of n-alkanes. But the values obtained from their analysis never have been compared to the

values of T, determined experimentally for real polymer system.
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Figure 5.3.3.3. Equilibrium melting temperatures against reciprocal

molecular weights.Solid and dotted lines are the values calculated with
Flory-Vrij equation and modified equation (5.3.3.7), respectively.
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Usually, the melting temperature, T, (n), of n-alkanes has been expressed in the

following well-known form under the assumption that the heat of fusion and the entropy

of fusion are a linear functions of chain length #.

n+a
n+b

T, (n)=T, (5.33.2)

where a and b are fitting constants and the melting temperature of equation (5.3.3.2)
converges to the given equilibrium melting temperature as chain length n approaches
infinity. Equation (2.5.24) that includes the nonlinear entropy contribution term RlIn(cn)
of the chain ends can be rearranged in the form of equation (5.3.3.2) with the constants a
andb

AH, - (AC,, /2T,

= 3h —(Ac; T (5.3.3.3)

- L
AH“—(ACP/2)T:
_ B nACp_nACp', _T,(n)
x{(AS, AC,,)+ Rln(n) ( > > )(1 —-———T: )} (5334

Ignoring the second order term on the right hand side of equation (2.5.24), the simplified

form results follows:

T, (=T,(n))
AHC
"M, -~ (AC, )T
-7 e (6339)
m - P(1__"m n
e TS {Rln(n)+ASe T )}
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where AH, =-2150cal/mole, AS, =2.45cal/mole/K, AC,=10cal/mole/K, and
AH, =950cal/mole were estimated by Flory and Vrij (ref ) for the case of
T, =418.5K(145.35 °C), and equation (5.3.3.5) has the same form as shown by

Hoffman and Miller %

n-2.903
n+0. 565{1.987 In(n)+2.45-0.5a(1-T,, (n)/4l8.5)}

T,,(n)=418.5~[ } (53.3.6)

where chain length, n, of n-alkane is a degree of polymerization for linear macromolecules,
and n=M/14.03 for linear polyethylene. (Comment : There is a mistyped number,
2.093, of equation (32) in reference 90 (Hoffman and Miller, Macomolecules, 21,3038, 1988).

The constant 2.903 on the numerator of equation (5.3.3.6) is correct value).

The rearranged Flory-Vrij equation has been constructed by assuming that the
enthalpy is a linear function of chain length and that the entropy term due to the
destruction of paired end group on melting is not a linear function of chain length but
Rln(cn), unlike that by Broadhurst.?! Later Hay modified the Flory-Vrij equation,
changing the entropy term Rln(cn) due to the uncoupling of terminal units in the
molecular crystal with RIn[n(n —1)/2].92 This new entropy term was obtained assuming
the end groups are excluded from the crystalline phase and, on melting, these end groups
penetrate into the region that was crystalline before melting. This penetration causes the
increasing of entropy. However, Mandelkern and Stack®* critically reviewed the equation
modified by Hay. They claimed the entropy changes during the melting process were
oversimplified and the basic model to be imagined by Hay, which assumed the terminal
units are excluded from the crystalline region, cannot describe the n-alkane crystal

properly, because the n-alkanes form molecular crystals within which the terminal units
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are paired. There is also an analytical difference. Flory and Vrij expanded the free energy
AG, whereas Hay expanded AH, and AS, in Taylor series, respectively. It has been
known that these separate expansions do not give the correct temperature dependence of
free energy of fusion. Even if the analytical error on expansion in the Taylor series was

corrected, the value of T, was still too high (151.0°C given by Mandelkern and Stack,

1985).

Therefore, in order to evaluate melting temperatures of n-alkanes for the case of
T, =1im T, (n)=144.42 °C determined in this study, the Flory and Vrij’s original
assumption have been used. The parameters for the Flory-Vrij equation were modified to
obtain a best fit to the melting temperatures of the m-alkanes with
T, =1imT, (n)=144.42 °C. Using the following input parameters, AH, = 960cal/mole
rather than AH, =950cal/mole ,AH, = -2090cal/mole, AS, =2.45cal/mole/K, and
AC, =1.3cal/mole/K , the modified Flory-Vrij equation is given:

n-3.0352

T2 (n) = 417.57-
n+0.6064{1.987In(n) +2.45 - 0.65n(1 - T3 (n)/417.57)}

} (5.3.3.7)

The calculated melting temperatures were obtained with Flory-Vrij equation
(5.3.3.6) and the modified equation (5.3.3.7). Equilibrium melting temperature of linear
polyethylene is still a controversy and its accurate determination is important for the
evaluation of many physical and thermodynamic properties. Two equilibrium melting
temperatures, T, (n — o) =145.35 ° by Flory and T (n — o) =144.42 °C in this study,
were compared by extrapolation method to the measured melting temperatures
CiHy ~ CooHy, compiled by Broadhurst®4, ref. Flory and Vrij), CyH,,
(7,=119.05°C) and C,,,Hy, (T,=121.05°C)*, and C,g,Hy (T, =127.50°C)%" of the
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n-alkanes (with an orthorhombic crystal structure). (Here, Celsius temperature scale was
obtained from Kelvin temperature scales by relationship of T(°C) = T(K)+ 273.15. Some
values may be different with the literature values due to the temperature conversion).
Equation (5.3.3.7) gives an average deviation — 0.06 °C and a standard deviation 0.49 °C
whereas equation (5.3.3.6) gives —0.35 °C and 0.50 °C in the range of n=11~192.
When we restrict our analysis to the n-alkane melting data, n =11~ 100, used by Flory
and Vrij, equation (5.3.3.6) gives less standard deviation 0.37 °C compared to that
0.44 °C of equation (5.3.3.7) while the average deviation of equation (5.3.3.6) and
(5.3.3.7) is - 0.26 °C and 0.03 °C. When only the high n-alkane region, n =50 ~192,
was considered, the average and the standard deviation were —0.27 °C and 0.68 °C for

Flory-Vrij equation and 0.20 °C and 0.58 °C for modified Flory-Vrij equation.

Of interest is the condition when T, (K)=414.3(n—-1.5)/(n+5.0) by
Broadhurst®!, which was obtained with the T,,'s between C,H,, and CH,, and the
assumption that the heat of fusion and the entropy of fusion are linear function of chain
length, the melting temperature converges to the 141.5°C with good fitting result in spite
of its poor theoretical backgrounds. This was interpreted as due to an accidental

cancellation of error by Wunderlich et. al.%

Equation (5.3.3.7) was checked using the observed T, of only n-alkanes that
form the molecular crystal. Figure 5.3.3.4 shows the observed and the calculated T, of
n-alkanes. In fact, the T,, of n-alkane molecular crystals are equal to the corresponding T°
based on the fact that they form fully extended zigzag conformations. There are no
molecular weight and crystal chain length distributions in the molecular crystal. On the
other hand, Wunderlich et. al. added the etched single crystals and the crystals prepared

under the condition of slow cooling at high pressure to the high MW region and concluded
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Figure 5.3.3.4. The observed and the calculated melting temperatures
of n-alkanes. (dotted line; with 145.35°C by Flory & Vrij, solid line;
with 144.42°C in this study)
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141.45°C as T, of linear polyethylene.s Even though the T, ’s of higher molecular weight

crystals will give us more reasonable extrapolation to infinite crystal and their
experimental conditions were controlled to reach equilibrium condition, if they still have
different crystal thicknesses along the c-axis due to the molecular weight distribution of
original polymers, the Flory and Vrij’s or Broadhurst's methods cannot be applied
correctly in that case because those extrapolation methods have been developed on the
strict basis of orthorhombic n-alkanes that have uniform chain length. Recently, the n-
alkane with longest chain length, dononacontahectane C,,,H,,, was synthesized by Lee
and Wegner 7 by the oxidative oligomerization of an o, ® —diethynylalkane with 24

carbon atoms and its melting temperature was reported as 127.5°C 8. The observed

melting temperature of this n-alkane and fitting curve using T, (n — o) =145.35° is
shown in Figure 5.3.3.4. The experimental data of n-alkanes by the C,,,H,,, are close to
the extrapolation curves obtained from equation (5.3.3.6) and equation (5.3.3.7) which
were constructed with T, (n — o) =145.35 ° and T, (n — ) =144.42 °C, respectively.
However, as repeating units go behind C,,,H,;, equilibrium melting temperatures
calculated from Flory-Vrij equation deviate from the melting points of n-alkanes. Figure
§.3.3.4 and 5.3.3.5 clearly show that the melting temperatures calculated from equation

(5.3.3.6) deviate more than those of equation (5.3.3.7) in the range of longer chain length.

Stack ef al.(1989) reexamined the Flory-Vrij analysis adding the melting point of

CiyHy and found the value 144.5°C is in apparent good agreement with experiment.

However, they also suggested that the partial melting of n-alkanes, being a disruption of

chain end (—CH,)of n-alkanes as a prelude to final melting, can cause deviation from the

model of the molecular crystal. However this study supports the value of

T,(n—>)=144.42°C that is in the low limit of the Flory-Vrij value,
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T, (n— ) =145.3511.0 °C. Finally the results of this study and Stack et al., lead us to

reach the fact that Flory-Vrij value may be overestimated as much as about 1.0 °C even

though we don’t know the exact melting process.

Looking back on Figure 5.3.3.3, let’s compare the values between the theoretical
and the empirical equations. The values of the T, determined experimentally and
calculated using Flory-Vrij and modified equation are summarized in Table 5.3.3.3. The
values from Flory and Vrij are not sensitive to MW whereas those from equation
(5.3.3.1) are quite dependence to MW as shown in Figure 5.3.3.3. In addition the values
from the Flory-Vrij analysis are higher than the experimental values even if the modified
Flory-Vrij equation is used. The T, (n) of linear polyethylene that was obtained from the
intercept in equation (5.3.3.1) was 144.42C being lower by as much as 0.93%C than
the,145.35 °C, of Flory and Vrij who reported 418.5+1K for equilibrium melting
temperature of linear polyethylene. The conversion factor 273.15 was used to convert

Kelvin scale to Celsius scale. Equation (5.3.3.1) of this study is more sensitive to the

MW effect on T, (n) than Flory-Vrij equation.

5.3.4. Defect (or Branch) Content Effect

So far we have considered the MW effect on T, (n) of linear polyethylene. Now
let's go to the defect effect on T, . The equilibrium melting point depression equation was

developed independently without regarding MW effect. However as shown in Figure

$.3.4.1, T, of EO copolymer depends on molecular weight for low defect content. T2 of

high molecular weight samples are higher than those of low molecular weight samples in

the region of less than 1% defect fraction. This means the molecular weight effect needs
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Tm® (°C)

145.0

135.0

130.0

125.0 — — .
0 0.005 0.01 0.015 0.02 0.025

Ps

Figure 5.3.4.1. Equilibrium melting temperatures of LPE (square) and
EO copolymers (circle; high Mw, triangle; low Mw) as a function of
branch point mole fraction at the indicated weight average molecular
weight (k=1000 g/mole; closed circle stand for Tm"® calculated with
equation (5.3.3.1)).
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to be considered in addition to Flory's equation for copolymers. Flory did not consider
molecular weight effect on equilibrium melting point depression of random copolymer.
The best way to avoid the molecular weight effect is to use samples with same molecular
weight. Since this requirement cannot be satisfied easily in experimental condition, we
need to correct molecular weight effect with equation (5.3.3.1). When we look through
the samples with high molecular weight, the molecular weights of copolymers are in an
acceptable range, M, = 98,400 ~ 102,700 and M, = 43,600 ~ 48,800. On the other hand,
M., of linear polyethylene is in the acceptable range but M, shows higher than the range.

In spite of the fact that M, of linear polyethylene are in the range, we used averaged

molecular weight due to the difference of M. The averaged (M. )., for high molecular

weight is 100,550 and similarly (M), for low molecular weight is 53,400.

Shown in Figure 5.3.4.1 are the T, s of the EO copolymers as a function of the
MW and branch content, together with those of the linear polyethylenes. the T's
determined experimentally and calculated using equation (5.3.3.1) at zero defect amount
(i.e., at the origin) are shown in open symbol and solid symbol, respectively and other
closed circles and triangles are experimental values determined in this study. The
alphabets in parentheses are explained in Table 5.3.4.1. The 7. of EO copolymers
decreases slowly with branch content up to 1.0% and sharply beyond 1.0%. It also

shows a strong MW dependence as well as a branch content dependence at low branch

content. As branch content increases further, the T, for high and low MW falls on the

same extrapolated fitting line (broken line). This suggests that the MW effect becomes

weak and the defect effect dominates T, of the copolymers. In summary, the following

relationship can be expressed
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for low defect content in copolymer

lim 7, = f(n,pp)

pp=1.0-0

for high defect content

lim 7. =f(ps)

Py=l.0de0

The equation to predict 7, of EO copolymers as a function of defect content for
high molecular weight (M. =105,000 ~ 94,000, M./M,=2.15) in the range of

Ps =0 ~0.024 is given as follows:

T°(°C) = 142.16 - 207.62 p, —1.7057x 10* p? (5.34.1)

and for low molecular weight (M. =46,000~60,000, M./M.=2.15) in
ps=0~0.018

T°(°C) = 140.36 — 455.99 p, — 2.780 x 10° p’ (5.3.4.2)

In p, =0.018 ~0.024, equation (5.3.4.1) is recommended. Equations (5.3.4.1) and
(5.3.4.2) correspond to (I) and (J) in Figure 5.3.4.2.

An interesting point is whether Flory's equilibrium melting point depression
equation is right or not. As we know, there have been no experimental values to evaluate

Flory's equation. Often the plots of melting temperature against defect content were done,

included theoretical values obtained from Flory's equation. If T,, is not measured in the
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Tm’ (°C)

145.0

135.0

130.0

125.0

0.005 0.01 0.015 0.02 0.025
PB

Figure §.3.4.2. Equilibrium melting temperatures of LPE (square) and EO
copolymers of low Mw as a function of branch point mole fraction at the
indicated weight average molecular weight (k=1000 g/mole; closed circle
stands for Tm"® calculated with equation (5.3.3.1)).
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condition of equilibrium, their approach can not evaluate Flory's equation. In the

following Flory’s plot, T, versus pg, for random copolymer is analyzed and discussed.

Figure 5.3.4.1 that is Flory’s plot constructed in this study makes it possible to
evaluate Flory's equilibrium melting point depression equation. The uppermost solid line

(a) was obtained by classical analysis (Mandelkern et. al., used Flory-Vrij's value and it

will cause 1.0 C more deviation from experimental values) with T2 (n — o) = 144.42 °C
of equation (5.3.3.1) which is T, of infinite molecular weight and is 2.0 °C higher than
the experimental values. We can understand this problem easily based on MW effect.
Since the samples in this study have not infinite MW, it is necessary to correct MW
contribution. No theoretical methods have been developed to correct MW and defect
effects simultaneously within the limit of our knowledge. Empirically, Flory’s equation

(2.5.1) can be expressed to correct the MW effect as follows:

1 1 R
To(npy) Ta(n) '_(Mu)‘l"(l'Pn) (53.43)

where p, is a sequence probability of non-crystallizable structure unit B in the

copolymer system which represents the branch point mole fraction. When the equilibrium
melting temperature T, (n — o) =144.42°C of infinite MW was used, the theoretical
values give the highest deviation (a) from the experimental values (e). When the Flory-
Vrij equation to correct MW was used, the calculated values (b) are still higher than the

experimental results (e). However, when the values from equation (5.3.3.1) are used
instead of those from the Flory-Vrij equation, with T (n) =142.12°C for the averaged
(Hw)m =100,500 of a series of high molecular EO copolymers, or the T?(n)s obtained

as a function of each MW, the calculated T:(n,p;)s, (d) and (c), coincide with the

experimental values (e) up to 0.01 branch sequence probability p; (i.e., less than 1.0%
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branch point mole%). As branch content increases further, the values calculated from
equation (5.3.4.3) deviate from the experimental values. The reason can be understood as
follows: Flory’s equation was derived under the assumption of the complete exclusion of
defects from the crystalline phase. Since the hexyl branch is flexible and it is possible to
rotate around single bonds, branch chains may obtain partial crystallographic register.%.
10 In the following section, our results will show that a small number of defects can be
dissolved in the crystalline phase and the amount of inclusion increases as the branch

content increases, similar to results of Hosoda ef a/.1°° On the basis of the assumption

that the extrapolation of the high supercooling region can predict the T for complete
inclusion at the intersection of the T, versus T, plot !, the possible maximum number
of defects with equation (5.3.3.7) was estimated for f=1 as follows: H10-O has 1.1
defects per 1000 carbons and H16-O has as much as 3.02 defects per 1000 carbons in the
crystalline phase. Inclusion lower than that of H10-O is small enough to maintain a well-
ordered crystalline phase and to satisfy the exclusion model. Therefore, for less than 1.0%
branch content, the Flory equation can be used. As the branch content of the copolymer
increases, more defects enter the crystalline phase violating the approximate exclusion
condition. This may be one of the possible reasons why Flory's equation works well at
low defect content and does not work at high defect content. Exclusion and inclusion

transition point seems to be defect content of 1.0 % according to Figure 5.3.4.1.

The T, behavior above high defect content (i.e., >1.0%) can be explained by
considering the location of the defect. For high defect polymers inclusion of the same
defect is not negligible. For example, H16-O has defects as much as 0.1% (1 defects per
1000 carbons or 7.9 defects for M., =100,500) in the crystalline phase. (This values will
be shown in Table 5.3.5.1 of section 5.3.5). As enough defects are placed in crystalline

phase (inclusion model), it will make the secondary force weak and lower the equilibrium
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melting temperatures. The T, behavior at the higher branch content permits the Sanchez-

Eby equation to be tested. The reexpressed Sanchez-Eby equation incorporating

molecular weight effect is as follows:

1 __1 _Rp e B o Brs 81 } < 2as
T, (n,ps) T,(n) AH, {RT:("'PB) (1-B)+BInp (5.3.4.4)

where € and f stand for the excess free energy due to the defect inclusion and the degree
of the defect incorporation. The values of € were calculated from the Hoffman-Weeks
plot and the method used by Morra et al 19! Theoretical values depend on the equilibrium
melting temperatures of linear polyethylenes. The calculated values using the
T, (n— =) =144.42°C from equation (5.3.3.1) and the T.(n — =)=14535C o f
Flory-Vrij equation are shown as (f) and (g), respectively. If we use the equilibrium
melting temperature of a finite chain length n , the calculated values will be lowered from
() or (g) by as much as the difference between T, (n) and T.(n — o), causing deviation
from experimental values. Here 10-O was calculated for both models and an extrapolation
was taken between 0.016 and 0.024. The slope has roughly a similar tendency to that of
the experimental values. However, there is still a difference between experimental and
calculated values. Also it is not understood why the value (g) calculated using the Flory
-Vrij value is closer to the experimental values (e) than that (f) using
T, (n —> o) =144.42°C from T, versus /M., which was concluded in Section (5.3.3.4)
to be the more reliable value. In fact, the Sanchez-Eby equation needs 5 parameters for
correct analysis. If one of these parameters includes large error values, evaluating the
Sanchez-Eby equation correctly is impossible. As B-counit increases in copolymer
system, the inclusion possibility of B-counit into the crystalline phase will increase and

the possibility that B-counits are not isolated in the crystalline phase will increase.
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Finally, it will violate the condition that the B-counits in the crystalline phase are
isolated, which is assumed by Helfand and Lauritzen for deriving the melting point
depression expression of copolymer with B-counit. Therefore, within the error range
0.93C Sanchez & Eby's uniform inclusion model can roughly predict the equilibrium

melting temperatures at high defect content (1.6% < P <2.0%).

The behavior of low molecular weight materials is not as clear as that of the high
molecular weight materials because of the lack of experimental data in the range less than
1.0 % defect content. If we can shift the T, (n,p,) of copolymers as much as T (n) of
linear polyethylene from high to low molecular weight, the Flory plot of low molecular

weight will show the same behavior as that of high molecular weight.

Before leaving this section, It is worth mentioning that Flory and Sanchez-Eby
theories did not include the existence of the interfacial layer between the crystalline and
amorphous phases. The deviation from Flory and Sanchez-Eby theories may be due to
the contribution of interfacial layer on the melting. Of course, including the contribution

of interfacial layer thickness for theoretical development of T° may be mathematically

intractable. The study of interfacial layers will be given in the SAXS section.

5.3.5. Analysis of Defect Location and Content

It is helpful to know the location of the defects to understand the melting behavior
of a system as well as the morphology. In order to calculate the excess free energy due to
defect incorporation in the crystalline phase, equation (2.5.6) assuming complete

inclusion of defects into the crystalline phase, or equation (2.5.12) assuming equilibrium
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condition, can be used since we already know the composition p, of B-counit in a

copolymer and the observed enthalpy of fusion AH(p;). Critical is the determination of

the equilibrium melting temperatures for each case, T, (p; . = p;) or T,(ps. = p;). The

starting point is the curvature of Hoffman-Weeks plots.

Morra and Stein'®! used the Hoffman-Weeks plot to obtain the T, (p,, = p,;) and
T, (ps,. = P.,) of the head-to-tail structure PVF, with the head-to-head units considered

as defects in melting study of PVF,/PMMA blend system. The Hoffman-Weeks plot of

PVF, a-crystal form shows two different slopes depending on the crystallization

temperature (Hoffman-Weeks plot were studied in previous Section 4.3.1 and 5.3.1).
From the intersections of the T, of the copolymer crystallized from low T, and high T,

the corresponding T, (ps. = py) and T, (p, . = p.,) were obtained. (Here, the low T, and

the high T, region means slope region below and above the curvature).

Such slope changes between the low and high T, regions of the Hoffman-Weeks

plots were also observed for the EO copolymers when a broad crystallization

temperature range was studied (Figure 4.3.1.1 and Figure 4.3.1.2). Even though
T, (py, = pp) from the low T, region can be obtained, the Ty (p,, = p.,) from the high

T, region cannot be obtained. As shown in the Figure 4.3.1.1 and Figure 4.3.1.2, at the
high T, region that is close to the equilibrium condition, the intercept temperatures of
some copolymers show higher temperatures than even that (144.42 °C obtained in
Section 5.3.3) of linear polyethylene and also the Figure 4.3.1.2 show the parallel
relation between the observed melting temperature and the crystallization temperature,

T, =T, + const, where const.=10°C. Alternatively, The intercept, T2 ( Ps. = Psy), from

high supercooling region rather than low supercooling was obtained, since the intercept

temperatures of some copolymers H7-O and L10-O at the high T, region that is close to
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the equilibrium condition show higher temperatures than even that of linear polyethylene

as shown in the Figure 4.3.1.1 and 4.3.1.2. Assuming complete inclusion (8=1),

equation (5.3.4.4) becomes

1 1 £ Py
T,(n,ps.=py) T,(n) AH,-T,(n,p,)

(5.3.4.5)

The values of ¢ and B can be determined from equation (5.3.4.4) and (5.3.4.5)
depending on 7, of linear polyethylene for both infinite and finite molecular weight. The
parameters related to inclusion of B-counit in crystalline phase are given in Table 5.3.5.1.
An interesting fact is that the values obtained experimentally are within the theoretical
ones, 35.59~56.52 KJ/mole, calculated by Scherr et al'® for isolated defects such as a
kink or a Renecker defect and 23.0~ 54.0 KJ/mole for branched molecules.!® This means a
part of hexyl branch includes into the crystalline region in spite of its large molecular
volume. Hay et al. suggested that some hexyl branches include into the crystalline lattice
because flexible n-alkane unit can be the planar zigzag form in the crystalline lattice by a

rotation of the C-C bonds.%: 1%

A point required in scrutinizing Table 5.3.5.1 is that the number of defects
increases outside the crystal as well as inside the crystal as branch content increases in
copolymers. Both defects located inside and outside of the crystal phase control the
melting temperature. A possible physical explanation, without relying on the theoretically
suggested equation, is as follows. For the defect to be in crystal some extra energy is
required. When highly branched propagating chain adds comonomer (1-octene) favorably
over monomer (ethene), due to the difference of monomer reactivity, defects can be
localized. The chains in a defect localization region cannot overcome the energy barrier

and must be expelled from the crystalline phase while isolated defect have more
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possibility of incorporating into the crystalline phase. DSC thermogram analysis
(Section 4.1 and 5.1) supported the possibility of some defect localization even in
homogeneous EO copolymers. The defects accumulated outside the crystal prevent the
lamellae from thickening and the crystal becomes thin, which leads to melting point
depression whereas the defects in the crystalline phase make a distorted crystallography

and the secondary force weakens, also contributing to melting temperature depression.

It is important to consider further whether T, (p, = p,) obtained from high

supercooling region of a Hoffman-Weeks plot is really the equilibrium melting

temperature for equilibrium inclusion of defects in the crystalline phase. In other words, a

question is if the slope of large supercooling region in the plot of the T, versus T, can
represent the T, of the state at which the content of B-counit incorporated in lattice is
equal to the total content of B-counit in copolymer. To solve this question, return to
equation(5.3.4.5), and focus on the degree of incorporation of B-counits in the lattice, 3.
As mentioned earlier, 8 should be unity for complete inclusion and § be zero for

complete exclusion. The equilibrium melting point depression plot as a function of defect

content is shown in Figure 5.3.5.1 (a) and (b) using T° for M, 5 e and

M, =100,000g/mole, respectively. No matter where B-counits are located in system,

the equilibrium melting point depression should pass through an origin in Figure 5.3.5.1
on extrapolatihg, since there must be no equilibrium melting temperature depression,
/T, (n,ps)—1/To(n— ) and YT (n,p,)-1/T:(n), when there is no B-counit. The
equilibrium melting temperature depression data, 1T (n, p, ) —1/T2(n = =), indicated
as closed symbols for f=1 do not pass through the origin as shown in linear fitting result
(upper heavy solid line). The equilibrium melting point depression calculated with the

excess free energy £ =37.3 ~18.2 does not show the proper correlation of each data

point although it goes through origin. Of course, the experimental error on measuring T
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or extrapolating the melting temperature to intersection point in Hoffman-Weeks plot can

be considered, but the errors of more than 10°C are required in order to satisfy the above

condition. As a consequence, when T, in the large supercooling region are extrapolated to
T,, the intercept cannot represent T, (p;. = py) properly, suggesting that each case

corresponds to less than =1,

When T, of copolymers determined from Thompson-Gibbs equation were used,
the linear fitting results of equilibrium melting point depression data pass through an
origin within an error limit and all these experimental data are between two extreme
conditions, except for H7-O and H10-O of Figure 5.3.5.1 (b), that one is Flory's
exclusion model, S =0, and another is perfect inclusion model, f=1. The degree of
inclusion, 3, of the isothermally crystallized EO copolymer is 0.00 ~ 0.30 (the average
degree of inclusion is 8 =0.19 and 8 =0.09) when ¢ is 37.3 ~ 28.90KJ/mole, depending
on T, of linear polyethylene (see Table 5.3.5.1). The equilibrium melting point
depression plot is another version of Flory’s plot (Figure 5.3.4.1 and 5.3.4.2) showing
inclusion and exclusion behavior. When T2 =142.1 °C for M, = 100k is used, equilibrium
melting point depression values of H7-O and H10-O are on the theoretical values of
Flory’s complete exclusion model demonstrating H7-O and H10-O follows complete
exclusion model. As defect content increases further, the values of 1/T7(n, p;)—1/T2(n)
deviate from f3 =0, the case of Flory’s exclusion model. This means the EO copolymers
with high defect content, 0.18 2 p,%.1.0, do not obey both the perfect exclusion and the
perfect inclusion models, but the uniform inclusion model between two extreme models. If
whole branch length cannot be accommodated in crystalline phase, it is still possible for
branch points and branch ends (methyl groups) to enter the lattice causing lattice

distortion.
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/Tm’(n, p,) - /Tm’(n— oo)

3.0E-04 B
20E-04
1.0E-04 |-
0.0E+00
0
Pp
Figure 5.3.5.1. (a) Equilibrium melting temperature depression

with defect content of EO copolymers. (Tm’(n — o) = 144.4°C for
infinite molecular weight). (Tm"(n,p,) from SAXS (open symbol) and

Hoffman-Weeks (closed symbol)).
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1/Tm’(n, pg) - 1/Tm’(n)

B=1
AL
'4 N\
3.0E'04 = ) /I I. J /
2.0E-04
1.0E-04
0.0E+00
Ps
Figure 5.3.5.1. (continued) (b) Equilibrium melting temperature

depression with defect content of EO copolymers. (Tn"(n) = 142.1°C for
Mw = 100k) (Tm’(n,py) from SAXS (open symbol) and Hoffman-Weeks

(closed symbol)).
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The experimental fact that f=0.00~0.30 obtained from isothermal
crystallization is less than the = 0.42 evaluated from the quenched LLDPE with hexyl
branches using £ = 83.6 KJ/mole after fuming nitric etching of the quenched LLDPE with
hexyl branches * supports the earlier theoretical idea that inclusion-favorable mechanism
at high supercooling and exclusion-favorable mechanism at low supercooling occurs in the

system with defect if Hay et. al.,” results are correct.

5.4. Morphology Study Using Small Angle X-Ray Scattering

5.4.1. Room and high temperature behavior

In this section the effect of temperature effect on SAXS behavior will be
discussed. As shown in Figure 4.4.1.3 and Figure 4.4.1.4, the reason why the first
maximum peak position and intensity of samples with the same melting temperature
113.5 °C are different can be understood by considering the measurement temperature of
SAXS. One sample was crystallized at 102.0 °C and another at 104.0 °C for 24 hours.
Unfortunately, the melting peaks of both these samples do not separate at crystallization
temperature unlike those of the other samples. The melting thermograms of both samples
show a single melting peak with a shoulder above 89.7 °C and 92.8 °C, respectively. The
SAXS was measured at 90.0+1°C for the former and at 93.0 *1°C for the latter.
Therefore a small crystal portion relating to the gap of 3.0 °C can contribute to the
lowering of average lamellar thickness for the former while the small crystals have melted
in the case of the latter causing the number average lamellar thickness increase. In fact, as
listed in Table 4.3.2.1 the lamellar thickness (I =62.0 A ) of the sample crystallized at
104.0 °C is higher as much as 1.7 A than when crystallized at 102.0 °C even though they
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have the same melting temperature. However this degree of difference did not affect to the

value of T, estimated from the statistically stable Thompson-Gibbs plot.

5.4 2. Lamellar thickness from 1-dimensional correlation function.

The thickness of the crystalline phase can be obtained in the physical domain (i.e.,
real space) by using Fourier transform of reciprocal space. Here we encounter a dimension
problem. One of the purposes of this study is to estimate the length of the long range
order rather than the volume. In this case, only chain direction f(x,0,0,) is more
important than other directions f(x,y,z,). Both the Fourier transforms are shown in
Figure 5.4.2.1. One-dimensional correlation function (1-DCF) shows a distinctive first
maximum that is the long period (L). On the other hand, the first maximum from the
three-dimensional correlation function (3-DCF) is obscure. Also the slope of 1-DCF is
two times steeper than that of 3-DCF as expected in equation (2.6.29). Physically, these
behaviors of both functions can be easily understood using the schematic diagram of
Figure 5.4.2.2. In the case of a simple lamellar stack, the electron density difference
n(x)=p(x)-p along the chain direction, i.e. perpendicular to the lamellar surface, is
more obvious than 7(r) = p(r)—;_) of all the directions in symmetrical space. In other
words, the periodicity along the chain direction (i.e., length direction) is more
distinguishing than that of sum of all other direction. Logically, in order to measure the

length of a system, 1-DCF must be used.

The behavior of the normalized 1-DCF for the quenched LPE and EO copolymers

is shown in Figure 5.4.2.3. The first maximum (Long period) and lamellar core thickness
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Figure 5.4.2.2. Schematic diagram showing the dimension concepts for correlation

function using ideal two phase system.
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(d,) decrease with increasing defect content. This behavior is due to the role of the

defects in preventing lamellar growth. Figure 5.4.2.4 is the 1-DCF of H-LPE crystallized
with different time and temperature, obtained from room temperature SAXS intensity
measurement. Figure 5.4.2.5 is the 1-DCF of H-7-O from in-situ experimentation.
Constructing of the Thompson-Gibbs plot to obtain T requires that melting temperature
be obtained as a function of lamellar thickness. Both Figure 5.4.2.4 and 5.4.2.5
demonstrate the fact that the thick crystals melt at high temperatures. Even a small
melting temperature change is reflected in the 1-DCF. However, not all the samples show
a good relationship between melting and reciprocal lamellar thickness. Highly branched
samples such as H16-O, H17-O and L24-O deviate from this relationship (see
Thompson-Gibbs plot of Figure 4.3.2.2 and 4.3.2.3). The reasons of deviation may be
due to that melting temperature is related to heat of fusion as well as lamellar thickness, as
defects are included in crystals. The defects placed in the crystals make the secondary

force weak between molecules and the melting points decrease.

5.4.3. Tail (Porod’s) Region Intensity

The intensity of high scattering vector region is related to the background intensity
and is called Porod’s region. This background region contains information about the
electron density fluctuation of a system due to the non-uniform phase and is required to
be corrected in order to obtain accurate interfacial layer thickness because of their
opposite scattering behavior. The following describes the methods to treat this

background intensity.
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Extrapolated and Observed Intensity

The intensity of high scattering vector ¢ region is necessary to obtain the
intensity of g = oo region for 1-DCF as well as quantitative analysis using the invariant.
Figure 4.4.3.1 shows an example of the intensity measured at Sm and 1m, respectively,
for L39-O quenched to ambient temperature. SAXS profile from Sm shows a distinctive
Bragg maximum while that from 1m shows a scatter from the beam stop around the

corresponding region.

To know whether the actually measured background intensity reaches to zero
intensity or follows Porod’s law, the Porod region of Figure 4.4.3.1 was magnified as
shown in Figure 5.4.3.1. The intensity (a) obtained from Sm shows severe intensity
fluctuation around ¢ =1.0 nm™ and (b) from 1m geometry relatively statistically stable
intensity. At higher scattering vectors, g =17 nm™, the observed intensity does not
reach zero intensity, violating Porod’s law. More highly magnified SAXS background
intensity profile is shown in Figure 5.4.3.2 and does not decrease with Porod’s law but
upturns. This kind of positive deviation of background intensity is known to be due to

heterogeneity of electron density in a system. 104

To measure the intensity of tail region requires that the SAXS geometry be
changed to 1m, requiring the recalibration of SAXS equipment and twice measurement for
one sample. To avoid time and labor, we can apply a simple extrapolation technique. If
the system is ideal, the intensity in the tail region decreases with Porod’s law. However,

most polymer systems deviate from Porod’s law. This deviation occurs because the

polymer system consists partly of electron density fluctuation and transition layer




03

02

I(q)

q(nm-1)

Figure 5.4.3.1. An example (sample; L39 quenched in ambient air) of
the observed and the extrapolated background intensity. (see Table
5.4.3.1 for symbols)
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Figure 5.4.3.2. SAXS intensity profiles measured at room temperature

3.0

and calculated background intensity of L39-O quenched in ambient

temperature.
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thickness. In fact, most our samples deviate from Porod’s law. Therefore we can simply
apply Porod’s law to the non-ideal case as

i L s (@)= K, [ (543.1)
where n is an adjustable parameter to produce the best fitting results around the tail
region and becomes n = 4 for ideal system. Using tail region intensity from 5m geometry
and equation (5.4.3.1), the extrapolated intensity is shown as (c) of Figure 5.4.3.1 and it
coincides with the scattering profiles from 1m geometry up to ¢ =1.7 nm™'. Beyond this

scattering vector, the observed intensity increases rather than decreases while the

extrapolated intensity (c) decreases with ¢™".

The positive deviation of SAXS intensity (see Figure 5.4.3.2) at high ¢ can cause
underestimation of the interfacial layer thickness and overestimation of the invariant. The
correction of the background intensity due to electron density fluctuation can be

performed using Vonk or Ruland’s empirical equation (equation 4.4.3.2 and 4.4.3.3).

Vonk method requires to construct a plot of I,, (¢) versus ¢* as shown in Figure 5.4.3.3

and Ruland method to plot In7,, (q) versus ¢’ as shown in Figure 5.4.3.4. The

calculated positive intensity for both methods matches the observed intensity, as shown
in Figure 5.4.3.2. The intensity /(0) at zero scattering vector by Ruland method gives a
little higher 7(0) than that by Vonk method. The intensity extrapolated using background

corrected intensity and equation (5.4.3.1) is given as (d) in Figure 5.4.3.1,

Table 5.4.3.1 is a summary of the analysis conditions and results of Figure

4.4.3.1 and Figure 5.4.3.1 ~ 5.4.3.4.
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Figure 5.4.3.3. Plot to correct electron density fluctuation with Vonk’s
empirical equation (sample L39-O quenched in ambient temperature).
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Figure 5.4.3.4. Plot to correct electron density fluctuation with Ruland’s
empirical equation (sample L39-O quenched in ambient temperature).
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It is important to know the effect of background correction on the quantitative
results. For this purpose, the invariant was calculated with four different conditions listed
in Table 5.4.3.1. The invariant Q obtained from condition (d), having electron density
fluctuation corrected, was chosen as a standard value for comparison. The background
correction from both Vonk and Ruland methods contributes to invariant values, 1.55 and
1.54 1/cm-nm?®, with the degree less than 1.0%. This quite small difference between both
methods does not influence the comparison with other values. When only the scattering
profiles from 5m geometry are used (i.e., condition (a)), as expected, the invariant is
underestimated as much as 29% compared to the value of condition (d) due to the lack of
high scattering vector region. When condition (b) is used to compensate the missing
intensity of high g region, which is actually measured intensity from 1m geometry, the
invariant is overestimated as much as 190 % due to the positive deviation of background.
Condition (c) that is a practical applicability causes the invariant to be overestimated
about 12 %, although the numerical values are very close to each other (1.55 from (d) and
1.73 from (c)). Case (d) is the best condition for quantitative analysis such as calculation
of invariant or interfacial layer thickness if the background intensity can be obtained with
statistic stability. Also because the intensity of this study was absolute intensity, it is

possible to obtain isothermal compressibility.

Figure 5.4.3.5 shows the behavior of unnormalized 1-DCF for various cases given

in Table 5.4.3.1. The intercept of the slope dy1/dx of the “self-correlation triangle” that
represents an invariant depends on the intensity at high scattering vector.62 Case (a)
shows a shoulder around x =10 nm that is at the same location as the long period, which
makes the determination of long period difficult. Case (b) creates many damping peaks
losing physical meaning although the whole profile follows the other correlation function

behavior. This effect is due to a Fourier ripple caused by the intensity fluctuation at high
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q. This Fourier ripple effect can be removed effectively as shown in Case (c) and (d)
when the high intensity region is extrapolated with equation (5.4.3.1) using proper fitting
parameter. This is due to the smoothing effect to the correlation function by extrapolated
intensity. To obtain the long period or lamellar thickness, the condition of (c) and (d) is
recommended. Case (d) is the best condition to obtain the invariant. However to have the
best resolution in the Bragg and Porod regions, the high scattering vector region requires
independent experiment at 5m and Im SAXS geometry. In practice Case (c) is more
pragmatic than Case (d) since only the scattering vector from 5m geometry is necessary.
In fact, the slopes around the self-correlation triangle region and the first maximum of

Case (c) and (d) appear identical in Figure 5.4.3.5.

5.4.4. Electron Density Fluctuation and Invariant

The fundamental theory of scattering due to density fluctuations is well
established 103, 106 107 [p this section, the electron density fluctuation is related to
morphology. The perfect crystal lattice without thermal vibrations will have zero-density
fluctuation. However, a lattice or system with defects will have density fluctuation. The

following is an application of these concepts to EO copolymer system.

The EO copolymers may have a certain amount of defects in crystalline phase.
These included defects make the electron density of crystalline phase irregular (as shown
schematically in Figure 4.4.3.1 ). The more defects in a crystalline phase, the higher the
electron density fluctuation the system must have. The zero-scattering vector intensity

1(0) should be increased with defect content due to the relation
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o

1(0) = p*kTp, (5.4.4.1)

where p and B; are the mean-electron density of an object and the isothermal
compressibility. k is the Boltzmann constant and T the absolute temperature.
Experimentally, I(0) can be determined from Vonk’s method (equation 4.4.3.2) and
Ruland’s method (equation 4.4.3.3). Figure 5.4.4.1 shows the observed background
intensity and the calculated intensity by using both methods for LPE and EO
copolymers. The observed intensity of M-LPE does not show the positive deviation

unlike that of EO copolymers. An alternative method to estimate the electron density

fluctuation component, Fl,, is given by 108
L.(9)-q'=K, -H(9)+Fl,-q* (5.4.42)

The slope of I,,(q)-q* versus g* represents the electron density fluctuation. Figure
§5.4.4.2 shows that the slope becomes steeper as comonomer content increases
representing the increase of electron density fluctuation. The three methods show similar
results, as shown in Figure 5.4.4.3. The Vonk and Ruland methods cannot be

differentiated from each other graphically.

Figure 5.4.4.4 shows the component FI, obtained from Figure 5.4.4.2 as a

function of defect content. If H-LPE without defects in system has constant electron

density in crystalline phase, assuming the chain ends are expelled from crystal, we can

subtract Fl, from those of EO copolymers. By performing this procedure, at least we can

remove the common Fl, of H-LPE and EO copolymers. According to Rathje et. al.,199,

the electron density fluctuation depends on the crystallinity and temperature. Their data

showed that as crystallinity decreases, FI, increases linearly. The sample of zero
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Figure 5.4.4.1. The observed and the background intensity obtained
using Vonk(broken line) and Ruland(solid line) empirical equation for
M-LPE and EQO copolymers.
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Alternative plot to estimate electron density fluctuation
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Figure 5.4.4.4. Electron density fluctuation components for LPE and EO
copolymers without and with subtraction of FI, of H-LPE.
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T

‘ crystallinity showed the highest FI,. Their results have the same trend as Figure 5.4.4.4.
It is not clear whether component Fl, is dominated by defects in amorphous phase, by
the crystalline phase with defects, by the interfacial layer or all of them. To solve this
problem, the electron density difference between the amorphous and crystalline phases

was obtained from invariant, density, and baseline analysis of 1-DCF.

The invariant as a function of defect content is shown in Figure 5.4.4.5. Since the
electron density fluctuation was removed from the system, the calculated values can
represent the mean square electron density deviation, (p, —p,)?, of the sample. Since the
calculation step to obtain electron density difference from the invariant duplicates work
of Strobl 62, only calculated results are listed in Table 5.4.4.1. The electron density
difference, p, — p,, decreases with comonomer content and similarly the density of the
crystal core and the amorphous phase decreases with defect content as shown in Figure.
5.4.4.6. In fact both p_ and p, decrease with defect content, but the decrease in p, is
larger than that in p,. Qualitatively, a crystalline phase with defects contributes to high
Fl, . The decrease of p, means that the crystalline phase is not perfect and has a certain
degree of defects in crystal. The Fl, of H7-O and H10-O is close to M-LPE and H-LPE,
respectively, suggesting few defects in crystalline phase. This parallels the result of the
Flory plot as the Flory copolymer equation that assumes exclusion of defects can apply
up to p; =1.0% for homogeneous EO copolymers. The primary purpose of this section

was to find a method to confirm the inclusion and exclusion result of section 5.3.5.

Conclusively, the results of FI, and p, —p, from SAXS correspond to the earlier result.

Temperature effect on FI, must be measured as a function of temperature for the

sample quenched or crystallized at a particular temperature. However, Figure 5.4.4.7

constructed using H-LPE crystallized isothermally as a function of time and temperature
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Figure 5.4.4.5. Invariant, Q(mole-el*/cm®), as a function of defect
content for quenched LPE and EO copolymers.
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Figure 5.4.4.6. Electron density (mole el/cm 3) of crystalline ( p_) and

amorphous (p,) phase for quecnhed LPE and EO copolymers as a function of
defect content, assuming a two-phase model. Indicated arrows represent the

corresponding theoreical values.
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Figure 5.4.4.7. Electron density fluctuation component ( Fl,) as a function
of temperature for H-LPE crystallized at various temperature.
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can roughly demonstrate the temperature effect because FI, was measured in-situ. The

increase of Fi, of H-LPE with temperature may be due to the increasing amorphous part

and thermal vibration of lattice.

5.4.5. Interfacial Layer (Diffuse Phase Boundary or Transition Layer) Thickness

It is of interest to study the possibility of the existence of the third phase in a
semi-crystalline polymer system consisting of crystalline and amorphous phases. For this
purpose, the SAXS intensity pattern was studied systematically. Detailed theoretical
background was described in Section 4.4.3. In this section, the effects of background,
defects, crystallization temperature, time and temperature of SAXS measurement on the

interfacial layer thickness will be discussed.

5.4.5.1. The Effect of Background Correction

Figure 4.4.4.1 and Figure 4.4.4.2 showed the change of negative slope with
background correction. The numerical values of Table 5.4.5.1 demonstrate the
underestimation of the interfacial layer thickness when the background effect is not
corrected. Although the Vonk and Ruland empirical equations cause a little different
background intensity as shown in Figure 5.4.3.2, the correction by both methods does
not affect the numerical values when values rounded off. Most EO copolymers, however,
showed an underestimation less than 1.0 A when the background was not corrected. The

Q
maximum underestimation observed in EO copolymer system was 1.5 A. For example,

L10-0 (T,=110°C, t =11days) showed A=39 A and A=54 A in the case
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without and with I, correction, which causes 28% underestimation. Despite its large

percentage of underestimation, the difference of the absolute values is quite small and
does not affect the physical interpretation of the interfacial layer thickness. With
increasing interfacial layer thickness the degree of underestimation is reduced simply for
numerical reasons. For example, an interfacial layer thickness higher than 10 A tends to
have less than 6% underestimation. Although the existence of transition layer, A = 33A
and T=7.6 A for L39-O is detected after background correction, the chosen slope is not
clear compared to other samples (see Figure 4.4.4.3 and Figure 4.4.4.4). Therefore there
is a reliability problem and the value of A= 3.3A is small enough to reflect a sharp phase
boundary between crystal and amorphous phase. When the semi-sigmoidal model is
applied to estimate transition layer thickness (T), the background correction effect is

much reduced due to the relatively large value of T compared to A.

5.4.5.2. As a Function of Defects for Quenched Samples

The transition layer thickness of the quenched LPE and EO copolymers was
determined as a function of defects at room temperature. Figure 5.4.5.1 and 5.4.5.2 show
the interfacial layer thicknesses A, T and E estimated with sigmoidal-gradient, semi-
sigmoidal gradient and linear gradient models, respectively. These A, T and E values
decrease with increasing defect content. However the interfacial layer thickness of LPE is
lower than those of EO copolymers up to py(%)=24. Even if the background due to
electron density fluctuation is corrected, the tendency does not change. The decrease of
interfacial layer thickness is accelerated at high defect contents. Passing p,(%) = 24, the
phase boundary of the highly branched EO copolymer, 1.39-O, becomes thinner than even

that of LPE. This must mean that the boundary phase between crystalline and amorphous
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Figure 5.4.5.1. The effect of background intensity (I,,) correction on the

interfacial layer thickness A(IU\) assuming sigmoidal-gradient model.
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Figure 5.4.5.2. Interfacial layer thicknesses, A, T, E (A) obtained by
using various models, sigmoidal-, semi-sigmoidal- and linear gradient
models, as a function of defect content for LPE and EO copolymers
quenched in ambient temperature.
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phase disappears as defects increase in the system, contrary to expectation. Moreover,
the result of this study is an opposite trend compared to literature data for TREF
fractions of a heterogeneous EO copolymer!!® For comparison the literature results of
Defoor et.al., the interfacial layer thicknesses, E(.f\) for quenched samples were obtained
assuming the linear-gradient model of Figure 4.4.4.3. Figure 5.4.5.3 shows the opposite
behavior clearly between interfacial layer thickness of this study and Defoor et.al. Also
the E(A) of this study is higher than that of their study. Why does this occur? They
explained the effect in terms of crowding of defects rejected from crystalline phase
causing the increase of the interfacial layer thickness due to packing, borrowing Alamo et.
al.’s results that the relative interfacial content determined analyzing Raman internal

modes increases rapidly with increasing defect content.1!!

The earlier results(see Table 5.3.5.1) of this study suggest that more defects are
rejected from crystalline phase as well as increasing inclusion of defects with increasing
the defect content of copolymers. Both this study and literature results (Alamo e. al.,1!1)
support the accumulation of defects outside the crystalline phase. But there is a
contradiction of interfacial layer thickness behavior between this study and literature in
spite of the fact that the defects are expelled from the crystalline phase. The slope change
in Figure 4.4.4.3 and Figure 4.4.4.4 is too distinct to be considered due to experimental
error. An fundamental reason may come from the fact that both EO copolymers have a
different defect distribution in a copolymer system. The EO copolymers of this study are
homogeneous copolymers consisting of homogeneous B-counit distribution while those of
Defoor et. al,, are the TREF fractions of heterogeneous copolymers still consisting of
heterogeneous B-counit distribution (see Figure 5.1.2.2). Although Defoor et.al., used the
TREF technique to obtain more homogeneous chain microstructure based on their

description, it is impossible to obtain a uniform intra-distribution of B-counit from a
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chain consisting heterogeneous intra- distribution although the heterogeneity of inter-
distribution of defects can be reduced. The defect distribution may be the main reason for
the oppositing transition layer thickness trend. We need to understand two experimental
results shown in Figure 5.4.5.3, using defect distribution in the system if defect
distribution is a main reason. First is to understand the result that the E(;\) of
homogeneous EO copolymers is higher than that of heterogeneous EO copolymers. And
second is to understand the behavior that the E(K) of homogeneous EO copolymers
decreases with defect content while that of heterogeneous EO copolymers increases with
defect content. This behavior may be due to the statistical contribution of defects in the
transition layer thickness. It is not suitable to generalize the explanation that crowding of
defects at interfacial layer causes to increase transition length. Let us think about the case
of homogeneous EO copolymers. The estimation of interfacial layer thickness using
SAXS was developed assuming an electron density gradient from crystalline to
amorphous phase. To satisfy this condition, the electron density of the transition layer
must be higher than that of amorphous and lower than that of the crystalline phase. As
defects increase in an imaginary transition layer, the entropy in this region increases but
remains lower than that of amorphous phase. In this case the interfacial layer thickness
increases. Further increasing of defects (hexyl branches, branches end or/and branch
points) will give rise to an increase in the entropy as much as in the amorphous phase,
making the electron density of the transition and amorphous phase ultimately identical.
Therefore the system will have sharp phase boundary. Another morphological parameter
governing interfacial layer is the lamellar thickness fluctuation at the crystal surface. As
more defects are distributed outside the crystalline phase, the crystal thickening is
restricted due to defects and may not occur at all. Therefore the homogeneous EO
copolymers will have a uniform lamellar thickness as defects increase, accumulating

defects outside the crystalline phase. For this reason, the interfacial layer thickness will
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decrease with defect content. On the other hand, the heterogeneous EO copolymers have
a localized distribution of defects having long crystallizable A-sequences. In this case,
thickening occurs in the long A-sequence length but not in short A-sequence. At low
branch content, most A-sequences are long enough to be considered similar to the chain
length of linear polyethylene (LPE) and will be crystallized in the same manner as LPE.
At high branch content, short A-sequences will be increased. The increased short A-
sequence chain will cause the lamellar fluctuation with long A-sequence chains. If this
explanation is reasonable, the interfacial layer thickness should as low as in LPE. As
localized defect content increases, the interfacial layer thickness increases due to the

severe lamellar fluctuation.

An unsolved problem is why the interfacial layer thickness of homogeneous EO
copolymers is higher than that of heterogeneous ones at low contents. This beavior

requires more study.

5.4.5.3. As a Function of Crystallization Time

Figure 5.4.5.4 and 5.4.5.5 illustrate the effects of crystallization time on the
interfacial layer thickness, A and T, of EO copolymers, using SAXS profiles measured at
room temperature. As crystallization time increases, the interfacial layer thickness
decreases. However, the interfacial layer thickness of the low branched sample (e.g., H6-
O) increases with crystallization time (.) in the case measured in-situ, while it decreases
during room temperature measurement (Figure 5.4.5.6 and Figure 5.4.5.7). This
contrasting behavior may be due to the role of small crystal and lamellar thickening

fluctuations. The rate of thickening must be different for chains with and without defects.
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Figure 5.4.5.4. Interfacial layer thickness (A) determined at ambient
temperature as a function of crystallization time for EO copolymers
crystallized at indicated T ¢. (closed symbol is the corresponding A

quenched in ambient air).
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Figure 5.4.5.5. Interfacial layer thickness (T) determined at ambient
temperature as a function of crystallization time for EO copolymers
crystallized at indicated T c.(closed symbol is the corresponding T

quenched in ambient air).
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Figure 5.4.5.6. Interfacial layer thickness ( A) as a function of
crystallization time.H7-O and H16-O were crystallized at 113 °C and
100 °C, respectively. Open and closed symbols indicate the room and
the in-situ measurement of SAXS intensity.
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Figure 5.4.5.7. Interfacial layer thickness (T') as a function of

crystallization time.H7-O and H16-O were crystallized at 113 °C and
100 °C, respectively. Open and closed symbols indicate the room and
the in-situ measurement of SAXS intensity.
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Certainly, the rate of thickening for a section of defect-free chains must be faster than that
of chains with defects. This means that as crystallization time increases, the fluctuation of
lamellar thickness increases producing deep niches and causing the interfacial layer to
become thick when it measured in-situ. On the other hand, the samples in room
temperature experiments have been cooled down after isothermal crystallization. During
the cooling process, chains consisting of small A-sequence length will be crystallized in
energetically favorite places such as niche. This filling process makes the deep niches,
which are produced by long crystallization time, shallow, thus making the interfacial layer
thin. However, when this filling process occurs in shallow niches, which produced by less
thickening for short crystallization time, small chains will be extruded over niches, making
the interfacial layer thick. This explanation is consistent with the experimental result that

A and T of quenched samples are higher than those of isothermally crystallized samples.

On the other hand, the phase boundary of the highly branched sample, H16-0,
shows a slightly lower interfacial layer thickness in-situ than at ambient temperature, but
is less dependent on the crystallization time and in-situ temperature. The behavior can be
understood as highly branched samples will thicken less with crystallization time due to

the surrounded defects.

5.4.5.4. As a Function of Crystallization Temperature

Interfacial layer thickness depends on the crystallization temperature and
measuring temperature of SAXS intensity as well as crystallization time. Assuming
sigmoidal-gradient and semi-sigmoidal gradient model, the interfacial layer thickness, A

and T, estimated without correcting electron density fluctuation is given in Figure 5.4.5.8
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and Figure 5.4.5.9, respectively. (Comments; Background correction does not affect the
tendency although their contribution to A and T was observed small and large for room
and in-situ temperature, respectively). These figures show many interesting manners of
interfacial layer thickness as a function of crystallization temperature, measuring
temperature and crystallization time: (i) the interfacial layer thicknesses (closed circle) of
H6-0, L10-O and L18-O obtained at crystallization temperature are higher than those
(open circle) from room temperature while H10-O and H16-O show the opposite
tendency. (ii) The interfacial layer thicknesses (dotted line) of quenched EO copolymers
are higher than those for isothermally crystallized samples at ambient temperature
measurement except for A of L18-O. Although A of L18-O shows higher values, the T
values shows the same tendency as other samples. (iii) On increasing the crystallization
and measuring temperature, interfacial layer thickness decreases. Highly branched L24-O
and L39-O show no negative slope even if background is corrected., which makes it
impossible to determine A or T. (iv) Interfacial layer thicknesses of H6-O, L10-O and
L18-0 increase with crystallization time during in situ measurement while those measured

at room temperature decrease with crystallization time. (Need explanation)

5.4.6. Morphology of H-LPE (T, =130 °C, t, =17 days) with temperature

It is useful to study temperature effect systematically on the sample with the

highest crystallinity (w, = 94%) and highest melting temperature (T, = 138.9 °C) since
such a simple and stable system without defects will give a general base for understanding

a complicated system such as a copolymer. One-dimensional correlation function (Figure

5.4.6.1) for H-LPE (T, =130 °C, t, =17 days) as well as intensity profiles (Figure

4.4.1.5) and Lorentz corrected intensity patterns (Figure 4.4.1.6) show constant long
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Figure 5.4.5.9. Interfacial layer thickness (T (A) estimated from the graphical
method of this study) as a function of crystallization temperature(°C). Open and
closed symbols represent the measurement at room and crystallization temperature,
respectively. Dotted horizontal line is the T for quenched EO copolymers.
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periodicity with temperature whereas the average lamellar thickness increases with
temperature. This may be due to the effect of melting of small crystals in niche and
thickening of small crystals formed during the quenching process, which causes increases
of the average lamellar and crystalline core thicknesses. Better understanding comes when
the phase boundary (interfacial layer) thicknesses (A) are measured as a function of
temperature as shown in Figure 5.4.6.2 and Figure 5.4.6.3. The increase of the
interfacial layer thickness is a solid evidence of melting of small crystals in niches
crystallized during quenching process. Melting of small crystal increases the fluctuation
of lamellar thickness and simultaneously interfacial layer thickness. Morphological

parameters are summrized in Table 5.4.6.1.
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6. CONCLUSIONS

6.1. Thermal Analysis

1) As branch content increases in LLDPE, non-isothermal, isothermal, melting
temperatures, and heat of fusion (or degree of crystallinity) are decreased. This behavior
is explained as due to the decrease of lamellar thickness and formation of poor crystal

structure, on the basis of the role of a branch as a defect.

2) Annealing phenomena were observed in all the LLDPE’s including even highly

branched EO copolymer (L39-0) and EP copolymer (L93-P).

3) There was some unevenness of branch distribution on main chain. The molecular
segregation by heterogeneity of branch distribution rather than molecular weight was

observed around 40 ~ SO °C.

4) There is branch length effect on melting point depression. Long branches cause more
melting and crystallization temperature depression than short chain branches. Melting
temperature depressions of EO random copolymers with long branches (hexyl) were
larger than those of EB and EP random copolymers with ethyl and methyl branches,

respectively.
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5) Defect distribution in copolymer systems is a more important factor governing T, of

olefin type copolymers than branch content. The homogeneous random copolymers have

always higher T than that of heterogeneous copolymers.

6.2. Bulk Crystallization Kinetics

1) The rate of crystallization (1/z,,) decreases with molecular weight and branch content.

2) The rate of crystallization (1/t;) obtained with the reciprocal initial time gives similar

behavior as (1/¢,,) and the same regime transition behavior.

3) The regime I-II transition observed for the homogeneously branched copolymer is
lower than that of the heterogeneously branched copolymer due to the short A-sequence

length in spite of the same branch content.

4) Avrami exponent depends on the temperature and branch content.

6.3. Equilibnum Melting Temperature

1) The Thompson-Gibbs plot of melting temperature versus reciprocal lamellar thickness

gives a reliable estimation of the equilibrium melting temperatures whereas the plot

(Hoffman-Weeks plot) of T, versus T can not be applied to obtain the equilibrium

€

melting temperatures of ethylene/1-octene random copolymers.
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2) Molecular weight dependence on equilibrium melting temperature of linear
polyethylene has been determined and it does not correspond to the Flory-Vrij equation.
An empirical equation (5.3.3.1) is more sensitive to molecular weight than the Flory-Vrij

equation. The equilibrium melting temperature, T, (n — o), for linear polyethylene at

infinite molecular weight was found to be 144.42°C.

3) The equilibrium melting temperature, T.(n,p,), of ethylene/l-octene random

copolymers is a function of the molecular weight and the defect at low defect content

(ps%<1.0%). The T,(n,py) is a weak function of molecular weight and a strong

function of the defect content at high defect content (p,% 2 1.0%).

4) The Flory copolymer equation can predict the equilibrium melting temperature for the
ethylene/1-octene random copolymer at p,% < 1.0% when the molecular weight effect is
corrected using equation (5.3.3.1). In the range of high defect content, the experimental
values are always higher than the calculated values obtained using the uniform inclusion
model of Sanchez-Eby, which does give a prediction that is closer than that using the

Flory equation.

6.4. Morphology Study using SAXS

1) The mathematical and graphical methods to estimate phase boundary thickness using
SAXS were developed. The interfacial layer thicknesses, E, T and A, estimated from
linear-gradient, semi-sigmoidal of this study and sigmoidal models have the following

relationship: E(= N12A) > T(=V6A)> A (see equation 4.4.3.16, equation 4.4.3.24 and

equation 4.4.3.20 for definition of E, T and A, respectively.)
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2) With increasing defect content, the electron density fluctuation component increases
and the electron density difference becomes smaller. Both results support the conclusion
from equilibrium melting study that some defects are included in the crystalline phase.

3) Phase boundary thickness depends on defect content, distribution of defects in system,
crystallization temperature, crystallization time as well as the temperature for measuring

SAXS intensity.

(3.1) At room temperature, the interfacial layer thicknesses of the homogeneous
EO copolymers are higher than those of LPE up to p,(%)=24. The highly
branched EO copolymer, L.39-0, showed a thinner interfacial thickness than LPE
due to the high entropy of the phase boundary.

(3.2) Phase boundary size in homogeneous EO copolymers decreases with defect
content whereas that of heterogeneous EO copolymer increases. This opposite

behavior was understood due to the differences of defect distribution.
(3.3) The interfacial layer thicknesses of LPE and EO copolymers at low in-situ
temperature are higher than those at ambient temperature. With increasing in-situ

temperature, the phase boundary becomes thin and finally disappears.

4) It was verified experimentally that there is a relationship between the morphological

structure and the defects.
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