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Abstract

One of the main goals of the polymer research is to modify the properties of
polymers in order to increase the range of their end—use applications. This is especially
true in the case of isotactic polypropylene (i—PP). By simple modification of the
molecular structure of i—PP with small amount of comonomer a variety of polymer
grades with different characteristics can be produced. Random propylene copolymers
with low ethylene content have lower crystallinity and melting temperatures than the
homopolymer, as well as ability to crystallize into y—crystal form of i—PP at atmospheric
pressure. Isothermal crystallization of i—PP under high pressure can significantly affect
the resulting crystallographic structures. While at atmospheric pressure it crystallizes
exclusively in o—crystal from, when crystallized isothermally under high pressure a

mixture of a— and y—crystals, as well as pure y—crystals form.

Random propylene copolymers with low ethylene content synthesized by
Ziegler—Natta catalysts were used is this study to investigate their isothermal
crystallization at atmospheric and high pressure. Copolymers were fractionated and their
microstructure analyzed in detail by "C NMR to determine the concentration and
distribution of defects since they have crucial role in the crystallization behavior and

polymorphism of these copolymers.

Isothermal crystallization and melting studies showed that these random
propylene-ethylene copolymers crystallize in a mixture of a— and y—crystals. Their
observed linear growth rates at atmospheric pressure were found to be dependent on the
copolymer composition. Crystallization kinetic data were analyzed wusing the
Lauritzen—Hoffman secondary nucleation theory. Copolymers exhibited two or three

crystallization regimes depending on their defect content and molecular weight.



Combined DSC, WAXD and SAXS experiments were used to evaluate the
copolymer crystallization models on these random copolymers. It was found that even
though the exclusion model fairly well describes the behavior of copolymers with lower
defect content some defect inclusion has to occur to account for the lowering of their
equilibrium melting temperatures. Defect inclusion increased considerably with the

increase of the total defect content in the case of copolymers.

It was shown that y—phase content in the copolymer crystals increases with
increasing defect content, crystallization temperature and pressure. Temperature-
pressure-composition a—y phase diagram of i—PP was constructed based on the Gibbs
free energy approach. This diagram enabled the extrapolation of the equilibrium melting

temperatures of both phases for defect free i—PP.
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1. INTRODUCTION

Isotactic polypropylene (i—PP) is one of the most important commercial polymers.
Since the discovery of Ziegler—Natta catalyst systems and their subsequent industrial
application, this polymer has received increasing scientific and commercial attention. The
amount of interest that i—PP has received is due to the low cost of the monomer and
polymerization techniques, it's properties, as well as the ease of fabrication.' The
properties of polypropylene are closely dependent on its molecular structure (isotacticity,
molecular weight, molecular weight distribution), which is related to the used catalyst
and polymerization process. Some of it's attractive properties are high melting
temperature, high chemical resistance, low density, and high strength to weight ratio. It is
also a very versatile material because it can be compounded with high amount of fillers,

reinforcing agents, and other polymeric materials.

The increasing use of this material for different applications requires good
combination of properties over a wide temperature range. Although i—PP has many
outstanding thermal, physical and mechanical properties, one of its disadvantages is its
reduced low—temperature impact strength. One method for improving the impact
properties of i—PP is copolymerization with other olefins, such as ethylene. The
introduction of small amount of ethylene units in the macromolecular chain of i—PP
decreases the length of isotactic segments leading to reduced melting temperature and
degree of crystallinity. Random propylene copolymers with low ethylene content are
commercially important materials because they have improved properties, such as
improved clarity, flexibility, toughness, and melt flow rate, without seriously reducing

other desirable properties.””

It is well known that i—PP can exist in three polymorphic crystalline forms, a—,
B—, and y—form, which can be produced using different preparation methods. a—form is

the most common crystal form, that is observed for both solution and melt crystallized



samples prepared at atmospheric pressure. The metastable B—form is obtained
sporadically at high supercoolings or in the presence of selective B—nucleating agents.
The y—form can be produced by using several methods, such as crystallization of low
molecular weight fractions of i—PP, high pressure crystallization, as well as the

crystallization of random propylene copolymers with low comonomer content.

Extensive study on the y—form of high molecular weight i—PP with high
isotacticity crystallized under high pressures was done by Mezghani.® With this analysis
it was confirmed that the formation of y—form is preferred at high pressures and low
supercoolings (high crystallization temperatures). Additionally, the equilibrium melting
temperature and heat of fusion of pure y—form at atmospheric and high pressures was
determined. Based on the melting behavior and polymorphism Mezghani calculated and
constructed the phase diagram of i—PP, which enables the thermodynamic prediction of

pure y—form as a function of crystallization temperature and pressure.

One objectives of this study was to investigate the melting behavior,
crystallization kinetics, and polymorphism of a series of fractionated random
propylene—ethylene copolymers with low ethylene content at atmospheric pressure. The
equilibrium melting temperature which is an essential parameter in the analysis of the
crystallization kinetics was determined from Hoffman—Weeks and Gibbs—Thomson

approach for both crystalline phases of i—PP.

Another objective of this research was to evaluate the effect of comonomer
content and crystallization pressure on the development of y—phase. It has been
established that the y—crystals preferentially form during high pressure crystallization of
i—PP, and this study confirmed that presence of defects and high pressure enhance the
formation of y—crystals in random propylene—ethylene copolymers. Based on these
results temperature—pressure—composition o—y phase diagram of i—PP was constructed
that enabled the extrapolation of the equilibrium melting temperatures of o— and

y—phases for defect free i—PP



2. THEORETICAL BACKGROUND

2.1. Polymer Morphology

The subject of polymer crystallization and morphology has received great amount
of interest over the decades and still provides exciting opportunities for future research.
Polymer crystallization is influenced by a range of factors such as the regularity of the
polymer structure, presence of substituents, comonomers and branching. One
characteristic that distinguishes polymers from other polycrystalline materials is their
semi—crystallinity. It has been determined that the density of semi—crystalline polymer is
between that of the fully crystalline and that of the fully amorphous polymer. Polymers
that are capable of crystallizing can form ordered structures from melt or from dilute
solutions. The crystallization process of polymers involves transformation of the

disordered amorphous state into ordered crystalline state.

2.1.1. Models of the structure of semi—crystalline polymers

The first model that attempted to describe the semi—crystalline character of
polymers was the 'fringed micelle' model by Hermann et al.” According to this model,
semi—crystalline polymers consist of amorphous and crystalline regions that are 50-500
A in size. It was proposed that since polymer molecules have long chain character they
contribute to several crystalline and amorphous regions. In the crystalline regions the
chain segment is aligned with segments from other polymer chains, while in the
amorphous regions chain segments have random conformations. This model was able to
explain the mechanical properties of semi—crystalline polymers because of the physical

connections (fringes) between the crystalline and amorphous regions. However, it is



difficult to use this model for explaining the polymer morphological features, such as the

radial symmetry of spherulites.

The fringed—micelle model was displaced by the chain—folding model. Evidence
for a chain—folded crystals were first reported independently by Till,® Keller’ and
Fischer'® in 1957. These findings were based on electron diffraction studies of lamellar
single crystals of linear polyethylene grown from dilute solution. In these studies it was
found that polymer chains are normal to the lamellae, which means that they are oriented
parallel to the thinnest dimension of the crystal lamellaec — it's thickness. Because the
polymer chain length is of the order of several thousand angstroms and the typical
crystalline thickness is only approximately 100 A, it was suggested”'' that polymer
chains must fold back and forth on themselves in an adjacent re—entering manner. In this

model the nature of the folds results in a regularly folded surface, as shown in Figure

2.1.1 (a).

The adjacent re—entry folding model was subsequently challenged by Flory'? who
proposed the so—called switchboard model (Figure 2.1.1 (b)). In this model, although the
folding of the molecules exist, the molecules re—enter the crystal predominantly in a
non—adjacent manner, and sometimes some molecules may enter several lamellae. The
resulting fold surface is somewhat irregular with loops of various lengths due to random
re—entry, entanglements, etc. Another proposed model is the interzonal model (Figure
2.1.1 (¢)), in which an interfacial zone exists between the ordered crystalline and

disordered amorphous regions.

Different crystallization conditions lead to rather different polymer morphologies,
so it is reasonable to assume that polymer molecules will have different fold structures.
The more realistic model for melt crystallized polymers would incorporate features of all
three models, but should recognize that the chemical structure of the polymer (chain
stiffness, molecular weight) and the crystallization conditions (temperature, cooling rate,
stress, crystallization from melt or solution) will determine the type and frequency of the

certain emergence and re-entry type.'*
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Figure 2.1.1. Molecule re—entry folding models: (a) adjacent, (b) switchboard, and (c)

interzonal model.'*



2.1.2. Semi—crystalline Morphology

The most dominant morphological form of polymers crystallized from quiescent
melt are spherulites. Electron microscopy data indicate that they consist of chain folded
lamellae radiating outward from a central nucleus (Figure 2.1.2). The ribbon-like
lamellae that make up the spherulites have thickness of the order of 100 A, while their
width is much larger — several hundreds or even thousands of angstroms. The nature of
the spherulite nucleus can be heterogeneous (impurity or specially added nucleating
agent) or homogeneous (polymer itself). In primary crystallization the homogeneous
nucleus is considered to be composed of a sheaf-like stack of lamellae which achieves
spherical shape at some finite size.'> The radial spreading continues uniformly in all
directions by the growth, branching and splaying of individual lamella until neighboring
spherulites impinge on each other. The schematic representation of the growth path of the
homogeneous nucleated spherulite is shown in Figure 2.1.3. Secondary crystallization
occurs within the spherulite, transforming a portion of the interlamellar material into

crystalline material.

The texture of spherulites can be described as (a) compact or open, and (b) coarse
or fine."” In the compact texture, a large portion of the material within the spherulite
boundary is crystallized, while in the open texture lamellae are separated by large regions
of uncrystallized melt. A coarse structure refers to the texture in which bundles of
lamellae have relatively large cross—sections, while a fine structure has more tenuous

radial fibrils.

Another type of semi—crystalline morphology form are axialites. They can form
from polymer melts under certain conditions. High crystallization temperatures and low
molecular weights favor formation of axialites in certain polymers. They are crystal
lamellae grouped in such a way that they resemble two slightly open books placed back

to back.'®'” These crystalline objects resemble sheaving shapes of immature spherulites.
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Figure 2.1.2. Schematic of a polymer spherulite with radial growth of lamellae.'®

Figure 2.1.3. Schematic representation of spherulite growth path.'®



2.2.  Polymorphism in Polypropylene

Polypropylene is produced by polymerizing the monomer propylene. Prior to
1950's, propylene polymerization proceeded without any consistent addition and
arrangement of the monomer units. The resulting product was branched low molecular

weight oil without any practical interest.

The discovery of Ziegler—Natta catalysts for stereospecific polymerization of
olefins made it possible to synthesize stereoregular polypropylene with high molecular
weight which was capable of crystallizing. This breakthrough in the propylene
polymerization opened the possibilities for wide range of end—use applications.
Continuous improvements in catalyst systems and polymerization processes have greatly

broadened its properties and utilization.

2.2.1. Isomerism of Polypropylene

The chemical structure of polypropylene is very similar to that of polyethylene,
except that one of the hydrogen atoms is replaced by a methyl group on every other
carbon atom. The methyl group gives a side group arrangement and handedness to the
polypropylene chain. There are two different types of isomerism stemming from the way
monomer unit are added to the main chain and the arrangement of the methyl groups:

positional and stereo—isomerism.

Positional isomerism, also known as regio—isomerism, describes the orientation of
the repeat unit when it is added to the growing polymer chain. Propylene unit can be
added in a head—to—tail, head—to—head, or tail-to—tail type organization, as shown in
Figure 2.2.1. A polymer chain is regio-regular when its repeat units are in the
head—to—tail arrangements, while head—to—head or tail-to—tail defects cause interruptions

in the regular monomer sequence in the polymer chain.



1. head—to—head

H; CH;3 Hs
—CH,-CH-CH-CH,— —CHz—CH—(fH—CHz—
CH;

2. HEAD-TO-TAIL

H3 H3 H3
—CH,—CH-CH,—-CH-CH,— —CHz—CH—CH2—$H—CH2—
CH;
3. TAIL-TO-TAIL
H; ?H3 H;
—CH,-CH-CH,—CH,—CH-CH,— —CHz—CH—CHz—CHz—ﬁH—CHz—

CH;

Figure 2.2.1. Propylene insertion mode in the polymer chain.



Stereo isomerism arises from the orientation of the methyl group in the polymer
chain; whether it is in the cis— or trans—position with respect to the polymer backbone.
Isotactic chains result from the addition in which the methyl groups always have
cis—configuration, while the syndiotactic chains have trans—configuration. Atactic chains
do not have any consistent placement of the methyl groups. Figure 2.2.2 shows the

schematic illustration of isotactic, syndiotactic and atactic polypropylene chains.

2.2.2. Crystallographic Structures of Isotactic Polypropylene

Bulkiness of the methylene group in the isotactic polypropylene (i—PP) chain
prevents the formation of planar conformation. The repulsion of the electron clouds
rotates the methyl groups into a conformation with minimum energy. The resulting
conformation has a threefold (3;) helix, which can be either right— or left-handed, with
the repeat periodicity of 6.5 A and methyl group at every 120°.""2° The position of the
methyl group with respect to the chain axis can be either up or down. Therefore, four
possibilities can occur for the i—PP helix in the crystalline state as shown in Figure 2.2.3.
Different packing geometries of the helices lead to formation of four crystal structures:

213 the triclinic (y) form,>?** and the

the monoclinic () form,”' the hexagonal (B) form,
smectic form.”” o—, B—, and y—crystalline forms are identified with specific peaks in the

x—ray pattern, as shown in Figure 2.2.4.

o—form

The structure of the most common crystal form of i—PP, the a—form, was first
identified by Natta and Corradini.*® They concluded that the geometry of the structure is
monoclinic with unit cell parameters: a = 6.65 A, b =20.96 A, and ¢ = 6.50 A, with = y
=90° and S=99.3° as shown in Figure 2.2.5.
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Figure 2.2.2.  Schematic illustration of the stereochemical configurations of

polypropylene.

Figure 2.2.3. Chain conformations in isotactic polypropylene.
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Figure 2.2.4. WAXD of different crystal structures of i—PP.*
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Figure 2.2.5. Crystal structure of the a—form of i—PP as determined by Natta and

. 21
Corradini.

The space group has been assigned as C2/c and Cc for the statistically ordered
arrangement of up and down helices in the unit cell. This structure has been confirmed by
later studies, although small adjustments to the cell parameters were made. Turner Jones
and coworkers® proposed the following unit cell parameters: a = 6.66 A, b = 20.78 A,
and ¢ = 6.495 A, with & = y = 90°, and 8= 99.62°. Hikosaka and Seto®® reported that
o—form can be recrystallized or annealed from a less ordered o; form with a random
distribution of up and down chain packing of methyl group to a more ordered o, form
with well-defined deposition of up and down helices in the crystal unit cell. However,
the unit cell dimensions and the arrangement of the helices in the cell remained

substantially unchanged.

o—form is observed for both melt and solution crystallized samples prepared at
atmospheric pressure. Several research groups have reported their findings of its

morphology for a wide range of crystallization temperatures.”” >’ They classified the

13



spherulites into three types depending on their birefringence. Type I (o) spherulites
exhibit positive birefringence, and can be developed at isothermal crystallization
temperatures below 132 °C. Type II (ou;) spherulites have negative birefringence and
exist at temperatures above 138 °C. However, most common type are spherulites of

mixed birefringence (a.,) which do not possess distinct Maltese cross.

On a morphological level, a—form lamellae exhibit an unique lamellar branching

which is very different from any other semi—crystalline polymer.?””"'

This branching is
characterized by a constant angle of 80° between the radial (parent) lamellae and the
tangential (daughter) lamellae. The degree of branching depends on the crystallization
temperature, as well as the tacticity of the polymer.”®*? This behavior which results in the
'cross—hatched' morphology is found in isotactic polypropylene spherulites grown from
melt or solution. The mechanism for the radial-tangential branching was explained by

Lotz and Wittman’®?!

as epitaxial growth of the tangential lamella on the radial, due to
crystallographic and structural interactions. The normal crystal structure, shown in Figure
2.2.5, requires that two successive ac layers are made up of chains with opposite
handedness. If the consecutive layer has the same helical hand, then chain axes are
rotated by the £ monoclinic angle, and a daughter lamella is formed from this initial
nucleus. Therefore, lamellar branching is a result of a 'mistake' in the strict alteration of

helical hands in consecutive ac layers.

p—form

The metastable B—form of i—PP was first observed in 1959 by Keith er al.,** but
hasn't been fully characterized. The difficulty of determining the crystal unit cell is due to
the fact that the B form is thermodynamically and mechanically less stable than the
o—form under normal crystallization conditions. These features, coupled with the
substantial lower density and higher growth rate compared with the other crystalline

forms of i—PP indicate that high degrees of disorder must exist in this structure.*® In most
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cases, the f—form can only be partially formed in samples mixed with other crystal
forms. Numerous unit cell structures for p—form have been reported in the literature. "
433 The simplest model proposed for B—form is hexagonal P3,21 with a = b = 11.03 A
and ¢ = 6.49 A.** Conditions that promote formation of rich or even pure p—form are

rapid quenching,” zone solidification,* or use of selective nucleating agents.”

y—form

The y—form is probably the most interesting among crystal forms of i—PP. It is
known that several factors can lead to the formation of the y—form: (i) crystallization

36-39

under high pressure, (ii) crystallization of low molecular weight fractions,**" (iii)

slow cooling from the melt,® (iv) presence of chain defects or chemical heterogeneity

42-44

caused by atac‘[ici‘[y,41 (iv) presence of the comonomer units in the chain, and (v) melt

. .45
vibration.

Since the first discovery of the y—form®*?

its crystal structure has been
considered as triclinic with the unit cell similar to that of the a—form, with a slip along
the c—axis direction (a = 6.54 A, b=21.40 A, ¢ =6.50 A, o= 89°, B=99.6°, y=99°).*

4647 this structure does not account for the

However, according to Bruckner and Meille
diffraction peak at 20 = 24.5°. They noted that the triclinic cell is a sub—cell of a much
larger face—centered orthorhombic unit cell with parameters: a = 8.54 A, b =9.93 A, c =
42.41 A. This new structure is unique in that the chain axis in the structure are not
parallel. It contains sheets of parallel molecules, but the molecular orientation between
adjacent sheets is nonparallel every two sheets (Figure 2.2.6). The angle between the

nonparallel stems is approximately 80°. Figure 2.2.7 represents the schematic

arrangement of chain stems for y—triclinic and y—orthorhombic unit cells.
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Figure 2.2.6. Projection of the y—orthorhombic unit cell along one diagonal of the a—b

plane as reported by Bruckner and Mielle."’
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Figure 2.2.7. Schematic arrangement of chain stems in y—triclinic and y—orthorhombic

unit cells.

On a spherulite level, studies of high pressure crystallized i—~PP* indicated that
similarly to the a—form, 100 % y—form exhibits same spherulite types depending on the
sign of the birefringence. Positive spherulites were observed at the lowest and highest
crystallization temperatures, while negative spherulites formed at intermediate
temperatures. Spherulites of the mixed type were observed at crystallization temperatures
in—between positive and negative spherulites. On the lamellar level, pure y—form that
exhibited positive spherulites was composed of distinct 'feather—like' structures spreading
radially from the spherulite centers. The individual lamellae in these 'feathers' were
inclined at an approximate 70° angle to the backbone of the feather (radial direction).
SEM and AFM experiments indicated that the feather—like structure was developed by

self—epitaxial growth of the y—lamellae.

Studies of Thomann ez al.** conducted on metallocene i—PP (M,, = 18,000 g/mol)

with high content of stereo— and regio—irregularities showed that pure y—crystals formed
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mainly bundle—like structures. They argued that even in the case of samples completely
crystallized in the y—form, the morphology is widely affected by very small amount of

o—phase crystals.

It has been shown that y—form has an epitaxial relationship with the oo form such
that either can grow onto the lamellae of the other phase.””" In general, a—form is
observed to grow first followed by epitaxial growth of the y—form at an angle of 40°. The
angle of 40° between the daughter (y—branch) and the parent a—lamella can be explained
by the same mechanism proposed for a—o branching, that is epitaxial deposition of
chains with an 80° tilt with respect to those of the mother lamella. The crosshatching
phenomenon that is common for the o—form has not been observed in the y—form,***>°

however, it should be noted that the process leading to branching in a—phase involves

normal growth in the y—phase.

Smectic form

Natta and Corradini*' described this structure as 'smectic' and suggested that it is
composed of parallel 3; helices, but that disorder exists in the packing of the chains
perpendicular to their axes. The smectic form was first characterized by an intermediate
order between those found in the crystalline and amorphous phases. It has been suggested
that this phase is composed of very small hexagonal crystals,”' or microcrystals of the
monoclinic form.”> On the other hand Miller”® and Zannetti et al.>* proposed that the
order that exist in this form is paracrystalline. Corradini et al.” claimed that this structure
cannot be described by only one type of unit cell, and that the chain correlations on the

local level resemble more those of the monoclinic from, than the hexagonal form.

Smectic form can be obtained by quenching thin i—PP films from the melt into ice
water. This form is metastable since on annealing at temperatures higher than 70 °C it

transforms into the a—form. Its density is low, 0.88 g/cn?’, slightly higher than the density
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of the atactic polypropylene (0.85 g/cm’) which indicates that the smectic phase has

higher molecular order.

2.3.  Polymer Crystallization

The crystallization process of polymers is controlled by primary nucleation and
crystal 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. Secondary nucleation is defined as a surface
nucleation on an existing crystal nuclei growth plane, which is responsible for further

growth of the activated nucleus.*®

2.3.1. Lauritzen—Hoffman Secondary Nucleation Theory

' represent perhaps the most

This theory’’ and it's various modifications™®
comprehensive and widely used methodology to interpret and model crystallization
behavior of large number of polymers. According to this theory the rate of nucleation is
dependent on the crystallization temperature (degree of supercooling) which results in the

observation of three regimes of crystal growth (I, II and III).

The crystal growth process is determined by two competing terms,
diffusion—controlled at low crystallization temperatures, and nucleation—controlled at
high crystallization temperatures.”” The general expression of the crystal growth in the

Lauritzen—Hoffman theory is expressed by the following equation:
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U K
G=G,exp| ———— |exp| ——— (2.3.1)
R(T,-T,) TAT f
where G is the observed linear growth rate, Gy is the growth rate constant, U is the
activation energy for polymer diffusion, R is the universal gas constant, 7 is the
crystallization temperature (K), 7., = 7,—30 (K), T} is the glass transition temperature (K),
AT = (Tn-T,) is the degree of supercooling (K), Tn’ is the equilibrium melting
temperature of lamellae with infinite thickness (K), and fis a correction factor for the

change of the heat of fusion at high supercoolings.

2T,

=—— 232
f T +70 (2.3.2)

K, is the secondary nucleation rate constant defined as:

_ jboo-o-eTn?
£ kAH,

(2.3.3)
where bg is the width of the chain, o is the lateral surface free energy, o is the fold
surface free energy, k is the Boltzmann constant, and AH; is the heat of fusion. j is
constant depending on the operating regime; for regimes I and III j = 4, while for regime
I j = 2. In Lauritzen—Hoffman theory which regime type will be observed is determined
by the competition between the rate of deposition of secondary nuclei (i) and the rate of

the lateral surface spreading (g) (Figure 2.3.1).

Regime 1 1is characteristic for high crystallization temperatures (low
supercoolings). Here, the rate of surface nucleation is much lower than the rate of lateral
growth, i<<g, and after the deposition of one surface nucleus the entire substrate is
completed before new nucleation act occurs. The overall growth rate will be nucleation

controlled and proportional to i.
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Figure 2.3.1. Schematic representation of an ideal growth front.”
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Regime II is characteristic for moderate temperatures, where both rates of
nucleation, 7, and surface spreading, g, are of the same order of magnitude. This results in
depositionof multiple surface nuclei on the same crystallizing surface before the previous

layer is completed. The overall growth rate is proportional to (ig)".

Regime III, is characteristic for low crystallization temperatures (high
supercoolings), where the rate of surface nucleation is much larger than the rate of
substrate completion because of the decreased mobility of the polymer chains. The
crystallization is accomplished by nucleation of stems on the surface. The overall growth

rate will be diffusion controlled and proportional to i.

For various polymers the transition between regimes occurs at different
temperatures (degrees of supercooling). A schematic diagram of polymer exhibiting all

three regimes is shown in Figure 2.3.2.

n(G) + U/R(T, -T.)

1/(T. ATf)

Figure 2.3.2. Schematic representation of the three growth regimes.
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The slopes of regimes I and III are identical, and theoretically twice the slope in

regime II, as seen from the following equations:

4b,00, T ' _ 2byo0. T,

g(LIIT) = RAH s Kg(ll) - RAH (234)
f f

Regime transitions for a particular polymer can be observed by plotting InG +
U'/R(T.~T.) versus 1/(T.AT f). The transitions between regimes are shown as distinctive
changes in the slopes on this plot as seen in Figure 2.3.2. K, can be determined directly
from the graph as the slope in particular regime, while Gy can be estimated from the
intercept which is equal to InGy. Once K, is known, other parameters characteristic for

the crystal growth can be determined from equation (2.3.4).

The lateral surface free energy can be calculated from the Hoffman modification

of Thomas—Stavely equation:
o =alAH;,/a,b, (2.3.5)

where ao is the width, and by is the thickness of the chain stem. For most polymers the

factor « is usually 0.1.

The work, ¢, done by the chain to form a fold can be calculated using the

following equation:

q=20.a,b, (2.3.6)
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2.3.2. Copolymer Crystallization Theories

Introducing units that are chemically or structurally different from the main
repeating unit of a crystallizable homopolymer will change its crystallization behavior.
Also, the concentration of the co—units, as well as their sequence distribution along the

chain are of primary importance.

Random copolymers can crystallize in two extreme ways with regard to the
location of the comonomer units, as shown in Figure 2.3.3, following the total exclusion
or the uniform inclusion model. In the first case (Figure 2.3.3 (a)), the non—crystallizable
comonomer is completely rejected from the crystal during the crystallization. Flory®

described the exclusion model based on the equilibrium thermodynamic relationships.

In the second model (Figure 2.3.3 (b)) developed by Sanchez and Eby,** the
comonomer is uniformly included in the crystalline phase, and the comonomer
concentration in the crystal is the same as that in the initial melt. They considered that
there is an excess enthalpy associated with forming the inclusion or defect in the

crystalline lattice.

For an intermediate case, where the comonomer concentration in the crystal
phase, X., is less than the overall comonomer concentration, X, the free energy of

crystallization is given by:®

X X X
AG=AG’ —RT{E2 +(1- X, )In ¢ |+ X, In==* (2.3.7)
RT X X

where AG® is the free energy of crystallization of the homopolymer, AG’ =
AHP(1-T/T"). Ty is the equilibrium melting temperature of the homopolymer, and AH;’
is the enthalpy of fusion of the homopolymer. ¢ is the excess free energy of the defect

created by incorporation of the comonomer unit in the crystal lattice.
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(2) (b)

Figure 2.3.3. Schematic representation of the extreme models of semi—crystalline
random copolymers: (a) complete exclusion and (b) uniform inclusion

model.**
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As seen from equation (2.3.7), the free energy of crystallization consists of three
terms, the first of which is an enthalpic term, while the remaining two are entropic in
nature. For equilibrium condition (AG = 0) equation (2.3.7) yields the equilibrium

melting temperature of an infinitely large crystal of composition X..

) T(x.)  AH]

m

< 1-X
A

C

1 ! R { X )ln(l_XC)+Xcln))((°} (2.3.8)

(1-x)

where Ty, and T},(X) are the equilibrium melting temperatures of the homopolymer and
that of the copolymer, respectively. X and X, are the mole fraction of the overall
concentration of the comonomer in the copolymer and the mole fraction of the
comonomer incorporated into the crystalline phase, respectively. R is the universal gas

constant.

For complete exclusion of the comonomer units from the crystalline phase, X, = 0,

above equation reduces to Flory’s equation:

T, T)(X) AH{

In(1-X) (2.3.9)

For X, = X where all comonomer units are completely included in the crystalline

lattice the equation reduces to that of uniform inclusion:

LI (2.3.10)

) TN(X)  AHTY(X)

Both models predict depression of the equilibrium melting temperature of the
copolymer with increasing comonomer concentration. For the inclusion model, the
equilibrium melting temperature depression is caused by the lower heat of fusion
resulting from the incorporation of the defects into the crystal lattice (enthalpy effect),

while in the exclusion model the reason for the depression is the requirement for
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preferential ordering of the copolymer chains which raises the entropy of fusion (entropy

effect).

By assuming that the fold surface energy, o, and the lamellar thickening at the
crystallization temperature are independent of the comonomer content, Sanchez and Eby
showed that the observed lamellar thickness at a given crystallization temperature
increases linearly with the comonomer content, while the growth rate decreases. It should
be noted that Flory's equilibrium theory also predicts that the lamellar thickness increases
with the comonomer content. This seems counterintuitive for the exclusion model.
However, even as the comonomer concentration increases there will still be sequences
long enough to crystallize into larger thickness, although the average sequence length has
decreased. This means that the lamellar thickness can increase, but here will be decrease
in the crystallinity. Also, the actual thickness will be a function of the temperature, as

well as of the composition.

Results from thermal analysis and x—ray crystallinity studies, in principle, can
point out which model is more appropriate for certain copolymer system. If an
assumption is made that the enthalpies are additive, observed enthalpies of the two

models can be calculated according to the following equations:®**

For the inclusion model:

ﬂ:AH?—XAHd—ZAHe (2.3.11)
o, 14
For the exclusion model:
AR AH] — 2AH, (2.3.12)
10} Y4
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where AH  is the observed heat of fusion, . is the degree of crystallinity, AHy is an
excess enthalpy associated with the formation of a defect in the crystal, AH. is the excess
enthalpy associated with the forming the basal surfaces of the crystal. For the inclusion
model, comonomer concentration linearly affects the observed enthalpy, while the
exclusion model is unaffected once the enthalpy is normalized with the degree of

crystallinity.

Comonomers have been used to tailor the morphology and properties of
semicrystalline polymers. It is agreed that increased comonomer concentration leads to
lower crystallinity, while the melting range becomes broader and shifts to lower
temperatures. Also, the presence of the comonomer remarkably reduces the rates of

crystallization.

2.4. Melting of Polymer Crystals

It is known that semi—crystalline polymers do not exhibit single melting
temperature, but rather a range of melting temperatures. The melting temperature of
polymer crystals is controlled by several factors, among which the most important are the
lamellar thickness and the surface free energies. With the increase of the lamellar
thickness, polymer melting temperature also increases. Based on the Gibbs—Thomson
equation for lamellae whose length is much larger than their thickness, the polymer

experimental melting temperature, 71, is defined as:

=19 1- 2% (2.4.1)
AH (0

where o is the fold surface free energy, AHy is the heat of fusion per unit volume of

crystal, and / is the lamellar thickness. T}, is the equilibrium melting temperature.
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Equation (2.4.1) points out that the melting temperature of a thin crystal is
depressed below that of the infinite crystal 7i,' by the amount 2o, /AH; (. For this

equation to be used the plot of 7}, versus 1// must be linear, with T, mo as intercept and o

determined from the slope.

When the equilibrium melting temperature is estimated from experimentally
determined relation between the melting and crystallization temperatures errors can occur
due to the lamellar thickening. Generally it has been recognized that lamellar thickening
can occur at the crystallization temperature and during the heating to obtain the melting
curve.”” Hoffman—Weeks®®®’ equation provides the relationship between the melting and

crystallization temperatures:

T =T [1 —lJ L (2.4.2)
Y) ¥

where vy is the thickening factor above the initial lamellar thickness ﬁg*.

The equilibrium melting temperature can also be determined using the
Hoffman—Weeks plot, on which the observed melting temperature is plotted as a function
of crystallization temperature. The equilibrium melting temperature is determined as the
extrapolation of this line to the line 7}, = 7, while the thickening factor can be found
from the slope (1/y) of the line. The existence of linear 7}, vs T, plot implies that the
thickening factor is independent of the temperature. Also, the steeper slope in
Hoffman—Weeks plot indicates that the polymer sample does not thicken as much as the
one that has smaller slope. Crystals obtained at high supercoolings are thinner than those
obtained from low supercoolings, therefore, it can be expected that the thickening process
will raise their melting points in greater extent compared with those produced at lower
supercooling. However, Mezghani et al.®® demonstrated that for i—PP the thickening

process favors thicker lamellae crystallized at low supercoolings.
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2.5. Propylene—Ethylene Random Copolymers

Propylene can form copolymers with a number of other olefins, such as ethylene,
1-butene, hexene, octene, etc. Depending on the catalyst system used and the
comonomer concentration, propylene-ethylene copolymers can be either semi—crystalline
or amorphous rubbery materials. Crystal structures of propylene copolymers with low
ethylene content (up to 30 mol%) are similar to those of polypropylene, and to that of the

polyethylene for high ethylene content.®-’°

Commercial random propylene—ethylene copolymers usually contain 1 — 7 wt%
ethylene. The introduction of small amounts of ethylene comonomer units reduces the
crystallinity of the copolymer, which in turn is responsible for the modification of the
thermal, mechanical and processing properties compared with the homopolymer.
Random copolymers have reduced stiffness and Young modulus, higher impact
resistance, and much better clarity than the homopolymer.>” They also have lower
melting temperatures which give them advantages in some applications, such as special
sealing layers in coextruded film structures. Random propylene copolymers are used in
blow molding, injection molding, and film and sheet extrusion applications. They are

used in food and medical packaging, as well as for consumer products.

2.5.1. Polymorphism

In the early 1970's Turner—Jones’' showed that introducing small amount of
comonomer units in the isotactic polypropylene chains promotes the formation of
y—phase crystals. This phenomenon was associated with the presence of the heterogeneity
in the polypropylene chain caused by atacticity or copolymerization. The fact that
copolymers used in this study contained atactic material and had broad molecular weight

and comonomer distribution additionally complicated the results due to the problem with
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fractionation during crystallization. The effect of atacticity on the y—phase formation

could not be separated from the copolymer effect.

Subsequent work on propylene—ethylene copolymers that did not contain atactic
material,43 or were fractionated’””* confirmed that there is correlation between the
formation of the y—crystalline phase and the content of short isotactic segments in the
copolymer chains. It was also found that with increasing ethylene concentration a
maximum is observed in the y—phase content.”” Most of these studies were performed at
very slow cooling from the melt. For isothermal crystallization of unfractionated
copolymers Mezghani and Philips* concluded that an important factor for the formation
of y—phase besides the presence of microstructural heterogeneities (comonomer or stereo
defects) is the degree of supercooling. Lower degrees of supercooling (high

crystallization temperatures) encourage the development of y—phase crystals.

2.5.2. Inclusion or exclusion of ethylene units in propylene copolymers

One important question that needs to be answered when dealing with these
copolymers is whether the ethylene units are incorporated into the crystalline phase or
rejected into the amorphous region. The extent to which the comonomer units are
included or excluded from the crystalline phase depends on their size, thus on the free
energy change associated with vacancies or with the steric repulsion they create in the
lattice structure. For ethylene—propylene copolymers it has been reported that propylene
units can be accommodated into the polyethylene lattice.” On the other hand, in the
literature there is no apparent agreement concerning the inclusion or exclusion of

ethylene units from the crystal lattice of propylene ethylene copolymers.

In agreement with Flory's exclusion model, Monasse and Haudin’’ and Feng and
Hay78 reported that ethylene units are excluded from the crystal judging from the

decrease of the crystallinity and melting temperature with increasing ethylene content.
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Based on x—ray diffraction and thermal analysis data Zimmerman** also concluded that
ethylene units are completely rejected from the crystalline phase. His argument was that
the heat of fusion corrected with the degree of crystallinity and the difference of electron
densities between the amorphous and crystalline phases do not change with increasing
ethylene content. Also, he reported that dimensions of the a—unit cell are independent of
the comonomer content. He concluded that the decrease of the crystallinity of the

copolymers is due to the severe disturbance of helical regularity by the ethylene units.

In contrast with the findings that support exclusion model, there are many reports
that propose partial inclusion of the ethylene units in the crystalline phase. Avella et al.”
on the basis of the systematic contraction of the a—crystal unit cell with increasing
ethylene content concluded that during the crystallization small fraction of ethylene units
is incorporated as defect in the crystal lattice. However, this conclusion by the authors is
somewhat ambiguous since the original data were not presented in that paper. In another
study” of propylene copolymers with 4-20 mol% ethylene it was also found that the unit
cells for both a— and y—phase are independent of the ethylene content, suggesting
exclusion. However, in the same report it was noted that the observed crystallinities are

much higher than what might be expected for the complete exclusion model, therefore

suggesting partial inclusion of ethylene units in the crystal.

Molecular mechanic calculations on model compounds were the basis on which
Starkweather e al.” suggested that the copolymer molecule with low concentration of
ethylene is equivalent to i—PP from which a few methyl groups have been removed.
Therefore, isolated ethylene units can be incorporated into i—PP 3; helix and
consequently the crystalline phase. According to these authors, with increasing ethylene
concentration the propagation of the helix will depend on the randomness of the
copolymer. The ethylene inclusion will be less likely to happen in copolymers with

blocky character since the ethylene blocks will hinder the i—PP 3, helix.

From infra—red spectroscopy results Laihonen et al.”* reported that the average

length of 3; helices of the copolymer is shorter than that of the homopolymer, and that it
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decreases with increasing ethylene concentration. Based on their results, as well as the
decrease of crystallinity and enthalpy of fusion with comonomer content they reached the

conclusion that ethylene unit to some extent is included in the crystals.

It can be seen from these reviewed reports that the subject of the inclusion or
exclusion of ethylene units in the polymer crystals was treated indirectly using density,
x—ray scattering, and thermal analysis data. More recently, two studies were published
dealing with methods for direct determination of the concentration of ethylene
comonomer in the crystalline phase, both of them on copolymers synthesized with

metallocene catalyst systems.

Alamo and coworkers® implemented solid-state ?C NMR technique to determine
the partitioning of the ethylene defects within the semicrystalline morphology of the
series of propylene copolymers with 0.8 — 7.5 mol% ethylene. They found that the
concentration of ethylene in the crystalline regions increases proportionally with the
overall ethylene content in the copolymer. They gave qualitative evaluation of the
ethylene distribution within the crystal, as well as the crystalline/amorphous interface.
This study was conducted on slow cooled samples (d7/dz = 1 °C/min), although authors
expect the same behavior for isothermally crystallized samples. However, the limitations
of the solid—state NMR spectroscopy include the difficulties in accurate chemical shift
assignments, as well as the small differences in both the chemical shifts and relaxation
time between the comonomer in the crystalline phase and in the amorphous phase, as

suggested for ethylene/a—olefin copolymers.*’

Hosoda and coworkers* studied the degree of comonomer inclusion in the crystal
phase for a series of quenched samples of propylene copolymers with ethylene, as well as
butene—1, hexane—1, and octene—1. The comonomer location was investigated using the
fuming nitric acid etching technique to remove amorphous component, followed by DSC
and °C NMR measurements in solution. They obtained similar results as Alamo ez al.*’
concerning the ethylene defect partitioning. It is interesting to mention that they found

that the degree of inclusion of ethylene unit in much less than that of butene—1.
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2.5.3. Multiple Melting Behavior

Propylene—ethylene random copolymers exhibit multiple melting behavior
analogous to that of isotactic polypropylene which has been attributed to different factors.
Some researchers suggested that the multiple melting peaks are due to the partial melting
and recrystallization during the heating of the sample in the DSC.”” They argued that
crystals grown at high cooling rates or under isothermal conditions at high supercoolings
are small and imperfect; on heating these crystals will perfect and/or recrystallize thus

giving rise to multiple peaks.

One other possibility that has been considered is the melting of thin and thick
lamellae.”* Vaughan ez al.** and Weng et al.** associated the high temperature melting
peak with the thicker crystals formed during the primary crystallization, while the low

temperature peak to the thinner crystals that form during the secondary crystallization.

However, majority of the published studies on multiple melting associate this
behavior to the presence of different crystalline phases.”>"**>*" The low melting
endotherm is associated with the melting of the y—crystals, and the high melting
endotherm with a-—crystals. These findings were supported with wide—angle x—ray
scattering data at different temperatures, which show that the y polymorph indeed melts

at lower temperatures compared with a—form.

2.6. The Effects of Pressure

Hydrostatic pressure is known to affect the crystallization and physical properties
of polymers. The density (or specific volume) of polymers is dependent on pressure,
much more than metals and ceramics. Crystallization, melting and glass transition
temperatures of polymers are also dependent on the applied pressure. Typically, the

pressure dependence of the glass transition temperature is in the range of 20-75 °C per
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100 MPa, and the dependence of the melting temperature is in the range of 10-95 °C per
100 MPa.*® Other properties of polymer melts, such as melt viscosity and thermal
conductivity are also affected by pressure. Crystallization under pressure may also result
in a new morphology (such as chain—extended crystals) or different polymorphism

(y—phase in i—PP).

In 1960's the development of y—form of i—PP crystallized under high pressures
was observed for the first time. Kardos ef al.’’ reported the formation of y—form in
samples isothermally crystallized, as well as slow cooled from the melt at pressures
above 320 atm. With increasing pressure larger portion of the samples crystallized in the
y—form until at 5000 atm where only the y—form was present. Sauer and Pae®™
investigated the crystal structure, thermal and melting behavior, and the morphology of
the pressure crystallized i—PP. For all studied temperatures and pressures the material
crystallized into the y—form, which was stable for low degrees of supercooling. They
suggested that for pressure—crystallized samples y—form was the most stable one, which

3790 The rate of y—a transformation was found by

was also suggested by other authors.
Pae’' to be a function of time and temperature. In addition, based on the DSC studies Pae

noted that the y—phase melted without conversion into the a—phase.

In a more recent study”® on i—PP it was reported that with increasing
crystallization pressure y—form starts to coexist with the a—form until it becomes
dominant at 2 kbar. In this study a crystallization model was proposed in which the two

crystal phases are epitaxially deposited in the same lamella.

Extensive studies on the morphology and melting of the pure y—form of high
molecular weight i—PP with high isotacticity crystallized under high pressures were
published by Mezghani and Phillips.**** They confirmed that the formation of y—form is
preferred at high pressures and low supercoolings. With the purpose of answering the
question why y—form is preferentially developed at these conditions Gibbs free energy

approach was used. The Gibbs free energies of both a— and y—phase were calculated
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separately as a function of temperature at constant pressure. Consequently, the phase that
had lower Gibbs free energy had higher probability for nucleation and growth. Their

results obtained for atmospheric pressure and 200 MPa are presented in Figure 2.6.1.

From Figure 2.6.1 (a) it is obvious that at atmospheric pressure below the
transition temperature o.—phase is more stable, while the range of lower free energy of the
y—phase is limited to temperatures close to the equilibrium melting temperature. On the
other hand, at crystallization pressure of 200 MPa shown in Figure 2.6.1 (b), the range in
which the y—phase has the lowest free energy is significantly larger and shifted to lower
temperatures. This thermodynamic prediction of pure y—form showed good agreement
with their experimental results. Based on the results for different crystallization
temperatures and pressures authors calculated and constructed the o—y phase diagram of

i—PP as shown in Figure 2.6.2.

Foresta and coworkers®® used the same principle of Gibbs free energy to estimate
the stability of the phases in the case of i-PP copolymer with 3% ethylene crystallized at
atmospheric pressure. Their analysis is qualitative since the parameters they used, such as
equilibrium melting temperature, heat of fusion, density, and surface free energy were not
experimentally determined, but rather approximated. Using the Gibbs—Thompson
equation (2.4.1) and the approximate parameters, they calculated the temperature regions

of stability of both phases based on the lamellar thickness, as shown in Figure 2.6.3.

In the region above the transition line y—phase is more stable than a—phase, while
below it the a—phase is more stable. Figure 2.6.3 shows that the temperature region in
which the y—phase has lower free energy is considerably larger compared with the
homopolymer. The slopes of the melting and transition lines are almost the same because
they assumed similar ratios of surface free energy to the heat of fusion. This diagram is
consistent with the observations that the formation of y—phase takes place at slower

cooling and lower degrees of supercooling.
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2.7.  Tacticity and Copolymer Content Analysis

C Nuclear magnetic resonance (°C NMR) spectroscopy is an important method
for materials characterization and for studying structure—property relationships of
numerous polymer systems. This importance is partly due to the possibility to assign

signals to specific atoms along the polymer backbone and side chains.

Chemical shift assignments are important factor to a successful analysis of the
polymer structures. Oligomers and polymers with rigorously controlled structures offer
the best model systems for establishing chemical shift assignments.”** Also, the
assignments can be calculated using empirical parameters, such as Grant and Paul
parameters.” Some alternative additive schemes and improvements have been given in

the literature.’®™®

Chemical shift differences in '*C NMR polymer spectra are related to the number,
type and relative configuration of nearest—neighbor carbon atoms. The three carbon
atoms nearest to the carbon of interest strongly affect the chemical shift while weaker
contributions arise from carbons in the fourth and fifth positions away.” Therefore, using

BC NMR spectroscopy the configurations up to pentads can be identified.

For polypropylene stereoregularity of the chains depends on the catalyst system
used for the polymerization. It is known that polypropylenes synthesized with
Ziegler—Natta type catalysts have high isotacticity, but broad tacticity and molecular
weight distribution. In addition, there is a broad distribution of defects from chain to
chain, and also defect distribution within the chains that differs strongly from the random
behavior. It has been shown that defects are more concentrated in the molecules with
lowest molecular weight.”® Also, most heterogeneous Ziegler—Natta catalysts are highly
regioselective in propylene insertion. This means that the resulting polymer does not
contain regio—defects, at least in amount above the detection limit of the NMR

instruments (0.1 % mol).
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Figure 2.7.1 shows an example of spectra of propylene—ethylene copolymer. It is
obvious that there are three sharp peaks at approximately 48, 30, and 23 ppm, which
correspond to the three different carbon atoms in the propylene monomer unit, methyl,

methine and methylene, respectively.

Information about the tacticity of polypropylenes can be obtained from the methyl
carbon resonances at 20-23 ppm. Chemical shift assignment of ten pentads (shown in
Figure 2.7.2) and statistical analysis of polypropylene stereostructure can be performed
using the methyl region assignment by Busico et al’®” The usual nomenclature is
adapted from Bovey,'" where meso (m) and racemic (r) designate consecutive monomer

pairs with either like (m) or opposite () configurations.

iPP 3% Ethylene, ist Fraction

LUEL AP LT L LB LY LI L LR L UL LT LS L L LY L
] @ “ a o o = ¥ M i+ » 3 Y n ] 1"

Figure 2.7.1.  ">C NMR spectra of random propylene—ethylene copolymer.
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Figure 2.7.2. Schematic representation of isotactic polypropylene pentads.”

According to Randall,”® number average sequence length from pentads is given by

the following equation:

_PPRY 4 1rrm + mrrm + rmrr + rmrm + 3rmmr + 2mmmr + mmmm @2.7.1)
n= .
rrrr + rrrm + mrrm + Yarmrr + Y2 rmrm + rmmr + Y mmmr

The structure of copolymers of propylene with ethylene becomes quite complex,
especially when inverted propylene units are present. *C-NMR is powerful tool for
illuminating the detailed sequence structure of these copolymers. Extensive studies have
been carried out on propylene—ethylene copolymers for determining the comonomer

e 101-1
content and sequence distribution.”®'*!%°

For the interpretation of *C NMR spectra of propylene—cthylene copolymers, the
monomer distribution is expressed in terms of combinations of adjacent structural units,
such as dyads or triads. For example, the copolymer chain can be visualized as being

derived from any one or all of the six exclusive types of triads, that is, PPP, PPE, PEP,
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EEP, EPE or EEE. Knowledge of the triad concentrations, leads to the propylene and

ethylene fractions, as well as their average sequence lengths.

Comonomer molar composition can be calculated as:

ethylene% = [E] x100 (2.7.2)

where [P] and [E] are the mole fractions of the propylene and ethylene units, respectively,

and can be determined from triads using the relationships given by Bovey.'®

Number—average sequence lengths of propylene and ethylene units can be

determined from the triad concentrations as:

_ _[pPP]+[PPE]+[PEP] =~ _ _[EEE]+[PPE]+[PEP]

T eEpleppe] T PER] [EEP] 273

In terms of ethylene and propylene contents, the number—average sequence length

of uninterrupted methylene carbons is given by:'*

n, —1+2E] (2.7.4)

2.8. Diffraction and Scattering of X—rays

Wide—angle x—ray diffraction (WAXD) and small-angle x—ray scattering (SAXS)
are powerful methods for obtaining information about the internal structure of polymers.
WAXD is used to determine the crystal structure of a crystalline polymer, such as the size

and shape of the unit cell and the crystal space group. Additionally, WAXD is used to
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determine the degree of crystallinity and crystal orientation of semicrystalline polymers.
SAXS is mostly used to disclose information about a larger scale. It can be used to
determine the lamellar thickness, crystal size, and radius of gyration of semi—crystalline

polymers.

The basic principles of scattering for both methods are due to the scattering of
single atoms. Single atom scatters an incident beam of x—rays in all directions in space.
Crystals, which are regularly ordered three—dimensional periodic arrangements of atoms
scatter the incident x—ray beam in relatively few directions. This happens because the
periodic arrangement of atoms causes destructive interference of the scattered rays in all
except those predicted by Bragg's law, and in these directions constructive interference

occurs.

2.8.1. Wide Angle X—-ray Diffraction (WAXD)

WAXD is frequently used for determining the crystalline structure of crystalline

or semi—crystalline materials using Bragg’s law:

ni\ =2d,, sin0 (2.8.1)

where 7 is an integer and indicated the order of diffraction, A is the wavelength of the
scattering radiation, dyy 1s the distance between (/kl) planes, and € is the Bragg scattering

angle.

WAXD is also used to determine the degree of crystallinity of a polymeric
materials. This is the only method that directly measures the crystalline component of the
polymer sample, while all other techniques measure properties related to the degree of
crystallinity. However, WAXD is not an absolute method because of the arbitrary nature

of constructing the baseline that defines the crystalline and amorphous scattering.
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The procedure of determining the degree of crystallinity involves separating the
diffraction pattern into background, amorphous and crystalline components. After the
subtraction of the background, the amorphous halo is drawn underneath the prominent
crystalline peaks. The degree of crystallinity is calculated from the relative areas of the

crystalline and amorphous components using the following equation:

Acr stal
Xo=— y x 100 (2.8.2)

crystal + amorphous

where K is typically set to unity. Acrysial 1S the area of the all crystalline peaks, and
Aamorphous T€presents the area of the amorphous halo. Possible errors that arise when using
this method to calculate crystallinity include the uncertainty of defining the baseline and

the shape and position of the amorphous halo.

2.8.2. Small Angle X—ray Scattering (SAXS)

It is well established that semi—crystalline polymers form lamellar structures that
are defined as ordered structures with thickness in the range of 20 to 500 A. Stacked
lamellar structures will produce areas with electron density fluctuations due to the
differences in the electron densities of the crystalline and amorphous phases. SAXS
technique is sensitive to the differences in the electron density, therefore it can be used to
measure the long period parameter, which represents the center—to—center distance of the
stacked lamellae averaged over the entire irradiated volume of the sample. In order to
apply Bragg's law to the semicrystalline polymer, the polymer should consist of parallel
lamellae and have sharp phase boundary between the crystalline and amorphous phases

as shown in Figure 2.8.1.
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The long period will have a scattering maximum where the population of spacings
of a given distance occurs most often. It can be calculated by applying the Bragg's law to

the intensity maximum at a specific angle using the following equation:

27

L= (2.8.3)

qpeak

The long period value calculated from the intensity maximum obtained from the
1(q) versus g plot is only an estimate of the interlamellar spacing, because the thickness of
the amorphous layers that separate the lamellae is not known. So, for semicrystalline
polymer Lorentz correction can be applied, which requires correction of the intensity by

multiplication factor ¢°. According to this method, the long period can be determined

from the maximum of the plot of ¢°I(g) versus ¢. The lamellar thickness, ¢, can be

obtained by multiplying the long period by the volume crystallinity.'"’

One dimensional correlation function

Assuming that the lamellae crystals are essentially flat and parallel, the Lorentz
corrected scattering intensity /ic(g) can be related to the one—dimensional correlation

function K(z) defined as:
K(2)= [n(&-2)n(g)ag (2.8.4)
£=0

where 77(&) is the difference between the average and the local electron density, and z is

the coordinate in the direction perpendicular to the surfaces of the lamellae.
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The one dimensional correlation function can be obtained by Fourier transform of

the Lorentz corrected scattering intensity:
1 o0
K(z)=—— [14,(9)-4 coslgz)dg (2.8.5)
7~ 2L

where Ips(q) is the measured absolute intensity. In the case that the absolute intensity
cannot be obtained, the one—dimensional correlation function can be normalized. From
equation (2.8.4) it can be seen that for z = 0, K(z=0) will be equal to the average of the
square of the local electron density, and in equation (2.8.5) the cosine function for z = 0
will be equal to one. Therefore, the correlation function K(z) can be normalized by

dividing it with the correlation function at z = 0, K(0), which is also called the invariant:

[ 4L (g)cos(4z)dq
K (z)="— (2.8.6)
[47 1 (q)dg

g=0

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

pinhole—collimation in the case of ideal two—phase model as follows:

1

KO)=0=—

- |41 (g)dg (2.8.7)
4=0

In order to obtain the K,(z), Lorentz corrected data should be integrated in the
interval ranging from ¢ = 0 to ¢ = . However, the experimental data cannot go to zero
because of the beam stop, or to infinity because of the physical limits of the two
dimensional detector. Therefore, the intensity data has to be extrapolated to both low and
high values of ¢ so that the whole range is covered. For the range between zero and the
lowest experimental ¢ value, the intensity function can be approximated by a line

connecting two points. For the extrapolation to infinity, usually it is assumed that the
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intensity data follows Porod's law for a system with sharp phase boundaries. According
to the Porod's law, the intensity /(g) is directly proportional to ¢* as ¢ goes to infinity,
thus the plot of I(q) versus 1/¢* will provide the proportionality constant.

The application of a graphical extrapolation procedure in the one—dimensional
correlation function, K(z), allows direct determination of the structure parameters such as,
crystallinity, specific inner surface, average lamellar thickness, long period, and the
electron density difference if the absolute values of the scattering intensities are

108
measured.

A summary of the information derived from the schematic graph of K(z) is shown
in Figure 2.8.2. From Figure 2.8.2 it can be observed that in the K(z) curve, there is a
section between z = 0 and z = d where the slope dK(z)/dz is constant. This slope, that

forms the 'self—correlation triangle' is related to the specific inner surface O; as follows:

(.-, (2.8.8)

By extrapolating the slope to z = 0 the invariant Q is obtained:
0=w.(1-w)1n.~n,)’ (2.8.9)

where w, is the fraction of the crystalline phase, and 7. and 7, are the crystalline and

amorphous electron densities.

If the K(z) curve has a flat section at the first minimum, then it can be used as the

base of the 'self—correlation triangle'. The baseline coordinate can be calculated as:

A=-wX(n,—n,) (2.8.10)
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To determine the average lamellar thickness, an extrapolation of the same slope to
the other side is required. The extrapolated line cuts the baseline at z = d (where d is

the number average lamellar thickness) for w. < 50%, and the abscissa at z, = d (1-w,)

Above method is based on absolute intensities, which require calibration with
sample of known scattering power. Vonk ez al.'’'" developed similar method using
relative intensities and the normalized one—dimensional correlation function K(z). In this
case —A4 is equal to —-w/(1— w,), and the value of z at K (z) = —4 remains the number
average lamellar thickness o . For the relative intensity method, the calculation of the
value of 4 involves prior knowledge of the crystallinity by some other method, such as

WAXD, w.y. From this the SAXS crystallinity, w., can be determined by the following

equation:
Wes +(B_1)Wcs _chw =0 (281 1)
where
K 4
[a*1(a)dq
B:%W : E:_%(‘”{d;(z)] L R=T" (28.12)
z z
E( - j [a*1(g)dq
z=FE q=0

The value for the average lamellar thickness at 4 is equal to A+d . A is the

correction for the width of the transition layer and is equal to:

=
A=) (2.8.13)

1 - Wcs

Both these methods are based on the crystallinity being less than 50%, w.<0.5.
The equations can be adjusted for degrees of crystallinity above 50% by switching w, to

wa(1—wy), and 7, to 7.
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3. EXPERIMENTAL PROCEDURES

3.1. Materials

In this study two commercial random propylene copolymers with low ethylene
content were used as starting materials. These unfractionated copolymers were provided
by ExxonMobil Chemical Company, who also carried out their molecular
characterization, details of which are listed in Table 3.1. According to the manufacturing
company, the copolymers were synthesized using a slurry based Ziegler—Natta type
catalyst, similar to those used in the production of linear low density polyethylenes. In the
case of propylene—ethylene copolymers such catalysts produce an almost random
copolymers. This result is due to the fact that propylene and ethylene comonomers have

similar diffusion behaviors into the pores of the surfaces of the slurry.

Table 3.1.1.  Characteristics of unfractionated propylene—ethylene copolymers.

Ethylene My, MFR
Sample ID
(Wt.%) (g/mol) (g/10 min)
iPPu3% 3.0 300,000 4.0
iPPu5% 5.0 300,000 2.7

51



3.2. Fractionation

With the purpose of studying the effect of copolymer microstructure on the
crystallization and polymorphic behavior of propylene—ethylene copolymers, fractions of
the copolymer with different ethylene content and tacticity were obtained by fractionating

the starting copolymers by direct solvent extraction.

The fractionation of the iPPu3% and iPPu5% copolymers was performed in a
Soxhlet extractor using solvents with increasing boiling points. In order to achieve rapid
dissolution equilibrium in the extractor, there has to be a large interface between the
polymer and solvent vapor. For this, the copolymer sample was prepared in a powder
form, by dissolving the copolymer pellets in xylene containing antioxidant (butyrated
hydroxyl toluene 1.5 — 2 g/dm’) at 140 °C under constant stirring. The resulting solution
was cooled to room temperature, and then the copolymer was precipitated in cold
methanol. The recovered copolymer was filtered using a cellulose filter and dried under
vacuum until constant weight was achieved. The solvents used for the fractionation were

hexanes (69 °C) and cyclohexanes (80 °C).

The schematic of the extraction—fractionation apparatus used is shown in Figure
3.2.1. It consisted of a three necked flask, Soxhlet extractor, water cooled condenser,
cellulose thimble, thermometer, glass wool, glass beads and heating mantle. The sample
was mixed with glass wool and placed in the cellulose extraction thimble. The purpose of
the glass wool was to prevent the clumping of the swelled polymer. Glass wool was also
placed on the top of the extraction thimble to prevent the direct dripping of the
condensate on the copolymer sample. The thimble was placed in the insulated Soxhlet
extractor, then the extractor was placed on top of the flask and the condenser was put on
top of the extractor. The insulated Soxhlet extractor was capable of keeping the extraction
temperature within 2 °C of the boiling point of the solvent. The extraction solvent, along

with the antioxidant and the glass beads, was placed in the flask.
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To prevent the oxidative degradation of the copolymers it is important to remove
any trace of oxygen from the solution. For this purpose, in addition to the antioxidant,
dried nitrogen gas was bubbled into the solvent. The solvent was brought to boil
sufficiently to allow the extraction cup to fill and empty every 10 minutes. In order to
achieve steady state the extraction was continued for 24-30 hours. After cooling, the
copolymer fraction was recovered by precipitation in cold methanol, and then dried at
room temperature under vacuum until constant weight was achieved. This procedure was
carried out for both solvents, thus obtaining four fractions. Fractions were labeled
according to the ethylene molar content determined from “C NMR experiments, as
outlined in section 4.1. Table 3.2.1 displays the identification labels of the fractionated

copolymers.

Table 3.2.1.  Propylene—ethylene fractions identification.

Starting copolymer | Extraction solvent Fraction Sample ID
iPPu3% hexanes First iPP10.45
iPPu3% cyclohexanes Second iPP2.62
iPPu5% hexanes First iPP15.57
iPPu5% cyclohexanes Second iPP4.38

54



3.3. Molecular Characterization

3.3.1. Composition and Tacticity Determination with BC NMR

Ethylene concentration and triad distribution, as well as pentad isotacticity of the
fractionated copolymer samples were determined by solution *C NMR spectroscopy.
Samples were prepared by dissolving the copolymer fraction in o—dichlorobenzene to
make solutions with concentration of 10% (w/v). Such high concentrations were
necessary in order to obtain reasonable signal-to—noise ratio. ds—benzene (DMSO) was

used for the internal lock.

C NMR experiments were performed on a Bruker AMX-400 NMR
spectrometer at 112 °C with frequency of 100.64 MHz. For all measurements an
acquisition time of 2 s and pulse interval of 10 s was chosen to allow for sufficient

relaxation, since it has been shown''’

that the pulse spacing should be five times the
spin—lattice relaxation time of the slowest relaxing nucleus. About 1000 repetitions for

each sample were used to improve the overall signal to noise ratio.

3.3.2. Molecular Weight Determination

The molecular weight of the fractionated copolymers was determined by gel
permeation chromatography (GPC) at the Polymer Characterization Laboratory in the
Chemistry Department at UT. Measurements were performed on Polymer Laboratories
PL-GPC 220, equipped with Precision Detector PD2040 dual angle (90° and 15°) light
scattering detector, refractometer detector, and Viscotec 220 R four capillary viscometer
detector. Experiments were carried out at 145 °C in 1,2,4—trichlorobenzene as solvent.

Dr. Marek Pyda and Mr. Tom Malgrem are acknowledged for these measurements.
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3.4. Sample Preparation

Polymer samples were prepared as thin films in a Mettler FP52 hotstage with
Mettler FP80 temperature control unit. A small amount of the copolymer was placed
between two clean Kapton sheets, which were placed between two cover slips. The whole
setup was heated to 190 °C for 10 minutes to ensure complete melting, followed by
quenching in ice water. The sample preparation was conducted under the flow of nitrogen
gas to prevent any thermo—oxidative degradation. Films with thickness of 50—100 pm
were prepared for polarized light microscopy studies, while for WAXS and SAXS studies

thicker samples were prepared by isothermal crystallization.

Thick film samples of the fractionated copolymers with thickness ranging from
0.5-1 mm were prepared using a Wabash Hydraulic Press. The polymer sample was
placed between Kapton sheets, which in turn were placed between two chrome coated
stainless steel plates. The temperature was raised to 190 °C, and after 15 minutes of
melting the pressure was applied. The molten sheet of sample within the plates was taken
out of the hot press and quenched in ice water. The thickness of the film was controlled

by the melt temperature and applied pressure.

3.5. High Pressure Experiments

Copolymer polymorphism studies were carried out on thick film samples prepared
by isothermal crystallization in a custom piston—cylinder type high pressure cell, shown
in Figure 3.5.1. The whole high pressure experimental setup is shown in Figure 3.5.2.

High pressure crystallization was performed on copolymers iPP2.62 and iPP4.38.

A Carver hydraulic press equipped with heated platens was used in this
experiment. The press capacity was 110 kN. Two 15 x 15 cm, 5 mm thick steel plates
were placed on both sides of the high—pressure cell to prevent damage of the press
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Figure 3.5.1. High—pressure cell components.
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Figure 3.5.2. High—pressure isothermal crystallization experimental setup.
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platens by the cell pistons. The cell cylinder and the pistons were made of VascoMax 300
CVM maraging steel, which was heat—treated to a hardness of 55 Rockwell C. The
dimensions of the cell were 63.5 mm x 38 mm (diameter x height), and a 25.4 mm
diameter hole was bored through the cell to fit the pistons and the sample. A hole with
1.5 mm diameter was bored at the center of the cell's wall to a depth of 2 of the cell
height (19 mm) for temperature measurement. The clearance between the cell and the
pistons was 25 um. The whole cell was designed to take pressures of up to 1,000 MPa
and temperatures beyond 300 °C. Thick copolymer sample was placed in the cell between
two tightly fitting teflon spacers that were used to provide the initial sealing at lower

pressures. Brass delta rings were put on the pistons to seal the cell at high pressures.

The heating of the cell was accomplished primarily by a mica band heater, which
was clamped on an aluminum ring that tightly fitted the outside of the cell. The
temperature of the cell was measured by an Omega K-type thermocouple, and it was
controlled through an Omega temperature control unit. The press' platens were used as a
secondary heater. The temperature of the top platen was measured by a thermocouple,
and the temperature of the both platens was controlled through Bernant temperature

controller. Insulation surrounding the cell was used to improve the temperature stability.

After the sample was properly mounted into the cell, the cell assembly was placed
between the press platens and heated to an appropriate melting temperature for a time
sufficient to ensure complete melting, typically 15 minutes. The cell temperature was
then lowered to the desired crystallization temperature. The pressure was applied after the
crystallization temperature was stabilized. Sufficient time was provided to ensure
complete crystallization of the sample under constant pressure and temperature.
Afterwards the temperature of the cell was lowered to room temperature and the pressure

was released.
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3.6. Differential Scanning Calorimetry

The melting behavior of the samples was obtained using TA Q1000 V7.3
differential scanning calorimeter (DSC). The temperature and heat capacity calibrations
were performed with pure standards. Pure indium standard was used for temperature
calibration, while sapphire standard was used for heat capacity calibration. In all melting
experiments, the heating rate in the DSC was 10 °C/min, unless otherwise stated. Peak

temperature was chosen as the melting temperature.

Samples were melted at 190 °C for 10 minutes, then quenched to the
crystallization temperature, and after the isothermal run was completed they were melted
from the crystallization temperature. Peak temperature was chosen for the melting
temperature. Melting curves of samples isothermally crystallized under the same

conditions in the hot stage and quenched in ice water were also obtained.

3.7. Polarized Light Microscopy

Polarized light microscopy (PLM) studies were carried out in order to determine
the linear growth rates of the copolymer samples at atmospheric pressure. For this
purpose a Mettler FP82 hot stage mounted on an Olympus BX50 polarizing microscope,
equipped with a Sony video camera, was used. The hot stage was calibrated with standard
substances which undergo sharp melting around the temperature range of interest. The
sample was melted at 190 °C for 10 minutes to erase its thermal history. Then, the sample
was rapidly transferred to another calibrated hot stage preset to the desired crystallization
temperature, and crystallized at that temperature for an amount of time that allows
complete crystallization. The melting and crystallization studies of the samples were
performed under a nitrogen atmosphere to prevent any thermo—oxidative degradation.

The process of crystallization was recorded either by the Sony video camera on an
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accompanying VCR (for fast crystallization rates) or by an Olympus 35 mm film camera

(for slow crystallization rates).

For the growth rate determination, the radii of the growing spherulites were
measured as a function of crystallization time. These measurements were made on at least
five spherulites per crystallization temperature. Linear growth rates were obtained as the
slope of the plot of the average spherulite radius versus time using the least square
method. The linear growth rate data were further analyzed using the secondary nucleation

theory of Lauritzen and Hoffman.

3.8. Wide Angle X—ray Diffraction

Wide—angle x-ray diffraction (WAXD) studies were conducted on a Philips
X'Pert Plus Diffractometer in the reflection mode, with CuKa radiation of an X-ray
source operated at 40 kV and 45 mA. The patterns were acquired from 26= 5 to 35° with
a step size of 0.02° and scan rate of 0.2 °/min. Experimental data were analyzed with
Philips X'Pert Plus and Philips Profile Fit analysis software provided with the Philips
system. Peak assignment given by Bruckner and Meille*® was used for the y—phase, while

assignments given by Turner et al.”> were used for the o—phase.

To calculate the degree of crystallinity it is necessary to separate the amorphous

halo from the crystalline reflections. The method described by Natta et al.'"!

was applied
for the defining and extraction of the amorphous halo. The Profile Fit software was used
to fit the amorphous halo by scaling the intensities of the 2@ regions at 10, 16.3 and ~30°.
The same standard plotting procedure was used for both atmospheric and high pressure
crystallized samples. An example of the plotting procedure is shown in Figure 3.8.1. The
degree of crystallinity of the copolymers was calculated from the relative areas of the

amorphous and crystalline peaks according to the equation (2.8.2).
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Figure 3.8.1. X-ray diffractogram of propylene—ethylene copolymer.
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The fraction of the y—form of each sample was determined from the heights of the
(117) Bragg peak of the y—form and the (130) Bragg peak of the a—form according to the

method given by Turner—Jones’' and the equation (3.8.1):

y%=£x100 (3.8.1)
117 + 130

To determine the presence of different crystalline phases as a function of
temperature, high—temperature WAXD (HTWAXD) experiments were conducted at Oak
Ridge National Laboratory. The HTWAXD data were collected using a PANalytical
X’Pert PRO MPD 0 — 6 diffractometer with an Anton—Paar XRK-900 high temperature
stage. The diffractometer was equipped with an X’celerator detector that allows ultrafast
data collection. The data were collected using Cu K, radiation at operating voltage and
current of 45 kV and 40 mA, respectively. Data were collected between 10-25° (20) with

a count time of 30 s so that each scan took less than 5 minutes.

3.9. Small Angle X—ray Scattering

Small angle x-ray scattering (SAXS) measurements were performed on
Molecular Metrology SAXS system. It consists of monochromatic x—ray source, three
pinholes, two sample chambers, and a two dimensional detector. The x—ray generator
was a copper microfocused x—ray beam, normally operated at 45 kV and 0.66 mA. The
sample—to—detector distance (SDD) for the first sample chamber was 1.5m, and 0.5 m for
the second sample chamber. SAXS experiments on this system can be performed under

room temperature as well as high temperature of up to 300 °C.

The scattering vector, ¢ (nm™'), at SDD = 1.5 m was in the range 0.07 — 1.5 nm .
Also, in order to obtain higher scattering vector ¢, SDD = 0.5 m whose ¢ range is 1.0 —

5.0 nm~' was used.
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3.9.1. Raw Data Treatment

The MPA-3 Server and MPANT program (from Fast ComTec) record the
scattering intensity at each pixel of the two dimensional area detector. The SAXS
software written in Matlab (from Molecular Metrology) was used for pattern analysis.
With this program, raw experimental data were corrected for the background, and
converted from pixels to quantum units. The data output from this program is the
scattering intensity of the sample, /; versus the scattering vector, g. Correction of the
scattering data was carried out to eliminate the effects associated with the background air
scattering and the electronic noise in the detector (dark current). Also, absolute intensity
factor correction was essential for performing correct splicing of the two SSD data, as
well as obtaining the net corrected absolute scattering intensity (cm*cm’). In order to
make this correction first the transmission coefficient, 7,5, of each sample has to be
determined. For this, the intensity of the sample, the intensity of the x—ray beam without
a sample (empty beam), as well as the intensity with no x—ray beam (dark current), have
to be measured for each sample. The transmission coefficient of the sample was

calculated with the following equation:

=T (3.9.1)
T I,

mt
where [, Iy, and Iy are the scattered intensity of the sample, empty beam and dark

current, respectively.

Then, the absolute intensity factor, F,us, used to convert the scattering intensity
into absolute units was obtained using two different secondary standard materials. In the
case of 1.5 m geometry S-2907 standard (7 sta = 0.538, thickness = 1.713 mm) was used.
It's absolute intensity factor was found from the maximum intensity, corrected for the

standard transmission factor, thickness and time, and the equations (3.9.2) and (3.9.3).
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]max (q)

(j
peak

[—j =245 cm™ (3.9.3)
peak

F,.(1.5m)= (3.9.2)

where (d2/dQ)peax 18 the scattering cross—section per unit volume obtained by calibration

against the primary standard.

For the 0.5 m geometry, a glassy carbon GC-UTK (7msa = 0.463, thickness =
1.044 mm) was used as secondary standard. The Fs, was obtained from the ratio of the

intercept of the linear region (2 nm™” < ¢* < 12 nm™) in the Debye—Bueche plot

(1//1(q) versus ¢°) to the known [(g=0)= 3.805 cm™".

The scattering intensity of the sample was corrected for the transmission
coefficient, sample thickness, scanning time and the absolute intensity factor, by

multiplication with the correction factor calculated by the equation (3.9.4):

1
_Tm,sxthsxth

abs

CF

(3.9.4)

where T, is the transmission factor of the sample, 4, is the sample thickness in mm, ¢ is
the scanning time in seconds, and Fys is the absolute intensity factor calculated for the
standard in cm*cm’. Which F.us was utilized depended on the type of geometry used to

measure the scattering intensity.
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3.10. Scanning Electron Microscopy

The morphology of the copolymer samples crystallized at atmospheric and high
pressures was studied using the scanning electron microscopy (SEM). SEM pictures were
taken on a LEO 1525 field emission high—resolution scanning electron microscope. This
electron microscope is designed to run at high vacuum and low electron beam voltages.
This limits the damage to the polymer samples by the electron beam, and reduces the
possibility of charging the sample, even at high magnification. Because of this there is no
need of sample coating to get pictures, however, to avoid charging at very high
magnifications some of the samples were lightly coated with gold. The gold coating was
approximately 3 nm in thickness. Prior to the SEM experiments all samples were etched
for 30 minutes in permanganic acid solution, according to procedure published in the

literature for polyolefins.''?
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4. RESULTS

4.1. NMR

The C NMR spectra of the four propylene—ethylene copolymer fractions
positioned from front to back according to decreasing ethylene content are shown in
Figure 4.1.1. The spectra for all four fractions contain three sharp peaks at approximately
47 ppm, 29 ppm, and 22 ppm, which correspond to the three different carbon atoms in the

propylene monomer unit, methylene, methine and methyl, respectively.

The nomenclature of Carman and Wilkes'"” was adopted for the "NMR peak
assignments, where the primary (methyl), secondary (methylene), and tertiary (methine)
carbon atoms were designated as P, S, and T, respectively. Two Greek subscripts indicate
the carbon atom distances in both directions from the nearest tertiary carbons (methine
carbon bearing a methyl group). Few typical structures with the used nomenclature are

given in Figure 4.1.2.

Because of the high resolution of the measured spectra, it was possible to assign
pentad or hexad sequences''® to the NMR peaks for each of the copolymer fractions.
Chemical shift assignments for different carbon atoms in the copolymer chains are listed
in Table 4.1.1. The pentads and hexads were expressed in terms of dyad and triad using

the relationships given by Bovey.'"

Freeware software MestRe—C''®> was used to analyze the experimental data. The
obtained results in terms of the chemical shifts and peak areas of the fractionated

copolymers in the >C NMR spectra are given in Table 4.1.2.
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Figure 4.1.1.
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C NMR spectra of the fractionated propylene—ethylene copolymers.
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Figure 4.1.2. Nomenclature used for the methyl (P), methylene (S) and methine (T) carbons of propylene—ethylene copolymers.
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Table 4.1.1.

Chemical shift assignments in propylene—ethylene copolymers.

Carbon type | Chemical shift* Sequence
(ppm)
Sea 46.8-45.8 PPP
46.66 PPPPPE
46.60 PPPPPP
46.26 PPPPEE
46.17 PPPPEP
45.92 PEPPEP
Sey 38.4-37.9 PEP
38.2 EPPEPP
38.12 EPPEPE
38.08 PEPEPP
38.02 PPPEPP
37.97 PPPEPE
Sas 37.6-37.7 PEE
37.69 PPPEEP+PPPEEE
Tss 33.40 EPE
Tgs 30.7-31.1 PEPP
S, 30.77 PPEEPP
Sys 30.54 PPEEEP
Sss 30.13 PEEEP
Tgp 29.0-28.8 PPP
28.98 PPPPP
28.90 PPPPE
28.84 EPPPE
Sgs 27.6-27.4 PEE
27.60 EPEEP
27.46 PPEEP
Sgp 24.6-25.1 PEP
25.03 EPEPE
24.86 PPEPE
24.74 PPEPP
PBB + Pl35 21.9-21.8 mmmm
21.7-21.6 mmmr
21.03 mmrr
21-20.9 mrmm
20.8 mrmr
20.12-20.05 mrrm

a) The chemical shift scale is in ppm downfield of DMSO.
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Table 4.1.2.  Chemical shifts and peak area for fractionated copolymers.
Peak Area, %
Carbon type
iPP2.62 iPP4.38 iPP10.45 iPP15.57
Sea 47.79 28.10 41.75 38.02
Soy 2.65 2.62 7.59 10.31
Sas 0 0 1.67 2.48
Sgs 0 0 1.67 2.48
Sys 0 0 0 1.11
Sss 0 0 0 0.66
Tgp 44.71 24.95 36.26 32.53
Tgs 4.85 2.86 9.66 11.11
Tss 0 0 1.39 1.30
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Dyad sequence concentrations were determined from the area of the methylene

peaks using the following equations:'*®

PP=S,, (4.1.1)
PE=S, +S, (4.12)
EE = 1(Sy; +S4 )+ 1S, (4.1.3)

Triad comonomer distributions were determined with the calculation scheme

103
L

given by Cheng et a Only total methylene (S) and methine (T) carbons were used for

these calculations:

PPP =T, (4.1.4)
PPE =T, (4.1.5)
EPE =T, (4.1.6)

PEP =S, =1S,, (4.1.7)

EEP =S, =S, (4.1.8)

EEE =1S,, +1S (4.1.9)

Ethylene and propylene content was calculated from both dyad and triad

concentrations from the equations:

P =PP + 2 PE = PPP + PPE + EPE (4.1.10)

E = EE +1PE = EEE + EEP + PEP (4.1.11)
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Ethylene content and number—average sequence lengths of propylene and
ethylene runs for each sample were calculated using equations (2.7.2) and (2.7.3). The
pentad isotacticity was determined from the methyl peak assignments according to

Busico et al.”®” and equation (2.7.1).

Table 4.1.3 summarizes the sequence distributions of the fractionated copolymers
in terms of dyads and triads, copolymer compositions, as well as the number average

sequences of propylene, 7,, and ethylene units, 7, .

Chemical shift assignment for the statistical analysis of copolymer chain
stereostructure was performed on the basis of ten pentads shown in Figure 2.7.2 by using
the methyl region (2023 ppm) assignments by Busico et al.”®* for the homopolymer,
and by Hayashi ez al.'"* for the propylene—ethylene copolymers. The usual nomenclature
was adopted where meso (m) and racemic (r) designate consecutive monomer pairs with

either like (m), or opposite () conﬁgurations.loo

Pentad isotacticity data calculated from the methyl region are shown in Table
4.1.4. The summary of the molecular characteristics of the four copolymer fractions are

given in Table 4.1.5.

4.2. Molecular Weight

Molecular weight characteristics were determined by GPC and are reported in
Table 4.2.1. The results indicate that copolymers had fractionated based on ethylene
content and molecular weight. Fractions extracted with the lower boiling solvent
(hexanes) have higher ethylene content, lower molecular weight, and slightly higher

polydispersity.
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Table 4.1.3.

Sequence distributions of fractionated copolymers.

iPP2.62 iPP4.38 iPP10.45 iPP15.57
Sequence
(mol%) (mol%) (mol%) (mol%)
PPP 87.87 85.68 68.70 61.17
PPE 9.52 9.82 18.31 20.89
PEP 2.61 4.50 7.19 9.69
EPE 0 0 2.63 245
EEP 0 0 3.16 4.65
EEE 0 0 0 1.15
PP 94.74 91.47 80.53 72.21
PE 5.26 8.53 17.86 24.28
EE 0 0 1.61 3.51
97.38 95.62 89.55 84.43
2.62 4.38 10.45 15.57
n, 37.03 22.45 10.02 6.95
n, 1.0 1.0 1.18 1.29
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Table 4.1.4.

Pentad distribution and isotacticity of the copolymer fractions.

iPP2.62 iPP4.38 iPP10.45 iPP15.57
Sequence

(mol%) (mol%) (mol%) (mol%)
mmmm 87.42 76.00 64.05 56.84
mmmr 6.32 7.11 14.26 14.55
rmmr 0 0 0 0
mmrr 0 0 4.51 1.31
mrmm 6.25 16.89 15.04 16.76
mrmr 0 0 2.14 3.58
mrrm 0 0 0 6.96
rmrr 0 0 0 0
rrrm 0 0 0 0
IIer 0 0 0 0
m 96.86 92.78 89.30 82.22
r 3.14 7.22 10.70 17.78
n, 32 25.4 11.6 6
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Table 4.1.5.

Summary of the molecular characteristics of the fractionated samples.

ethylene stereo defects total defects
Sample ID
(mol%) (mol%) (mol%)
iPP2.62 2.62 3.14 5.76
iPP4.38 4.38 7.22 11.60
iPP10.45 10.45 10.70 21.15
iPP15.57 15.57 17.78 33.35
Table 4.2.1. Molecular weight characteristics of propylene—ethylene copolymers.
M, M, M,
Sample ID Polydispersity
(g/mol) (g/mol) (g/mol)
iPP2.62 252,200 120,600 520,150 2.09
iPP4.38 287,100 145,100 512,200 1.98
iPP10.45 86,190 36,140 199,450 2.39
iPP15.57 74,940 31,850 150,750 237
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4.3. Wide Angle X—ray Diffraction at Ambient Temperature

WAXD studies were performed at ambient temperature on copolymer samples
that were prepared by isothermal crystallization at atmospheric and high pressures.
Degree of crystallinity and y—crystal content were determined from these experiments by

using equations (2.8.2) and (3.8.1).

4.3.1. WAXD of copolymers crystallized at atmospheric pressure

Each of the crystal forms of i—PP has distinctive reflection in the WAXD pattern.
These characteristic reflections are found in the 26 angle range of 18—19° for the
a—monoclinic form, 15-16° for the P—hexagonal form, and 19.2-20.5° for the
y—orthorhombic form. The presence or absence of each of these peaks indicates the

existence of that particular structure.

WAXD patterns of propylene—ethylene copolymers crystallized at atmospheric
pressure are shown in Figures 4.3.1 — 4.3.4. For these copolymers only the characteristic
peaks of the isotactic polypropylene were observed, since ethylene sequences in the
copolymers were not long enough to crystallize into polyethylene crystals. The presence
of the diffraction peaks at 260= 18.6° (a—phase (130) reflection) and 260= 20.1° (y—phase
(117) reflection) in the patterns indicates that these copolymers crystallize only in a— and

y—crystals.

WAXD analysis of copolymer samples isothermally crystallized at atmospheric
pressure shows that the lower the supercooling the higher the amount of y—phase

produced. In addition, as the ethylene content increases in the copolymer samples, the
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WAXD pattern of iPP2.62 at different crystallization temperatures.
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Figure 4.3.2 WAXD pattern of iPP4.38 at different crystallization temperatures.
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Figure 4.3.3 WAXD pattern of iPP10.45 at different crystallization temperatures.
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Figure 4.3.4 WAXD pattern of iPP15.57 at different crystallization temperatures.
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amount of the y—phase also increases. Calculated degrees of crystallinity are shown in
Figure 4.3.5. The increase of the crystallization temperature results in higher degree of

crystallinity of the samples.

4.3.2. WAXD of copolymers crystallized at high pressures

WAXD analysis of the copolymer samples crystallized at high pressures was
carried out at room temperature and atmospheric pressure. WAXD patterns of copolymer
iPP2.62 as a function of crystallization temperature and pressure are shown in Figures
4.3.6 — 4.3.9. The diffractogram of iPP2.62 crystallized at the lowest crystallization
pressure (p. = 88 MPa) shows that these samples crystallize into both a— and y—crystal
phases. At this pressure, even at very high crystallization temperatures only a mixture of
these phases was produced. However, for all other pressures, 123 MPa, 158 MPa and 193

MPa, pure y—crystal phase was obtained at higher crystallization temperatures.

WAXD patterns of the iPP4.38 samples as a function of crystallization
temperature and pressure are shown in Figures 4.3.10 — 4.3.13. These samples exhibited
the same behavior as iPP2.62, namely, the y—phase content increased with increasing
crystallization temperature and pressure. In contrast with iPP2.62, this copolymer
crystallized into pure y—form even at the lowest crystallization pressure of 88 MPa.
Because this sample had higher ethylene content of 4.38 mol% (or total defect content of
11.6 mol%) the crystallization temperature range and the crystallization temperature at
which pure y—phase was produced were shifted to lower values. Therefore, for this
propylene—ethylene copolymer the increase in ethylene content shifted the onset of pure

y—crystal formation to lower temperature values.
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Figure 4.3.7. WAXD patterns of iPP2.62 isothermally crystallized at 123 MPa.
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Figure 4.3.8. WAXD patterns of iPP2.62 isothermally crystallized at 158 MPa.
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Figure 4.3.9. WAXD patterns of iPP2.62 isothermally crystallized at 193 MPa.
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Figure 4.3.10. WAXD patterns of iPP4.38 isothermally crystallized at 88 MPa.
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Figure 4.3.11. WAXD patterns of iPP4.38 isothermally crystallized at 123 MPa.
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Figure 4.3.12. WAXD patterns of iPP4.38 isothermally crystallized at 158 MPa.
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Figure 4.3.13. WAXD patterns of iPP4.38 isothermally crystallized at 193 MPa.
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Plots of the degree of crystallinity of copolymers iPP2.62 and iPP4.38 as a
function of crystallization temperature and pressure are shown in Figures 4.3.14 and
4.3.15. The results indicate that the crystallinity values of pressure crystallized samples

remained almost unchanged with increasing temperature and pressure.

4.4. Thermal Analysis

4.4.1. Non—isothermal Crystallization

Before studying the isothermal crystallization of random propylene—ethylene
copolymers it is necessary to determine the crystallization temperature range. This
experiment can be done easily by non—isothermal crystallization in the DSC. In general,
the isothermal crystallization should be performed above the non—isothermal
crystallization temperature. Figures 4.4.1 and 4.4.2 show the crystallization and melting
curves of the copolymers, recorded during cooling and heating at a rate of 10 °C/min.
Crystallization and melting curves of i—PP homopolymer are also shown for comparison

purposes.

It is evident that both crystallization and melting peak temperatures depend on
ethylene content. These copolymers exhibit only one peak during the non—isothermal
crystallization and melting, and the peak position shifts to lower temperatures as the
ethylene content increases. The intensity of the peaks is reduced with increasing ethylene
content, while the width of the crystallization and melting ranges does not change. The
presence of the ethylene units in the polypropylene chain decreases the crystallization
temperature from 114 °C for the homopolymer to 66.5 °C for the copolymer with 15.57
mol% ethylene. The decrease of the crystallization temperature is approximately 3 °C per
mol% ethylene, or 1.5 °C per mol% total defects. A similar tendency is observed for the

melting temperatures, as shown in Figure 4.4.3.
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Figure 4.3.14. Degree of crystallinity of copolymer iPP2.62 as a function of the

crystallization temperature and pressure.
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Figure 4.3.15. Degree of crystallinity of copolymer iPP4.38 as a function of the

crystallization temperature and pressure.
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4.4.2. Melting of copolymers crystallized at atmospheric pressure

Melting endotherms of the four copolymer fractions that were crystallized in the
hot stage for different isothermal crystallization temperatures are shown in Figures 4.4.4
—4.4.7. Samples exhibit multiple melting peak behavior, as well as melting over a broad

temperature range. Melting endotherms were recorded at heating rate of 10 °C/min.

The complex melting behavior of iPP2.62 copolymer samples is displayed in
Figure 4.4.4. For crystallization temperatures of up to 112 °C they exhibit a
low—temperature melting 'hump' at a temperature slightly above the crystallization
temperature, followed by a high—melting temperature endotherm. This 'hump' increases
in size with increasing crystallization temperature. Additionally, these samples have
another small shoulder above the high—temperature peak which decreases with increasing
crystallization temperature. As the crystallization temperature is increased above 114 °C
the 'hump' becomes a well defined low—temperature endotherm that further increases at
the expense of the high—temperature endotherm. In the crystallization temperature range
of 114 — 126 °C samples have an additional low—temperature endotherm at a temperature
just below the crystallization temperature that increases in height and becomes more
defined as the crystallization temperature is increased. This low—temperature endotherm
is probably due to melting of the material which did not crystallize isothermally for long
crystallization times, but crystallized during the quenching. For all iPP2.62 samples, an
increase in the crystallization temperature led to shift of both melting endotherms to

higher temperatures.

Similar melting behavior was observed for the iPP4.38 copolymer shown in
Figure 4.4.5. The observed low—temperature 'hump' becomes a well defined peak at 7. =
110 °C, and it continues to increase in height with increasing crystallization temperature.

Unlike the copolymer iPP2.62, the low—temperature peak starts to dominate the
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high—temperature peak at 7, = 116 °C. This behavior is also characteristic of copolymers

iPP10.45 and iPP15.57 as seen in Figures 4.4.6 and 4.4.7, respectively.

In order to better illustrate the effect of ethylene content on the melting behavior
of propylene—ethylene copolymers, melting endotherms of iPP2.62, iPP4.38 and
iPP10.45 crystallized at T, = 110 °C are plotted in Figure 4.4.8. It can be seen that the
increase of ethylene content from 2.62 mol% to 10.45 mol% decreases the peak melting
temperatures and broadens the low—temperature tail of the endotherm. In addition,
increasing ethylene content promotes the intensity of the low—temperature peak which for
iPP10.45 becomes higher than the high—temperature peak. This last observation is similar
to the effect that increasing crystallization temperature has on the intensity of the
low—temperature peak at constant ethylene content. This can be easily explained with the
fact that the presence of ethylene units in the polypropylene chains shifts the
crystallization temperature range of these copolymers to lower temperatures (Figure
4.4.3). This means that for iPP10.45 crystallization temperature of 110 °C corresponds to

much lower degree of supercooling compared to the iPP2.62.

The multiple melting behavior of the propylene—ethylene copolymers can be
attributed to any of the following: melting of the a— and y—phase crystals, existence of
two crystalline lamellar thickness populations which have different melting temperatures,
or melting—recrystallization—remelting process. The first hypothesis was tested using
high temperature WAXD experiments on several samples at temperatures determined
from DSC, such as peak temperatures and saddle temperatures in—between the peaks. The

results from these experiments are presented in section 4.5.

In order to evaluate whether a melting—recrystallization—-remelting process was
responsible for multiple melting peaks, DSC scans were performed at different heating
rates: 1, 2, 5, 10, 20 and 40 °C/min. The experiments were performed for three iPP2.62
samples crystallized isothermally at 102 °C, 112 °C and 126 °C, and are shown in Figures
4.4.9,4.4.10, and 4.4.11, respectively.
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Figure 4.4.8. DSC scans of copolymer fractions crystallized at 110 °C.
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Figure 4.4.9. Effect of heating rate on the melting of copolymer iPP2.62 crystallized at
102 °C.
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Figure 4.4.10. Effect of heating rate on the melting of copolymer iPP2.62 crystallized at
114 °C.
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Figure 4.4.11. Effect of heating rate on the melting of copolymer iPP2.62 crystallized at
126 °C.
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Figure 4.4.9 shows that for the iPP2.62 sample crystallized at low 7, = 102 °C the
shoulder above the main melting peak decreases with increasing heating rate, and is not
observed for the highest heating rate. This shoulder is also observed in Figure 4.4.10 for
iPP2.62 crystallized at 114 °C for the low heating rates of 1 — 5 °C/min, and is absent for
iPP2.62 crystallized at the highest crystallization temperature.

The effect of the heating rate on the overall heat of fusion (AHy), the individual
heat of fusion associated with the lower (AHs;) and upper (AHt,) endotherm and the peak
melting temperatures can be determined from the analysis of the DSC melting curves
shown in Figures 4.4.9 — 4.4.11. Figure 4.4.12 shows the results of this analysis for
copolymer iPP2.62 crystallized at 126 °C. The following observations were made from
this figure. The overall heat of fusion is independent of the heating rate, as is expected.
The heat of fusion of the lower endotherm increases with heating rate, while the heat of
fusion of the higher endotherm decreases. The lower endotherm peak shifts to higher
temperatures and the higher endotherm peak shifts to lower temperatures with increasing
heating rate. All of these changes are more significant at lower heating rates, and the

changes level off for heating rate of approximately 10-20 °C.

4.4.3. Melting of copolymers crystallized at high pressures

Melting behavior of copolymer samples isothermally crystallized at high
pressures was studied in DSC at atmospheric pressure. Figures 4.4.13—-4.4.20 show the
melting endotherms of copolymers iPP2.62 and iPP4.38 crystallized at different
temperatures and pressures. All DSC melting curves were recorded at a heating rate of 10
°C/min. From these figures it can be seen that copolymers crystallized at high pressures
display multiple melting similar to samples crystallized at atmospheric pressure, although

less prominent.
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Figure 4.4.13. DSC endotherms for iPP2.62 crystallized at 88 MPa as a function of

isothermal crystallization temperature.
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Figure 4.4.14. DSC endotherms for iPP2.62 crystallized 123 MPa as a function of

isothermal crystallization temperature.
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Figure 4.4.15. DSC endotherms for iPP2.62 crystallized at 158 MPa as a function of

isothermal crystallization temperature.
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Figure 4.4.16. DSC endotherms for iPP2.62 crystallized at 193 MPa as a function of

isothermal crystallization temperature.
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Figure 4.4.17. DSC endotherms for iPP4.38 crystallized at 88 MPa as a function of

isothermal crystallization temperature.

113



iPP4.38 p=123 MPa

0.25 W/g

Heat Flow (W/g)

T=152°C

T =144 °C

T =136°C

T=132°C

T | T | T
0 50 100

Temperature (°C)

Figure 4.4.18. DSC endotherms for iPP4.38 crystallized at 123 MPa as a function of

isothermal crystallization temperature.
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Figure 4.4.19. DSC endotherms for iPP4.38 crystallized at 158 MPa as a function of

isothermal crystallization temperature.
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Figure 4.4.20. DSC endotherms for iPP4.38 crystallized at 193 MPa as a function of

isothermal crystallization temperature.
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Figure 4.4.13 displays the melting endotherms of copolymer iPP2.62 crystallized
at a pressure of 88 MPa and several crystallization temperatures. Melting curves exhibit
two endotherms, with the higher—temperature endotherm being much smaller than the
lower—temperature endotherm. As expected, both peak temperatures increase with
increasing crystallization temperature at constant pressure. Similar to the copolymer
crystallized at atmospheric pressure, melting curves have a small 'hump' that appears at
temperatures below their corresponding crystallization temperatures. As the
crystallization temperature is increased the 'hump' becomes larger and better defined.
WAXD analysis of these samples at room temperature presented in section 4.3.2 showed

that all of them contain both a— and y— phase crystals.

DSC curves of the copolymer iPP2.62 samples crystallized at pressures of 123,
158 and 193 MPa are shown in Figures 4.4.14 —4.4.16. For all crystallization
temperatures, melting endotherms exhibit one or two small peaks above the main melting
peak. WAXD analysis of the copolymer iPP2.62 crystallized at p. = 193 MPa and
temperatures above 162 °C detected 100 % y—phase, as seen in Figure 4.3.9, while DSC
scans show very small peak. Analysis of the peak area showed that the area of this peak is

less than 1 % of the total area.

In contrast with copolymer iPP2.62, iPP4.38 samples crystallized at the highest
crystallization temperatures and pressures of 158 and 193 MPa do not exhibit the small

melting peak above the main melting peak, as seen in Figures 4.4.19 and 4.4.20.

4.5. High Temperature WAXD of copolymers crystallized at
atmospheric pressure

High temperature WAXD experiments were carried out on copolymer samples
crystallized at atmospheric pressure in order to determine the concentration of a— and

yY—phases as a function of temperature. This method was used to test the hypothesis that
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the multiple endotherms in the DSC melting curves discussed in section 4.4.2 are due to
the melting of different crystalline phases, namely o— and y—phase crystals. For this
purpose three samples were used, iPP2.62 crystallized at 126 °C, iPP4.38 crystallized at
120 °C, and iPP15.57 crystallized at 94 °C. Experiments were performed at peak
temperatures and temperatures bellow and above peak temperatures, that were
determined from DSC experiments. This way, the possible disappearance of one of the
phases can be followed as the temperature is increased. It is expected that at temperatures
below the lowest melting peak both phases will be present. If this hypothesis is valid,
with increasing temperature the intensity of the characteristic peak of one of the phases
will start to decrease and eventually disappear at a temperature just below the highest
melting temperature. In addition, whether any crystal reorganization on heating has
occurred can be observed by comparing the WAXD pattern obtained at room temperature

and the pattern obtained at temperatures before any significant melting occurred.

It should be pointed out that an increase in the temperature will lead to an increase
in the thermal vibration of atoms in the crystalline lattices of the samples. This will affect
the diffraction pattern by decreasing the intensities of the diffraction peaks and increasing
the intensity of the background scattering. Additionally, the unit cell expands which
causes changes in the planar spacing and is manifested as a shift in 26 positions of

diffraction peaks.

Figure 4.5.1 shows the three—dimensional plot of the WAXD intensities as a
function of temperature for copolymer iPP2.62 crystallized at 126 °C and atmospheric
pressure. The diffraction patterns were recorded at temperatures indicated by arrows in
the endotherm insert in Figure 4.5.1, and are arranged in the main figure from back to

front according to increasing temperature.

The room temperature scan shows six strong Bragg reflections, including the two
characteristic reflections of the a— and y—crystals that are of interest, indicated by arrows.
As the temperature was increased from 25 °C to 100 °C, which is close to the peak of the

lowest endotherm, the height of the (117) reflection started to decrease considerably. This
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Figure 4.5.1. High Temperature WAXD of copolymer iPP2.62 crystallized at T, = 126 °C at temperatures indicated in the inset.
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indicates that y—crystals started to melt at lower temperatures than o—crystals. At the
same time there was a slight increase in the height of the (130) reflection, which could be
an indication of a possible melting—recrystallization process during the heating. The
melting of the thinner y—crystals formed on quenching and their recrystallization into
a—crystals on heating can be explained with the low heating rate of 5 °C/min used in this
experiment. With the further increasing of the temperature up to 139 °C, the (117)
reflection has almost disappeared while the height of (130) reflection did not change.
Only in the temperature range of 144—-149 °C, which corresponds to the highest
endotherm, the height of the (130) reflection and the a—crystals content started to
decrease, while the y—crystals have completely disappeared. From these results it is
evident that y—crystals melt at lower temperatures compared with o—crystals.
Accordingly, the lower two endotherms in the DSC melting curves are due to the melting

of y—crystals, while the highest endotherm is due to the melting of a.—crystals.

Similar three—dimensional plots for copolymers iPP4.38 and iPP15.57 in their
corresponding temperature ranges are shown in Figures 4.5.2 and 4.5.3. Same
conclusions can be drawn about the melting of the different crystalline phases in these
copolymer samples analogous to the copolymer iPP2.62. It should be emphasized that for
the copolymer iPP15.57 it was difficult to discern the changes in the (130) reflection at
the highest temperatures. That sample had very high y—phase content (73 %) and the
(130) characteristic peak of the a—phase was very weak even at room temperature
measurement. In the high temperature WAXD experiment, the amorphous halo increased
considerably with increasing temperature and to some extent overlapped with the (130)

reflection.
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Figure 4.5.2. High Temperature WAXD of copolymer iPP4.38 crystallized at T, = 120 °C at temperatures indicated in the inset.
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4.6. Small Angle X—ray Scattering

SAXS intensity patterns and the derived correlation functions are commonly used
for characterization of the polymer morphology. In this study the one—dimensional (1D)
correlation function, K;(x), for the case of a semi—crystalline polymer system was applied

to the random propylene—ethylene copolymers.

The focus of the first part of this section are the processing parameters of the
original SAXS intensity data, prior to the evaluation of the 1D correlation function. Care
has to be taken to avoid introducing artifacts due to the data processing. In the second and
third part the experimental SAXS curves and the results from the 1D correlation function
analysis are presented. These include the crystalline, amorphous and transition layer
thickness, as well as the degree of crystallinity obtained from SAXS as a function of

defect content and crystallization conditions (temperature and pressure).

4.6.1. Thermal Fluctuations Correction and Interface Determination

Semi—crystalline polymers can be described in terms of an ideal two—phase model
of densely packed, isotropically distributed stacks of parallel crystalline and amorphous
layers. In that case the long period can be calculated from the maximum peak position of
the Lorentz corrected SAXS intensity patterns using the equation (2.8.3). For the ideal
two—phase system with sharp phase boundaries the long period represents a sum of the
thickness of the crystalline (/;) and amorphous phase (/,). However, the pseudo-two-
phase model with diffuse phase boundary is more realistic representation of polymer

systems. According to this model the expression for the long period becomes:

L=/lc+ 0+ 0y (4.6.1)
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where /y is the diffuse transition (or interfacial) layer thickness from the crystalline to the
amorphous phase. This transition layer thickness can be determined from SAXS

experiments.

In general, there are two approaches for calculating 7 from SAXS data. One is to
use the 1D correlation function based on the linear gradient of electron density outlined in

section 2.8.2, and the other is to use a modified Porod's law suggested by Ruland.''®'"" I

n
the 1D correlation function approach, the displacement from the slope of the
self—correlation triangle can be used to calculate the interfacial layer. However, the

modified Porod's law method has been recommended for polymers.'®

According to Porod's law, for an ideal two—phase system with sharp phase
boundaries the scattered intensity decreases proportionally to the g™* at the tail region of

the scattering vector:
: K,
lim/ (q)=— (4.6.2)
q—>® q

where K,' = (21)°xK,, and K, is the so—called Porod's law constant. Porod's law predicts

that Ip(q)xq4 reaches a constant for large values of the scattering vector.

This law provides a means of extrapolation of the scattered intensity to large
scattering angles where experimental measurement of the intensity becomes impractical.
Polymers often exhibit deviations from Porod's law, which means that the product
Ip(q)xq4 does not reach a constant value. This behavior can be explained by the variations
in the microstructure of the polymer. Positive deviation from Porod's law may be due to
the presence of thermal density fluctuations or mixing within the phases that results in
increased scattering at high angles. It can cause underestimation of the transition layer
thickness and overestimation of the invariant. On the other hand, the presence of a diffuse
phase boundary causes a reduction of the high—angle scattering resulting in a negative

deviation. Ruland''® has shown that Porod's law may be modified to include the effects of
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these deviations and has proposed methods to determine the density fluctuations and the

width of the diffuse transition layer.

For accurate determination of the /¢y the scattering background due to the
electron—density fluctuations within phases has to be determined and subtracted from the
net corrected absolute intensity. In this study the electron—density fluctuations that are
responsible for positive deviation from Porod's law were calculated using the empirical

method proposed by Ruland'"” according to the following equation:
I,(¢) = Fl-exp(b, -¢*) (4.63)

where FI is the thermal density fluctuation at /g(¢=0), and b; is a constant. To determine
the FI and b; in this equation, the net corrected absolute intensity /,.(q) was fitted in a
region where only the /g(g) is present, that is for g—oo (tail region). Values of F/ and b,
were estimated from the intercept and the slope of the plot of Iny(g) vs ¢°. The

background scattering intensity was then subtracted from the observed intensity:

Lo (@) = 11 (@) = 15(9) (4.6.4)

The transition layer thickness can be determined depending on the model that
describes the electron density profile across the interface layer. In this study the

linear—gradient and sigmoidal—gradient models were used and are shown in Figure 4.6.1.

According to the linear—gradient model, the thickness of the transition layer was

determined by fitting the linear tail region in the plot of I(q)xg" versus ¢°. The value of ¢y

was calculated from the intercept and slope of the linear region using the following

Ly=E= 1/—_.12'510pe (4.6.5)
intercept
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Figure 4.6.1. Electron—density profile, p.bs(7), and smoothing function, 4(r), for (a)

sigmoidal—gradient model, (b) linear—gradient model.''®
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For the sigmoidal-gradient model /4 was determined by fitting the linear tail

region of the plot of In[/(q)xq"] versus ¢, according to the following equation:

l,=0= /ﬂ (4.6.6)
intercept

The successful application of these equations for calculating the transition layer
thickness depends on having a reliable tail intensity region. The scattering intensity in the
tail region can be extrapolated to large values of the scattering vector using the Porod's or
modified Porod's law. Significant errors can be introduced if there is high—scattering
intensity in the tail region, or if the extrapolation is performed from a low angle region
which has not reached the background. It has been shown that the type of extrapolation
used does not affect the major part of the 1D correlation function, but that it affects the
self—correlation triangle (Figure 2.8.2) from which the transition layer is determined.'*
Therefore, in this study if reliable tail region was obtained from the 1.5 m geometry, then
the scattering data were extrapolated to the high g region. Otherwise, data from both 1.5

m and 0.5 m geometries were used for evaluation of the 1D correlation function.

4.6.2. SAXS of copolymers crystallized at atmospheric pressure

The corrected net absolute SAXS intensity as a function of the scattering vector
for the copolymer iPP2.62 crystallized at several temperatures is shown in Figure 4.6.2. It
can be observed that as the crystallization temperature increases from 104 °C to 116 °C,
the scattering intensity increases and the position of the maximum shifts to lower
scattering vectors. However, starting at 7, = 120 °C the scattering peaks are not well
defined and resemble a shoulder (see curves indicated with arrows). Also, the intensity

starts to decrease with increasing crystallization temperature up to 126 °C.
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Figure 4.6.2. SAXS intensity profiles for iPP2.62 copolymer crystallized at different
temperatures.
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Lorentz corrected intensity profiles of these samples are shown in Figure 4.6.3.
On this figure well defined peaks are visible even for the samples that did not show
distinct peaks in the scattering intensity profiles. They also show second maximum
indicated by arrow in Figure 4.6.3, which for some of the samples is not well defined and
is shaped as a shoulder. In the studied temperature range, with increasing crystallization
temperature both peaks shift to lower g—values. If the ratio of the scattering vectors at
these peaks has a value of approximately 2 then the peak at the higher g—value is a
second order peak that corresponds to the same periodicity. The g»/g; ratio for the
samples crystallized below T, = 120 °C was in the range of 1.9 to 2.0. But for the samples
crystallized in the temperature range of 120 — 126 °C, this ratio had values from 1.6 to 1.8

indicating that it is not a second order peak.

In order to better observe the occurrence of the second peak, Lorentz corrected
intensities for the samples crystallized in the temperature range of 120 — 126 °C together
with the sample crystallized at 104 °C are plotted in Figure 4.6.4. Curves are shifted
along the y—axis for clarity. It can be observed that the intensity of the second peak
increases significantly with the increase of crystallization temperature. For T, = 104 °C
the intensity of the second peak is 35 % of the first peak, for 7. = 122 °C it is 80 %, and
for the T, = 126 °C both peaks almost have the same height. The ratio g»/q, which is less
than 2 and the increased intensity of the second peak indicate that the second maximum is

not a higher order diffraction peak.

The net corrected scattered intensity curves of copolymer iPP4.38 crystallized at
different crystallization temperatures are shown in Figure 4.6.5. In a similar fashion as
copolymer iPP2.62, the peak position shifted to lower g—values as the crystallization
temperature was increased. At higher crystallization temperatures (above T, = 120 °C),
the shape of the curves changed, with the peak starting to resemble a shoulder and the

intensity of the curves starting to decrease, as indicated with arrows.

Lorentz corrected intensity profiles of copolymer iPP4.38 crystallized at different

crystallization temperatures are shown in Figure 4.6.6, shifted on y—axis for clarity. With
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Figure 4.6.3. Lorentz corrected intensity profiles for copolymer iPP2.62 crystallized at

different temperatures.
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Figure 4.6.4. Lorentz corrected intensity profiles for copolymer iPP2.62 samples that

exhibit unusual second maximum. Curves are shifted on y—axis for clarity.
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Figure 4.6.5. SAXS intensity profiles for copolymer iPP4.38 crystallized at different
temperatures.
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Figure 4.6.6. Lorentz corrected intensity profiles for iPP4.38 samples that exhibit

unusual second maximum. Curves are shifted on y—axis for clarity.
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increasing crystallization temperature peaks shift to lower values, indicating increase in
the long period. For the two highest crystallization temperatures there is also an increase
in the width of the peak and an increase in the second peak intensity. This peak

broadening is indicated with arrow in Figure 4.6.6.

The net corrected scattering intensities of the copolymer iPP10.45 for several
crystallization temperatures are shown in Figure 4.6.7. The corresponding Lorentz
corrected curves, shifted along the y—axis, are shown in Figure 4.6.8. For these samples
the overall scattering intensity is low and decreases with increasing crystallization
temperature. Lorentz corrected data show one distinct peak, whose width increases with

temperature.

The corrected net absolute SAXS intensities as a function of the scattering vector
and crystallization temperature for copolymer iPP15.57 are shown in Figure 4.6.9. The
corresponding Lorentz corrected curves, shifted on y—axis for clarity, are presented in
Figure 4.6.10. It can be observed that with increasing crystallization temperature the
intensity of the peaks increases, and the peak position shifts to lower values of the
scattering vector. However, for iPP15.57 this shift is much smaller compared with the
other copolymers. The width of the Lorentz corrected peaks slightly increased with

increasing crystallization temperature, but the second peak was not observed.

4.6.3. One—Dimension Correlation Function Analysis

The net corrected scattered intensity of the crystallized copolymer samples was
treated as described in section 4.6.1. Scattering data were corrected for the thermal
density fluctuations using Ruland's method, and the thickness of the transition layer was

determined for the linear-gradient and sigmoidal-gradient model. Then, the corrected
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Figure 4.6.7. SAXS intensity profiles for copolymer iPP10.45 crystallized at different
temperatures.
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Figure 4.6.8. Lorentz corrected intensity profiles for copolymer iPP10.45 crystallized at

different temperatures. Curves are shifted on y—axis for clarity.
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Figure 4.6.9. SAXS intensity profiles for copolymer iPP15.57 crystallized at different
temperatures.
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Figure 4.6.10. Lorentz corrected intensity profiles for copolymer iPP15.57 crystallized at

different temperatures. Curves are shifted on y—axis for clarity.
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data were extrapolated to low and high g—values using Porod-like function of the

following form:
=K g7’ (4.6.7)

where K" is the Porod's law constant, and b = —4 for ideal two—phase system with sharp
boundaries. Propylene—ethylene copolymer samples used in this study exhibited negative

deviation from Porod's law, and showed values close to, or less than the theoretical value

of —4. Extrapolated Lorentz corrected curves were used to generate the 1D correlation
functions. Normalized 1D correlation functions and the method of the self—correlation
triangle, as described in section 2.8.2, were used to determine the long period, crystalline,
amorphous and transition layer thickness, as well as the invariant and the electron density
difference. For this procedure a MathCad routine originally written by Stein Schreiber'*!

was modified for degree of crystallinity above 50 %.

Normalized 1D correlation functions K(x) of the copolymer iPP2.62 as a function
of crystallization temperature are shown in Figure 4.6.11. The increase of crystallization
temperature is marked with arrows. In general, with increasing crystallization
temperature the slope of the self—correlation triangle decreases, the position of second
maximum increases, and the position of the first minimum gradually decreases. Since

some of the curves overlap, for clarity they are presented individually in Figure 4.6.12.

It can be observed that with increasing crystallization temperature the shape of the
1D correlation function changes significantly. Whereas samples crystallized in the range
of 104 °C to 114 °C exhibit the usual shape of the curve going through a minimum and a
maximum, at 118 °C a slight skewing of the first minimum can be observed. With further
increasing of the crystallization temperature the 'skewed minimum' develops into
'double-minimum'. At the same time, the position of the second maximum shifts to
considerably larger values. Samples that showed an unusually high second peak in the

Lorentz corrected data show this atypical 1D correlation function. The existence of a
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Figure 4.6.11. 1D correlation function of copolymer iPP2.62. Increasing crystallization temperature is indicated with arrows.
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Figure 4.6.12. 1D correlation functions of copolymer iPP2.62 crystallized at indicated

crystallization temperatures.
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'double—minimum' can be an indication of the coexistence of two different lamellar
domains. Since the iPP2.62 samples crystallized above 120 °C have two minima before
the maximum in the 1D correlation function, this method cannot be used to directly
extract morphological data. Firstly, some type of processing of the raw data has to be
made in order to separate the contributions from the two lamellar populations, before 1D
correlation function can be used. An approach for solving this problem will be discussed

in section 5.2.3.4.

Figure 4.6.13 displays the normalized 1D correlation function K(x) for the
copolymer 1PP4.38 as a function of crystallization temperature. Similar behavior to
copolymer 1PP2.62 is observed for the highest four crystallization temperatures, as seen
from the skewing of the first minimum in the 1D correlation function. Direct application
of the 1D correlation function will not be used to analyze the data of the iPP4.38 samples

crystallized in the temperature range 114-120 °C.

Normalized 1D correlation functions for the copolymers iPP10.45 and 1PP15.57
as a function of the crystallization temperature are shown in Figures 4.6.14 and 4.6.15.
The overall shape of the curves for these copolymers is very similar, with only a slight

shift in position and amplitude of the peaks.

The results from the SAXS analysis of the lamellar thickness for each of the
copolymer samples as a function of crystallization temperature are shown in Tables
4.6.1-4.6.4. The lamellar thickness was determined from the self—correlation triangle
method. Also in the tables are listed the calculated stem length and number of propylene
monomer units traversing the crystal lamellae for both a— and y—crystal phases. Stem
length of the y—phase was calculated for samples that exhibited large fraction of this
crystal phase, typically above 50 %.
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Figure 4.6.13. 1D correlation functions for iPP4.38 copolymer samples crystallized at indicated crystallization temperatures.

Arrows indicate the change in shape of the curves with increasing crystallization temperature.
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Figure 4.6.14. 1D correlation functions for copolymer iPP10.45 crystallized at indicated

crystallization temperatures.
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Figure 4.6.15. 1D correlation functions for copolymer iPP15.57 crystallized at indicated

crystallization temperatures.
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Table 4.6.1.

Crystal characteristics of copolymer iPP2.62 crystallized at atmospheric pressure.

T, AT | Wwaxd | Wsaxs E A LP dn' ly la L. o—stem |#units | y—stem | #units

O | CO | (%) | (%) | (m) | (nm) | (nm) | (nm) | (m) | (nm) | (nm) | (nm) (nm)

102 | 68.2 | 70.0 | 65.1 | 3.53 | 2.49 | 12.00 | 4.19 1.13 3.06 7.81 792 | 36.6 - -
104 | 662 | 704 | 642 | 3.29 | 2.33 | 12.05 | 4.32 1.00 3.32 7.73 7.84 | 36.2 - -
106 | 642 | 71.1 | 67.3 | 298 | 2.11 | 1191 | 3.89 1.04 2.85 8.02 8.13 | 375 - -
108 | 622 | 72.0 | 65.2 | 3.19 | 2.26 | 12.17 | 4.23 1.01 3.22 7.94 8.05 | 37.2 - -
110 | 60.2 | 722 | 654 | 292 | 2.07 | 1236 | 4.28 1.10 3.18 8.08 8.20 | 37.8 - -
112 | 582 | 72.7 | 66.5 | 2.84 | 2.00 | 12.73 | 4.27 1.10 3.17 8.46 8.58 |[39.6 | 11.13 | 51.3
114 | 56.2 | 733 | 66.1 | 3.00 | 2.30 | 12.96 | 4.39 0.80 3.59 8.57 8.69 | 40.1 | 11.27 | 52.0
116 | 542 | 732 | 644 | 297 | 2.12 | 13.27 | 4.73 0.45 4.28 8.54 8.66 | 399 | 11.23 | 51.8
118 | 522 | 73.7 | 67.7 | 233 | 1.65 | 13.67 | 4.42 0.50 3.92 9.25 938 | 433 | 12.16 | 56.1

1)dn=/,+ ¢y
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Table 4.6.2.

Crystal characteristics of copolymer iPP4.38 crystallized at atmospheric pressure.

T: AT | Wwaxd | Wsaxs E A LP dn ly ly ¢, |a—-stem| #units | y—stem |#units
°C) | CO | (%) | (%) | (am) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) (nm)

104 | 61.1 | 63.6 | 62.8 | 3.00 | 1.84 | 10.31 | 3.83 1.4 2.43 6.48 6.57 30.3 - -
106 | 59.1 | 65.0 | 643 | 2.87 | 2.03 | 1133 | 4.05 1.3 2.75 7.28 7.38 34.1 - -
108 | 57.1 | 66.1 | 60.9 | 2.16 | 1.53 | 11.43 | 447 1.0 3.47 6.96 7.06 32.6 - -
110 | 55.1 | 67.0 | 65.1 | 230 | 1.63 | 11.90 | 4.15 1.1 3.05 7.75 7.86 36.3 10.19 | 47.0
112 | 53.1 | 67.9 | 66.8 | 2.28 | 1.61 | 12.06 | 4.00 1.0 3.00 8.06 8.17 37.7 10.60 | 48.9
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Table 4.6.3.

Crystal characteristics of copolymer iPP10.45 crystallized at atmospheric pressure.

T. AT | Wywaxd | Wsaxs E A LP dn ly ly l, |o—stem|#units | y—stem |#units
O | O | (W | (%) | (am) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) (nm)

82 775 1| 63.2 | 59.3 | 330 | 2.33 | 10.53 | 4.29 1.81 2.48 6.24 6.33 [ 29.2 | 821 |37.9
86 735 | 648 | 60.1 | 3.21 | 2.27 | 10.65 | 4.25 1.80 2.45 6.40 6.49 | 299 | 842 | 388
90 | 695 | 664 | 61.1 | 3.39 | 240 | 10.64 | 4.14 1.67 2.47 6.50 6.59 | 304 | 855 (394
94 | 655 | 66.7 | 61.6 | 3.12 | 2.21 | 10.87 | 4.22 1.30 2.92 6.70 6.80 | 31.4 | 881 |40.7
98 | 615 | 67.8 | 63.6 | 2.89 | 2.05 | 11.00 | 4.60 1.45 3.15 7.00 7.10 | 32.8 | 9.21 | 425
100 | 59.5| 680 | 63.1 | 249 | 1.76 | 11.26 | 4.53 1.19 3.34 7.10 7.20 | 33.2 | 9.34 |43.1
110 [ 49.5| 685 | 64.0 | 241 1.71 | 11.45 | 4.12 1.00 3.12 7.33 743 | 343 | 9.64 |445
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Table 4.6.4.

Crystal characteristics of copolymer iPP15.57 crystallized at atmospheric pressure.

T: AT | Wwaxd | Wsaxs E A LP dn ly l, l. | a—stem |#units | y—stem | #units
C) | O | (%) | (%) | (am) | (nm) | (nm) | (nm) | (nm) | (nm) | (am) | (nm) (nm)

72 77 60.5 | 58.9 | 3.39 24 1048 | 4.31 2.12 2.19 6.17 6.26 | 28.9 — —
74 75 60.6 | 60.2 | 3.34 | 236 | 10.64 | 4.23 1.85 2.38 6.41 6.50 | 30.0 — —
76 73 61.1 | 58.7 | 333 | 2.36 | 1048 | 4.33 1.96 | 2.37 6.15 6.24 | 28.8 - -
78 71 61.6 | 58.1 | 3.32 | 2.35 | 10.30 | 4.32 1.38 2.94 5.98 6.07 | 28.0 | 7.86 | 363
80 69 | 62.0 | 589 | 3.27 | 231 | 10.19 | 4.19 1.86 | 2.33 6.00 6.09 | 28.1 | 7.89 | 364
84 65 63.4 | 59.2 | 3.25 | 2.30 | 10.20 | 4.16 1.88 2.28 6.04 6.13 | 283 | 794 | 36.7
86 63 62.7 | 60.0 [ 3.22 | 2.28 | 10.50 | 4.20 1.65 2.55 6.30 6.39 | 29.5 829 | 38.2
88 61 63.9 | 59.1 | 3.15 | 2.22 | 10.51 | 4.30 1.25 3.05 6.21 6.30 | 29.1 8.17 | 37.7
90 59 64.0 | 58.8 | 3.04 | 2.15 | 10.66 | 4.39 1.29 3.10 6.27 6.36 | 29.3 8.25 38.7
92 57 64.5 | 63.1 | 3.08 | 2.18 | 10.65| 3.93 1.91 2.02 6.72 6.82 | 31.5 8.84 | 40.8
94 55 648 | 63.2 | 2.87 | 2.03 | 10.64 | 3.91 1.80 | 2.11 6.73 6.83 | 31.5 | 885 | 40.8
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4.6.4. SAXS of copolymers crystallized at elevated pressures

SAXS analysis was used to evaluate the influence of pressure on the morphology
of isothermally crystallized copolymer samples iPP2.62 and iPP4.38. In the case of the
i—PP homopolymer studies have shown that the lamellar thickness decreases with

increasing crystallization pressure.3 8,122

Figure 4.6.16 shows the net corrected absolute SAXS intensities of the copolymer
1PP2.62 as a function of crystallization temperature at a pressure of 123 MPa. It can be
seen that with increasing crystallization temperature the scattering intensity increases and
the peak maximum shifts to lower g values (larger long period). Lorentz corrected data,
presented in Figure 4.6.17, show similar behavior. For the copolymer iPP2.62 crystallized
isothermally at 193 MPa the scattering intensity increased less dramatically with

increasing crystallization temperature, as seen in Figures 4.6.18 and 4.6.19.

Figures 4.6.20 show the SAXS intensity profiles of copolymer iPP2.62 as a
function of crystallization pressure at 7, = 170 °C. It can be seen that with increasing
pressure, the peak maximum shifts to higher scattering vectors indicating smaller long

periods. Also, the scattered intensity decreases with increasing pressure.

Normalized 1D correlation functions of copolymer iPP2.62 crystallized at p. =
123 and 193 MPa as a function of crystallization temperature are shown in Figures 4.6.21
and 4.6.22. 1D correlation functions were obtained from Lorentz corrected curves shown
in Figure 4.6.17, as outlined in section 4.6.3. Figure 4.6.21 shows that for iPP2.62
crystallized at p. = 123 MPa the position of second maximum shifts to larger values with
increasing crystallization temperature, while the position of the first minimum is almost
unchanged. Similar behavior for the position of the second maximum is observed for
iPP2.62 crystallized at the highest pressure of 193 MPa, however the position of the first
minimum also shifts to higher values. Characteristic feature of the 1D correlation

function of the pressure crystallized samples was that with increasing crystallization
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Figure 4.6.16. SAXS intensity profiles for copolymer iPP2.62 crystallized at 123 MPa.
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Figure 4.6.17. SAXS Lorentz corrected data of the data in Figure 4.6.16.
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Figure 4.6.18. SAXS intensity profiles for copolymer iPP2.62 as a function of
crystallization temperature at p. = 193 MPa.

152



~ iPP2.62, p =193 MPa
0.5 - »

corr (q)

2*1

q

Figure 4.6.19. SAXS Lorentz corrected data of the data in Figure 4.6.18.
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Figure 4.6.20. SAXS intensity profiles for copolymer iPP2.62 crystallized at T, = 170 °C
and three crystallization pressures.
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iPP2.62, p =123 MPa T =142°0

Figure 4.6.21. 1D correlation functions of copolymer iPP2.63 crystallized at 123 MPa

and indicated temperatures.
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iPP2.62, p =193 MPa

Figure 4.6.22. 1D correlation functions of copolymer iPP2.63 crystallized 193 MPa and

indicated temperatures.
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temperature the first minimum becomes broader and its amplitude decreases. Knowing
that the lamellar thickness determined from SAXS represents a weight average thickness,
this peak broadening indicates that the lamellar thickness distribution becomes wider

with increasing crystallization temperature.

Figure 4.6.23 displays the 1D correlation functions of samples presented in Figure
4.6.20. This figure shows the influence of crystallization pressure on the shape of the 1D
correlation function at constant crystallization temperature. It can be seen that with
increasing pressure the position of the second maximum and the value of the long period
shifts to smaller values. This feature is in good agreement with the findings reported for

the i—PP homopolymer.**'?

The results from the SAXS analysis of the lamellar thickness for copolymers
iPP2.62 and iPP4.38 as a function of crystallization temperature and pressure are shown
in Tables 4.6.5—4.6.12. Tables also list calculated stem length and number of propylene

monomer units traversing the crystal lamellae for y—phase.

4.7. Crystallization kinetics at atmospheric pressure

The growth rates of the random propylene—ethylene copolymers at various
isothermal crystallization temperatures were obtained by measuring the spherulite
diameter as a function of time. An example of the average spherulite radius versus
crystallization time for copolymer iPP2.62 at crystallization temperatures ranging from
106 °C to 132 °C is shown in Figures 4.7.1 and 4.7.2. It can be seen that the change in
spherulite radii is linear with time at all temperatures up to the impingement. Linear

growth rates were determined from the slopes using the least squares method.

Plots of the average linear growth rates as a function of crystallization

temperature are shown in Figure 4.7.3. Growth rates for the homopolymer i—PP from
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Figure 4.6.23. 1D correlation functions of copolymer iPP2.63 crystallized at 170 °C and
indicated pressures.
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Table 4.6.5.  Crystal characteristics of copolymer iPP2.62 crystallized at MPa.
Te | Wwaxd | Wsaxs E A LP dn ly Ly £ y—stem | #units

(°C) | (%) | (%) | (am) | (am) | (nm) | (am) | (nm) | (am) | (nm) | (nm)

142 | 654 | 654 | 3.68 1.51 | 11.22 | 3.94 0.11 3.83 7.28 9.57 44.2
154 | 67.1 | 64.5 | 3.70 1.45 | 12.05 | 4.23 0.15 4.08 7.82 10.28 47.5
158 | 66.7 | 65.6 | 3.54 1.34 | 12.65 | 4.39 0.07 432 8.26 10.86 50.1
162 | 683 | 66.6 | 2.43 0.78 | 13.09 | 4.28 0.11 4.17 8.81 11.59 53.5
166 | 69.5 | 64.0 | 1.68 | 0.52 14.5 4.11 0.17 3.94 10.39 | 13.66 63.1
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Table 4.6.6.

Crystal characteristics of copolymer iPP2.62 crystallized at 123 MPa.

Te | Wwaxd | Wsaxs E A LP dn ly Ly £ y—stem | #units

(°C) | (%) | (%) | (am) | (am) | (nm) | (am) | (nm) | (am) | (nm) | (nm)

154 | 685 | 67.0 | 3.69 1.49 | 11.00 | 3.95 0.09 3.86 7.05 9.27 42.8
158 | 682 | 66.8 | 3.42 1.29 | 12.25 | 4.06 0.08 3.98 8.19 10.77 49.7
162 | 684 | 65.1 | 3.34 1.22 | 12.50 | 4.16 0.18 3.98 8.34 10.97 50.6
166 | 69.0 | 65.8 | 3.30 1.19 | 12.87 | 4.15 0.13 4.02 8.72 11.47 52.9
170 | 69.7 | 66.7 | 2.83 095 | 14.00 | 4.22 0.08 4.14 9.78 12.86 59.4
174 | 70.5 | 653 | 2.07 | 0.65 | 1470 | 4.22 0.10 4.12 10.48 | 13.78 63.6
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Table 4.6.7.

Crystal characteristics of copolymer iPP2.62 crystallized at 158 MPa.

Te | Wwaxd | Wsaxs E A LP dn ly Ly £ y—stem | #units

(°C) | (%) | (%) | (am) | (am) | (nm) | (am) | (nm) | (am) | (nm) | (nm)

154 | 66.5 | 643 | 3.35 237 | 11.72 | 3.92 0.20 3.72 7.80 10.26 473
158 | 67.8 | 657 | 3.46 | 2.45 | 11.86 | 4.07 0.18 3.89 7.79 10.24 473
162 | 66.8 | 62.7 | 3.41 241 | 1226 | 4.23 0.20 4.03 8.03 10.56 48.7
166 | 685 | 623 | 3.44 | 243 | 1245 | 4.27 0.20 4.07 8.18 10.76 49.6
170 | 66.5 | 63.5 | 3.40 | 240 | 1237 | 4.23 0.18 4.05 8.14 10.70 49.4
174 | 66.8 | 644 | 322 | 228 | 1248 | 4.19 0.13 4.06 8.29 10.90 50.3
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Table 4.6.8.  Crystal characteristics of copolymer iPP2.62 crystallized at 193 MPa.
Te | Wwaxd | Wsaxs E A LP dn ly ly 0 y—stem | #units

(°C) | (%) | (%) | (am) | (am) | (nm) | (am) | (nm) | (am) | (nm) | (nm)

150 | 68 | 64.5 | 3.16 | 223 | 1042 | 3.74 0.14 3.6 6.68 8.78 40.5
154 | 663 | 61.8 | 3.35 | 237 | 10.89 | 4.10 0.21 3.89 6.79 8.93 41.2
158 | 684 | 64.0 | 346 | 2.45 | 11.22 | 4.02 0.22 3.80 7.20 9.47 43.7
162 | 66.6 | 63.0 | 3.32 | 235 | 11.23 | 4.12 0.17 3.95 7.11 9.35 43.2
166 | 66.4 | 645 | 340 | 240 | 11.52 | 3.74 0.09 3.65 7.78 10.23 47.2
170 | 669 | 649 | 3.35 237 | 11.71 | 3.72 0.10 3.62 7.99 10.51 48.5
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Table 4.6.9.

Crystal characteristics of copolymer iPP4.38 crystallized at 88 MPa.

Te | Wwaxd | Wsaxs E A LP dn ly ly 0 y—stem | #units
(°C) | (%) | (%) | (am) | (am) | (nm) | (am) | (nm) | (am) | (nm) | (nm)

132 | 594 | 539 | 3.10 1.17 | 11.00 | 5.25 0.22 5.03 5.75 7.56 34.90
138 | 62.4 | 59.2 | 3.11 1.17 | 11.43 | 4.87 0.16 4.71 6.56 8.63 39.82
142 | 57.1 | 544 | 2.93 1.07 | 11.54 | 5.16 0.11 5.05 6.38 8.39 38.72
144 | 60.8 | 58.1 | 236 | 0.78 | 11.56 | 4.58 0.12 4.46 6.98 9.18 42.37
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Table 4.6.10. Crystal characteristics of copolymer iPP4.38 crystallized at 123 MPa.

Te | Wwaxd | Wsaxs E A LP dn ly Ly £ y—stem | #units

(°C) | (%) | (%) | (am) | (am) | (nm) | (am) | (nm) | (am) | (nm) | (nm)

132 | 54.0 | 60.2 | 3.14 1.30 | 10.63 | 4.15 0.28 3.87 6.48 8.52 39.3
136 | 56.1 | 51.4 | 2.98 1.15 | 10.82 | 4.84 0.15 4.69 5.98 7.86 36.3
140 | 55.0 | 59.4 | 3.04 1.17 | 1098 | 4.32 0.09 4.23 6.66 8.76 40.4
144 | 547 | 50.7 | 2.77 | 099 | 11.09 | 5.07 0.13 4.94 6.02 7.92 36.5
148 | 558 | 53.2 | 2.96 1.12 | 11.59 | 5.01 0.10 491 6.58 8.65 39.9
152 | 555 | 53.7 | 2.76 1.00 | 11.85 | 5.09 0.07 5.02 6.76 8.89 41.0
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Table 4.6.11. Crystal characteristics of copolymer iPP4.38 crystallized at 158 MPa.

Te | Wwaxd | Wsaxs E A LP dn ly Ly £ y—stem | #units

(°C) | (%) | (%) | (am) | (am) | (nm) | (am) | (nm) | (am) | (nm) | (nm)

132 | 59.8 | 55.7 | 3.08 1.29 | 1045 | 4.62 0.17 4.45 5.83 8.07 37.3
136 | 599 | 569 | 3.06 1.25 | 1043 | 4.50 0.12 4.38 593 7.80 36.0
140 | 58.0 | 559 | 3.02 1.20 | 10.54 | 4.50 0.12 4.38 6.04 7.94 36.7
144 | 589 | 50.8 | 3.02 1.17 | 10.63 | 4.54 0.13 441 6.09 8.01 37.0
148 | 60.2 | 57.2 | 2.98 1.16 | 10.69 | 4.47 0.12 4.35 6.22 8.18 37.8
156 | 599 | 56.4 | 2.81 1.06 | 11.27 | 4.33 0.13 4.20 6.94 9.13 42.1
160 | 584 | 53.6 | 2.57 | 093 | 1225 | 431 0.15 4.16 7.94 10.44 48.2
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Table 4.6.12. Crystal characteristics of copolymer iPP4.38 crystallized at 193 MPa.

Te | Wwaxd | Wsaxs E A LP dn ly Ly £ y—stem | #units

(°C) | (%) | (%) | (am) | (am) | (nm) | (am) | (nm) | (am) | (nm) | (nm)

132 | 60.7 | 56.8 | 2.95 1.15 9.78 4.12 0.14 3.98 5.66 7.44 344
136 | 585 | 545 | 291 1.15 9.86 4.23 0.14 4.09 5.63 7.40 34.2
140 | 59 | 564 | 2.87 1.11 9.92 4.21 0.10 4.11 5.71 7.51 34.7
144 | 59.1 | 56.2 | 2.77 1.03 | 10.20 | 4.31 0.11 4.20 5.89 7.75 35.8
148 | 61.8 | 57.7 | 2.92 1.16 | 10.34 | 4.20 0.16 4.04 6.14 8.07 37.3
156 | 629 | 59.7 | 3.05 1.24 | 1034 | 4.07 0.13 3.94 6.27 8.25 38.1
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Figure 4.7.1. Spherulite radial growth of copolymer iPP2.62 isothermally crystallized at

selected crystallization temperatures.

167



140

124°C
120 1 122°C

100 - .
128 °C

| 130 °C
80 132°C

126 °C
N !/l/l/VVl
40 -

20 A

Spherulite radius (m)

0 T T T T
0 100 200 300 400 500

Time (min)

Figure 4.7.2. Spherulite growth of copolymer iPP2.62 for selected crystallization
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Figure 4.7.3. Linear growth rates as a function of crystallization temperature for

propylene—ethylene copolymers and i—PP (i—PP data from Mezghani®).

50

169



Mezghani® are displayed in the figure for comparison. Crystallization rates decrease with
increasing ethylene content at a constant crystallization temperature, as seen from the
leftward shift of the curves. For instance, at 7. = 120 °C indicated by dashed line in
Figure 4.7.3, 2.62 mol% ethylene reduces the linear growth rate by a factor of 11
compared with the homopolymer, while for the copolymer with 4.38 mol% ethylene the

reduction factor is 80.

4.8. Morphology

4.8.1. Optical Microscopy

The optical microscopy study on the copolymers showed spherulitic
morphologies resembling those of i—PP homopolymer, except that they appeared less
regular both in shape and structure, showing uneven profiles and a more open texture.
The latter two observations were more prominent for the two copolymers with the highest
ethylene content, iPP10.45 and iPP15.57. The observed morphology was strongly
dependent on the comonomer content, and in addition, it showed differences as a function
of crystallization temperature. The morphological differences with increasing
crystallization temperatures were (a) change in the sign of birefringence and (b) change

in spherulite texture.

Typical spherulite morphology as a function of crystallization time for copolymer
iPP2.62 crystallized at T, = 120 °C is shown in Figure 4.8.1 (a—d). During the early stages
of copolymer crystallization, two different types of morphology were observed: (1)
quasi—circular and (2) elongated entities (‘quadrites') as shown in Figure 4.8.1 (a). The
crystallization proceeded with space filling growth that resulted in almost spherical shape

of the entities that grew radially in an uniform fashion until the spherulites impinged.
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(b)

Figure 4.8.1. Optical micrographs of copolymer iPP2.62 crystallized at 7, = 120 °C as a
function of crystallization time (a) 10 min, (b) 17 min, (¢) 30 min, (d) after
impingement.
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Figure 4.8.1. Continued. (c¢) 30 min, (d) after impingement.
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In general, isothermal crystallization in the studied temperature range led to
formation of predominantly positive spherulites. This behavior was more prominent at
low crystallization temperatures. Crystallization at higher temperatures led to formation
of both positive and mixed type spherulites. Negative spherulites were not observed in
any of the samples. Figures 4.8.2 — 4.8.5 show the spherulite morphology of the four

copolymer samples as a function of the degree of supercooling.

Micrographs a—c of Figure 4.8.2 show the spherulite morphology of copolymer
iPP2.62 as a function of the degree of supercooling. At high degrees of supercooling the
nucleation density was high and resulted in much smaller spherulites that were positive in
birefringence and clearly manifested a Maltese cross. With decreasing degree of
supercooling (Figure 4.8.2 (b) AT=54 °C) the Maltese cross pattern was still apparent,
while some of the spherulites were of the mixed type. At a degree of supercooling of 50
°C and lower, the Maltese cross became less prominent, and the spherulites were mostly

of the mixed type, with some of them being more negative than positive.

Similar observations can be made for the spherulite morphology of the copolymer
1PP4.38 as a function of degree of supercooling, as shown in Figure 4.8.3 (a—c). The only
difference compared with iPP2.62 is the more coarse texture of the spherulites obtained at

higher crystallization temperatures, especially above 7, = 120 °C.

Micrographs a—c of Figure 4.8.4 show the morphologies of the copolymer
iPP10.45 as a function of the degree of supercooling. The micrographs shown are taken at
similar degree of supercooling as for the copolymer iPP2.62. With increasing
crystallization temperature, the birefringence sign changes from positive to mixed. It can
be seen that spherulites were of a more open and coarse texture, where each branch of the
spherulite appeared dendritic like. The 'cross—hatched' type branching characteristic for
o—crystals is absent from these samples, since the branching in these samples occurs at
much smaller angles. This is particularly apparent in Figure 4.8.4 (c) for the samples

crystallized at a degree of supercooling of 50 °C.
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Figure 4.8.2. Optical micrographs of copolymer iPP2.62 as a function of degree of
supercooling, (a) AT =60 °C, (b) A T=54°C, (c) A T=50 °C.
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Figure 4.8.2. Continued. (¢c) A T'= 50 °C.
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(b)
Figure 4.8.3. Optical micrographs of copolymer iPP4.38 as a function of degree of
supercooling, (a) A T=62 °C, (b) A T=54°C, (c) A T=48 °C.
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Figure 4.8.3. Continued. (c) A T'=48 °C.
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Figure 4.8.4. Optical micrographs of copolymer iPP10.45 as a function of degree of
supercooling, (a) A T= 66 °C, (b) A T=60 °C, (c) A T=50 °C.
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Figure 4.8.4. Continued. (¢c) A T'=50 °C.
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(b)
Figure 4.8.5. Optical micrographs of copolymer iPP15.57 as a function of degree of
supercooling, (a) A T= 60 °C, (b) A T=53 °C.
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4.8.2. Scanning Electron Microscopy

The morphology of the random propylene—ethylene copolymers crystallized at
atmospheric and high pressures was studied using the SEM technique. Samples for

microscopy were prepared by permanganic etching procedure.

SEM micrographs of the iPP2.62 sample crystallized at 7, = 124 °C and
atmospheric pressure are shown in Figures 4.8.6 and 4.8.7. This sample had
approximately 57 % y—crystal phase as determined from WAXD experiments. The small
round features in the upper right side of the micrographs are believed to be due to the
etching artifacts. At lower magnification (x 1000) the typical spherulitic structure was
observed, dominated by radially growing lamellae with low angle branching indicated
with arrows. The presence of the cross—hatched branching at 80° from the radial lamellae
that is characteristic of the a—crystal form of i—PP was not detected. The low angle
branching can be better observed at higher magnification micrograph (x 3000) in Figure
4.8.7. Another interesting feature can be observed on these figures in the areas indicated
with arrows. These features resemble the unique feather—like structure first observed by
Mezghani and Phillips® for the pure y—form of homopolymer i—PP isothermally
crystallized at 200 MPa.

SEM micrographs of the iPP2.62 sample crystallized at 7. = 126 °C and
atmospheric pressure are shown in Figures 4.8.8 — 4.8.11. This sample had 62 %
y—crystal phase. Similar to the previous sample, a feather-like structure growing
approximately radially from the center of the spherulite can be observed in Figure 4.8.9.
Figures 4.8.10 and 4.8.11 show the higher magnification of outlined area from Figure
4.8.9. These figures also indicate the existence of two populations of lamellae with

different thickness, as indicated with arrows.
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Mag= 1.00 KX 10pm EHT = 3.00 kv Signal A = SE2 Date :14 Oct 2004
a9 WD= 5mm Photo No. = 1147 Time :12:07:22

Figure 4.8.6. SEM micrograph of sample iPP2.62 crystallized at T, = 124 °C at atmospheric pressure.
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Mag= 3.00 KX 2pm EHT = 3.00 kv Signal A = SE2 Date :14 Oct 2004
a9 WD= 5mm Photo No. = 1148 Time :12:10:53

Figure 4.8.7. SEM micrograph of iPP2.62 crystallized at 7, = 124 °C at atmospheric pressure. Same sample as on Figure 4.8.6.
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Mag= 500X EHT = 0.75 kv Signal A = SE2 Date :14 Oct 2004
29 WD= 5mm Photo No. = 1139 Time 11:21:57

Figure 4.8.8.  SEM micrograph of sample iPP2.62 crystallized at T, = 126 °C at atmospheric pressure.
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- 10um EHT = 3.00 kv Signal A=SE2  Date 14 Oct 2004
Mag= 1.00 KX WD= 5mm Photo No. = 1143 Time -11:53:37

Figure 4.8.9. SEM micrograph of different area of sample iPP2.62 crystallized at 7, = 126 °C at atmospheric pressure.
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- 2um EHT = 3.00 kV SignalA=SE2  Date :14 Oct 2004
Mag = 3.00 KX WD= 5mm Photo No. = 1144 Time 11:56:21

Figure 4.8.10. SEM micrograph of sample iPP2.62 crystallized at 7. = 126 °C at atmospheric pressure. Magnified area from

Figure 4.8.9.
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EHT = 3.00 kv Signal A = SE2 Date :14 Oct 2004
|—| WD= 5mm Photo No.=1145 Time :11:59:06

Figure 4.8.11. SEM micrograph of iPP2.62 crystallized at 126 °C at atmospheric pressure. Same sample as on Figure 4.8.9.
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SEM performed on copolymer samples crystallized at high pressures revealed that
there is a change in their spherulite structure with applied pressure. Figures 4.8.12—4.8.14
show the micrographs of the copolymer iPP2.62 crystallized at 7, = 170 °C and pressure
of 193 MPa. It can be seen that there is an absence of the spherulite morphology
characteristic of the copolymers crystallized at atmospheric pressure. When crystallized
under high pressure these copolymers produced a 'bundle—like' structures that showed
less ordered lamellar packing than that of the atmospheric crystallized samples. Similar
features can be seen for the copolymer iPP4.38 crystallized at 193 MPa and 156 °C as
shown in Figure 4.8.15. Same bundle-like structures are observed, but with dimension

smaller than that of the iPP2.62 copolymer shown in Figure 4.8.13.

4.8.3. Atomic Force Microscopy

The iPP2.62 copolymer sample crystallized at T, = 170 °C and p. = 158 MPa was
analyzed using atomic force microscopy (AFM). These studies were carried out on a
Asylum Research MFP3D atomic force microscope using the tapping mode. The results
are shown in Figures 4.8.16 and 4.8.17. Similar to SEM micrographs, these figures show
the bundle-like lamellar structures. Because of the higher magnification and better
resolution these micrographs enable more accurate measurement of the dimensions of the

crystalline structures in the copolymer sample.
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-1  10pm EHT = 1.00 kv Signal A=SE2  Date :14 Oct 2004
Mag = 1.00 KX WD= 5mm Photo No.=1121  Time 10:41:47

Figure 4.8.12. SEM micrograph of sample iPP2.62 crystallized at 7. = 170 °C and p. = 158 MPa.
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EHT = 1.00 kV Signal A= SE2 Date :14 Oct 2004
WD= 5mm Photo No.=1122 Time :10:44:49

Figure 4.8.13. SEM micrograph of iPP2.62 crystallized at 7, = 170 °C and p. = 158 MPa. Same sample as in Figure 4.8.13.
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Mag = 5.00 KX EHT = 1.00 kv Signal A = SE2 Date :14 Oct 2004
2g | | WD= 5mm Photo No.=1123  Time :10:45:59

Figure 4.8.14. SEM micrograph of iPP2.62 crystallized at 7, = 170 °C and p. = 158 MPa. Magnified are from Figure 4.8.13.
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3

EHT = 1.00 kY Signal A = SE2 Date :14 Oct 2004
WD= 5mm Photo No.=1132 Time :11:03:22

Figure 4.8.15. SEM micrograph of sample iPP4.38 crystallized at 7. = 156 °C and p. = 193 MPa.
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Figure 4.8.16. AFM micrograph of iPP2.62 crystallized at 7. = 170 °C and p. = 158 MPa.
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Figure 4.8.17. AFM micrograph of iPP2.62 crystallized at 7. = 170 °C and p. = 158 MPa.
Magnified area from Figure 4.8.16.

194

nm



S. DISCUSSION

5.1.  Microstructure Properties from °C NMR

The morphology and crystallization behavior of propylene—ethylene copolymers
and their ultimate end properties are influenced by their chain microstructure. Therefore
it is very important to determine their microstructure characteristics, such as ethylene
concentration, propylene and ethylene number—average sequence lengths and

stereoregularity. These are all properties that were determined from the *C NMR.

From Figure 4.1.1 it is evident that in the NMR spectra of the propylene—ethylene
copolymers there are three sharp peaks at approximately 47 ppm, 29 ppm, and 22 ppm,
which correspond to the three different carbon atoms in the propylene monomer unit,
methylene, methine and methyl, respectively. No significant head—to—head and
tail-to—tail structures were observed, due to the absence of the resonances arising from
the inverted propylene units.'” Since Ziegler—Natta catalysts used to synthesize these
copolymers are highly regioselective in propylene insertion, it was expected that the
fractionated copolymers would not contain regio—defects, at least not in the amount

above the detection limit of the NMR instrument (0.1 % mol).

Results presented in Table 4.1.3 show that fractions extracted with the solvent
with higher boiling point (cyclohexanes) contain less then 5 mol% ethylene, and are
composed of long propylene sequences (37 for iPP2.62 and 23 for iPP4.38) with only
isolated ethylene units, represented with triads such as PPE and PEP. As seen from Table
4.1.2 their spectra do no contain resonances arising from ethylene dyads (Sqs, Sy, Sps),

triads (S,s, Sss) or alternating propylene—ethylene units (Tss).

Fractions extracted with solvent with lower boiling point (hexanes) have peaks
due to the sequences of two (Sqs, Sy, and Sgs) or three (S,s and Sss) ethylene units.

However, their number—average ethylene sequence lengths, 7,, are 1.18 and 1.29,

e’
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indicating that these fractions have only small amounts of short blocks EE and/or EEE.
From Tables 4.1.2 and 4.1.3 it can be seen that copolymer fraction iPP10.45 contains
some alternating sequences (EPEEP) and only ethylene dyads (PEE). Copolymer fraction
with 15.57 mol% ethylene (iPP15.57) has the most complex ethylene sequences, such as
sequences with three ethylene units (PEEEP) and alternating structure (EPPEPE). These
types of sequences have profound impact on the crystallization and melting behavior of
the copolymers. Presence of short uninterrupted propylene sequences reduces the

crystallization growth rates, and changes the resulting morphology and polymorphism.

From Table 4.1.3 it can be seen that only copolymer iPP15.57 contains [EEE]
triads in the concentration of 1.15 mol%. Therefore, there is no significant level of
ethylene blocks in the copolymer fractions. Another way of visualizing the length of the
ethylene sequences in the copolymer macromolecules is by calculating the
number—average sequence length of uninterrupted methylene carbons, n,, as defined in
equation (2.7.4). The results from these calculations are shown in Table 5.1.1. Values of
n, for the fractionated copolymers are in the range 1.04 — 1.25, which further confirms

the fact that there are no long ethylene sequences that are capable of crystallizing.

Starting copolymers iPPu3% and iPPu5% used for the fractionation were
characterized by the manufacturer as random copolymers. It is of interest to characterize
the randomness of the microstructure of the fractionated copolymers in terms of a single
parameter. Such a parameter is the randomness parameter yg, as defined in equation
(5.1.1) which can be used as a measure for randomness in the sequence distribution of the

copolymer repeat units.'**

(5.1.1)

Values of the parameter yp that correspond to different types of copolymer

(random, block, of alternating) are listed in Table 5.1.2.
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Table 5.1.1.

Table 5.1.2.

Values for the number—average sequence length of uninterrupted

methylene carbons, 7,, and the randomness parameter, yr, for studied

copolymer fractions.

Sample ID o AR
iPP2.62 1.04 1.03
iPP4.38 1.06 1.02
iPP10.45 1.16 0.95
iPP15.57 1.25 0.92

Values for the randomness parameter for various types of copolymers.

Randomness parameter Copolymer type
Yr=1 random
Yr> 1 more alternating character
Yr <1 more blocky character
Ar =2 completely alternating
=0 completely block

124
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Calculated values of yr for the copolymer fractions using the equation 5.1.1 are
shown in Table 5.1.1. From the values in Table 5.1.1 it can be seen that the fractions have
values for yr close to unity (average value is 0.98). Fractions that have higher ethylene
content are characterized with more blocky character, which has been shown to be typical
for the copolymers synthesized with Ziegler—Natta catalysts.” However, since the
concentration of [EEE] triads in the fractions is either very low (in case of iPP15.57) or
zero (iPP2.62, iPP4.38, and iPP10.45) and the departure from the true random
comonomer distribution is very small, these fractions will be characterized as 'random

copolymers'.

A decrease in tacticity with increasing comonomer content has been reported by
Zannetti et al.'* similar to the observations made for our fractionated copolymers. An
ideal isotactic polypropylene chain consists of a series of like—handed left or right) meso
additions described by the meso pentad as mmmm. Any departure from the ideal
isotacticity, influenced by the type and number of inserted structural irregularities along
the polymer chain will be represented by any type of pentad other than mmmm, as shown
in Figure 2.7.2. Data presented in Table 4.1.4 indicate that copolymer fractions has low
amount of stereo defects of the type mmmr and mrmm. Based on the presence of only
one racemic addition in the chains these copolymers can be described as a stereoblock

polymers of left— and right—handed meso additions.

As was the case for the comonomer composition, fractions iPP10.45 and iPP15.57
have the most complex stereo—sequence pentads distribution. They have stereo—defects
of the type mmrr and mrrm, that indicates that copolymer chains contain single
irregularities (syndiotactic unit) among a series of like—handed meso additions. However,
they also contain mrmr defects which represent a dyad or two subsequently added
irregularities. Stereo defects of the copolymer fractions (expressed as the concentration of
the racemic, r, units) increases with the ethylene content at the rate of approximately 1 to

1.5 irregular units for each comonomer unit incorporated in the chain.
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5.2. Atmospheric Pressure Crystallization Study

5.2.1. Formation of y—phase

WAXD patterns of the fractionated copolymers crystallized at atmospheric
pressures showed that in the studied crystallization temperature range a mixture of both
o— and y—crystal forms. This can be observed on Figures 4.3.1 — 4.3.4. The amount of
y—crystals formed as a function of the crystallization temperature for the four copolymer

samples is reported in Figure 5.2.1.

It can be observed that the amount of y—phase produced increases with the
increasing crystallization temperature in all copolymers. At a fixed crystallization
temperature the content of y—phase increases with increasing ethylene and total defect
content. The maximum amount of the y—phase that was produced in these copolymers at
atmospheric pressure was 74 %. Also, in all copolymers at a degree of supercooling in

the range of 55-60 °C a plateau is observed in the amount of y—phase produced.

The formation of y—form in the case of metallocene i—PP homopolymer has been
associated with the presence of shorter isotactic sequences. It was found that the lower
the degree of isotacticity, the higher is the amount of crystallized y—phase.*"'*® For
random propylene—ethylene copolymers there are two parameters that will have an effect
on the y—phase formation: concentration of ethylene and stereo—defects. They both

generate shorter crystallizable isotactic i—PP sequences in the macromolecular chains.

The increase in the amount of the y—phase content with increasing crystallization
temperature can be a consequence of two competing thermodynamic and kinetic
processes depending on the availability of crystallizable sequences. Based on the packing
energy calculations it was shown that y—phase is slightly more stable than a—phase in the

case of infinite crystals.'”” Thermodynamically, y—crystalline form is favored because the
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comonomer and stereo defects and the o/y structural disorder are tolerated more in the

y—form than in the crystals of o—form.'*®

Important question that arises in the case of the propylene—ethylene copolymers is
how the concentration of the crystallizable i—PP sequences changes with temperature. At
a given temperature only sequences whose length exceeds the critical number of
crystallizable units, &;, can participate in the crystallization process. As the
crystallization temperature is increased, because of the increase in lamellar thickness with
temperature, the composition and sequence distribution of the non—crystallizable portion
of the system also change. To qualitatively illustrate this the approach developed for
ethylene copolymers by Alamo and Mandelkern'?® was used. According to this approach,
the dimension of the of the critical size nucleus fg* for copolymer with infinite molecular

weight can be determined from the equation:

. 2
9 (5.2.1)

0 =
£ AG+RTIn(1-X)

where o is the fold surface free energy, AG = AH(AT/T,"), and X is the mole fraction of
the defects. The critical number of crystallizable units, &, determined from Eg* is plotted
in Figure 5.2.2 as a function of the defect mole fraction and crystallization temperature.

Parameters used to calculate Eg* in equation (5.2.1) were those of the i—PP homopolymer:

0. = 62.3 erg/em’, AHy =209 J/g, and T," = 186.1 °C.

From Figure 5.2.2 the significant qualitative observation that can be made is that
the critical number of crystallizable units changes with composition and temperature. At
lower crystallization temperatures the formation of the o—phase is more favored
kinetically, resulting in lower y—phase content. For example, for copolymer sample
iPP2.62 that has 5.76 mol% total defects at 7. = 80 °C &, = 14, meaning that sequences
with 14 or more propylene units will be able to crystallize. As the crystallization

temperature is increased, the number of long isotactic sequences that can crystallize by
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with 14 or more propylene units will be able to crystallize. As the crystallization
temperature is increased, the number of long isotactic sequences that can crystallize by
chain folding into a—phase is reduced. On the other hand, the increased number of
shorter sequences can be accommodated into y—phase crystals by tilting of the chains and

3046129 A5 a result, with increasing crystallization

not necessarily by chain folding.
temperatures the y—form develops during the slow crystallization process. At these
temperatures only long uninterrupted isotactic sequences are capable of crystallizing in
the a—form, while the shorter sequences that contain more defects produce the y—crystals.
However, when the temperature is further increased & assumes very large values, and
the concentration of sequences that equal or exceed this value becomes very small. At

these temperatures a—phase will dominate again because only the longest sequences will

crystallize by chain folding.

5.2.2. Multiple Melting in DSC

All four random propylene—ethylene copolymers used in this study exhibit
complex melting behavior similar to that of the isotactic polypropylene. The existence of
the two melting endotherms in the DSC scans of these samples can be explained by any

of the following:

1. Melting of less stable crystals at the lower endotherm region, their
recrystallization during the heating process and their subsequent remelting in the

higher endotherm region.

2. Melting of y—phase and o—phase crystals in the low and high endotherms,

respectively.

3. Melting of two crystalline lamellar thickness populations which have different

melting temperatures.
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Another point that needs to be discussed is whether during the melting of the
copolymer samples there is solid—solid transformation from y to a—phase during the DSC
experiments. It has been shown for the i—PP homopolymer that this transformation occurs
at temperatures above 140 °C and that it is time dependent.**! Also, according to Pae’’
the y to a transformation occurs very slowly and cannot be detected in the DSC
experiment during heating at a rate of 10 °C/min. Therefore, solid—solid transformation
from y to o crystals does not occur in copolymers samples during DSC melting

experiments.

The first hypothesis of melting—recrystallization—remelting can be tested by an
analysis of the heating rate effect on the melting behavior of the copolymer samples. For
this purpose we have studied the evolution of peak melting temperatures and heat of
fusion related to each endotherm with changes in heating rate for iPP2.62 sample
crystallized at three isothermal crystallization temperatures. These crystallization
temperatures are representative of low (7, = 126 °C), medium (7, = 114 °C) and high (T
= 102 °C) degree of supercooling. Corresponding melting curves are shown in Figures

4.4.9-4.4.12.

For the sample crystallized at low degree of supercooling, shown in Figure 4.4.9
and 4.4.12, the temperature interval between the low and high melting peaks decreases
with increasing heating rate, while the ratio of low to high peak heat of fusion increases.
These observations can be taken as evidence for the existence of
melting—recrystallization process during heating. As the heating rate is increased, there is
less time for copolymer macromolecules to recrystallize above the initial
low—temperature melting endotherm. Therefore, only smaller fraction of the material has
time to recrystallize during the heating, hence the upper endotherm has lower melting
temperature and lower heat of fusion. Another significant observation is that both the
ratio of the heats of fusion associated with the high and low endotherm, and the
temperature interval between the low and high endotherm level off at high heating rates

(Figure 4.4.12). Also, significant recrystallization process for polymers with high
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molecular weight is not expected at heating rates above 20 °C/min. In our experiments,
double melting endotherms were observed even for samples melted at 40 °C/min. All
these facts suggest that the melting—recrystallization—remelting process is not responsible
for the occurrence of the two melting peaks, although the occurrence of non—relevant

recrystallization phenomena cannot be excluded.

In the case of the samples crystallized at high and medium degrees of
supercooling, a new endotherm in a form of shoulder appears just above the higher
melting peak as seen in Figures 4.4.9 and 4.4.10, respectively. For iPP2.62 crystallized at
114 °C this endotherm shows only at the two lowest heating rates, while for iPP2.62
crystallized at 102 °C the shoulder disappears only at the highest heating rate of 40
°C/min. The phenomenon of partial melting and recrystallization during heating can
contribute to the appearance of the high temperature shoulder, which disappears with
increasing of the heating rate. This is an indication that the less perfect crystals are
melting and recrystallizing when the heating rate is sufficiently slow. For the iPP2.62
samples crystallized in the temperature range of 102 — 110 °C this behavior occurs during
the heating at a rate of 10 °C/min as seen in Figure 4.4.4. The fact that the shoulder
temperature remains relatively constant with increasing crystallization temperature

further supports the fact.

The comparison of the melting behavior of the samples crystallized at low to high
degrees of supercooling points out that the effects of the melting—recrystallization
phenomenon are less prominent for samples crystallized at high temperatures than
samples crystallized at low crystallization temperatures. This observation is expected
since crystallization at high crystallization temperature leads to thicker and more stable
crystals that are less susceptible to recrystallization. On the other hand, from the DSC
melting curves it was observed that the multiple melting behavior is more prominent for

samples crystallized at high crystallization temperatures.
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When all of these observations are taken into consideration it can be concluded
that although some melting—recrystallization—remelting does occur during the heating,

this phenomenon is not responsible for the multiple melting peaks of these copolymers.

The second hypothesis that the melting of y— and a—phase crystals is responsible
for the multiple melting was tested by high temperature WAXD. Using the HTWAXD
the possible disappearance of one of the phases can be followed as the temperature is
increased. For this purpose three samples were used: iPP2.62 crystallized at 126 °C,
iPP4.38 crystallized at 120 °C, and iPP15.57 crystallized at 94 °C. The experiments were
carried out at temperatures determined from DSC, such as the peak temperatures, as well
as the temperatures below and above peak temperatures. The experimental procedure and
the results are presented in section 4.5. If this hypothesis is valid, with increasing
temperature the intensity of the characteristic peak of one of the phases will start to
decrease and eventually disappear at temperature just below the highest melting

temperature.

High temperature diffractograms presented in Figures 4.5.1-4.5.3 showed that
with increasing temperature, the intensity of the characteristic reflection of the y—phase
starts to decrease at the onset of the melting process. At temperature of 100 °C, which is
close to the peak of the lowest endotherm, the height of the (117) reflection started to
decrease considerably. This indicates that y—crystals started to melt at lower temperatures
than o—crystals, thus decreasing the y—crystals content from 51.5% to 41.3%
(approximately 20%). At the same time, the intensity of the characteristic reflection of
the a—phase remained constant until the temperature of the onset of the highest melting
endotherm was reached. At 139 °C, the temperature that corresponds to the second
endotherm, the (117) reflection has almost disappeared and the content of the y—crystals
decreased to less than 15 %, while the height of (130) reflection did not change. Only in
the temperature range of 144—149 °C, which corresponds to the highest endotherm, the
height of the (130) reflection and the a—crystals content started to decrease, while the

y—crystals have completely disappeared.
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Therefore, with great certainty it can be postulated that the multiple melting
behavior of the propylene—ethylene copolymers is due to the melting of two different
polymorphic crystals, o— and y—phase crystals. Consequently, the lower two endotherms
in the DSC melting curves are assigned to the melting of the y—crystals, while the highest
endotherm 1is assigned to the melting of the a—crystals. The lowest broad melting
endotherm that occurs at temperatures below the crystallization temperatures is due to the
melting of the material which did not crystallize at these higher crystallization
temperatures even for very long crystallization times, but crystallized into y—phase

crystals during the quenching.

These results are in agreement with published results for metallocene i—PP,*"'*

75 and metallocene®”  propylene—ethylene

as well as for random Ziegler—Natta
copolymers that associate the lower melting endotherm with the melting of the y—phase,

and the higher—melting endotherm with the melting of the a—phase.

From Figures 4.4.4-4.4.7 it can be seen that the ratio of the area under the lower
endotherm to the area under the upper endotherm increases with ethylene content and
crystallization temperature. This observation is in agreement with the observed increase
in the y—phase with ethylene content and crystallization temperature from the WAXD
experiments (section 4.3.1). If the above statement about the melting endotherm
assignments is valid, than the y—phase content of the copolymers can be determined from
the DSC endotherms and compared with the results obtained from WAXD. This
procedure involves deconvolution of DSC peaks and analysis of peak areas. y-phase

content from DSC endotherms can be calculated using the following equation:

AH,
Vpsc = INT; (5.2.2)

tot

where AH, is the area of the peaks at lower melting temperatures, and AH,; is the total

heat of fusion.

207



An example of this procedure for copolymer iPP2.62 crystallized at 126 °C is
shown in Figure 5.2.3. First two melting peaks contribute to the heat of fusion due to the
melting of the y—phase crystals (AH;; + AHs»), while the third peak represents the heat of
fusion of the a—phase (AH3).

Equation (5.2.2) was used to calculate the y—phase content from the DSC
endotherms, and the obtained results along with the y—phase WAXD results are shown in
Figure 5.2.4. There is a good correlation between the calculated y—phase content data
from WAXD and DSC for these copolymer samples, evident from the proximity of the

data to the line with slope one.

5.2.2.1. Equilibrium melting temperature — Hoffman—Weeks analysis

The equilibrium melting temperature, Ty, is an important parameter in describing
the structure—properties relationship in polymers, and is essential in the analysis of the
crystallization nucleation and kinetics. For the analysis of the crystal growth data T}’ is
needed for defining the degree of supercooling AT =T’ — T.. Experimental determination
of T, mo is often difficult and there is disagreement over the values of T mo even for widely

studied polymers.

To determine the T, of the propylene ethylene copolymers as a function of
comonomer content, both Hoffman—Weeks and Gibbs—Thompson methods were used.

The construction of the Hoffman—Weeks plot is described in section 2.4.

Hoffman—Weeks plot for the iPP2.62 copolymer, with extrapolations for both o—
and y—phases is shown in Figure 5.2.5. Temperatures that correspond to the higher and
lower endotherms were used as melting temperatures of a— and y—crystals, respectively.
It should be noted that experimental data for melting of y—crystals were available only for
samples with more than 50 % y—phase. For samples with lower y—content it was
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impossible to identify the lower melting peak temperature as seen in Figure 4.4.4.
Melting data in Figure 5.2.5 exhibit an interesting tendency. When extrapolated to 7}, =
T., both phases give similar 7}, with y—phase having slightly higher 7;,’. The value of
Ty for o—phase is 167.2 °C and for y—phase is 167.7 °C. Similar phenomenon was
observed by Mezghani® when extrapolating melting temperatures versus inverse lamellar

thickness for i—PP.

Same type of behavior is observed for the other three copolymer fractions shown
in Figures 5.2.6-5.2.8. The Ty’ of o— and y—phases are 166.3 °C and 165.2 °C for
iPP4.38, 158.1 °C and 156.6 °C for iPP10.45, and 146.6 °C and 142.2 °C for iPP15.57,
respectively. For these copolymers the extrapolation for the y—phase led to T}, lower than

the T, mo of the a—phase.

Figure 5.2.9 displays the Hoffman—Weeks plots of the a—crystals for all four
copolymers, along with the data for the i—~PP homopolymer from Mezghani.® Same plots
for the y—phase are shown in the Figure 5.2.10. It can be observed that the melting
temperature curves shift downward with increasing ethylene content. This behavior of the
random propylene—ethylene copolymers is not unexpected, since the theories of

63-65

copolymer crystallization predict lowering of the Ty’ with increasing comonomer

content by lowering the crystal thickness or the crystal perfection.

From the slopes of the Hoffman—Weeks plots the thickening factor, y, was
calculated for both crystalline phases using the equation (2.4.2). Results are displayed in
Table 5.2.1. It can be seen that the thickening decreases with increasing ethylene content.
With increasing ethylene content the number of interruptions along the polymer
backbone is also increasing, therefore reducing the length of crystallizable sequences and
impeding the lamellar thickening. This argument should hold regardless of whether the
ethylene units are excluded or included in the crystals. As suggested by Mezghani,® the
thickening mechanism must involve 'snaking' through the crystals. Increasing defects
along the polymer chains will hinder such snaking process. Additionally, for each

copolymer the thickening factor of the y—phase is always lower than the one of the
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Table 5.2.1.

Thickening factor for propylene—ethylene copolymers.

Sample Phase Thickening factor

alpha 241

1PP2.62
gamma 1.43
alpha 1.96

iPP4.38
gamma 1.41
alpha 1.78

iPP10.45
gamma 1.37
alpha 2.04

iPP15.57
gamma 1.41
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o—phase. The reason behind this behavior of the y—phase is its unique crystal structure.
Shorter isotactic sequences can crystallize into y—crystals by arranging in layers parallel
to the ab plane and by tilting at an angle of 40° respective to the h—axis. This unorthodox
chain arrangement can lead to y—crystals with little on no chain folding. The absence of
chain folding or the presence of non—adjacent reentry of the copolymer molecules into

the y—crystals will cause a decrease in the lamellar thickening process of the y—crystals.

5.2.3. Morphology Studies by SAXS

Figure 5.2.11 compares the values of the long period (LP) calculated from the
position of the first maximum in Lorentz corrected data and the second maximum in the
ID correlation function for copolymer i1PP2.62 as a function of crystallization
temperature. It can be seen that both LP have same tendency of increasing with the
increase in the crystallization temperature. In general, the values of the LP calculated
from the Lorentz corrected data are higher than those estimated from the 1D correlation
function. The explanation behind this tendency is the assumption of sharp phase
boundary between the amorphous and crystalline phases for the Lorentz corrected
method. On the other hand, the 1D correlation function considers an intermediate
transition phase between the amorphous and crystalline phases, which is more realistic

and will be used in this study to estimate the thickness parameters of copolymers.

At the crystallization temperature of 120 °C the values of the LP estimated from
both methods are almost identical, and for temperatures above 120 °C LP calculated from
the 1D correlation function exceeds the LP calculated from the Lorentz corrected data. If
we recall from section 4.6.2 samples crystallized at and above 120 °C exhibited an
unusually prominent second peak in the Lorentz corrected data. Also, 1D correlation
function curves at these temperatures displayed a 'double—minimum' as seen in Figures

4.6.11 and 4.6.12. This 'double-minimum' is an indication of a presence of two crystal
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thickness populations. Their overlapping in the 1D correlation function can lead to
generating the second minimum and shifting the LP to unusually high values that are not
the representative of the actual LP. Because of this, the scattering data collected for
crystallization temperatures above 120 °C were not used in the further analysis. The
typical determination of the crystal thickness from 1D correlation function from the first

maximum and self—correlation triangle cannot be used in this case.

Similar behavior is observed for the copolymer iPP4.38 crystallized at
temperatures at and above 114 °C, as seen in Figure 5.2.12. Figure 4.6.13 showed that the
first minimum of the 1D correlation function developed a shoulder at crystallization
temperatures of 114 °C. Further increase in the temperature leads to the formation of the
'second-minimum'. The possible solution for data treatment for these bimodal

distribution curves will be covered in section 5.2.3.4.

Copolymers 1PP4.38 and iPP15.57 do not show this behavior in the studied
crystallization range. In their case, both long periods calculated from Lorentz corrected
data and 1D correlation function increase proportionally with the crystallization
temperature. Only for the iPP15.57 copolymers the increase in long period with

temperature is less prominent, as seen in Figure 5.2.13.

The plot of the lamellar thickness determined from the self—correlation triangle of
the 1D correlation function as a function of the degree of supercooling for the four
copolymers is shown in Figure 5.2.14. It is obvious that the lamellar thickness increases
with decreasing of the degree of supercooling. Additionally, for a given degree of
supercooling the lamellar thickness decreases with ethylene content. Similar observations
for the lamellar thickness as a function of the isotacticity was published for i—PP

. 1
homopolymer considered as random stereo—copolymer.'*’
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5.2.3.1. Transition layer thickness

The possibility of the existence of the third phase in a semi—crystalline polymer
system can be studied by analyzing the SAXS intensity patterns. The values of the
transition layer thickness between the amorphous and crystalline phase were estimated
using the linear—gradient, sigmoidal—gradient model and the self—correlation triangle
method from the 1D correlation function. First two methods are based on the deviations
from Porod's law, and they depend on the type of background correction used to correct

B! that these methods for determining the transition

the scattering data. It has been shown
layer thickness are not equivalent, since in the case of the first two methods an
assumption about the profile of the electron density in the transition region has to be

made (linear— or sigmoidal—gradient), which is not necessary in the third method.

The transition layer thickness as a function of crystallization temperature for the
studied copolymers is shown in Figure 5.2.15 (a—d). It can be seen that the linear gradient
model gives an overestimation of the transition layer thickness, while the thickness
obtained from the sigmoidal—gradient model and self—correlation triangle are closer in
value. For all copolymer samples the same tendency with the crystallization temperature
is observed, the interfacial layer thickness decreases slightly with increasing
crystallization temperature. This phenomenon could be a result of the increased
crystallinity of the system, that is the crystal lamellae have better packing. In that case the
increase of the lamellar thickness with increasing crystallization temperature occurs at the

expense of the transition layer, causing its thickness to decrease.

Only in the case of iPP15.57 the transition layer thickness is almost independent
of the crystallization temperature. The average value of the /4 is 1.4 £ 0.3 nm for the
sigmoidal model and 1.7 £ 0.45 nm for /4 determined from the self—correlation triangle
method. It should be mentioned that the increase in the lamellar thickness of iPP15.57

with crystallization temperature is less prominent compared with the other three

copolymers, as seen in Figure 5.2.14. This copolymer has the highest amount of defects,
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Figure 5.2.15. Transition layer thickness as a function of crystallization temperature at
atmospheric pressure for (a) iPP2.62, (b) iPP4.38, (c) iPP10.45, and (d)
iPP15.57.
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that is 15.57 mol% ethylene and 33.35 mol% total defects. This large amount of defects
decreases the length of the crystallizable isotactic sequences, and effectively reduces the
crystal thickness and prevents the lamellar thickening with increasing crystallization

temperature.

The plot of the transition layer thickness determined from the self—correlation
triangle of the 1D correlation function as a function of the degree of supercooling for the
four copolymers is shown in Figure 5.2.16. Again, it can be seen that the transition layer
thickness decreases with decreasing degree of supercooling. On this figure the effect of
the defect content on the transition layer thickness can be observed. For a given degree of
supercooling the transition layer thickness increases with increasing ethylene content.
This effect can be explained by the crowding of the defects that are rejected from the
crystalline phase, that produce an increase in the transition layer thickness. Similar results

were published for heterogeneous ethylene—octene copolymers.'*

5.2.3.2. Invariant and electron density difference

The total scattering power or the invariant of the copolymer samples was
determined from the self—correlation triangle of the 1D correlation function, by
extrapolating the slope to x = 0. This procedure was elaborated in section 2.8.2 and its
graphical representation is shown in Figure 2.8.2. The values of the invariant, O, as a
function of crystallization temperature for the copolymers crystallized at atmospheric
pressure are shown in Figure 5.2.17. The invariant increases with increasing
crystallization temperature, however at lower degrees of supercooling it levels off. Also,
at a given crystallization temperature the invariant decreases with increasing ethylene

content.

The electron density difference A7, between the crystalline phase, 7., and the

amorphous phase, 77,, was calculated from the invariant and the degree of crystallinity
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determined from WAXD according to equation (2.8.9) as outlined in Figure 2.8.2. In
Figure 5.2.18 the electron density difference is plotted as a function of the degree of

supercooling.

For all copolymers, regardless of the composition, the electron density difference
increases with decreasing degree of supercooling. Crystallization of copolymers at low
degrees of supercooling leads to formation of thicker and more perfect crystals. This will
increase the crystalline electron density, and consequently increase the Azn. Also, for a
given degree of supercooling, the electron density difference decreases with increasing
comonomer content. Increasing defect content in the copolymers can result in
incorporation of a certain degree of defects in the crystals. This in turn causes a decrease

in the electron density of the crystalline phase, leading to a decrease in A7.

5.2.3.3. Equilibrium melting temperature — Gibbs—Thompson plot

The equilibrium melting temperature T}, can also be determined from equation
(2.4.1) and the Gibbs—Thomson plot, which shows the melting temperature dependence
on the lamellar thickness. From equation (2.4.1) a linear relationship is predicted in the
plot of melting temperature versus inverse lamellar thickness, with the T, as an intercept
in the plot. Figure 5.2.19 shows the Gibbs—Thompson plot of the melting temperature of
the o—phase of the copolymers as a function of inverse lamellar thickness. The
extrapolation for the a—phase is based on the measured lamellar thickness from SAXS
and the high temperature endotherms from DSC. The equilibrium melting temperatures

of the a—phase for the studied copolymers as determined from the intercepts are 172.6,

165.7, 159.5 and 149.3 °C, respectively.

In the section 5.2.2 it was established that the lower temperature endotherm in the

DSC is due to the melting of the y—phase crystals. Based on the assumption that the
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lamellar thicknesses of the y—crystals are the same as that of the o-—crystals,
Gibbs—Thompson approach can be applied to determine the T}’ of the y—phase. This
assumption can be made only if there is no bimodal thickness distribution in the SAXS

intensity profiles.

In section 4.6.3 it was shown that copolymers iPP2.62 and iPP4.38 crystallized at
higher temperatures exhibited bimodal thickness distribution behavior. This was not the
case for the samples 1iPP10.45 and iPP15.57. Therefore, Gibbs—Thompson plot for
determining y—phase T}’ will be used only for copolymers iPP10.45 and iPP15.57 under
the assumption that both phases have same lamellar thickness. These plots are shown in
Figure 5.2.20. The equilibrium melting temperatures of the y—phase for iPP10.45 and
iPP15.57 as determined from the intercepts are 157.6 and 147.8 °C, respectively.

The equilibrium melting temperatures of the a— and y—phase crystals determined
using the Gibbs—Thompson approach are always slightly higher than the 7}," determined
from Hoffman—Weeks analysis. The differences in the T, mo stem from the different

arguments on which these methods are based.

Hoffman—Weeks method was developed from combining the Gibbs—Thompson

equation and the secondary nucleation theory™” '

that relates the initial stem length with
the degree of supercooling. It is based on the assumption that the difference between the
crystallization and melting temperatures are due to the lamellae thickening, and that the
thickening coefficient is independent of the crystallization temperature. However, the
thickening process can be affected by several factors, such as the presence of
non—crystallizable units in the polymer chains, high entanglement density in the
interlamellar regions, as well as the type of polymer morphology. All of these factors can
considerably impede the thickening of the lamellae after their formation. In contrast with
the Hoffman—Weeks method, Gibbs—Thompson analysis is based entirely on the
thermodynamic argument that the melting temperature of a crystal of finite size is

depressed below that of a infinite crystal as a result of an increase in the free energy of

the crystal with a decrease in its dimensions. Important premise for the Gibbs—Thomson

234



200

A iPP10.45, Tm0=157.6 oC

180 | gamma phase ® iPP15.57, Tm0=147.8 oC
o
o
— 160 |
o
2
o
& 140 |
S
Q
-
(*)]
< 120 |
-~ A A
=

(]
100 -
80 T T T
0 0.05 0.1 0.15 0.2
114 (nm™)

Figure 5.2.20. Gibbs—Thompson plot for the y—phase of copolymers iPP10.45 and
iPP15.57 crystallized at atmospheric pressure.

235



equation is that the size of the basal planes of the finite crystal are large enough for the
lateral free surface energy contribution to the melting point depression to be negligible.
Consequently, since Gibbs—Thompson method gives more accurate estimate of the
equilibrium melting temperature, Ty’ determined using this method will be further used

in this study.

From the slopes of the linear relationships shown in Figures 5.2.19 and 5.2.20 the
fold surface free energy, o, can be determined using the equation (2.4.1). Table 5.2.2
lists the results for the o— and y—phase of the four copolymers. It can be observed that for
the two sets of copolymers with comparable molecular weights, iPP2.62 and 1iPP4.38, and
iPP10.45 and iPP15.57, the fold surface free energy decreases with increasing defect
content. Fold surface free energy of the propylene—ethylene copolymer crystals will be
affected by factors such as whether the defects are excluded or included in the crystals,
the type of folds (adjacent or non—adjacent), presence of different crystallographic

structures, as well as the crystallization temperature.

In the case of ethylene units being rejected from the crystal phase they can
concentrate in the folds area or interface region. Since ethylene units are sterically less
hindered compared with the propylene units, their presence in the fold surface can lead to
a decrease in the o.. Also, the decrease in o, with increasing defect content suggests an
increase in formation of loose loops and non—adjacent reentry folding. This, in turn,
would lead to an increase in the thickness of the interfacial region with increased defect
content. For the four studied copolymer it has been shown that indeed the interfacial

region thickness increases with increasing defect content, as seen in Figure 5.2.16.

Copolymer iPP2.62 has o, value of 52.51 erg/cm’ that is close to the one reported
for the homopolymer of 52.2 erg/cm”.® Copolymers iPP10.45 and iPP15.57 have higher
O., and since they have lower molecular weight the contribution of the chain ends to the
crystal-amorphous surface and o, cannot be neglected. In case of excluded chain ends, it
seems reasonable to assume that the chain end is excluded together with several chain

segments that will lead to overcrowding of the fold surface and thus increase o.
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Table 5.2.2.  Fold surface free energy determined from Gibbs—Thompson plots.
o—phase y—phase
Sample | MWx10™ | slope x 10" | T, ~ Oe slope x 107 | T, -~ Oe
(g/em’) (nm) (°C) | erg/em’ (nm) (°C) | erg/em’
iPP2.62 252 238.0 172.6 | 52.51 - - -
iPP4.38 287 214.4 165.7 | 47.86 - - -
iPP10.45 86 256.0 159.5 | 57.86 318.2 157.6 | 51.86
iPP15.57 75 207.6 149.3 | 48.07 274.5 147.8 | 45.78

AH;(0—phase) = 209 J/g
AH{(y-phase) = 150 J/g
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These results also indicate that the y—phase of copolymers iPP10.45 and iPP15.57
has lower value of o, when compared with the a—phase. This tendency was also observed
for high pressure crystallized y—phase when compared with the atmospheric crystallized
a—phase of the i—PP homopolymer.® The decrease of the y—phase o, can be caused by the
crystal structure with non—parallel chains of the y—phase. In this structure, polymer chains
are inclined at an angle of approximately 80° relative to the fold surface plane, which can
lead to partial stress relief.””*'** For the same chain—to—chain distance in the a— and
y—lamellae, y—form has larger distance between the chains at the lamellar surface because
of the chain tilting. This leads to a reduction in the number of chains that emerge from the

(010) plane in the case of y—phase compared to the (001) plane for the a—phase.

Equilibrium melting temperature of the o— and y—phase crystals determined from
the Gibbs—Thompson method plotted as a function of the defect content is shown in
Figure 5.2.21. Melting temperatures are expressed in terms of both ethylene content
(closed symbols) and total defect content (open symbols). Defects reduce the equilibrium
melting temperature of both phases at approximately 1-2 °C per mol% of total defects.
The presence of defects in copolymer chains effectively reduces the length of the
isotactic polypropylene sequences that are capable of crystallizing. This leads to reduced
lamellar thickness, which is responsible for the drop in the copolymer melting

temperatures and enthalpy of fusion.

5.2.3.4. SAXS data treatment for samples exhibiting bimodal thickness

distributions

Lorentz corrected data of the iPP2.62 and iPP4.38 copolymer samples that exhibit
unusual second peak shown in Figures 4.6.4 and 4.6.6 can be considered as composed by
two partially superimposed peaks. These peaks are due to the existence of two

populations of lamellar stacks, characterized by different long period. The existence of
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superimposed signals requires the use of a method for independent evaluation of the

peaks and calculation of their individual contribution to the total scattering pattern.

The approach that was used in this study was developed for treatment of SAXS
data of iPP-HOCP blends."*>'*° It is based on the hypothesis that the two coexisting
lamellar morphologies are independent and that they do not interfere with each other.
Therefore, according to this approach the scattering intensity from the two (or more)
lamellar domains can be construed as linear combination of their corresponding
contributions. Consequently, the Lorentz corrected (LC) data are expressed by a
combination of two (or more) independent contributions, each described by a Gaussian
function. The LC experimental patterns of the copolymers iPP2.62 and iPP4.38 have

been fitted with two Gaussian functions in the following form:

41 0n(q) = 4, exr{— @J + 4, eXp(— w} (5.2.1)
2c 2c

1 2

where /.on(q) 1s the intensity corrected for the thermal density fluctuation, g;, ¢; and 4;,

are the center, the variance and the amplitude of the i—th Gaussian function, respectively.

It has to be mentioned that the experimental LC data of both iPP2.62 and iPP4.38
copolymer samples were fitted with two and three Gaussian functions, however the two
Gaussian curves gave better fit. Figure 5.2.22 shows an example of such a fit for the

copolymer iPP2.62 crystallized at 126 °C.

In Figure 5.2.22 dashed lines represent the two fitted Gaussian functions, the full
line is their weighted sum, and the points are the actual experimental Lorentz corrected
data. It is evident that each Gaussian function represents the peak originating from each
lamellar domain. This way, the fairly complex experimental Lorentz corrected curve was
separated into two independent Lorentz corrected patterns, indicated as LC1 and LC2,
each containing structural information of one lamellar domain. Next, these separated

Lorentz corrected patterns were treated by Fourier transform in order to generate their 1D
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correlation functions, K1 and K2. For the 1D correlation function analysis the same
procedure was used as described in section 4.6.3. Then, the weighted sum of the K1 and

K2 was compared with the experimental Kexp, as shown in Figure 5.2.23.

In Figure 5.2.23 the dashed lines represent the 1D correlation functions of the two
fitted Gaussian functions, the full line is their weighted sum, and the points are the
experimental 1D correlation function. From the overlapping of the experimental data and
the fitting results we concluded that there is good agreement between the experiment and
the fitting method. For all other samples similar fits were accomplished. The results from
the fitting procedure are shown in Table 5.2.3. Self—correlation triangle method was used

for lamellar thickness determination.

From these results we conclude that iPP2.62 samples crystallized at temperatures
above 120 °C have bimodal lamellar thickness, with the larger lamellar domain in the
range of 7.61-9.09 nm, and smaller lamellar domain with thickness considerably lower
and in the range of 3.82—4.96 nm. Samples of iPP4.38 crystallized at temperatures 114 °C
show the same tendency, with the thicker lamellae being 6.97-8.35 nm, and the thinner

lamellae 3.65—4.08 nm.

The important question that needs to be answered is what is the reason behind the
occurrence of the two thickness populations in these copolymers. Two thickness
populations as detected in SAXS, can be due to the different thickness of the two
crystalline phases present (o— and y—crystals) or to the existence of two lamellae
populations, one formed during the isothermal crystallization, and the other generated

during the quenching from the crystallization temperature.

Marigo and coworkers">’ studied the bimodal distribution of two lamellae
populations in the case of metallocene i—PP using the distribution functions of both the
crystalline and the amorphous thicknesses. The applied fitting procedure involved
optimizing parameters such as the average lamellar thickness, the standard deviation of

the lamellar thickness and the number of the lamellae in the stack. Based on their results
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Figure 5.2.23. 1-D correlation functions of the Gaussian functions and the experimental

data, as reported in Figure 5.2.22.
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Table 5.2.3.

Results from the bimodal thickness population fitting procedure.

Gauss#1 Gauss#2
Sample | T, LP /. l, ly LP le ly Ly
(°C)| (m) | (am) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm)
120 | 12.68 | 7.61 3.01 2.06 6.64 3.82 1.57 1.25
PP2.62 122 | 12.80 | 7.64 3.05 2.11 7.23 4.21 1.67 1.35
124 | 14.93 9.0 3.63 23 7.82 4.62 1.78 1.42
126 | 1529 | 9.09 3.73 2.47 83 4.96 1.88 1.46
114 | 11.50 | 6.97 2.76 1.77 6.28 3.65 1.60 1.12
iPP4.38 | 118 | 12.68 | 8.02 2.85 1.81 7.11 4.18 1.70 1.23
120 | 13.27 | 8.35 2.90 2.02 6.99 4.08 1.87 1.04
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authors have concluded that the occurrence of the two thickness populations is due to the
existence of two crystalline phases, a— and y—phase, that have different thickness
distribution. In their study, samples that had more than 80 % y—phase exhibited only one
thickness population, and they argued that the single distribution model is probably due
to the high percentage of the y—phase that prevents the distinguishing of the two
populations. In the case when the y—phase content was in the 25-35% range they
observed the bimodal distribution. They concluded that the two crystalline structures give

rise to lamellar stacks characterized by a different periodicity.

In the case of linear polyethylene Stribeck and coworkers'*® used two Gaussian
distribution function to fit the interface distribution function, which is very similar to our
procedure. They hypothesized that the minor component of the bimodal fit is due to the
presence of thin crystals that formed after quenching. They supported this theory with
results from DSC, by comparing the weight fraction of the minor component with the

fraction of the quenched crystals that was identified in the DSC endotherms.

With the aim of determining the origin of the two lamellar thickness populations,
we analyzed the DSC results more in detail. These copolymer samples gave DSC
endotherms that exhibited three melting peaks, as seen in Figures 4.4.4. and 4.4.5. The
melting peak assignment was performed in section 5.2.2. The lowest endotherm (AHr;)
was assigned to the melting of y—crystals formed during quenching, while the second
(AHs;) and the third peak (AHr3) were assigned to the melting of the y— and a— crystals,
correspondingly, that are formed during the isothermal crystallization. An example of the
performed peak deconvolution is shown in Figure 5.2.2. The results from both SAXS

peak fitting and DSC peak deconvolution are presented in Table 5.2.4 for comparison.

In Table 5.2.4 w(LC1) and w(LC2) are the weight percentages of the lamellae
population 1 with larger average lamellar thickness and population 2 with smaller
average lamellar thickness, correspondingly. w%(AH:1) and w%(AHg,+AHr3) are the

percentage of crystals formed on quenching and during isothermal crystallization,
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Table 5.2.4.

Comparison of SAXS results with DSC results.

Results from SAXS Results from DSC
Sample (OT & | e | wLed) | wonat) | waHit A | % | a%
120 70.1 29.9 24.9 75.1 64.5 35.5
PP2 62 122 66.0 34.0 29.7 70.3 61.2 38.8
124 42.2 57.8 329 67.1 62.9 37.1
126 31.1 68.9 36.2 63.8 66.5 335
114 84.1 15.9 21.5 78.5 74.3 25.7
iPP4.38 | 118 62.7 373 37.6 62.4 84.2 15.8
120 61.2 38.8 39.7 60.3 71.0 29.0
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respectively. By comparing the data from SAXS fitting procedure and DSC we can

estimate the source of the two lamellar populations.

From the DSC results of copolymer iPP4.38 crystallized at 114, 118 and 120 °C it
can be seen that 21.5 %, 37.6 % and 39.7 % of the heat of fusion comes from melting of
thin y—crystals formed on quenching. This agrees well with the percentage of the minor
component (LC2) of the bimodal fit, which for those samples gave 15.9 %, 37.3 %, and
38.8 %. The comparison of the percentage of the major component (LC1) with the total
yY—phase or o—phase content does not give as good match. Therefore, for iPP4.38
copolymer the bimodal thickness population is due to the presence of thin y—crystals
formed on quenching and thicker o— and fy—crystals formed during isothermal

crystallization.

In the case of copolymer iPP2.62 the situation is more complicated. It can be seen
that there is no consistent agreement between SAXS and DSC parameters for all
crystallization temperatures. For the lower two crystallization temperatures, 120 and 122
°C, the percentage of the minor component is equivalent to the crystals formed on
quenching, while the major component is equivalent to the crystals developed
isothermally. On the other hand, for the two highest crystallization temperatures, 124 and
126 °C, the minor lamellar population matches better the total y—content. But, it should be
noted that in the case of iPP2.62, there is a larger error between the compared parameters
in both cases. Reason for this may be the experimental errors in both SAXS and DSC
experiments. Also, it is possible that the use of different mathematical function to model

the SAXS scattering data will make these percentages closer.

Nevertheless, an important conclusion from this analysis is that it allowed an
independent evaluation of the contributions of the different families of lamellae to the

SAXS pattern.
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5.2.4. Cocrystallization Model

In section 2.3.2 it was shown that the semi—crystalline state of a random
copolymer can be described by two extremes: the comonomer units are either rejected
from the crystal, or the comonomer units take part in the crystallization and are uniformly
included in the copolymer crystal. In the former case, crystals consist only of
homopolymer sequences and all comonomer units are located in the amorphous phase. In
both cases the Gibbs free energy of the crystals will increase, and the melting temperature
will decrease. In section 5.2.3.3 it was confirmed that ethylene comonomer units reduce
the equilibrium melting temperature of the propylene copolymers. Although the cases of
total defect inclusion and exclusion occur frequently in the crystallization models, in
most real copolymer systems an intermediate model of partial inclusion is more

applicable.

There are numerous studies in the literature that deal with the question whether
the comonomer units are included’>">""*** or excluded**’"”® from the propylene-
ethylene copolymer crystals, consequently reducing the melting temperature. When
addressing this issue for the case of propylene—ethylene copolymers the presence of two
crystalline phases with different melting temperatures and heat of fusion represent an
additional difficulty. However, it has been reported’” that for i~PP homopolymer o— and
y—phases have similar equilibrium melting temperatures, that is 186.1 and 187.2 °C,
respectively. In addition to this, two AHr ranges are reported for both phases, 209 and 167
J/g for a—phase, and 196 and 150 J/g for y—phase, with the higher and lower AH; being
close in value. Based on this, the cocrystallization models of the propylene—ethylene

copolymers were analyzed only for the a—phase of these copolymers.

In the case of random propylene—ethylene copolymers two types of defects can
influence their crystallization, i.e. the ethylene content and stereo defects. Previously, by
means of °C NMR analysis in section 5.1 it was established that copolymers used in this

study do not contain regio defects. Therefore, the exclusion and partial inclusion models
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will be evaluated for ethylene, stereo and total defect content. Additionally, the
copolymers were separated into two groups because of their different molecular weights,
as seen from Table 4.2.1. Copolymers iPP2.62 and iPP4.38 with molecular weight in the
range of 250,000—-290,000 g/mol were analyzed separately from iPP10.45 and iPP15.57

with molecular weight in the range of 75,000—86,000 g/mol.

Firstly, the applicability of Flory's total exclusion model was tested by plotting the
experimental o—phase equilibrium melting temperature of the copolymers as a function
of the defect content. Values of the ethylene, stereo—defects and total defect content for
the studied copolymers are given in Table 4.1.5. For the homopolymer values for 7}’ =
186.1 °C and heat of fusion = 209 J/g were used to calculate the equilibrium melting
temperature of the copolymer as a function of defect content according to Flory's
equation (2.3.9). Equilibrium melting temperatures calculated using the Flory's exclusion
model were presented on the same plot for comparison. The resulting plots for two sets of

copolymers are shown in Figure 5.2.24.

Figure 5.2.24 (a) shows the experimental and Flory's T, . for copolymers iPP2.62
and iPP4.38 plotted as function of ethylene, stereo and total defect content. In this figure
the full line is the theoretical prediction using Flory's model, while closed symbols
represent ethylene defect, crosses are the stereo—defects and open symbols are the total
defect content. If only ethylene or sterco—defect contents are considered, the
experimental points do not fall on Flory's theoretical prediction, they are much lower than
predicted. On the other hand, the experimental equilibrium melting temperatures plotted
as a function of total defect content (ethylene + stereo defects) give reasonably good fit to
the Flory's exclusion model, although they are slightly lower than the Flory's prediction.
NMR experiments performed on these two copolymers showed that they had only stereo
defects of the type mmmr+mmrm, however, they did not show peak due to the adjacent
ethylene and stereo defects — mmrE. Therefore, for low ethylene content copolymers

different types of defects are not adjacent and are additive.
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Figure 5.2.24. T, versus the mole fraction of defects for copolymers (a) iPP2.62 and
iPP4.38, and (b) iPP10.45 and iPP15.57.
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Same kind of plots for copolymers iPP10.45 and iPP15.57 are presented in Figure
5.2.24 (b). In this case, when the experimentally determined T}, are plotted as a function
of ethylene (closed symbols) and stereo (crosses) defect content, they are close to the
prediction according to Flory’s theory. However, experimental T}, plotted versus total
defect content are much larger than the theoretical predictions. These copolymers have
complex types of stereo-defects, and they exhibit small peaks in the NMR spectra due to
the adjacent ethylene and stereo-defects — mmrE+mrrE. This indicates that for
copolymers iPP10.45 and iPP15.57 some of the ethylene and stereo defects are adjacent

and therefore they are not additive in the Flory's model of copolymer crystallization.

Above observations clearly indicate that Flory's total exclusion model can not
explain the reduction in the melting temperature of the studied copolymers. These results
agree well with the findings of Laihonen et al.”* who studied fractionated Ziegler—Natta
propylene—ethylene copolymers. They concluded that the decrease of crystallinity and
enthalpy of fusion, as well as the shortening in the average length of 3; helices with
comonomer content indicates that a fraction of the ethylene units are included in the
crystals. In addition, molecular mechanics calculations on model compounds suggested
that the copolymer molecule with low concentration of ethylene is equivalent to i—PP
from which a few methyl groups have been removed.®” Therefore, isolated ethylene units
can be incorporated into i—PP 3, helix and consequently the crystalline phase. According
to these authors, with increasing ethylene concentration the propagation of the helix will
depend on the randomness of the copolymer. The ethylene inclusion will be less likely to
happen in copolymers with blocky character since the ethylene blocks will hinder the 3,
helix of i—PP.

For that reason the model of partial defect inclusion was evaluated. For this, the
equation (2.3.8) for the equilibrium theory of inclusion of comonomer units in the crystal
was used. This equation can be rearranged to evaluate the degree of defect inclusion in
the lattice by introducing the term degree of incorporation of the comonomer unit, b =

XX
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where X; is the mole fraction of the comonomer incorporated in the polymer crystal, X is
the overall comonomer content, ¢ is the excess free energy due to the defect inclusion,
T (X) is the copolymer equilibrium melting temperature, and Th," and AH; are the

homopolymer equilibrium melting temperature and heat of fusion, respectively.

This equation shows that there is linear relationship between the equilibrium
melting point depression and mole fraction of the comonomer unit. For known copolymer
equilibrium melting temperatures and value for ¢, the degree of comonomer incorporation
in the crystals can be determined from the plot of equilibrium melting temperature versus

defect content.

The value of the excess free energy of the incorporation of the defect was
determined from the decrease of the heat of fusion as a function of defect content and the

equation:
AH} =AH{ +¢&-X (5.2.3)

where AHY and AHf are the heat of fusion for the homopolymer and copolymer,
respectively. Values for AHf" were determined from the measured heat of fusion of the

copolymers extrapolated to 100% crystallinity.

The excess free energy & was determined from the slope of the AHf" versus defect
content. For copolymers iPP2.62 and iPP4.38 the value of £ was 15.80 £+ 0.5 kJ/mol when
total defects were considered. For copolymers iPP10.45 and iPP15.57 ¢ was determined
as a function of ethylene, stereo and total defect content, giving values of 27.14 £ 2.6
kJ/mol, 25.27 £+ 3 kJ/mol and 13.08 £ 1.6 kJ/mol, correspondingly. These values for ¢ are
comparable with the values published for branched polyethylenes with ranges of

18.2-37.3 kl/mol'* and 23-54 kJ/mol.'""' However, they are considerably larger than
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values of 1.6 kJ/mol'* and 1.9 kJ/mol" reported for i—PP considered as stereo-
copolymer, 2.45 kJ/mol for the copolymers of L— and DL-lactides,”” and 4.5 kJ/mol

defect for copolymers of tetrafluoroethylene and hexafluoropropylene.**

With all parameters determined equation (5.2.2) was used to construct the plots
shown in Figures 5.2.25 - 5.2.27 for two sets of copolymers. Figure 5.2.25 shows both the
Flory's total exclusion prediction and Sanchez—Eby uniform inclusion prediction of the
T,.". Both of these models are the boundary cases of the equation (5.2.2) for the values of
b =0 and 1, respectively.

The total exclusion model is shown in the plot by the full line and the uniform
inclusion model is represented with dashed line. The two vertical set of data are T}, of
the two copolymers with total defect mole fraction of 0.0576 (iPP2.62) and 0.116
(1iPP4.38) calculated from equation (5.2.2) for different values of 5. The experimental

points represented with open symbols lie lower than the Flory's theoretical line.

From the plot in Figure 5.2.25, it is possible to estimate the degree of the
comonomer incorporation from the position of the experimental points on the vertical
lines. The values for the b obtained from the plot are 0.22 for iPP2.62 and 0.10 for
1PP4.38. According to these findings 10-22 % of the total defects are included in the
crystals of these copolymers. Figures 5.2.26 and 5.2.27 show both the Flory's and
Sanchez—Eby's prediction of the T}, for copolymers iPP10.45 and iPP15.57 as a function
of ethylene content for £ = 27.14 kJ/mol and stereo-defect content for & = 25.27 kJ/mol.
Using ¢ value obtained from total defect content did not produce meaningful results.
Copolymers iPP10.45 and iPP15.57 gave lower values for » when using ethylene content,

0.09 and 0.07, and stereo-defect content, 0.08 and 0.09, respectively.

Values for defect incorporation obtained in this study are smaller than the results
reported by Alamo et al.*® (42-44%) and Hosoda et al.** (50-52%) for samples of similar
composition but synthesized with metallocene catalysts. The differences in these values

can be attributed to the methods by which these values were determined, as well as the
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sample preparation. Alamo and coworkers used solid—state °C NMR technique to
determine the partitioning of the ethylene defects within the crystals of samples that were
not crystallized isothermally, but rather slowly cooled at d7/dz = 1 °C/min. The
limitations of the solid—state NMR spectroscopy include the difficulties in accurate
chemical shift assignments, as well as the small differences in both the chemical shifts
and relaxation time between the comonomer in the crystalline phase and in the
amorphous phase. Hosoda and coworkers studied the degree of comonomer inclusion in
the crystal phase using the fuming nitric acid etching technique to remove amorphous
component, followed by DSC and solution *C NMR measurements. This method relies

on the successfully removing only the amorphous phase, and not the crystalline phase.

Nevertheless, there is a possibility that the values of ¢ obtained from the analysis
of the observed copolymer heat of fusion as a function of defect content are not correct.
These values were 15.80, 27.14 and 25.27 kJ/mol and are too large when compared with
the equilibrium heat of fusion of the i—PP homopolymer (8.778 kJ/mol). For copolymers
iPP2.62 and iPP4.38 &~ 1.8xAHY, this is unrealistic value especially considering that the
defect units (ethylene and atactic propylene) have the same chemical make-up as the
crystallizable units. If the values of excess free energy of defect incorporation are this
large, it is unlikely that significant amount of defects will be included in the crystals. The
low value of the defect incorporation b can be due to the incorrect overestimation of the

defect energy ¢ as determined from the heat of fusion analysis.

Values of the calculated defect incorporation in the polymer crystals can be
evaluated qualitatively by comparing the molecular characteristics of the copolymers,
listed in Table 4.1.3, with the lamellar thickness results presented in Tables 4.6.1-4.6.4.
The latter tables list the lamellar thickness as a function of crystallization temperature, as
well as the calculated stem length and number of propylene monomer units traversing the
crystal lamellaec for both o— and y—crystal phases. The length of the y—stem was
calculated for samples that crystallized in more than 50 % of y—phase. The comparison of

these characteristics is shown in Table 5.2.5.
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Table 5.2.5.  Average propylene sequences from NMR and lamellar thickness from
SAXS for the four copolymers.

NMR SAXS
Sample -
= for () # propylene units per
’ or crystal thickness
iPP2.62 37 7.73-9.25 36-43
iPP4.38 23 6.48-8.06 30-37
iPP10.45 10 6.24-7.33 29-34
iPP15.57 7 6.15-6.73 28-32

The comparison of the number average sequence of propylene units in the

copolymer (7,) that are able to crystallize with the number of propylene units that

traverse the lamellae can give an insight into the amount of defects incorporation in the
crystals. For the copolymer iPP2.62 values of the weight average lamellar thickness are
in the range of 7.73-9.25 nm. The length of the polypropylene stems that crystallize into
o—crystals that is equivalent to this range of crystal thickness is 7.8-9.4 nm, and the
number of propylene units in the stems is 36—43. When this number is compared to 37,
the number average sequence of propylene units, it can be concluded that although these
numbers are close in value some of the defects have to be incorporated in the crystals to

achieve the highest crystal thicknesses determined from SAXS.

This tendency is more prominent for copolymers with higher defect content. From
Table 5.2.5 it can be seen that as the ethylene content in the copolymers increases, the
average number of propylene units in the chains decreases considerably, while the crystal

thickness decreases only slightly. For example, copolymer iPP15.57 with n, =7

258



achieved crystal thickness from 6 to 6.7 nm depending on the crystallization temperature.
If the defects were completely excluded from the crystals, or if the defect incorporation
was only 10-20% than the lamellar thickness values should have been much lower that
the experimentally determined. The average propylene run in this copolymer is much
lower than the length of a—stems (28—32) or y—stems (36—41) traversing the crystals

suggesting that considerable amount of the defects are included in the copolymer crystals.

In order to evaluate whether uniform inclusion model applies for copolymers used
in this study, experimental T’ data were fitted with Sanchez—Eby uniform inclusion
model as defined by equation (2.3.10). Calculated values of the excess energy ¢ for the

ethylene, stereo and total defect content are shown in Table 5.2.6.

It can be seen that the excess free energies due to the incorporation of defect in
the polymer crystal are smaller than the equilibrium heat of fusion of the i—PP
homopolymer, although for copolymers iPP2.62 and iPP4.38 these values are slightly
larger than RT. Free energy of defect incorporation of copolymers iPP10.45 and iPP15.57

are comparable with the ones calculated for the homopolymer, %414

These relatively
low values of the defect free energy lead to a conclusion that there is considerable

inclusion of the comonomer and stereo—defects in the copolymer crystals.

Wendling and Suter'® used computational thermodynamic-integration approach
to calculate the local conformation and defect free energy of stereo-irregularity inclusion
in i—PP. They found that Gibbs free energy of inclusion of isolated atactic defect is low
(0.0 £ 2.1 kJ/mol defects) and enables cocrystallization according to the uniform
inclusion model. Their results are in good agreement with experimental investigations
that proposed an estimate of the defect free energy of 1.6 to 1.9 kJ/mol defect.”**'** Since
these values are below RT at typical crystallization temperatures (2.9-3.6 kJ/mol), the
uniform inclusion model where every isolated stereo-defect can be included into the
crystal can be applied for i—PP. On the other hand, for sequences of adjacent defects there
is considerable defect free energy that makes the inclusion of atactic sequences less

likely. For example, their calculations predicted that dyad and triad inclusions will lead to
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Table 5.2.6.

Values of the excess free energy due to the uniform incorporation of

defects in the polymer crystal for propylene—ethylene copolymers.

Defect content &
Sample Defect type
(mole fraction) (kJ/mol)

ethylene 0.0262 11.6
iPP2.62 stereo 0.0314 9.68
total 0.0576 5.28

ethylene 0.0438 8.9

1PP4.38 stereo 0.0722 54
total 0.116 4.14
ethylene 0.1045 4.87
iPP10.45 stereo 0.107 4.75
total 0.2115 2.40
ethylene 0.1557 4.52
iPP15.57 stereo 0.1778 3.96
total 0.3335 2.11
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defect free energy of 22.4 £ 1.7 and 11.1 + 2.1 kJ/mol defects, respectively. When a
ethylene co—unit is taken into consideration, authors argue that the space left by the
missing methyl group can be occupied by other atom from the polymer chain that can

move slightly towards this position, and that this occurrence is energetically favorable.

Therefore it can be concluded that even though the exclusion model fairly well
describes the behavior of copolymers with lower defect content (iPP2.62 and 1PP4.38)
some defect inclusion has to occur to account for the lowering of their equilibrium
melting temperatures. Defect inclusion increases considerably with the increase of the
total defect content in the case of copolymers iPP10.45 and 1PP15.57. Also, the extent of
defect incorporation will depend on the type of defect. Based on the findings from this
study and published results it can be concluded that ethylene units are partially included,
stereo-block defects of the type mmmr+mmrm are most probably excluded, single atactic
units (mmrr+mrrm) can be totally included, while atactic diads (mrmr) are excluded from

the polymer crystals.

5.2.5. Crystallization Kinetics

In this section the experimental growth rates of the copolymers measured at
atmospheric pressure are analyzed using the Lauritzen—Hoffman secondary nucleation
theory. The growth rate kinetics of Ziegler—Natta random propylene—ethylene
copolymers with low ethylene content has not been studied extensively. This study will
shed light on the effect of the comonomer content on the crystallization behavior of these

copolymers.

177 that an unfractionated propylene

It has been reported by Monasse et a
copolymer with 4.1 mol% ethylene and M,=450,000 g/mol exhibits a regime III to

regime II transition similar to the i—PP homopolymer. The temperature at which the
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transition between the regimes was observed was Ty, = 130 °C (AT = 54 °C) and was

lower compared with the homopolymer.

Laihonen ef al.** have used bulk kinetic data to perform growth rate analysis for a
series of fractionated random propylene—ethylene copolymers with 2.7 — 11.0 mol%
ethylene. They did not observe any break in the curve of the logarithm of the growth as a
function of crystallization temperature. However, their experiments did not have data
points in the low supercooling region for a change in slope to be detected. They
concluded that their data fall in the regime III crystallization. Still, they observed that the
growth rate of the copolymers decreases with increasing comonomer content. Similar

results were published by De Carvalho er al.'**

on propylene copolymers with ethylene
content in the range of 3—6 %. For the same reason as Laihonen they observed only the

regime III behavior.

Figure 4.7.3 shows the typical crystallization behavior of polymer systems,
namely the growth rate decreases with increasing crystallization temperature. Also, it can
be observed that the linear growth rate depends on the copolymer composition; at a
constant crystallization temperature the growth rate decreases drastically with increasing
comonomer content. Similar results were found in the studies of crystallization kinetics
on unfractionated”” and fractionated propylene ethylene copolymers.”” This is due to the
fact that the critical nucleus requires a finite number of crystallizable units in a
continuous sequence. This number of crystallizable units decreases with increasing

comonomer, thus effectively reducing the crystal growth rate.

In order to identify regime transitions, it is best to plot the InG versus the degree
of supercooling or crystallization temperature.®’ This is illustrated in Figure 5.2.28 for the
four studied copolymers. Change in the slope of the curvature of this plot reveals a
probable regime transition. For all samples except iPP15.57 two changes in the slope (or
so-called crossover points) were detected. The first crossover point is observed as a
change in the convex shape of the crystal growth rate curves, for iPP2.62 and iPP10.45
this happens at AT ~ 58 °C, for iPP4.38 at slightly higher AT ~ 62 °C, and for iPP15.57
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Figure 5.2.28. Logarithmic representation of the linear growth rates as a function of the

degree of supercooling for the four copolymers.
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AT ~ 75 °C. The second crossover point is common for iPP2.62, iPP4.38 and iPP10.45

and is observed as a change in the slope below and above AT ~ 53 °C.

In the context of the Lauritzen—Hoffman secondary nucleation theory, the linear
growth rate of a crystalline entity for each regime is dependent on the degree of
supercooling and is defined by equation (2.3.1). The test of the regimes is done through
the plot of InG + AU'/R(TT.). This type of plot factors out the contribution of the
transport term to the growth rate, and the slope equals the negative value of the
nucleation constant, K, by using equation (2.3.3). The regime I-II transition is evident
when a downward change in the slope is observed, whereas there is an upward change in
the observed slope in the transition from regime II to regime IIl. Fold surface free

energies can be calculated from the slopes of the secondary nucleation plots.

Parameters characteristic for the growth theory (e.g. o, o, and g) are sensitive to
the input parameters used to calculate them (e.g. U, T, o 1, ., and AHy). Consequently, an
error in any of these parameters can influence the value of the fold surface free energy

> and Mezghani® have shown that for an ideal

and the work of chain folding. Tseng14
growth system changes in the values of U and T, . only shift the curves along the y—axis
without changing its shape. In other words, the choice of U and T, ¢ will not have an
effect on the fold surface free energy. The only parameter that has large influence on the
shape of the secondary nucleation plot is the Ty, but it does not alter significantly the

regime transition temperatures.

The value of U = 1500 cal/mol has been used extensively in the literature in the
case of i—PP, and it will be utilized for all copolymers. The T, of the copolymers was

calculated as depression from the homopolymer T, by 1.6 °C per mole% ethylene.'* 1

n
this analysis, the values of T}, for the copolymers that were determined from the lamellar

thickness studies were used.

Copolymers used in this study have different molecular weights; iPP2.62 and
iPP4.38 have molecular weights in the range 252,000-287,000 g/mol, while this range
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for iPP10.45 and iPP15.57 is 75,000-86,000 g/mol. These two groups of copolymers
were analyzed separately since it has been shown that the molecular weight affects the
regime transitions in i—PP homopolymer.'"’ Additionally, because these propylene-
ethylene copolymers crystallize in a mixture of a— and y—crystalline phases, the regime
analysis was performed for both phases. The linear growth rates of y—phase were taken to
be the same as those of the a—phase, since there was no change in slope in the plots of
the spherulite growth rate as a function of crystallization time. If this was not the case,
then discontinuities in the linear growth data at times when a transition between growth
of mixed a and y to pure y—crystals occurs would have been observed. Also, it has been
found that both polymorphs appear at the same time in the early stages of the

crystallization process.™

Figure 5.2.29 shows the regime plots for a—crystals of copolymers iPP2.62 and
1PP4.38. The dashed lines define the regions of different crystal growth behavior, and the
ratios of the slopes are indicated in the plot. It can be seen that for both iPP2.62 and
iPP4.38 three regimes are detected. The regime III/II transition occurs at AT = 58 °C for
iPP2.62 and 64 °C for iPP4.38, while regime II/I takes place at AT = 53 °C for both
copolymers. In Figure 5.2.30 the regime plots for a—crystals of copolymers iPP10.45 and
iPP15.57 are displayed. iPP10.45 exhibits three regimes, with their transition at AT = 58
°C and 53 °C, whereas for copolymer iPP15.57 only one transition (III/II) is detectable at
AT=175°C.

Figures 5.2.31 and 5.2.32 display the regime plots of the y—crystals of the
copolymers. In this case the Tj,’ of the y—crystal phase determined from the lamellar
thickness studies were used, except for the iPP2.62 and iPP4.38 for which T, from
Hoffman —Weeks plots were used. From these figures it can be seen that by switching
from o—crystal to y—crystal growth only the slopes of the regimes change, while the

transition temperatures remain the same.
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Figure 5.2.29. Regime plot for the growth of the a—crystal phase of iPP2.62 and iPP4.38

copolymers.
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The results from the kinetic analysis for the o— and y—crystals of the
propylene—ethylene copolymers are shown in Table 5.2.7. The ratios of the K, values of
the regimes III and II for all copolymers are close to 2, varying in value from 1.79 for
iPP15.57 to 2.47 for iPP10.45. Values of the parameters o and o. were calculated from
equations (2.3.3) and (2.3.5). Based on the observations from WAXD the (110) growth
plane of the a and (001) growth plane of the y—orthorhombic crystals were used. The
choice of heat of fusion does not change the value of o, since according to
Thomas—Stavely equation (2.3.5) heat of fusion only affects the lateral surface free

energy, o.

From the results in Table 5.2.7 it can be observed that values of o, are quite
different for each of the crystallization regimes. For example, sample iPP2.62 for regime
I has o, = 59.6 erg/cm?’, while the ones for regimes III and II are on average 83.6 erg/cm’.
The main reason for this difference is the deviation of the ratios of the slopes K (II1)/K,
(II) and K,(I)/K4(II) from the ideal value of 2. Also, the o, determined for the regime I is

considerably lower than the o, for regime III and II.

When the values of o are compared to the ones determined from lamellar
thickness studies listed in Table 5.2.2, a considerable difference can be observed. o
values determined from regime theory are always higher than the ones from the SAXS
analysis. o, determined from the regimes III and II are nearly double, while the o, values
from regime I are close the o, determined from Gibbs—Thompson plot. Regime I which
occurs at very low degrees of supercooling is expected to have more adjacent re—entry
folds than regimes II and III, and therefore it fits better the assumptions of the secondary
nucleation model. However, o results from the regime theory indicate that the y—phase
has higher value of o. when compared with the a—phase. This contradicts the results
from the lamellar thickness analysis, which showed decrease in o values when changing

from a— to y—crystal growth.
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Table 5.2.7.

Crystal growth kinetic data for studied random propylene—ethylene copolymers.

o—(110) growth plane y—(001) growth plane
Sample Kg><105 regime | AT | ratio fofo O q Kg><105 regime | AT | ratio fofo fo q
(K?) °C) erg’/cm’ | erg/em’® | kJ/mol | (K?) (&) erg’/cm’ | erg/cm? | kJ/mol
2.808 I 53 | 149 683 59.6 24.7 2.478 I s1 | 146 513 62.5 25.8
iPP2.62 1.883 II 916 79.9 33.1 1.702 II 705 85.8 35.5
58 | 2.19 56 | 2.21
4.115 111 1001 87.3 36.1 3.758 111 779 94.8 39.2
3.024 I 53 | 143 743 64.8 26.8 2.960 I 53 | 140 617 75.1 31.0
iPP4.38 | 2.113 II 1039 90.6 37.5 2.091 II 871 106.1 43.8
64 | 1.99 62 | 1.98
4211 I 1035 90.2 37.4 4.138 I 862 105.0 434
2.621 I 53 | 164 654 57.0 23.6 2.406 I 50 | 1.63 510 62.1 25.7
iPP10.45 | 1.595 II 795 69.3 28.7 1.474 II 625 76.1 314
58 | 2.47 57 |2.50
3.935 111 981 85.6 354 3.683 III 781 95.1 39.3
2.353 II 1202 104.8 434 2.081 11 903 109.9 454
iPP15.57 75 | 1.79 71 | 1.82
4.205 111 1074 93.6 38.8 3.790 111 822 100.1 414

AHy, =209 J/g, o= 11.5 erg/em’
AHy, = 150 J/g, o= 8.2 erg/em’
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Since the location of the regime transitions is controlled by the relative rates of
secondary nucleation and surface spreading, any factor which affects either of these rates
will alter the temperature at which the particular transition occurs. For the studied
copolymers the change in the growth regime can be due to the change in growth phase or
morphology change. Figure 5.2.1 shows the y—phase content as a function of
crystallization temperature. The degrees of supercooling that correspond to the regime
II/IT transition for all four copolymers coincide with the degrees of supercooling at
which the y—crystal content exceeds 50 %. Therefore, the regime III/II transition can be
due to the change in the crystal growth front, from a—crystal (110) growth plane to (001)
growth plane of the y—orthorhombic crystal. The degree of supercooling at which regime
III/IT transition occurs increases with increasing defect content for both sets of

copolymers.

For samples that exhibit regime I (iPP2.62, iPP4.38 and iPP10.45), the regime 11/
transition was dependent on the degree of supercooling temperature irrespective of the
copolymer characteristics. The regime II/I transition was always observed at degree of
supercooling of 53 °C. Observations using polarized light microscopy (Figures
4.8.2—4.8.5) indicated that there were changes in the spherulite morphology with
decreasing degree of supercooling. For these three copolymers at AT < 53 °C the mostly

positive spherulites became mixed, and their texture became more open and coarse.

5.3 High Pressure Crystallization Study

Extensive research on the effects of crystallization pressure on the morphology
and melting of the pure y—crystalline phase of high molecular weight i—PP has been
conducted by Mezghani.® It was confirmed that both elevated crystallization pressures

and low degrees of supercooling enhanced the formation of the pure y—form. Also, based
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on the Gibbs free energy approach, a temperature—pressure phase diagram shown in

Figure 2.6.2 was constructed for the i—PP homopolymer.

In the present study, the influence of the crystallization pressure on the
development of o— and y—phases was investigated. One of the goals of this research was
to apply the results from high pressure crystallization of copolymers for further
expanding the phase diagram of the i—PP homopolymer to include the defect content. The
i—PP homopolymer sample used in the original study was material with high isotacticity
and similar molecular weight (257,000 g/mol) as fractionated copolymers used in this
study. *C NMR spectroscopy showed that the i—~PP homopolymer had isotactic pentad
content of 90.7 %, with 1.26% of structural irregularities. Therefore, the i—PP

homopolymer can be considered as stereo—copolymer with 1.26 mol% defects.

5.3.1. Formation of y—phase

In the present study two copolymer fractions iPP2.62 (2.62 mol% ethylene; 5.76
mol% total defects) and iPP4.38 (4.38 mol% ethylene; 11.6 mol% total defects) were
used for crystallization at high pressures. The aim of the research was to study the effect
of the pressure on the polymorphism of these copolymers. Since it was shown that these
random copolymer at atmospheric pressure crystallize in a mixture of a— and y—phases, it
was of interest to investigate whether the pressure will further promote the y—crystalline

phase, as it was the case for the homopolymer.

From the WAXD patterns displayed in section 4.3.2 it is clear that for these
copolymers crystallization pressure leads to an increase in the y—phase formation, and
that at low degrees of supercooling pure y—phase is obtained. Also, for the iPP4.38
copolymer with total defect content of 11.6 mol% pure y—form was observed even at the

lowest crystallization pressure. For this copolymer crystallization at pressures above 88
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MPa and temperatures above 140 °C leads to pure y—form regardless of the crystallization
pressure. This can be seen more clearly in the plot of the y—phase content as a function of
crystallization pressure shown in Figure 5.3.1 (a) and (b). Therefore, increasing ethylene
content shifts the onset of pure y—phase formation in these propylene—ethylene

copolymers to lower values of the temperature.

The effect of the total chain defects on the stability of a— and y—forms of the
random propylene—ethylene copolymers can be examined by the Gibbs free energy
approach. This analysis requires calculation of Gibbs free energies for both phases with

the following equation:
AG =AH; -TAS (5.3.1)

From the equation (5.3.1) it is evident that two parameters are needed for
calculating the AG as a function of temperature, that is the change in the heat of fusion,
AHy, and the change of entropy, AS. The entropy change can be calculated from the

equilibrium condition, where AG =0 and 7 =T, mo, as follows:

AH

AS =3

(5.3.2)

In the Gibbs free energy analysis, the phase with the lower free energy at a given
crystallization pressure is more stable. Consequently, for the copolymers the equilibrium
melting temperatures and heat of fusion of both phases as a function of crystallization
pressure and total defect content have to be evaluated. The Tp, of the a—phase of these
copolymers crystallized at atmospheric pressure was discussed in section 5.2.3.3. In the
following sections the T}, of the y—form as a function of crystallization pressure will be
estimated. Also, the AH; of both phases as a function of crystallization pressure and

defect content will be determined using the Clapeyron equation.
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Figure 5.3.1. Content of the y—phase of (a) iPP2.62 and (b) iPP4.38 as a function of the

crystallization temperature and pressure.
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5.3.2. Morphology of y—phase from SAXS

Crystal characteristics of the copolymers iPP2.62 and iPP4.38 calculated using the
self—correlation triangle method of the 1D correlation function are listed in Tables
4.6.5-4.6.12. In addition, their lamellar thickness is plotted in Figures 5.3.2 and 5.3.3 as a
function of crystallization temperature and pressure. It can be observed that at constant
crystallization pressure the lamellar thickness increases with crystallization temperature.
Moreover, at constant crystallization temperature the lamellar thickness decreases with

increasing crystallization pressure.

The introduction of pressure at constant crystallization temperature behaves
similarly to increasing the degree of supercooling. This is expected to result in lower
degree of crystallinity. The change in the degree of crystallinity with crystallization
pressure and temperature for the two copolymers is shown in Figures 4.3.19 and 4.3.20. It
can be observed that for given copolymer sample the crystallinity does not change

significantly with increasing crystallization temperature.

For copolymer iPP2.62 crystallinity decreases slightly with crystallization
temperature (Figure 4.3.19). On the other hand, for copolymer iPP4.38 the degree of
crystallinity at first drops with increasing crystallization temperature, but at higher
crystallization temperatures it levels off (Figure 4.3.20). The drop in the crystallinity
corresponds to the decrease in a—phase content and increase in y—phase content, with the

crystallinity leveling off at the onset of the pure y—crystal formation.

Since the y—crystals content increases with increasing crystallization pressure, the
decrease in the lamellar thickness with increasing pressure can be attributed to the
differences in the crystallographic characteristics of the a— and y—forms. For identical
lamellar thickness the length of the a—phase stem is 0.77 of the y—phase stem length,
because a—stems form an angle of 9° with the lamellar surface, while for the y—stems this

angle is 40°. Therefore, for a fixed crystallization temperature and average length of the
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angle is 40°. Therefore, for a fixed crystallization temperature and average length of the
crystallizable sequences, y—phase crystals will have lower lamellar thickness compared
with a—crystals. This can be observed for copolymer iPP2.62 crystallized at p.= 193
MPa. With increasing crystallization temperature, lamellar thickness increases until there
is a drop at T, = 162 °C, temperature at which WAXD analysis shows pure y—form. With
further increasing of the temperature lamellar thickness of the pure y—form again starts to

increase.

Figures 5.3.4 and 5.3.5 show the change in transition layer thickness of the
copolymers as a function of crystallization temperature and pressure. The thickness of the
transition layer for both copolymers decreases with increasing crystallization
temperature, similar to the samples crystallized at atmospheric pressure. The increase of
the lamellar thickness with increasing crystallization temperature occurs at the expense of

the transition layer, causing its thickness to decrease.

The electron density difference A7, between the crystalline phase, 7., and the
amorphous phase, 7,, was calculated from the invariant as outlined in section 2.8.2. In
Figures 5.3.6 and 5.3.7 the electron density difference of the copolymers is plotted as a
function of the crystallization temperature and pressure. It can be seen that for the
copolymers regardless of the composition the electron density difference does not change
significantly with crystallization temperature. On the other hand, for a given copolymer
applied crystallization pressure led to an increase in Ar7. Crystallization under high
pressure increases the density of the crystalline phase, hence increasing the A7. Also, on

average copolymer iPP2.62 had higher A7 compared with the copolymer iPP4.38.

278



1.8

E? 1.6 o
£ o o)
o

§ 144 & o A o
% < @ ) {
2 12 © °
K=
= ‘ A
)
> 101
s °
5
s 087 ["gp=8sMPa o
g 0p=123 MPa .
= 0.6 | Ap=158 MPa

&p=193 MPa closed symbols pure y-form O

04 T T T T T T T
140 145 150 155 160 165 170 175 180

Crystallization temperature (°C)

Figure 5.3.4. Transition layer thickness of iPP2.62 as a function of crystallization

temperature and pressure.

1.4
-~ 134 g
(S
£ A .
g 1.2 A
3] K v Ld A A
g °
g 1.1 * .
£ u A
| ol *
3 1 ) o
)
A
- 09
c
o Op=88 MPa
% 081 -
% : op=123 MPa -
o Ap=158 MPa
= 07
©p=193 MPa closed symbols pure y-form
0.6 T T T T T T T
130 135 140 145 150 155 160 165 170

Crystallization temperature (°C)

Figure 5.3.5. Transition layer thickness of iPP4.38 as a function of crystallization

temperature and pressure.

279



0.30

0284
A
A © 3 g ® °
? 0.26 - 8 O A ®
s A 0 L 0 b
5 ° s
0.24 -
0O p=88 MPa
0.22 { | op=123 MPa
Ap=158 MPa
©p=193 MPa closed symbols pure y-form
0.20 ‘ ‘ ‘ ‘ ‘ \ \
140 145 150 155 160 165 170 175 180

Crystallization temperature (°C)

Figure 5.3.6  Electron density difference of iPP2.62 samples as function of the

crystallization temperature and pressure.

0.30
0.26 -
*
A
0221 & ¢ ° IS
5 é M ]
© 8 A
~ & [ ]
[ ]
5 o018 ¢
Op=88 MPa
0.14 op=123 MPa
Ap=158 MPa
closed symbols pure y-form
& p=193 MPa
0.10 T T T T T T T
130 135 140 145 150 155 160 165 170

Crystallization temperature (°C)

Figure 5.3.7. Electron density difference of iPP4.38 samples as function of the

crystallization temperature and pressure.

280



5.3.3. Morphology of the copolymer samples from SEM

Random propylene—ethylene copolymer samples crystallized at atmospheric
pressure generated mixture of a— and y—crystals, as determined from WAXD studies. As
outlined in the section 2.2.2, a—form is the most common crystal phase of i—PP with
monoclinic crystal unit cell. On a morphological level, a—form lamellae exhibit an
unique lamellar branching characterized by a constant angle of 80° between the radial
(parent) lamellae and the tangential (daughter) lamellae. y—crystal phase was first
identified as triclinic with unit cell similar to that of the o.—form.** Bruckner and Meille*
reevaluated the triclinic unit cell and noted that it is a sub—cell of a larger face—centered
orthorhombic unit cell. The proposed new unit cell consists of bilayers of parallel
molecules with chain axes inclined at 80° between the bilayers. It has been shown that
y—crystal form has an epitaxial relationship with the a—form such that either can grow
onto lamellac of the other phase.””® In general, o—form is observed to grow first,
followed by epitaxial growth of the y—form at an angle of 40°. Possible self—epitaxial

growth of the y—lamellae was observed for 100% y—phase i—PP crystallized at 200 MPa.*

SEM micrographs of the copolymer iPP2.62 crystallized at atmospheric pressure
and crystallization temperatures 124 and 126 °C showed the typical polymer spherulitic
structure as seen in Figures 4.8.6 and 4.8.8. The long and radially oriented lamellae that
radiate from the spherulite center are attributed to the growth of the a—crystals, while the
low angle branches are consistent with the epitaxial growth of y on a—crystals. The
absence of the cross—hatching (a—a branching) is in good agreement with the findings
reported by Campbell and Phillips®® that showed no cross—hatching in i—PP samples with
more than 60 % y—crystals.

For these copolymer samples both the 'parent' and the 'daughter' lamellae exhibit
similar thicknesses. This observation supports the findings from the SAXS experiments

that showed that a— and y—phase lamellae that crystallize isothermally contribute to one
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lamellar thickness distribution (section 5.2.3.4). Although o— and y-lamellae have
different average thicknesses, the overlapping of their crystal thickness distributions does
not generate bimodal SAXS pattern. Figure 4.8.10 shows another, much thinner lamellae
population that according to SAXS and high temperature WAXD experiments has

formed during the quenching.

The most interesting feature on the Figures 4.8.6-4.8.11 is the feather—like
structure that was first reported by Mezghani and Phillips®® for the pure y—form of
homopolymer i—PP isothermally crystallized at 200 MPa. Authors proposed that the
growth of these structures can occur by branching of y—lamellae on a radially grown y or
o—lamella, or by a self—epitaxial growth of y—lamellae, as shown in Figure 5.3.8. This is
the first time that this structure has been observed for propylene—ethylene copolymers
and in samples with less than 100 % y—phase. However, unlike for the homopolymer, the
feather—like features in the copolymers are not dominant structures in the spherulite
morphology. For the copolymer sample iPP2.62 the average width of the feathers is 1 to
2 um, which is considerably lower than 5-6 um found for the homopolymer. Also,
feathers do not originate from the spherulite center, but rather form by epitaxial growth

on the radial lamellae.

The manner in which the feathers develop in the copolymer samples is illustrated
in Figure 4.8.6 as indicated with the numbers and arrows. At first the parent a or y—phase
lamella labeled as 'l' grows radially from the center of the spherulite. At the point 2 the
'daughter' feather—like structure grows epitaxially on the radial lamellae. The growth of
this feather is interrupted in point 3 where it splays out and new complete feather—like
structure grows from each side of the 'daughter' feather, hence this indicated a possible
v—y epitaxial growth. At the point labeled 4 there is further growth and propagation of the
new 2 sets of feathers. Therefore, it has been shown that both a—y and y—y epitaxial

lamellar growth occurs during crystallization of propylene—ethylene copolymers.
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a- or +-lamellae

T-lamadlae

b} Epitaxial growih of ameliae on wlamelize

Figure 5.3.8. Schematic representation of the potential growth mechanism of the

feather—like structure (from Mezghani and Phillips™).
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SEM micrographs of copolymer samples crystallized into 100 % y—phase at the
highest pressure of 193 MPa revealed that there is a change in spherulite structure of
propylene—ethylene copolymer samples with increasing crystallization pressure. Low
magnification micrographs showed that the spherulite morphology of the copolymers
observed at atmospheric pressure is absent for high pressure crystallized samples. This is
observed for both copolymer iPP2.62 and iPP4.38 in Figures 4.8.12 and 4.8.15,
respectively. High pressure crystallization of these copolymer samples produced
elongated ellipsoidal structures that did not grow radially, although they did periodically
branch. Their orientation in the sample is mainly in two directions, and WAXD
experiments showed that there is some orientation in the (001) direction. Similar thick

cigar-shaped structures have been reported for cis-polyisoprene crystallized at pressures

above 3 kbar.'*®

Spherulitic morphology has been observed for 100 % fy—crystals obtained by
crystallization of low molecular weight homopolymer*® and for high molecular weight
i~PP crystallized at high pressure.” This indicates that the development of pure y—phase
or the application of the crystallization pressure alone are not responsible for the lack of
spherulitic morphology of the propylene—ethylene copolymers crystallized at high
pressures. Therefore, the combination of the chain defects and crystallization pressure
profoundly affects the morphology of the copolymers. Increasing the crystallization
pressure elevates the melting point of the copolymers, which in turn can affect
crystallization kinetics and morphology by increasing the degree of supercooling at a

given crystallization temperature.

AFM micrographs shown in Figures 4.8.16 and 4.8.17 were used to measure the
thickness of these lenticular or cigar-shaped crystal structures, as well as the angles
between the branches. The average thickness of these species varies between 100 and 200
nm, however, there are crystals with thickness between 600 and 700 nm. These crystal

structures branch at angles of ~ 15, 80 and 115°.
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The absence of spherulitic structures and the occurrence of the thick single
crystal—-like can be explained by the uniqueness of the y—orthorhombic crystal phase, and
the y—y orthorhombic phase homoepitaxial branching in the absence of a-crystal phase.
Epitaxial growth of i-PP chains can occur at angles of 80° and 100° relative to each other,
as reported by Lotz and Wittman.>® The contact plane is the growth face that has pattern

of methyl groups that allows deposition of a layer of isohiral chains at this specific angle.

Figure 5.3.9 shows the schematic representation of the epitaxial growth of y on
y—phase crystals. The growth plane of the y—orthorhombic phase is (001) plane, which is
also the contact plane for the epitaxial growth and branching. y—y branching does not
occur on the lateral surfaces, as was the case for the a—phase. From Figure 5.3.9 it can be
seen that the contact angles between y—y branches are 80° or 100°, and 20° or 160°. These

angles match well the experimentally determined angles between branches.

Since the branching can occur only on the growth plane, every epitaxial
deposition of chain on the growth front will stop or retard the growth of the existing
crystal and prevent the forming of the spherulitic structure. This is considerably different
from the a—a or a—y epitaxial growth where the branching occurs on the lateral surfaces,

while the parent lamella continues to grow radially.

5.34. Equilibrium Melting Temperature of y—phase

Copolymers 1PP2.62 and iPP4.38 that were crystallized at high pressures were
analyzed in DSC at atmospheric pressure (Figures 4.4.13—4.4.20). Melting endotherms
exhibited multiple melting, although less prominent as samples crystallized at
atmospheric pressure. For the iPP2.62 copolymer, all endotherms show very small
melting peak at a temperature above the main melting peak. Based on the peak

assignment performed on the samples crystallized at atmospheric pressure and using the
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Figure 5.3.9. Schematic representation of the y—y orthorhombic homoepitaxial growth.
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HTXRD analysis, we have assigned the main melting peak to the melting of the y—phase,
and the small high—temperature melting peak to the a—phase. This peak shows even for
samples for which WAXD experiments do not show existence of o—phase. A peak
deconvolution was performed for all samples showing multiple melting endotherms, and
the fraction of each melting peak was calculated as shown in Figure 5.2.3. It was found,
for samples that did not show a—phase peak in WAXD, that the DSC a—peak is less than
1% of the overall peak area. We conclude that the DSC instrument is sensitive enough to
register the melting of small quantities of a—phase crystals that are below the detecting
threshold of the WAXD. Similar DSC melting endotherms of i—PP samples crystallized
at high pressure and melted at atmospheric pressure were reported by Mezghani,® and
they also contained a very small high temperature peak, but the author did not comment
on them. On the other hand, the iPP4.38 copolymer samples crystallized at the lowest
supercoolings at pressures of 158 and 193 MPa does not show additional small
endotherm above the main endotherm. This confirms well the results from WAXD

analysis.

Samples crystallized at the highest temperatures regardless of the crystallization
pressures exhibited broad melting endotherm at around 130 °C that increased in height
with increasing crystallization temperature. This peak, in accordance with the results
from the atmospheric crystallization, is due to the melting of thin crystals that are formed
on quenching. The material that was not able to crystallize during the isothermal period
of the crystallization crystallizes in the time frame when the crystallization temperature
has been lowered to room temperature. In the high pressure experimental setup the
maximum rate of cooling was 4—7 °C/min because of the bulkiness of the high pressure
cell. This rate cannot be considered as quenching, and some of the material will further
crystallize during the cooling. Since the pressure was attained during the whole process
of cooling to room temperature, there was no melting—recrystallization transformation

from y— to a—phase during the cooling.
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In order to calculate the equilibrium melting temperatures at the different
crystallization pressures we need the actual melting temperatures at the corresponding
pressures. DSC experiments from which melting temperatures were determined were at
atmospheric pressure. To account for the change of melting temperature with pressure, all
of the melting temperatures determined from DSC were corrected for the pressure. The
correction was based on the experimental determination of the dependence of the melting

temperature on the crystallization pressure by Zoller et al.'®

They have found that in the
pressure range from 0 to 200 MPa the melting temperature of the isotactic polypropylene
increases by 0.285 °C/MPa. These experiments were performed on i—PP with high

isotacticity (> 96 %) and molecular weight ~300K.

Equilibrium melting temperatures of samples crystallized at high pressures were
determined from Gibbs—Thompson plots of 73, versus inverse lamellar thickness. Peak
temperature was chosen for the melting temperature, and for samples that had distinct o—
and y—phase melting peak, attempt has been made to use both temperatures for estimating
the T}, of o— and y—phases. Gibbs—Thompson plots for the y—phase of the iPP2.62 and
iPP4.38 are shown in Figures 5.3.10 and 5.3.11. Equilibrium melting temperatures
determined from Gibbs—Thompson plots for iPP2.62 copolymer y—phase at 88, 123, 158
and 193 MPa are 203.4, 212.5, 220.2 and 229.6 °C, respectively. Equilibrium melting
temperatures at the equivalent crystallization pressures for y—phase of iPP4.38 are 192,
198.4, 211.2 and 217.1 °C, respectively. It should be mentioned that for some of the
curves in these plots there were only four experimental points available for extrapolation.
Although this is unfortunate, when crystallized at low pressures only limited number of

samples developed pure y-form so more experimental points could not be obtained.

Using the T, versus inverse lamellar thickness plot for calculating Ty, of the
o—phase in the pressure crystallized samples would assume that both phases have the
same average crystal thickness. SAXS Lorentz corrected data and 1D correlation function
showed only one distribution of lamellar thicknesses. The content of the a—phase in these

samples was very small, with the maximum amount of 5 % detected in DSC
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Figure 5.3.10. Gibbs—Thompson plot of melting temperature of y—phase as a function of

inverse lamellar thickness and crystallization pressure; sample iPP2.62

(total defect 5.76 mol%).
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Figure 5.3.11. Gibbs—Thompson plot of melting temperature of y—phase as a function of

inverse lamellar thickness and crystallization pressure; sample iPP4.38

(total defect 11.60 mol%).
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measurements. In absence of more reliable data about the o—crystal thickness,
Hoffman—Weeks plot was used for determining the 7i," of the o—phase generated at
elevated pressures. This plot for iPP2.62 samples is shown in Figure 5.3.12, and the
obtained equilibrium melting temperatures at 88, 123, 158 and 193 MPa are 220.6, 209.0,
215.5 and 223.7 °C, respectively. In the case of the copolymer iPP4.38 there were not
enough melting data points for the a—phase of the pressure crystallized samples for

similar analysis to be performed.

When the melting temperatures of iPP2.62 copolymer samples crystallized at high
pressure and melted at atmospheric pressure are plotted on one plot (shown in Figure
5.3.13), they extrapolate to 182 + 1.5 °C. This temperature is the equilibrium melting
temperature of y—phase of the iPP2.62 copolymer at atmospheric pressure. Similar
extrapolations for the iPP4.38 y—phase are shown in Figure 5.3.14, with the result being
Tw’=170.7+ 1.7 °C.

5.3.5. Determination of Heat of Fusion

The pressure dependence of the equilibrium melting points can be used to
calculate the heat of fusion of the polymer crystals through the application of the

Clapeyron equation, which defines the equilibrium between two phases:

ar__T (v,-v.) (5.3.1)

dp  AH,

where T is the temperature at which the transformation occurs, and v, and v, are
the specific volumes in cm’/g of the melt and the crystal at the transformation point,
respectively. In the case of melting of polymer crystals, 7 can be defined as the
equilibrium melting temperature, and the specific volume changes can be related to

density changes, so the above equation becomes:
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(total defect 5.76 mol%).
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iPP2.62 + p=88 MPa, Tm0=182.8 oC
y-phase melting at atp 4 p=123 MPa, Tm0=180.4 oC
e p=158 MPa, Tm0=181.5 oC
= p=193 MPa, Tm0=183.4 oC
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Figure 5.3.13. Gibbs—Thompson plot of melting temperature recorded at atmospheric

pressure of y—phase as a function of inverse lamellar thickness; sample

iPP2.62 (total defect 5.76 mol%).
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200

iPP4.38 ¢ p=88 MPa, Tm0=170.1 oC

y-phase melting at atp A p=123 MPa, Tm0=171.4 oC

e p=158 MPa, Tm0=169.1 oC

180 - = p=193 MPa, Tm0=172.2 oC
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Figure 5.3.14. Gibbs—Thompson plot of melting temperature recorded at atmospheric

pressure of y—phase as a function of inverse lamellar thickness; sample

iPP4.38 (total defect 11.60 mol%).
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dTn(: — Tn? (pc_paJ (532)
dp AH\ p.p,

where p, and p. are the melt and crystal densities (in g/cm®), respectively.

The plot of the equilibrium melting temperature dependence on the crystallization
pressure of the y— and a—phases for the iPP2.62 copolymer is shown in Figure 5.3.15.
These dependencies are linear, and the intercepts of the lines at p. = 0 MPa are the T}, of
the a— (172.6 °C) and y—form (182 °C) of the iPP2.62 sample. The data in the plots can
be represented with the Clapeyron equation, therefore the slopes of the lines are related to

the heat of fusion and the density change (the right side of the equation (5.3.2)).

If it is assumed that the heat of fusion does not change with the pressure, then the
specific volume change can be expressed in terms of the density difference of the
amorphous and crystalline phases. The value of the heat of fusion determined for the
iPP2.62 a—phase is 165.0 J/g, and for the y—phase 143 J/g. The value for the y—phase is
slightly lower than the value of 144.8 J/g® that was determined in the similar fashion for
the homopolymer. Also, the value of 165 J/g is lower than the value of 167 J/g widely

reported in the literature for the a—phase of the homopolymer.

The equivalent plot of this dependence for the y—phase of the iPP4.38 is presented
in Figure 5.3.16. Similar calculations were performed for he iPP4.38 copolymer samples,
but in this case only for the y—phase, because of the absence of the melting of the
o—phase for most of the iPP4.38 samples crystallized at high pressures. The calculated
value of the heat of fusion for the y—phase of iPP4.38 was 141 J/g.

In the earlier discussion in section 5.2.4 it was established that there is partial
defect incorporation in the copolymer crystals. This phenomenon leads to a reduction in
the density and the heat of fusion of these copolymers. The reduction of the heat of fusion

75,79
d 5

with increasing ethylene content has been reported for both unfractionate and

fractionated’” Ziegler—Natta, as well as metallocene®™** propylene copolymers. These
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Figure 5.3.15. Equilibrium melting temperature for a— and y—phase as function of

crystallization pressure; sample iPP2.62 (total defect 5.76 mol%).
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Figure 5.3.16. Equilibrium melting temperature for the y—phase as function of

crystallization pressure; sample iPP4.38 (total defect 11.60 mol%).
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values for the heat of fusion are in a good agreement with the AH; of the homopolymer

reduced for the comonomer content.

In the earlier discussion in section 5.2.4 it was established that there is partial
defect incorporation in the copolymer crystals. This phenomenon leads to a reduction in
the density and the heat of fusion of these copolymers. The reduction of the heat of fusion
with increasing ethylene content has been reported for both unfractionated’>” and

fractionated”” Ziegler—Natta, as well as metallocene™"*?

propylene copolymers. These
values for the heat of fusion are in a good agreement with the AH; of the homopolymer

reduced for the comonomer content.

The method for determining the heat of fusion based on the Clayperon equation
when the density changes with pressure is very straightforward, and has been used to
describe the melting behavior of many polymers.'**'>? All parameters that are needed for
the calculation of the heat of fusion are obtainable from pressure-volume—temperature
(PVT) data for the corresponding polymers, except for the crystal volume at the melting

point. For this, data for the degree of crystallinity close to the melting point are needed.

Since no published PVT data for random low ethylene content propylene
copolymers could be found, the PVT data for the i—PP homopolymer that were published
by Zoller et al.'* were used. The previous homopolymer study® also used these PVT
diagrams, and the same procedure will be followed here for consistent data treatment.
These PVT measurements, shown in Figure 5.3.17, were performed on a highly isotactic
polypropylene with M,, ~ 300,000. They were based on isothermal measurements

progressing from low to high temperatures in 20 MPa pressure intervals.

Even though the melting curves shown in Figure 5.3.17 do not represent the
equilibrium melting temperature, densities of the amorphous and the crystalline materials
can be determined from the volume changes if the crystallinity of the samples is known.
However, the crystallinity values for these samples were not available, so for this reason

the crystallinity of 65 % was assumed for all samples.
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Figure 5.3.17. PVT data for i—PP reported by Zoller et al.'®

When the changes in the densities are estimated as a function of pressure, the heat
of fusion can be calculated from the Clapeyron equation. Table 5.3.1 lists the parameters
needed for this analysis for several crystallization pressures. Crystal densities of the
copolymers were scaled down proportionally to account for the effect of the ethylene
content on the copolymer density. The heat of fusion of the a— and y— phase was
determined as the best value that generates similar equilibrium melting temperatures as
the experimental T},. Table 5.3.2 lists the thermodynamic parameters of the a— and

y—crystalline forms for the copolymers and i—PP obtained from the Clapeyron analysis.

Results of the Clapeyron analysis for sample iPP2.62 produced AH:, = 188 J/g
and AH;, = 175 J/g, while for iPP4.38 the value of AH;, was 164 J/g. One can make an

observation that analogous to the i—PP homopolymer, there are two different AHy values
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Table 5.3.1.

Specific volumes and densities for iPP2.62 copolymer

Data for homopolymer extracted from Figure 5.3.17

Ap Va Vir Ve Pa Pe
(MPa) (cm’/g) (cm’/g) (cm’/g) (g/cm’) (g/cm’)
40 1.261 1.172 1.124 0.7930 0.8896
100 1.219 1.142 1.101 0.8203 0.9086
120 1.212 1.134 1.092 0.8251 0.9158
160 1.195 1.115 1.072 0.8368 0.9329
200 1.171 1.097 1.057 0.8540 0.9459
Data for copolymer iPP2.62 with extrapolated and scaled specific volumes
0
ot | emte) | e | emte) | o) | oy | AT | edy
88 1.231 1.184 1.159 0.8122 0.8782 23.8 205.2
123 1.212 1.168 1.144 0.8250 0.8902 31.3 213.3
158 1.193 1.151 1.128 0.8381 0.9025 37.9 219.9
193 1.174 1.134 1.112 0.8517 0.9152 43.5 226.0

b)

density values for the copolymer were scaled down by factor of 0.97.

determined as the best fit of equation (5.3.2) with AHy= 175 J/g, and T}, = 182 °C at atmospheric pressure.




Table 5.3.2.  Thermodynamic parameters of the o— and y—crystalline forms for the i—PP

homopolymer and the copolymers.

. T AH; P
Material hase o a
P (°C) /g) (g/em’)
209.0
i _pp o 186.1 167.0 0.936
homopolymer 190.0
Y 187.2 150.0 0.933
188.0
. o 172.6 165.0 0.908
1PP2.62 1750
Y 182.0 143.0 0.905
o 165.7 170.0 0.899
iPP4.38 1640
Y 170.7 141.0 0.896

a) density values were reduced to account for the effect of the ethylene content.

Crystal density dependence on ethylene content was calculated from Hosoda et al.**
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for these copolymers depending on the method of evaluation. For example, these values
for AHy, are 190 and 150 J/g for the homopolymer, 175 and 143 J/g for iPP2.62, and 164
and 141 J/g for the iPP4.38 copolymer. Regardless of the exact accuracy of these
estimations, the most important observation is the consistent reduction of the heat of
fusion with the increasing ethylene content. For the copolymer iPP4.38 there were not
enough experimental data to estimate the value of AHy,. However, for this purpose,
based on the observed decreasing tendency of AHg, value of 170 J/g was suggested for

copolymer iPP4.38.

5.3.6. Temperature—Pressure—Composition Phase Diagram

One of the goals of this research was to append the existing i—PP o—y phase
diagram to include the effect of the composition on the thermodynamic stability of the
phases. For this purpose, the stability of both phases as a function of temperature and
pressure was evaluated. By performing the Gibbs free energy analysis in the previous
study® it was found that the pressure shifts the stability of the y—phase to lower
crystallization temperatures. It was predicted that at atmospheric pressure pure y—phase is
expected to form at a degree of supercooling of only ~ 10 °C, while the crystallization
pressure of 200 MPa shifts this degree of supercooling to a much higher value of ~ 67 °C.
An example of this analysis for the i—PP copolymer is shown in Figures 2.6.1 (a) and (b)

for atmospheric and 200 MPa crystallization pressure.’

To calculate the AG for the copolymers two parameters, AH; and Ty, of both
phases, the latter as a function of crystallization pressure are needed. As seen in Table
5.3.2, there are two values for the heat of fusion of a— and y— phases depending on the
defect content. The higher values were the ones determined from the Clapeyron equation
in case of change of specific volume with pressure. These values will be used to calculate

the Gibbs free energies of the phases. The equilibrium melting points of a— and y—
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phases of iPP2.62 and y—phase of iPP4.38 were determined from the high pressure
experiments. The equilibrium melting temperatures of the iPP4.38 o-—phase were
calculated using the Clapeyron equation, and for 88, 123, 158 and 193 MPa these vales
are 188.4, 196.0, 203.8 and 211.2 °C, respectively.

Calculated Gibbs free energies of both phases as a function of temperature at
atmospheric pressure are presented in Figure 5.3.18 for sample iPP2.62 (5.76 % tot.), and
in Figure 5.3.19 for the samples iPP4.38 (11.6 % tot.). Corresponding plots for these
samples at crystallization pressure of 193 MPa are shown in Figures 5.3.20 and 5.3.21.

Values of the AG of both phases decrease with decreasing temperature, and the
temperature at which these lines cross is the transition temperature at which the stability
of the phases switches. From Figures 5.3.18-5.3.21 it is observed that at temperatures
below the transition temperature the more stable phase is a—phase, while above this
temperature y—phase is more stable. The transition temperature can be calculated from the
equilibrium condition, by equating the free energies of both phases:

T T° (AH,, —AH, )

0 _ “momy

tr T 0 0
Tm,yAH ta — o AH fy

(5.3.2)

Calculated transition temperatures for the atmospheric and p. = 193 MPa are
noted on the free energy diagrams. At atmospheric pressure 5.76 mol% defects decrease
the transition temperature to 145.9 °C, while 11.6 mol% defects lower it to 137.2 °C.
These values correspond to degrees of supercooling of 27 and 29 °C, correspondingly.
Therefore, the degree of supercooling at which pure y—form is expected to form is
increased from the 10 °C calculated for the i—PP homopolymer. Same tendency is
observed at the highest crystallization pressure of 193 MPa. In this case, for copolymer
with 5.76 mol% defects pure y—phase is predicted to form at a degree of supercooling of

66 °C, while for copolymer with 11.6 % defect this value is ~78 °C.
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Figure 5.3.18.
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Gibbs free energy diagram of a— and y—phases as a function of
temperature at atmospheric pressure, for iPP2.62 copolymer with 5.76

mol% total defect content.
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iPP4.38 (11.6 mol% total)
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Figure 5.3.19. Gibbs free energy diagram of o.— and y—phases as a function of

temperature at atmospheric pressure, for iPP4.38 copolymer with 11.60

mol% total defect content.
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Figure 5.3.20. Gibbs free energy diagram of a— and y—phases as a function of

temperature at 193 MPa, for iPP2.62 copolymer with 5.76 mol% total

defect content.
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Figure 5.3.21. Gibbs free energy diagram of a— and y—phases as a function of
temperature at 193 MPa, for iPP4.38 copolymer with 11.60 mol% total

defect content.
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Using the T, of a— and y— phases and calculated Ty, temperature—pressure phase
diagrams were constructed for both copolymer samples, shown in Figure 5.3.22 and
5.3.23. On these diagrams the lines define the regions of stability of both phases as a
function of crystallization temperature and pressure, while the scattered points are the
experimental data. It can be observed that there is good agreement between the
experimental points and the theoretical predictions. It should be noted that below the Tt
more stable crystal phase is oa—form, but all studied copolymers that were crystallized
isothermally crystallized in a mixture of a— and y—forms. Pure o—form was never

observed in the studied crystallization temperature range.

Temperature—pressure phase diagrams of i—PP (1.26 mol% stereo defects),
iPP2.62 (5.76 mol% total defect) and iPP4.38 (11.6 mol% total defect) were used to
construct the three dimensional (3D) phase diagram of i—PP with composition (total
defect content) as an added parameter. The resulting 3D phase diagram is shown in
Figure 5.3.24, where the scattered points are the experimental data. The planes of the
equilibrium melting temperatures of the y— and a— phases are defined by the solid blue
and magenta lines, correspondingly, while the solid red lines outline the plane of the
theoretical transition temperatures between the o— and y—phases. These planes were
extrapolated to zero defect content in order to evaluate the equilibrium parameters for

defect—free i—PP, which are listed in Table 5.3.3.

From the results in Table 5.3.3 it can be observed that at atmospheric pressure the
equilibrium melting temperature of the a— and y—phase for defect free i-PP have higher
values of 186.9 and 189.9 °C, respectively. Also, the transition temperature at which
y—phase becomes more stable than the a—phase increases to 184.7 °C, which is very close
in value to the equilibrium melting temperature of the a-phase. Therefore, y—phase of

defect free i-PP cannot be expected to form on crystallization at atmospheric pressure.
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Figure 5.3.22. Temperature—pressure phase diagram for copolymer with total defect

content of 5.76 mol% (2.62 mol% ethylene).
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Figure 5.3.23. Temperature—pressure phase diagram for copolymer with total defect

content of 11.60 mol% (4.38 mol% ethylene).
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Figure 5.3.24. Temperature—pressure—composition phase diagram for i—PP.
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Table 5.3.3. T. of a— and y—phases, and the T, between these phases for defect free

i—PP obtained from Figure 5.3.24.

p T T, Ty
(MPa) (°C) (°C) °C)
atmospheric 186.9 189.9 184.7
75 206.1 209.9 169.7
125 218.8 222.9 166.6
175 231.6 235.8 171.2
200 238.0 243.7 179.2
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6. CONCLUSIONS

A series of studies have been conducted to investigate the isothermal
crystallization of random propylene—ethylene copolymers with low ethylene content at
atmospheric and high pressures. Copolymers were fractionated and their microstructure
characterized in terms of an average propylene, ethylene and meso runs. The defect type
and content plays a crucial role in understanding the crystallization behavior and

polymorphism of the propylene—ethylene copolymers.

6.1. Thermal Behavior

Propylene—ethylene copolymers showed complex multiple melting behavior
characterized by the presence of two or three melting endotherms. The area under the
lower melting endotherms increased with increasing ethylene content and crystallization
temperature. Using high temperature WAXD studied it was proved that the multiple
endotherms are due to the melting of two different polymorphic crystals, o— and y—phase
crystals. Consequently, the low—temperature endotherms in the DSC melting curves were
assigned to the melting of the y—crystals, while the high—temperature endotherm was
assigned to the melting of the a—crystals. Also, the lowest broad melting endotherm that
occured at temperatures below the crystallization temperatures was shown to be due to
the melting of the material which did not crystallize at these higher crystallization
temperatures even for very long crystallization times, but crystallized into y—phase
crystals during the quenching. Based on this melting peak assignment it was possible to
calculate the content of the y—phase from the DSC endotherms, which was consistent

with the findings from the WAXD study.

Equilibrium melting temperature of the o— and y—phase of propylene—ethylene

copolymers crystallized at atmospheric pressure were determined from SAXS, WAXD
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and DSC experiments using the Gibbs—Thompson approach. It was shown that 7,,° of

both phases decreases with increasing defect content.

6.2. Crystallization at atmospheric pressure

The linear growth rates of random propylene—ethylene copolymers crystallized at
atmospheric pressure were found to be dependent on the copolymer composition. The
increase in the ethylene and total defect content drastically decreased spherulite growth
rates. It was shown that in contrast with the i—PP homopolymer, copolymers with less
than 11 mol% ethylene and 22 mol% total defects crystallize in three different regimes
corresponding to three different crystallization temperature ranges. Copolymer iPP15.57
with 15.57 mol% ethylene and 33.35 mol% total defects exhibited only two

crystallization regimes, namely regimes III and II.

For these copolymers the regime III to II transition temperature corresponded to
the crystallization temperature at which the y—crystal content exceeded 50 %. Therefore,
the regime III/II transition was assigned to the change in the crystal growth front, from
o—crystal (110) growth plane to (001) of the y—orthorhombic crystal. Also, the regime
I/II transition temperature decreased with increasing defect content for both sets of

copolymers.

For samples that showed evidence of regime I (iPP2.62, iPP4.38 and iPP10.45),
the regime II/I transition was dependent on the degree of supercooling irrespective of the
copolymer characteristics. The regime II/I transition was always observed at a degree of
supercooling of 53 °C. Observations using polarized light microscopy indicated that there
were changes in the spherulite morphology with decreasing degree of supercooling. For
these three copolymers at AT < 53 °C the morphological features change from distinct
positive to predominantly mixed spherulites, with more open and coarse spherulite

texture.

314



Independent determination of the fold surface free energy, oc, and the
composition dependence of the equilibrium melting temperature via SAXS and DSC
measurements showed that the copolymers exhibited complex behavior based on their
molecular weight and defect content. Values of o increased with decreasing molecular
weight, while for the two sets of copolymers with comparable molecular weights, the fold
surface free energy of both a— and y—phase decreased with increasing defect content. In
addition, y—phase had lower values of o. when compared with the a—phase. The higher
fold surface free energy for the lower molecular weight copolymers was attributed to the
contribution of the chain ends to the crystal-amorphous surface. The decrease of the
yY—phase o, was assigned to the partial stress relief in the folds due to the inclination of

the polymer chains in its orthorhombic unit cell.

6.3. Cocrystallization behavior

Three models of copolymer crystallization were evaluated in this study: the
Flory's total exclusion, Sanchez—Eby's uniform inclusion and the equilibrium defect
inclusion models. It was shown that for the copolymers with lower defect content, that is
ethylene content < 5 mol% and total defect content < 12 mol%, Flory's total exclusion
model fairly well predicts the equilibrium melting point depression. However, SAXS
studies indicate that even for these copolymers partial inclusion of the defects (~ 10 %)
has to take place in order to account for the copolymer lamellar thickness. In the higher
defect content range the experimental values are higher than the calculated values using
Flory equation. These copolymers are better represented with Sanchez—Eby's uniform
inclusion model, which agrees well with their SAXS crystal thickness analysis. The
independent evaluation of the excess free energy of defect incorporation, & from the
decrease in the observed heat of fusion with defect content lead to values of ¢ that were

an obvious overestimation.
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6.4. Formation of y—phase at high pressure

In this study it has been shown that the y—phase content increases with the
increasing crystallization temperature and the defect content in the propylene—ethylene
copolymers. This confirms the premise that short isotactic sequences in the i—PP chains
promote the development of the y—crystals. However, at atmospheric pressure in the
studied crystallization temperature range pure y—phase crystals were never observed.
Although it has been shown that infinite crystals of y—form are slightly more stable than

the a—form, kinetically a—crystals are favored at low supercoolings.

Analogous to the i—PP homopolymer crystallization, elevated pressures enhanced
the formation of the y—phase crystals. With increased crystallization pressure and
temperature the concentration of y—phase crystals increased for constant defect content.
However, the presence of ethylene and stereo—defects in the copolymer chains greatly
influenced the development of the pure y—crystals. It was shown that increasing defect
content shifts the onset of pure y—phase formation in these propylene—ethylene
copolymers to lower crystallization temperatures. Crystallization at pressures above 88
MPa and temperatures above 140 °C of copolymer with 11.6 mol% total defects led to
pure y—form regardless of the crystallization pressure. Also, copolymers crystallized at
high pressures developed unique non-spherulitic morphology due to the presence of pure

y-orthrorhombic crystal structure

6.5. Pressure—temperature—composition phase diagram

Polymorphism and melting studies performed on the propylene—ethylene
copolymers as a function of crystallization pressure enabled the modification of the

existing o—y phase diagram of i—PP homopolymer. Clapeyron equation and Gibbs free
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energy approach were used to evaluate the thermodynamic parameters of the a— and
y—crystal forms of the copolymers at atmospheric and high pressures. As a result, a
temperature—pressure—composition phase diagram was constructed. i—PP homopolymer
used in the original study was considered a stereo—copolymer with 1.26 mol% defects.
This three—dimensional phase diagram enabled the extrapolation of the equilibrium
melting temperatures of both phases, as well as the transition temperature, to zero defect
content. Using this extrapolation method T}’ of the a—phase (186.9 °C) and y—phase
(189.9 °C) were obtained for defect free i—PP.
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7. FUTURE WORK

7.1. High pressure kinetics studies

Study of the crystallization kinetic of the random propylene—ethylene copolymers
at high pressures. It would be of interest to determine how crystallization pressure will
affect the crystallization regimes for the random copolymers. Linear growth rates and
kinetic parameters can be compared with the atmospheric studies to generate a complete

model of the crystallization of these copolymers.

7.2. Additional diffraction studies

Propylene—ethylene copolymers with low ethylene content used in this study
exhibited bimodal lamellar thickness distribution when crystallized at low degrees of
supercooling. Additional SAXS studies performed at different elevated temperatures
should shed more light on the reason behind this behavior and to complement the high
temperature WAXD studies. Also, it would be of interest to conduct SAXS experiments
at the crystallization temperatures to evaluate the thickness of the lamellae to avoid the
interference of the crystallization on quenching. Additionally, simultaneous SAXS and
WAXD studies to study comparatively the development of the lamellar thickness and the
formation of the a— and y— phases should contribute to better understanding of the

evolution of both phases.
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7.3. Additional morphology studies

Propylene-ethylene copolymers exhibited unusual non-spherulitic morphology
when crystallized at atmospheric pressure. More detailed studies of the morphology is
needed using optical microscopy and TEM, as well as its correlation with the

crystallization kinetics.

7.4.  Computer Simulation

For better understanding of the cocrystalization model of the propylene—ethylene
copolymers it would be of interest to conduct computer simulation calculations of the
ethylene unit incorporation in i—PP crystal. The results from these simulations coupled
with the already published results for stereo—defect incorporation in the i—PP crystals will

contribute to more accurate determination of whether individual defects are incorporated

in the crystals.
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