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ABSTRACT

Various issues related to isothermal quiescent crystallization and subsequent
melting behavior of syndiotactic polypropylene (sPP) were investigated in this
dissertation. On the study of isothermal melt- and cold-crystallization kinetics and
subsequent melting behavior of sPP, the overall crystallization rate parameters for melt-
crystallization process, when plotted as a function of crystallization temperature,
exhibited an unmistakable double bell-shaped curve; whereas, those for cold-
crystallization process showed the typical bell-shaped curve. Comparison of the overall
crystallization rate parameters obtained for both melt- and cold-crystallization processes
indicate that crystallization from the glassy state proceeds at a much greater rate than
from the melt state. The multiple-melting behavior observed in subsequent melting
endotherms is attributed to the contributions from: 1) melting of the secondary
crystallites and their re-crystallization, 2) partial melting of the less stable fraction of the
primary crystallites and their re-crystallization, 3) melting of the primary crystallites,
and lastly 4) re-melting of the re-crystallized crystallites formed during the heating scan.

Analysis of the linear growth rate data of sPP#1 and other data sets taken from
the literature in the context of the Lauritzen-Hoffman secondary nucleation theory
suggested an unmistakable regime II-III transition at the crystallization temperature of
110°C. Regardless of the crystal structure, if the growth is assumed to occur on the bc
plane, the lateral surface free energy ¢ = 11.3 erg-cm? and the fold surface free energy o,
= 63.7 + 7.1 erg-cm™ were found. On the other hand, if the growth is assumed to occur
on the ac plane, the fold surface free energy is found to be o, = 82.4 £ 9.1 erg-cm?, while
the lateral surface free energy is the same as previously noted. The sensitivity of the
crystal growth parameters on changes in the values of the input parameters was also

investigated.
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Isothermal crystallization behavior after partial or complete melting of
syndiotactic polypropylene was also investigated. On subsequent crystallization after
partial melting, the total concentration of predetermined nuclei was found to decrease
with increasing fusion temperature and increasing time period the sample spent at a
specific fusion temperature. On subsequent crystallization after complete melting, the
total concentration of predetermined nuclei was found to approach a constant value,
which is the concentration of infusible heterogeneous nuclei (e.g., impurities, catalyst
residues, etc.) present originally in the sample. At a specific fusion temperature, the
concentration of predetermined athermal nuclei was found to decrease exponentially
with the time period spent in the melt.

Applicability of four macrokinetic models; namely the Avrami, Tobin, Malkin,
and simultaneous Avrami models; in describing the time-dependent relative
crystallinity data, using sPP as the model system, was tested using a non-linear multi-
variable regression program. Based on the quality of the fit, only the Avrami, Malkin,
and the simultaneous Avrami models were found to describe the experimental data
well, resulting in the rejection of the Tobin model in describing isothermal crystallization
data of sPP. Comparison of the Avrami kinetics parameters obtained from the program
with those obtained from the traditional analytical procedure suggested that use of non-
linear multi-variable regression program in data analysis is satisfactorily reliable.

Lastly, a technique of using differential scanning calorimeter (DSC) to study
crystallization behavior and the kinetics of the process at high crystallization
temperatures or low degrees of undercooling was proposed. The technique was carried
out based on the observations of, and the measurements of the enthalpy of fusion from,
the subsequent melting endotherms after isothermal crystallization for various time

intervals. Comparison of the overall crystallization data obtained from this proposed
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technique with those obtained from the traditional technique evidently indicated that
the proposed technique of using information acquired from subsequent melting
endotherms in studying crystallization kinetics is at least reliable and applicable to
describe isothermal crystallization of sPP at the conditions studied. Apparent

advantages and disadvantages of the proposed technique were also given.
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PART 1:

GENERAL INTRODUCTION AND GENERAL REVIEW OF
THEORETICAL BACKGROUND



1. GENERAL INTRODUCTION

The syndiotactic form of polypropylene (sPP) was first synthesized in the 1960s
by Natta et al. [1,2] based on the AIR,C1/VC], catalyst systems. Regardless of it having a
fair level of syndiotactic content, the resulting polymer contained too high a level of
regio-irregular defects (e.g., head-to-head/tail-to-tail types of defects) along the
molecular chain. As a result, it was considered only a laboratory curiosity. It was not
until the invention of Ewen et al. [3], who reported in 1988 that highly stereo-regular
and regio-regular sPP can be synthesized using novel metallocene catalysis composed of
isopropylidene(cyclo-pentadienyi)(9-ﬂuorenyl)zirconium or hafnium dichloride and
methylaluminoxane, that recurring interest of this polymer in terms of industrial
applications has been realized. This is evidenced by an increase in the number of
publications in the recent years in which industrial applications of sPP have been
extensively explored in areas such as films [4,5], injection molding [6], and melt-spun
fibers [7,8]. Other physical properties related to applications have also been investigated
and reported [9,10].

In order to have a clear picture about what is happening during processing of
this polymer, studies related to the crystallization process are of prime importance,
owing to the fact that the resulting physical properties are strongly dependent on the
morphology formed and the extent of crystallization. It is therefore very important to
understand the processing-structure-property inter-relationships of the studied
materials, which in this case is sPP. In recent years, investigations related to the chain
conformation, crystal structure, morphology, and phase transitions in sPP have been
extensively reported. These studies up to 1994 were reviewed and discussed in a

publication by Rodriguez-Arnold et al. [11].



The general philosophy of this research is to gain more understanding of the
fundamentals of isothermal quiescent crystallization and subsequent melting behavior
of sPP. The general objectives of this research are (1) to understand isothermal melt- and
cold-crystallization and subsequent melting behavior of sPP, and to determine related
kinetics parameters associated with the crystallization process using appropriate
macrokinetic models; (2) to investigate the crystal growth kinetics of quiescent
crystallization of sPP under isothermal conditions, and to determine related kinetics
parameters; (3) to determine under what conditions the information obtained from bulk
isothermal measurements is not influenced by the effects of athermal nucleation, or in
other words, to determine under what conditions the information obtained from bulk
isothermal measurements is valid function of temperature only; and finally (4) to
understand the capability and limitations of various macrokinetic models in describing
the experimental data obtained under isothermal conditions.

This dissertation is organized into 9 parts. Part 1 deals with the general review
of the theoretical background. Each of Parts 2 to 9 corresponds to a research paper
which has either been accepted or submitted for publication in a scientific journal. As a
result, the content in each of Parts 2 to 9 is self-explanatory.

The research described in Part 2 was carried out to establish a general
understanding of the isothermal melt-crystallization and subsequent melting behavior
of all the sPP resins acquired. The glass transition temperatures of these resins were also
determined. The crystallization kinetics was investigated over a temperature range of
ca. 60°C to 95°C. The traditional Avrami analysis was applied to obtain related kinetics
parameters. The equilibrium melting temperature of these resins were also determined
based on the linear Hoffman-Weeks extrapolative method. It should be noted that

detailed analysis and discussion of the multiple-melting behavior of sPP based on the
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results obtained from a combination of differential scanning calorimetry and wide-angle
x-ray diffraction techniques can be found in Part 6.

Part 3 deals with the analysis and discussion of the kinetics of linear crystal
growth rate data of sPP#1 resin, including data obtained from the literature, in the
context of the Lauritzen-Hoffman secondary nucleation theory. The effects of changes in
the input parameters characteristic to this theory on the resulting kinetics parameters
were studied. The equilibrium melting temperature of sPP#1 resin was determined
based on the analysis of the linear growth rate data using a data-fitting method.

The objective of the research described in Part 4 is to investigate isothermal
crystallization behavior of sPP#4 after partial or complete melting using differential
scanning calorimetry technique. Determination for the conditions of partial and
complete melting were carried out by variation of fusion temperatures the samples were
brought to melt and the time periods the samples spent at a specific fusion temperature.
The most important character of partial melting is such that, upon subsequent cooling,
the crystalline residues which survive due to insufficient fusion temperature and/or the
time interval the sample spect at the fusion temperature can act as pre-determined
athermal nuclei which greatly enhance the overall crystallization rate.

The analysis and discussion on the capability and limitations of various
macrokinetic models; namely the Avrami, Tobin, Malkin, and simultaneous Avrami
models; in describing the experimental data obtained under isothermal conditions were
carried out on sPP#1 and sPP#3 resins in Part 5. For successful analysis of the
experimental data according to these models, a non-linear multi-variable regression
program was used to determine related kinetics parameters specific to each model. The
applicability and reliability of the non-linear multi-variable regression program in the

analysis of the experimental data were assured by comparison of the Avrami kinetics




parameters determined from the program with those determined based on a traditional

analytical procedure.

The research described in Part 7 was to investigate in detail the isothermal melt-
and cold-crystallization kinetics and subsequent melting behavior of sPP#1 resin using
differential scanning calorimetry. The melt- and cold-crystallization kinetics were both
investigated over a wide temperature range of ca. 8°C to 100°C. The overall
crystallization kinetics was studied based on the Avrami and Malkin macrokinetic
models using the non-linear multi-variable regression program, as described in Part 5.
Detailed analysis and discussion on the determination of the equilibrium melting
temperature of sPP#1 resin were carried out based on both linear and non-linear
Hoffman-Weeks extrapolative methods.

The lamellar morphology of isothermally crystallized sPP#4 samples was
investigated using wide-angle x-ray diffraction and small-angle x-ray scattering
techniques. The results and discussion of this study are shown in Part 8. The melting
behavior of these samples was also investigated using differential scanning calorimetry
technique. Three methods for the determination of the equilibrium melting
temperature, namely the Gibbs-Thomson, the linear and non-linear Hoffman-Weeks
extrapolative methods, were employed to evaluate this important thermodynamic
parameter. Discussion on the temperature dependence of the lamellar thickness of
sPP#4 resin was also given.

In Part 9, a technique of using differential scanning calorimetry to study
crystallization behavior and the kinetics of the process of semi-crystalline polymers at
high crystallization temperatures or low degrees of undercooling, using sPP#4 resin as
the model system, was proposed. The technique was carried out based on the

observations of, and the measurements of the enthalpy of fusion from, the subsequent
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melting endotherms after isothermal crystallization for various time intervals. This
technique allows for an accurate determination of the induction time. It also gives an
insight into the crystallization process as it occurs at different time intervals. The
reliability and applicability of the technique were discussed by comparing the kinetics

results with those obtained using the traditional technique.

2. GENERAL REVIEW OF THEORETICAL BACKGROUND

2.1. Overview of Polymer Crystallization
2.1.1. Basic Concept of Polymer Crystallization

In general, the term polymer is specifically used to describe high molecular
weight substances which are made up by the repetition of a large number of small basic
units, namely the repeating units. However, there exists an important problem of how
high the molecular weight must be to be considered high enough to be called a polymer.
It is experimentally accepted that the molecular weight dependence becomes very small
when the number of repeating units exceed about 1,000 to 2,000, depending on the
polymers.

Corresponding to the morphological aspect, polymers can be largely divided into
two subcategories: amorphous polymers and semicrystalline polymers. Amorphous
polymers are those whose molecules are intertwined or coiled up such that no regular,
long-range arrangement is detected. Unlike the amorphous polymers, semicrystalline
polymers contain both amorphous and crystalline domains. In the crystalline domains,
the molecules are aligned in a three-dimensionally repetitive manner so that the
molecules exhibit a high level of order.

However, it should be noted here that not all the polymers can crystallize. In
general, stereo-regularity along the chain is required for crystallization to occur.

However, several factors are still very important in this process. These factors comprise
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the absence of the bulky side groups, the regularity of the molecular configurations, the
regularity of the tacticity of the side groups, and the presence of vibrational and
rotational motions in the molecular chains such that several conformations can be

obtained.

2.1.2. Crystal Morphology

2.1.2.1. Fringed Micelle Morphology
This is a very early morphology proposed around 1930 based on x-ray diffraction

results [12]. The early studies showed that, in both natural and synthetic polymers,
there were some certain crystalline features present. However, the Bragg reflections of
these samples are broader then those obtained from nonpolymeric low molecular weight
substances. With the studies of the line broadening of those Bragg patterns, the picture
of a polymer crystal about 100 A x 400 A was developed. Hermann et al. [12] suggested
the coexistence of two domains in the morphology, amorphous and crystalline domains,
in the crystallization study of natural rubber. Crystalline domain is formed by the
extension of the molecular chains along the chain axis. Each molecule was thought to
travel from one crystallite to another by passing through the amorphous domain. The
crystallites hence were thought of as physical crosslinks in the polymer solids and they
were embedded in the amorphous matrix. Although this model had served an
important role in explaining macroscopic properties of bulk polymers for decades, it
was unsatisfactory to explain the development of the spherulitic microstructure, which
is the common macroscopic feature of polymers crystallizing from the melt. This caused

the demise of the concept of fringe micelle morphology.



2.1.2.2. Single Crystal Morphology
As early as 1938, Storks [13] suggested that thin film of gutta-percha (trans-

polyisoprene) exhibited a chain-folded configuration. He pointed out the gutta-percha
molecules may possibly fold back and forth by the rotational mechanism around single
bonds. In 1957, Fischer [14], Till [15], and Keller [16] individually grew and observed the
lamellar single crystals of linear polyethylene from dilute solution. All single crystals
grown from dilute solution are in the form of thin platelets of ca. 100 A in thickness.
Based on the studies of electron diffraction experiments carried out by Fischer [14], Till
[15], and Keller [16], the molecules are believed to align themselves normal to the
lamellar platelets. Keller [16,17] suggested at this point that the molecules have to fold
back and forth on themselves, which is in agreement with the earlier work by Storks
[13].

The thickness of the single crystal platelets are relatively uniform from one
polymer to another, which are in the order of ca. 100 A. The lamellar thickness is
dependent on the crystallization temperature and pressure in a roughly linear manner.
It is also inversely dependent on the degree of undercooling, which is the difference
between the melting point and the crystallization temperature.

Growth of the lamellae occur along the lateral surfaces of the single crystals. The
growth is composed of the folding of molecules along these lateral faces to form folded
ribbons parallel to the growing faces. The nature of the successive folding of the
molecular chains is very questionable; thus, leading to two distinct subdivisions of the
chain folding. These subdivisions can be discerned from the work by Reneker and Geil
[18]. They suggested two possible distinctions in the chain folding of the successive fold
plane which can be seen in the formation of flat or hollow pyramids. However, the

hollow pyramidal crystals collapse due to the evaporation of the solvent during sample
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preparation; leading to the presence of wrinkled, corrugated, and even pleated crystals

[19,20], when observed by electron microscopy.

2.1.2.3. Spherulitic Morphology

When crystallization of a polymer from a concentrated solution or a melt is
observed, spherulitic morphology is usually a common microstructural feature.
Microscopically, spherulites consist of ribbonlike lamellae that grow out radially from
the spherulitic nuclei until impingement occurs with other spherulites.

Spherulites develop from two distinct processes [19,21,22]. First, the primary
crystallization may take place from a single crystal or a stack of single crystals to form a
primary branching unit nuclei. Later, they evolve to sheaf-like morphology by the
method of low-angle branching of the lamellae. Dendrites are examples of branched
crystals obtained in the case that the crystallization rate is dependent on a growing
direction. After that the sheaf-like morphology will advance to the final spherulitic
shape. Secondary crystallization may later take place within each spherulite in order to
transform a portion of the remnant amorphous material between the lamellae into
crystalline material within that spherulite.

The size of spherulites ranges from as small as 1 pm to a few millimeters. An
interesting aspect of spherulitic morphology is the birefringence effect. Under polarized
light, spherulites show the typical Maltese cross, which is caused by the effect of the
difference between the refractive indice observed along the radial direction #, of the
spherulite and that along the tangential direction #,, Two different types of spherulites
in this aspect are observed; positive and negative spherulites. Since the spherulitic
birefringence is given by, An = n, — n,, positive spherulites show the highest refractive
index in radial direction; whereas, negative spherulites show the highest refractive index

in the tangential direction.
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2.1.2.4 Axialitic Morphology

Axialites are microscopic aggregates of several crystal lamellar layers, stacked to
form the final thickness which, in some cases, may exceed one micron. They exhibit
different characteristics of polymer single crystals or spherulites dependent on the angle
of view. They are considered to be intermediate in complexity between single crystals
and spherulites, which are usually formed during crystallization from the concentrated
solution or the melt. Axialites can crystallize in various macroscopic structures such as
hedrites, which have hexagonally oriented fibrous lamellae which may incorporate a
screw dislocation; ovoids, which have radially fibrous lamellae; and spiral ovoids, which

have spirally oriented fibrous lamellae [23].

2.1.2.5. Extended Chain Morphology

In certain circumstances, crystallization of polymers, such as polyethylene, from
a very slow crystallization at a temperature close to their melting points can be so
arranged such that the molecules are aligned up with their ends being laid down in the
same plane as well as their chains being in fully extended manner. Not only does slow
crystallization at the vicinity of the melting point of the polymers allow this to occur, but
crystallization of the melts under high pressure, of about 5,000 atm, and high orientation
as the melt is cooling down also facilitates the formation of extended chain crystals.
Mostly, fully extended morphology take place with the chains of molecular weight less

than 10,000 and of which extended lengths are less than 1,000 A being able to be seen.

2.1.3. Concepts of Chain Folding

There have been several approaches trying to elucidate the nature of the chain
folding in lamellar crystals which can be seen in various structural morphologies

obtained from concentrated solutions and the melt. Three possible assumptions have
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been suggested by several authors: regular adjacent reentry, irregular adjacent reentry,
and switchboard model. Regular adjacent reentry was proposed by Keller [16], in which
he suggested the presence of the molecules folding back and forth contiguously on
themselves. Irregular adjacent reentry was first proposed by Frank and Tosi [24]. They
allowed the fluctuation in the size of the secondary nucleated stems to occur. This
results in non-uniformity in the lamellar thickness of single crystals.

The other extreme model was proposed by Flory [25] which is known as the
switchboard model. Unlike the adjacent reentry model, the switchboard model suggests
that the molecules fold back and forth in a non-adjacent manner and sometimes some
molecules may take place in several lamellae. This model suggests that the fold surface
would be very rough due to the presence of loop chains. Tie molecules are also
observed between different lamellae. This model is a somewhat better explanation to
the question of the density defect of single crystals. It is known that the theoretical
density of a single crystal obtained from x-ray diffraction is greater than the actual
density of it. The difference is attributed to the amorphous zone arising from the
presence of chain loops, tie molecules and loose ends. Some literature quotes that the
crystallinity of a single crystal ranges from ca. 75% to ca. 85%, but that 100% crystallinity
may be acquired by decomposing the fold surfaces of the single crystal by fuming nitric
acid [23].

Experimentally, several arguments may be supportive of both the adjacent
reentry and switch board models. The studies were made individually by Bank and
Krimm [26] based on the presence of doublets in the IR spectrum, and by Spells et al.
[27] based on the neutron scattering technique. Both groups studied the trajectory of
molecules in a single crystal from a dilute solution of the mixture between deuterated

and hydrogenous linear polyethylene. They obtained the similar conclusion that a
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molecule needs to fold back and forth along the next adjacent (110) plane and this
adjacent reentry manner of the molecule continues for at least two adjacent (110) planes
[28].

In the case of crystallization from a highly concentrated solution and the melt, it
is true that the content of amorphous region is considerably higher than that acquired
from a dilute solution, and also the number of interlamellar links or tie molecules
increases with increasing molecular weight of the polymer. Mandelkern [21]
interestingly pointed out that the morphology from the melt is related to the lamellar
structure as being seen from the dilute solutions, but in an even more complicated
manner. The ordered structures, or the crystalline regions, are also observed of which
some of the chains fold back to the originated crystallite but not mandatorily in
juxtaposition to the original emergence, and others leave the originated crystallite and
form a disordered amorphous or interzonal region but ultimately they will join a
contiguous crystallite. This model is also known as interzonal model, which is similar to
the switchboard model proposed by Flory [25].

A very supportive explanation to both interzonal and switchboard models,
which are more suitable to the crystallization from the melt, is that the achievement for
the molecules to be in the theoretically extended, close-packed arrangement is
kinetically impossible. Although it is thermodynamically consonant to let that situation
occur, the kinetic and mechanistic difficulties that must be overcome to accomplish this
idealized equilibrium condition are enormous. The difficulty is the fact that the
molecules must take a great deal of time in order to untwine themselves from the highly
molecularly entangled melt. In addition, the fact that the crystallization inevitably

occurs at temperatures well below the thermodynamic melting point indicates that

crystallization occurs under non-equilibrium conditions. It is hence rare for the perfect
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transformation from the disordered to the crystalline state to occur. With this problem,
only a portion of the chains may achieve the conformation corresponding to the ideal
crystal. Furthermore, once a portion of disordered molecules are trapped between the
crystalline regions, it is very difficult for the molecules to undergo required
conformational rearrangement to accomplish further deposition of a newly ordered
structure on the surface of an existing crystallite. Detailed concepts of chain folding in

polymer crystallization can be found in an excellent monograph by Keller [17].

2.2. Theories of Microscopic Kinetics of Polymer Crystallization

It is well established in crystallization of polymers from either solution or from
melt that nucleation mechanisms play an important role. Nucleation mechanisms are
divided roughly into two separate types: primary nucleation and secondary nucleation
(i.e., subsequent crystal growth). Primary nucleation is defined as the origination of
crystalline phase from the polymer solution or the melt. It can be categorized into two
types dependent on the physical origins of the nucleus (i.e., chemical make-up of the
nucleus when comparing with the crystallizing species): homogeneous nucleation and
heterogeneous nucleation. Secondary nucleation is defined as a surface nucleation on an
existing growth plane, which is responsible for further growth of the activated nucleus
[29].

In the following paragraphs, the foundation of the concepts of both microscopic
crystallization mechanisms (i.e., primary nucleation and the subsequent crystal growth)

is briefly established.

2.2.1. Theories of Primary Nucleation

As mentioned previously, primary nucleation can be classified into two

categories; homogeneous and heterogeneous nucleation, based on the chemical make-up
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of the surface on which the critical nucleus is formed. Both types of nucleation
mechanisms can be further categorized into either athermal [30] or thermal nucleation
[31], depending whether or not the formation of nuclei in the polymeric bulk occurs
simultaneously or throughout the crystallization process [29]. For general review in the
subject of nucleation in polymers, interested readers are urged to consult excellent
reviews by Price [32] and Wunderlich [29]. For advanced readers, a series of
publications mainly by Ziabicki [33-37] offers a very thorough insight into the kinetics of
various nucleation mechanisms using, however, rather complicated mathematical

expressions.

2.2.1.1. Thermodynamics Consideration of Homogeneous Thermal Nucleation

Before going further into the discussion of thermodynamics consideration of the
formation of homogeneous thermal nucleus in polymer crystallization, one ought to
refer to the classical thermodynamic concept of nucleation given by Gibbs [38] for the
crystallization, taking place without any volume constraint and without any

compositional or chemical changes, of which the Gibbs free energy of the system is

given by
AG =G~ G, (1-1a)
AG = (Hcryslal - Hmclt)_ T(Scrystal - Smc.h)l (l-lb)
AG = AH —TAS, (1-1c)

where AG is the Gibbs free energy of crystallization, AH the enthalpy of crystallization,
and AS the entropy of crystallization.

If crystallization ever followed Equation (1-1) strictly, the phase transformation
would become possible as soon as AG becomes negative and homogeneous thermal

nuclei would become evident throughout the bulk of the polymer melt as soon as the
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temperature of the system has reached the equilibrium melting temperature T,,’ at which
point AG equals zero (i.e., at AG =0, T,,°’ = AH°/AS®). On the contrary, crystallization of
polymers from either the melt state or the concentrated solution always occurs at a finite
temperature T, lower than the theoretical melting temperature (i.e., T.0).

The reason for the undercooling can be explained based on the fact that
crystallization can only occur after a stable nucleus is formed. In order for this to
happen, the system has to overcome the energy barrier incurred by the difference of the
chemical potential of the formed nucleus and that of the melt (i.e., the specific surface
free energy). Thus, the Gibbs free energy of the system is given by [29]

AG = AG, + ZAC, (1-2)
where AG. is the bulk Gibbs free energy of the phase transformation without the
consideration of the surface effect, and A; and o; the specific surface area and the
corresponding specific surface free energy, respectively.

For better understanding of the thermodynamics of homogeneous thermal
nucleation, let us consider a rectangular nucleus of thickness I containing v chains, each
of which is separated from another by a distance 4, in square array. It can hence be
calculated that the volume of the nucleus is va,2, the lateral surface area is 4la\v, and
the fold surface area is 2va)’. Accordingly, the Gibbs free energy function can be

mathematically shown as follows:

AG = 4la0\/_\:0' +2valo, - vallAf, (1-3)
where ¢ is the lateral surface free enthalpy per unit area, o, is the fold surface free
energy per unit area, and Af is the free enthalpy per unit volume of the crystal which

also can be expressed as

AH'AT
4f = T* ’ (1'4)
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where AH{ is the heat of fusion per unit volume at the equilibrium melting temperature
T.. and AT is the degree of supercooling. It is worth noting that the first two terms are
inevitably positive and they can be counteracted by the third term when v, I and Af are

satisfactorily large enough.
The critical thickness of the nuclei I' can be determined by differentiating

Equation (1-3) with respect to the thickness and set the results equal to zero:

dAG _ 0AG _

0, 1-5
Ga, d 1-5)
which results in
p=d0. 401, (1-6)
Af  AHAT

._320’%, 320%c(T?)

=222 - (1-7)
&) (AH;AT)

and

It is apparent from Equation (1-6) that the critical thickness I" is proportional to
the inverse of the undercooling. In other words, the critical thickness I increases
monotonously with an increase in the temperature, and as the undercooling approaches
zero (i.e., temperature approaches the theoretical melting temperature) the critical
thickness I approaches an infinite value. Since it is well established in the literature [39-
45] that local density fructuations by way of conformational fluctuations of polymer
segments are responsible for the formation of stable homogeneous nucleus (i.e., I 2I'), an
induction time ¢, is necessary for the formation of stable crystals to occur at a given
temperature.

Since, as mentioned previously, the critical thickness I is proportional to the
inverse of the undercooling, as the temperature approaches the theoretical melting point
the probability for the formation of stable nucleus decreases tremendously and

approaches zero as temperature approaches the melting temperature; whereas, the
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induction time t, required for the formation of stable nucleus increases and approaches
an infinite value as the temperature approaches the melting temperature. It is not

possible, however, to predict the induction time ¢, using the equilibrium theory.

2.2.1.2. Thermodynamics Consideration of Heterogeneous Nucleation

Thermodynamics consideration of heterogenous nucleation was discussed
extensively by Binsbergen [46-50], whose theoretical derivation is largely discussed in
the following paragraphs. Let us again consider a polymeric nucleus of thickness I, of
which width and layer thickness equal 4, and b, being nucleated on a preexisting flat
heterogeneous surface. In this case, the Gibbs free energy of nucleation is given by

AG =2b)lo +2a,b,0, +aylAc —a,blAf, (1-8)
where Ao represents the difference in the interfacial free energy of the polymeric nucleus
and that of the heterogeneous surface, while definitions of other quantities are the same
as those mentioned previously.

By differentiation of Equation (1-8) with respect to the thickness and the stem
dimensions and set the results equal to zero, one can determine quantities of the critical

thickness and the critical Gibbs free energy:

JAG _ JAG _ 9AG _
da, b, dl

0, (1-9)

which results in

= 40, 40T,

(1-6)

T Af  AHAT'

G = 16(Ac)oo, 16(Ac)oo (T )

2 3 (1-10)
(4f) (AH ;AT)

and

Comparison made between the Gibbs free energy for the formation of

homogeneous nucleus and that for the formation of the heterogeneous nucleus evidently
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suggests that formation of heterogeneous nucleus is energetically more favorable than
that of homogeneous counterpart. As a result, formation of heterogeneous nuclei of the
same crystal thickness can occur at a much lower undercooling (i.e., higher
temperature).

An important assumption made in the derivation of Equation (1-8) is that the
heterogenous surface is flat. In fact, heterogeneous nucleation on irregular or rough
surfaces may be more energetically favorable than on flat surface. Indeed, the Gibbs free
energy for the formation of heterogeneous nucleus on rough surfaces, which is given by

[29]

= 340)0, 840y e (T)) (1-11)

&y (AH AT’
clearly agrees well with the aforementioned statement.

In Equations (1-10) and (1-11), it is assumed that the difference in the chemical
potentials between the polymeric nucleus and the heterogenous surface is large (i.e., Ac
is large). However, as the heterogeneous surface becomes more efficient in nucleating
the polymer nucleus (i.e., Ac gets smaller), the critical layer thickness of a nucleus
approaches the molecular thickness, which further reduces the Gibbs free energy barrier

for the formation of heterogeneous nucleus [29]:

4b,00,T’
(40)T, .

by

AG" = (1-12)

[AH AT -

Interestingly, according to Equation (1-12), instead of being proportional to (4T)?, the
free enthalpy barrier for the formation of heterogeneous nuclues is now dependent on
the inverse value of the undercooling.

A very special case which can be deduced from Equation (1-12) is when Ac

equals zero. This can only happen when the chemical potential of the existing surface
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and that of the nucleating (or crystallizing) polymeric species are identical, and this is in
fact similar to the case of secondary nucleation (cf. Section 2.2.2) or to the case of

homogeneous athermal nucleation (i.e., self-seeding nucleation).

2.2.1.3. Theory of the Nucleation Rate

The classical theory describing the temperature dependence of the rate of

nucleation I was derived by Turnbull and Fisher [51], and it is given by

AG, AG’
AT Jexp(———

[

I=1,exp(— ), (1-13)

where [, is a pre-exponential factor, k is the Boltzman constant, AG, is the free energy
barrier for the molecular transport across the phase boundary, and AG ' is the free energy
barrier for the formation of a nucleus of critical size (cf. Equations (1-7), (1-10), (1-11),
and (1-12)). In practice, the transport term, exp(-AG,/kT,), is usually approximated by

the William-Landel-Ferry (WLF) equation for viscous flow:

LG e Y 1-14
exp(= ) = xPl- ], (1-14

where U is the activation energy for the transportation of segments of molecules across
the melt/solid surface boundary and T.. is the temperature where the molecular motion

ceases (cf. Section 2.2.2.2.4). Consequently, Equation (1-13) can be re-written to be

Jexp(- AkG ), (1-15)

I =1, exp[— T

U
R(T.-T.)
where AG’ may be one of the cases previously mentioned in Sections 2.2.1.1 and 2.2.1.2
(cf. Equations (1-7), (1-10), (1-11), and (1-12)).

Referring to Equation (1-15), the first exponential term, exp[-U /R(T.-T.)],
corresponds to the diffusion of polymer molecules or segments of them across the phase

boundary. The second exponential term, exp(-AG /kT,), relates to the formation of the



20

primary nucleus of the critical size. Obviously, this term relates directly to the primary
nucleation rate I. Intuitively, from the competing contributions (i.e., exp[-U /R(T.-T..)]
increases with increasing temperature, while exp(-AG /kT,) decreases) of the transport
and primary nucleation terms, one expects that there should be a maximum in the
nucleation rate data at a temperature somewhere between the glass transition
temperature and the equilibrium melting temperature, when plotted as a function of the
crystallization temperature. Indeed, maxima in the nucleation rate data (for various
types of crystallizing materials) as a function of crystallization temperature are usually

observed at (0.3-0.7)T,° [52-55].

2.2.2. Theories of Secondary Nucleation

The polymer crystal growth or secondary nucleation kinetics theory introduced
by Lauritzen and Hoffman [56-58] (i.e., the LH secondary nucleation theory) has been
developed and revised repeatedly in subsequent publications essentially by Hoffman
and his co-workers [59-64]. The theory suggests that polymers crystallize in three
different regimes, as opposed to the classical theory of secondary nucleation in which
the deposition of a single nucleus on a growth face is followed by a rapid lateral
spreading process. The simplest way of understanding regime crystallization is to
envisage the growth process as being composed of two different processes. The first is
the deposition of the secondary nucleus on the growth face, while the second is the
lateral spreading of polymer chains or segments of the chains across the growth face.
Regime I is very similar to the notion of the classical theory in which the lateral speading
rate is much greater than that of the surface nucleation rate. Regime II is observed when

the rates of the two processes are comparable, and Regime III occurs when the rate of

secondary nucleation is greater than that of the lateral spreading.
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The concepts leading to the LH secondary nucleation theory are summarized in
detail in the following paragraphs, led by a discussion of the classical theory of

secondary nucleation.

2.2.2.1. Traditional Approach on Observing the Lamellar Thickness

Experimentally, it is proven that secondary, rather than primary, nucleation
plays an important role in the determination of lamellar thickness. Before development
of the LH secondary nucleation theory, previous researchers had found out from the
classical model, which is used to determine the lamellar thickness by primary nucleation
process, that the Gibbs free enthalpy of formation is expressed as the following equation:

AG =2vao,+2a,lo —vallaf . (1-16)

In Equation (1-6), the critical lamellar thickness was derived by differentiating
Equation (1-3) according to the relationship in Equation (1-5). Hoffman et al. [59]
suggested that the critical lamellar thickness derived in Equation (1-6) was obtained by
assuming that v was very large. By proposing a different model, they also obtained the
critical lamellar thickness by operating on Equation (1-16) with the relationship in
Equation (1-5). This process gives

20, 20T

== , (1-17)
Af  AH°AT

which is half the quantity obtained by the classical primary nucleation theory, and

_4a,00, 4ac0,T;

AG" ,
Af  AHAT

(1-18)

which shows that the critical Gibbs free enthalpy function depends on (AT)" rather than
with the (AT)? dependence acquired by the primary nucleation procedure. However,

the lamellar thickness cannot equal to that specified by Equation (1-17), since once this is
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substituted into melting point equation (usually referred to as the Gibbs-Thomson
equation),

20,
IAH

T,=T,(1- ), (1-19)

the melting temperature becomes equal to the crystallization temperature, T,, =T.. This
means, at this particular lamellar thickness, the grown lamellae would melt at the same
temperature. Consequently, the critical lamellar thickness has to be some number
greater than the theoretical critical thickness. The actual critical lamellar thickness is
thus given by

r=2.q (1-20)

4f

2.2.2.2. The Lauritzen-Hoffman Secondary Nucleation Theory

Lauritzen and Hoffman [56] was the first group who successfully determined the
existence of 3l on the presumption that the thickness of a folded chain is unchanged after
the nucleation process has occurred. This approach is not aimed at studying the
fluctuation in the lamellar thickness which leads to the roughness of the fold surface. It
adopts the simple approximation of the adjacent reentry model proposed by Keller [16];
however, slight fluctuation in lamellar thickness may be allowed to occur (cf. Equation

(1-20)) during isothermal growth.

2.2.2.2.1. Model Used in this Approach

Figure 1-1 shows the model used in the approach of Lauritzen and Hoffman [59]
in which g, is the width of the molecular stem, b, is the thickness of a surface nucleus, I is
the height of the nucleus which is kept stable at a particular crystallization temperature,
and L is the total width of the crystal. Each stem is laid down along the g direction;

whereas, the overall growth is in the G direction. With disregard of the chain ends’



Figure 1-1. Schematic diagram of the model used in the derivation of the
Lauritzen-Hoffman secondary nucleation kinetics theory.
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effect, when v stems with v, = v — 1 are formed, the Gibb’s free enthalpy of formation can
then be mathematically expressed as

AG, =2blo +2v,a,b,0, - vablAf, (1-21)
and, for large quantity of v, Equation (1-21) becomes

AG, =2bylo +vaby (20, - IAf). (1-22)

It is believed that the surface nucleus begins from a polymer segment or a set of
segments, which may arise from the supercooled melt or from the solution, and attaches
itself to the crystal substrate in order to form the first stem at the cost of 2blo. The
folding back on itself of the molecule then later occurs and crystallization in an adjacent
manner to the first stem begins. The adjacent reentry model enters this mechanism
since, if present, non-adjacent reentry will cost an extra free energy term 2bylo in
addition to the term 2aby0, which involves both adjacent and non-adjacent reentry
mechanisms. A surface nucleus can be obtained by repeating that mechanism which
grows in ¢ direction. However, not only a single molecule may involve in the process,
but other molecules can participate to complete the surface strip in order to obtain the
substrate length L. Since there are many molecules involved in the completion step, it is
very likely for their chain ends dangling out of the surface strip and this causes loose
chain ends or cilia to exist.

At v =1 or in the vicinity of v = 1, the maximum in free energy of formation of a
molecular surface nucleus can be obtained. However, after the subsequential folding
occurs, the free energy of formation will gradually reduce and approach the region of
stability. Consequently, we can treat the case where a set of connected rate processes
can be conceived to be a combination of the rates of forward and backward reactions
between the states v = 0 and v = 1, namely A, and B;, and where all the subsequent

forward and backward reactions are given by A and B as can be schematically shown in
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Figure 1-2. The occupation numbers Ny, N;, N,,... will be employed here for v = 0, 1,
2,.... In general, this approach is referred to a nucleation-controlled process where the
formation of a new growth surface must overcome a large energy barrier of the

formation of the first stem or nucleus with the succeeding steps leading to the stable

region.

2.2.2.2.2. Calculation of the Total Flux

In order to find a general steady-state expression for the flux S over the barrier to
nucleation in terms of Ay, B;, A and B and the occupation numbers N;, N;,.... The net
flux of polymer from sites in liquid phase (v = 0) to the first step stem of polymer in the
nucleus (v = 1) of a new layer of polymer crystal is defined as

S =NyA, - N;B;. (1-23)

In the formation of the first stem, two new surfaces will be created with the total
cost in surface free energy of 2bylo, less the free energy of fusion accounted for the
elementary volume of aob)l. In fact, the free energy of fusion is allotted by a fraction
coefficient y to the activation free energy of the forward reaction, and the remainder to
the backward reaction. Thus, the rate coefficients of the first step element can be

expressed as

l /i
4, = Bexp{-(ZZ"Tc")+["’“°’,’;Tf“f ), (1-24)
- bl
B, = Bexp[-_ w:i“ 4y, (1-25)

where B is the retardation factor which accounts for the retardations to the molecular
motion such as viscosity, surface transport, and so on.
In the formation of subsequent stems, no new lateral surface is involved, but

each step does incur the cost in the free energy of creating a fold which is 24a,b,0,, less the
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Figure 1-2. Conceptual diagram illustrating the free energy of formation
of a chain-folded nucleus on an existing growth surface.
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free energy of fusion. The acquisition of the rate constants are similar to the previous

consideration; thus,

]
A=ﬁexp{—(z";’;‘:"")+["’“°'j:z(“f s, (1-26)

With the assumption that the portion of the free energy of fusion in the backward
reaction rate being equal for all steps, the net rate of formation of nuclei of length I hence

is

p (22510 + vab /()] 1 (1= exp {[_aobol(Af )*+2a,b0.],

kT, kT, )

S(/y= BN, ex

(1-28)
The total flux S; can be obtained by summing the flux terms of all possible values of . It
is assumed that possible values of [ are increments of the monomer repeat length I,, the

summation can then be replaced by the integral

S, = (%)jS(I)dl, (1-29a)
ra
_ ﬁ 2a,b,0, ¥ _ 400, )
S, = No(PIPexp(—rmEexpl—2 sl (1-29b)

where the lower limit of the integration accounts for the minimum possible thickness of

crystal, and where

P= K, - kT, : (1-30)
26,0 - abo (AW 26,0+ (1-¥)a,b,(4f)

The factor P is in cm, f is in events per second, and [, is in cm, and Sy is consequently in

events.



28

2.2.2.2.3. Initial Lamellar Thickness

The initial lamellar thickness I,, which is actually the average value of I denoted

by <I>,., is calculated from the flux relating to

&[5
=" Ed ’ (1-31)
() [ sau

af

and the result of this average is found to be

5., 1=2¥)a,(4f)

I = _2_9-1.;. kT, 20 ) (1-32)
A 260 o a4y a, (4 )1-y)
[1 5 11+ ]
o 20

It is very obvious that the last term seems to be a function of y, which can be
concisely termed to be 8. Though it is of interest to investigate the behavior of the total
flux and the initial lamellar thickness for various y, it is clear that if y = 1, the last part of

Equation (1-32) reduces to

40
(—)-4f
’ (a—)—Af

According to the denominator of Equation (1-33) and the fact that Af = (AH/XAT)/ T,/
(i.e., Equation (1-4)), it is found that &l becomes infinite at the critical undercooling

temperature;

_ 291,

= ) 1-34
= @), (1-34)

which is referred to as the & catastrophe.

On the other hand, if y =0, the last part of Equation (1-32) reduces to be
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T (—)+4f
51=2bf : 2"0 . (1-35)
AN
a,

This case is meaningfully interpreted that no & catastrophe is being observed, and [’
falls continuously with decreasing temperature.

Physically, the significant change of the setting parameter y may be related to
whether or not the polymer molecule is being absorbed on the surface prior to the actual
crystallographic attachment being occurred. Here, when y = 0, the physical adsorption
prior to the crystallization of a molecule, which attaches to a substrate face with zero
momentum to that surface, occurs before the required crystallographic conformation of
the chain does. This process would create the surface energy term 2blc before the
compensating free energy of crystallization is released. On the contrary, when y = 1, the
polymer molecule conforms itself directly from the melt onto the surface without prior
adsorption of the molecule.

However, the theory as presented above accounts for only infinite long
molecules; thus, no extreme cases, where y = 0 and y = 1, will be obtained. This is due
to the fact that the nature of polymeric molecules are polydispersed and comprise finite
chain lengths. Consequently, the condition, where 0 < y < 1, is more likely to be found

in real polymers.

2.2.2.2.4 Retardation Factor

As said earlier, the retardation factor 8 accounts for retardations to molecular
motion, which result from the fact that molecules must transport from the undercooled
melt to deposit on a substrate site. These retardations may arise from viscosity and

surface transport, and the factor itself bears the unit of “events” per second. In real
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polymeric systems, polymers can often be undercooled more than 100°C at which
temperatures they become very viscous such that the ratardations denoted by 8 plays an
important role. In bulk polymeric systems, the jump rate to local motions can be

expressed as the retardation function, which can be written as

*

_ (. __Y ]
B= M expl= ) (1-36)

The term exp[-U/R(T-T.)] can be thought of as representing the temperature
dependence of the segmental jump rate in polymeric molecules. In bulk polymers, the
temperature T., is obtained from experiments regarding viscosity of the bulk, at which
all motion associated with viscous flow ceases, and T.. is related to the glass transition
temperature T,. The quantity U~ generally lies itself in the range 10-15% of 4,100
cal'mol” (i.e.,, U = 1,500 cal-mol™ for iPS [65]) and T.. is always within about 5-10 K of
being 50 K below T, (i.e., T, = T, - 30 K for iPS [65]).

In the bulk polymer, the fluidity of the polymer can be governed by the
temperature dependence of the jump rate, which is characterized by the exponential
term, exp[-U /R(T-T.)]. In addition, the absolute value of the fluidity also depends on
an extra term, which is molecular weight dependence term expressed by M3 1t is
nevertheless true that the jump rate term is not strongly dependent on the molecular
weight. However, it is also the fact that the values of U and T.. applied to the
crystallization process need not be exactly similar to those applied to bulk fluidity. It
might be due to the fact that the values of U and T.. applicable to the crystallization
process probably refer to motions near or in the proximity of a physical adsorbed layer
of molecules deposited on the surface of the crystals.

The factor ], inserted in Equation (1-36) accounts for any explicit barriers which

are not included in the exponential term and also dependent on temperature.
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Compared to exp[-U /R(T,-T.)], the temperature dependence of ], is extremely small;

hence, J; is commonly acting as a preexponential factor in the retardation function S.

2.2.2.3. Theory of the Linear Growth Rate

In the previous sections, it might be expected that the kinetics of the growth rate
exhibits a temperature dependence similar to the rate of nucleation of new layers at the
crystal edge, i.e. the total flux. In order to understand the whole process of
crystallization theory, one needs only to relate the previous approach to the manner of
completion of the layer to acquire the rate of advance by the molecular thickness. There
have been three practical cases being proposed so far, namely regimes I, II, and III,

which are shown in Figure 1-3.

2.2.2.3.1. Regime I Growth

Regime I growth is the case such that the rate of completion of a layer is so rapid
that the nucleation rate of a new stem can not occur before completion of the first layer.
The kinetics of the overall growth rate can be conceived to be nucleation controlled.

Kinetically, a layer of thickness b, will advance at a speed;

bySyn, _blLS;

G, =b,iL= ,
N°  agN°

(1-37)

where i is the net surface nucleation rate, N° is the Avogadro number and n, is the
number of sites or step elements corresponding to the length of the substrate, i.e., n, =

L/a,. Substitution of Equations (1-29), (1-30), and (1-36) into Equation (1-37) leads to

U 4b,00
Gl = Gl.o exp[— —'—] exp[— . - ]/ (1 '38)

R(I.-T.) kT.(4f)

for the polymeric bulk. The preexponential factor G, arises from the combination of

factors not strongly dependent on temperature, which is expressed as
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Figure 1-3. Schematic diagram illustrating mechanisms of linear growth
rate data in Regimes I, II, and III, and corresponding appearance when
performing a Lauritzen-Hoffman plot on the linear growth rate data.
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Gy = bo(%)nsJ, exp(%’zi’%). (1-39)

In order to derive Equation (1-39), the parameter P was set equally to I, for the
bulk polymer. The factor ], might be 102-10*, and the exponential term varies from
unity to 10° at its maximum. The factor by(kT/h) is expected to be ca. 10°. As a result, the

preexponential factor G,, for regime I type crystallization should lie within several

orders of magnitude of 10%1, cm-sec™ for bulk polymeric systems.

2.2.2.3.2. Regime II Growth

Regime II growth is the case for which the formation rate of nuclei on the
substrate at a rate i is comparable to the spreading rate of the lateral growing step at a
velocity g.  Sanchez and DiMarzio [66] and Frank [67] showed independently that the
linear growth rate of this regime is proportional to the square root of the surface
nucleation rate, i.e., (ig)” 2. The surface nucleation term i can be expressed as i = 5;/N’,
bearing unit of cm™-sec”, while g is in the unit of cm-sec’. Then the linear growth rate of

regime Il can be expressed as

Gy = by(ig)** = bo(—asfio ). (1-40)
0

Insertion of Equations (1-29), (1-30), and (1-36) into Equation (1-40) leads to the

expression:
U 25,60
G, =G —_— -], 1-41
i o €XP[ R(T.— T“)]eXp[ kTC(Af)] ( )
where Guo = b1, exp 2272V 1)y (1-42)

where the parameter P is again set equal to I,.
Seeing that from Equation (1-41) comparing to Equation (1-38) the regime II

growth rate differs from the relevant expression for regime I by a factor of one-half in
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the nucleation exponent. Also the ratio of the pre-exponential factors of regime I to

regime II becomes

g = n, exp(Z%:), (1-43)

where results that G;, >> G, for a given polymeric system.

2.2.2.3.3. Regime III Growth
First proposed by Phillips [68] and later being formulated by Hoffman [61],

regime III growth can be conceived to be the reciprocal case to the regime I growth,
where the rate of secondary nucleation is far faster than the completion rate of the layer.
The rate of deposition of the secondary nucleus is so rapid that nuclei are formed on
partly grown strips. This causes the growth rate to be proportional to the nucleation

rate as for regime I. The growth rate for regime III can be formulated as

b,LS,

L 1-44
G (1-44)

G, = bil’ = byina, =

where L’ is the effective substrate length, and n, is the average number of stems that are
laid down in the niche adjacent to the newly created stem.

Substitution of Equations (1-29), (1-30), and (1-36) into Equation (1-44) leads to

U 4bh,00
G,=G - -], 1-45
[Tt 1o exp{ R(]: — T”)]exp[ ch(Af)] ( )
where oo = bo(%)ns’Jl exp(za—":%ﬂ). (1-46)

<

It is obvious that the ratio of Equation (1-39) to Equation (1-46) is

G n

’
Gyo n

5

n
== 1-47
3 (1-47)
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2.2.2.3.4. Test of Regime

From the resemblance of the Equations (1-38), (1-41), and (1-45), a general

expression of the three regimes can be presented as

*

U K,
G=G, exp[—m]exp[—m]/ (1-48)

where G, is a pre-exponential term which is not strongly dependent on temperature; K,

is the nucleation exponent and is defined as

K, = ——jb"w‘},T =, (1-49)
kAH

where j equals 2 for regime II and 4 for regimes I and III; and and f is a factor used to
correct for the temperature dependence of the heat of fusion and is given by [65]

21,

@1y .

f

where, if the degree of undercooling is very small, i.e., the crystallization temperature is
close to the thermodynamic melting point, f approaches unity. It is otherwise lower than
unity and decreasing as the degree of undercooling increases.

Referring to Equation (1-48), the first exponential term, exp(-U /R(T.-T.)),
corresponds to the diffusion of polymer molecules or segments of them from the
equilibrium melt onto the growth face. The second exponential term, exp(-K,/T(AT)f),
relates to the formation of the critical nucleus on the growth face. Obviously, this term
relates directly to the secondary nucleation rate i. Intuitively, from the competing
contributions of the transport and nucleation terms, one expects that there should be a
maximum in the growth rate data at a temperature somewhere between the glass
transition temperature and the equilibrium melting temperature, when plotted as a
function of the crystallization temperature. Indeed, maxima in the growth rate data as a

function of crystallization temperature are usually observed at (0.7-0.9)T,° [52-55].
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As mentioned earlier, in each regime the linear growth rate G relates directly to
the secondary nucleation rate i: G o i", where n equals 1 in regimes I and IIl, and 0.5 in
regime II. Since the second exponential term in Equation (1-48) corresponds directly to
the secondary nucleation rate, observation of the relationship between G and i can be
examined by rearranging the logarithmic product of Equation (1-48), which results in

the equation:

K
logG,

S E— (1-51)
2.303T.(AT) f

logG +.—U— =
2303R(T.-T.)

In practice, the test of regimes can be done through the plot of logG + U /2.303R(T.-T..)
versus 1/2.303T(AT)f (i.e., hereafter the LH plot). 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 exponent (i.e., slope = -K;). According to Equation (1-51), regime
[-II transition is evident when a downward change in slope is observed, whereas it is
an upward change in slope that is observed in the transition from regime II to regime III.

In order to observe the distinction between regimes I and II, Lauritzen and
Hoffman [58] has successfully shown that the parameter governing the differentiation
between these two regimes is a dimensionless number presented as

i (1-52)

Z

It can be estimated from Equations (1-48) and (1-52) that observation of the ratio
of the secondary nucleation and the spreading rate i/g can be done under certain limits

from the experimental value of K, obtained by analyzing data on a polymer. It is hence

.72
L0y exp-—X 1, (1-53)
4 2a, T.(4T)
where X=K, for test of regime I, Z<0.01,
X =2K, for test of regime II, Z > 1.
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This criterion can be used to estimate the range of L values which are in
accordance with regime I or regime II behavior. It can be done by analyzing the growth
rate data to determine K,. It is then from Equation (1-53) with the known value of K,, the
range of L values can be acquired. In general, such estimates give reasonable values of L
for only one regime and totally unreliable values for the other; accordingly, a clear
choice between the two regimes can be made. In real polymeric systems, the effective
length L of a lamellae is believed to be controlled by a number of factors, which include
impingements, noncrystallographic branching frequency, and accumulations of

noncrystallizable impurities.

2.2.3. Theories of the Maximum Nucleation and Growth Rates

By using very slightly different forms of nucleation rate and growth rate

functions:
AE K.(T°)
I =1 exp(— e W\ mJ , 1-54
0 €Xp( RTC)XP[ RTC(AT)Z] (1-54)
AE KT
G =G, exp(- -—L=], 1-55
o exp( RL)CXP[ RTC(AT)] (1-55)

where AE relates to the activation energy for segmental transport across the interfacial
boundary, K; and K, relates directly to the primary and secondary nucleation exponents
defined previously, and other quantities are similar to previous definitions, Okui [52-55]
was able to develop simplified equations to determine the temperatures, T, ., and
T®_ maxs Where the nucleation rate and the growth rate exhibit the maxima, respectively.

For the maximum in the nucleation rate function,

¢,max

T D'-D+1
T° D*+D+1’

(1-56)

, (1-57)

B+1)|/3

where D=(
B-1
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1. K )
B=(l+-)". (1-58)

For the maximum in the growth rate function,

G
Lo _ € , (1-59)
I C+1
where C=(01+ -}-{‘5)‘/2. (1-60)

2

By determining the K; and K, values from the primary nucleation rate and the
growth rate data, the temperatures, T, .., and TC,.,, where the primary nucleation rate

and the growth rate exhibit the maxima can be evaluated.

2.3. Theories of Macroscopic Kinetics of Polymer Crystallization
2.3.1. Kinetics of Isothermal Macroscopic Crystallization

Overall crystallization process in semi-crystalline polymers can be divided into
two main processes: primary crystallization and secondary crystallization. Primary
crystallization process is a macroscopic development of crystallinity as a result of two
consecutive microscopic mechanisms: primary nucleation and subsequent crystal
growth (i.e., secondary nucleation). Secondary crystallization process is mainly
concerned with the crystallization of interfibrillar melt, which was rejected and trapped
between the fibrillar structure formed during the growth of crystalline aggregates (e.g.,
axialites, spherulites, etc.) [69-71]. It should be noted that if the crystallization time
becomes very long, other types of secondary crystallization (i.e., crystal perfection and
crystal thickening) may become significant enough to increase the ultimate absolute
crystallinity.

For the purpose of describing the macroscopic evolution of crystallinity under

quiescent isothermal condition, a number of mathematical models [72-81] have been
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proposed, based primarily on the notion of primary nucleation and subsequent crystal
growth microscopic mechanisms, over the past sixty years. Even though the
contributions from Kolmogoroff [72], Johnson and Mehl [73], Avrami [74-76], and Evans
[77] are essentially similar, it is the work of Avrami that has received the most attention.
Thereby, these contributions are frequently referred to as the Avrami equation. Derived
based on different approaches, Tobin [78-80] and Malkin et al. [81] arrived at different
mathematical models, which are also different from the Avrami model. Conclusively,
the quiescent crystallization data of semi-crystalline polymers at a constant temperature

can be mathematically described by these three distinctive models.

2.3.1.1. Avrami Macrokinetic Model

The overall crystallization kinetics is usually analyzed by use of the Avrami
equation [72-77]. When applied to be used with a differential scanning calorimetry
(DSC), it is assumed that the differential area under the crystallization curve with time
corresponds to the dynamic changes in the conversion of mass from the melt phase to
the solid phase. If . and y, are the absolute crystallinity obtained at a particular
crystallization condition and the dynamic crystallinity at arbitrary time ¢ at the same
crystallization condition, respectively, then the governing equation describing steady-

state isothermal phase transformation (i.e., Avrami equation) can be written as

A = g(ry=1-exp(—k ™), (1-61a)

where €(t) denotes the relative crystallinity as a function of time, k, the Avrami
crystallization rate constant, and n, the Avrami exponent of time. Both k, and n, are
constants typical of a given crystalline morphology, and type of nucleation at a

particular crystallization condition (cf. Table 1-1). It should be noted that, according to




Table 1-1. Phenomenal description of the Avrami exponent n, (after
reference [18]).

Type of crystallization Type of nucleation Avrami exponent, 7,
A. linear Problem:
line athermal 1
line thermal
B. two-dimensional problem:
ribbon athermal <1
ribbon thermal <2
circular athermal 2
circular thermal 3
circular, diffusion control athermal 1
circular, diffusion control thermal 2
circular thermal, exhaustion 3-2
C. Three-dimensional problem:
fibrillar athermal <1
fibrillar thermal <2
circular lamellar athermal <2
circular lamellar thermal <3
spherical athermal 3
spherical thermal 4
spherical, diffusion control athermal 3/2
spherical, diffustion control thermal 5/2
spherical thermal, exhaustion 4—3
two-stage athermal/thermal fractional
branching fibrillar athermal/thermal 1,2~large
solid sheaf-like athermal >5
solid sheaf-like thermal >6
truncated spherical athermal 2-3
truncated spherical thermal 3-4
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the original assumptions of the theory, the value of #, should be integral, ranging from 1
to 4.
More generally, Equation (1-61a) can be written in two different forms, involving

parameters characteristic of the nucleation and crystal growth microscopic mechanisms:

6(f) = 1—exp(~C,N,G"t"), (1-61b)
C nontl

(1) = 1-exp(-—2= IG"t™"), (1-61c)
n+l1

where C, is the shape factor, and N, is the number of predetermined nuclei (i.e.,
heterogeneous and, possibly, athermal nuclei) at the beginning of the crystallization
process. It should be noted that Equation (1-61b) represents the isothermal phase
transformation equation for the case of time-independent or instantaneous nucleation,

whereas it is the case of time-dependent or sporadic nucleation for Equation (1-61c).

2.3.1.2. Tobin Macrokinetic Model

An important remark that has been made on the Avrami model is that the
equation is only appropriate for the early stages of crystallization. In order to improve
the Avrami model, Tobin [78-80] proposed a different expression describing phase
transformation kinetics with growth site impingement. The original theory was written
in a form of nonlinear Volterra integral equation, of which zeroth-order solution is given
by

k™

, 1-62
L+kt" (1-62)

0=

where &) is the relative crystallinity as a function of time, k, the Tobin crystallization
rate constant and 7, the Tobin exponent. Based on this proposition, the Tobin exponent
of time n, needs not be integral [79,80] and it is governed directly by different types of

nucleation and growth mechanisms. It is worth noting that similar expression was first
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considered by Rabesiaka and Kovacs [82] and it was found to give a good fit to their

dilatometric data of linear PE for &t) up to 0.9.

2.3.1.3. Malkin Macrokinetic Model

Malkin et al. [81] developed a macrokinetic crystallization model based on the
notions that crystallization is an autocatalytic process and that the overall crystallization
rate equals the summation of the rate at which the degree of crystallinity varies as a
result of emergence of the primary nuclei and the rate of variation in the degree of
crystallinity as a result of crystal growth. The crystal growth is assumed to be
proportional to the existing crystal surface, while the crystal surface is assumed to be a
linear function of crystallinity. In crystallization under isothermal conditions, these
approximations led to the following equation:

C, +1

S L — (1-63)
C, texp(C1)

8(1)=1-

where 6(t) is the relative crystallinity as a function of time. C, relates directly to the ratio
of the linear growth rate G to the nucleation rate I (i.e., Cy =< G/I); whereas, C, relates
directly to the overall crystallization rate (i.e., C; = a-I + b-G, where a and b are specific

combined constants). Apparently, both C;and C, are temperature-dependent constants.

2.3.1.4. Analysis of the Experimental Data

Analysis of the experimental data based on the Avrami and the Tobin
approaches are straight forward. The Avrami kinetics parameters, k, and 7, can be
extracted from the least-square line fitted to the double logarithmic plot of In[-In(1-6(¢))]
versus In(t), where k, is taken as the anti-logarithmic value of the y-intercept and n, is
simply the slope of the least-square line. Similarly, the Tobin crystallization kinetics

parameters, k; and 7,, can be extracted by drawing a least-square line fitted to the double




43

logarithmic plot of In[6(t)/(1-&(t))] versus In(t), where k, is taken as the anti-logarithmic
value of the y-intercept and 7, is simply the slope. It should be noted that, in both cases,
the kinetics parameters will be calculated from the least-square line drawn through the
bulk of the data in the range of 0.10 < 8(t) < 0.80. In the case of the Malkin approach, the
authors proposed a short-cut method of determining their kinetics parameters, C, and

C,, from those obtained from the Avrami analysis [81]:

C,=4" -4, (1-64)

C, = In(4™ —2)(m’z—"2))""« . (1-65)

2.3.1.5. Other Macrokinetics Models
2.3.1.5.1. Simultaneous Avrami Macrokinetic Model

One of the serious discrepancies which has been raised to question the
applicability of the Avrami model is that, in most cases, the analysis of the experimental
data based on the Avrami equation leads to fractional values of the Avrami exponent n,.
The non-integral observations of the Avrami exponent n, may be explained as follows:

1) The discrepancies in the assumptions used in the derivation of the model;

2) Inaccuracy in the determination of the onset of the crystallization process (if
the onset is set prematurely, the value of the Avrami exponent n, will be
greater than the actual value, while that of the rate constant k, will be lesser);

3) Changes in the nucleation rate I and growth rate G during crystallization
process (if the values decrease, the value of the Avrami exponent n, will also
decrease);

4) Changes in the morphology during crystallization process (i.e., sheaf-like to

spherulitic). This may also include the occurance of the secondary
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crystallization in which internal changes in the crystal morphology are
experimentally observed [69-71].

In addition to the above explanations, the fractional value of the Avrami
exponent n, may also be elucidated based on the hypothesis that crystalline aggregates
grow concurrently from both instantaneous and sporadic nuclei (as opposed to growing
from only one type of nuclei, assumed in the original theory), as previously mentioned
elsewhere in this manuscript. Indeed, observation made on an optical microscope
confirms that at a certain crystallization temperature a certain number of nuclei is
activated instantaneously, while others are activated sporadically. Based on this
experimental observation, the original Avrami equation can be modified to account for
both types of transient nucleation. The modified equation is called the simultaneous

Avrami model, which can be written as
0(r)=1—-exp(—k,t" -k t™"), (1-66a)
or in a more general equation as

6(¢)=1-exp(-C,N,G"t" - % 1G"™), (1-66b)
n

where &t) denotes the relative crystallinity as a function of time, and n the
morphological dimensionality which ranges from 1 to 3 (i.e., rod, disc, and sphere). k,;
and k,, are the crystallization rate constants specific for instantaneous and sporadic
nucleation, respectively (cf. Table 1-2). C, and N, are the shape factor and the number of
predetermined nuclei, respectively. It should be noted that a similar equation was first
used to explain the fractional values of the Avrami exponent n, by Banks et al. [83], but
they concluded then that the equation was not satisfactory in accounting for the

occurrence of the fractional values of n,.
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2.3.1.5.2. Ding-Spruiell Macrokinetic Model
Recently, Ding and Spruiell [84] have derived a generalized model for phase

transformation in which the linear growth rate G and the nucleation rate I are
considered to be arbitrary functions of time. Since it is found that their model may be a
good explanation to various limitations to the traditional Avrami model, i.e., especially
the experimentally observed fractional values of the Avrami exponent n, their
mathematical derivation is briefly followed here. For simplicity, they imposed the
following assumptions: 1) iso-volumetric approximation, 2) spherulitic morphology, 3)
no impingemént, and 4) no secondary crystallization within the already transformed
spherulites.

If  is the radius of a transformed spherulite, Uy is the volume of a spherulite, V,,
is the total volume transformed (into spherulites), V, is the total volume untransformed,
and the total volume of the sample is V = V, + V,, the volume of a spherulite which was

nucleated at arbitrary time 7and was measured at time £ is
[} st
v, (6,7)=[4m-([Gdry G-dr”, (1-67)

and therefore the total transformed volume at time t which nucleated during the time
interval d7 can be calculated as
v, =v,(4,7)-1-V,-dT, (1-68)
where [ is the nucleation rate which has a unit of number of nuclei per unit volume
untransformed materials per unit time.
By substituting Equation (1-67) into Equation (1-68), dividing the result with the
total volume, and defining 6 as the volume fraction of the transformed phase with

respect to the total volume (i.e., 8 = V,,/V), one arrives at
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(—)de [f 4z (j Gdr'y - Gdt”]-I-d. (1-69)

By integrating Equation (1-69) with respect to time, the total transformed volume (into
spherulites) over the course of crystallization process can now be calculated, and it is

given by
ln(————) j [ j 47 (det) -Gdt”]-I-dr. (1-70)

In crystallization of polymers under isothermal conditions, the growth rate G is

found to be constant, and this would further simplify Equation (1-70) to be

1 A 1
In(~—)=—0G?*|(¢t-1)*-I-dr. 1-71
)= !( 7y -1-dt (1-71)

Equation (1-71) can be generalized to describe phase transformation of other
morphological geometries (e.g., rod or disc) by using the traditional definition of the
geometrical dimensionality concept (e.g., n =1 for rod, n = 2 for disc, and n = 3 for

sphere), thus Equation (1-71) transforms to
ln(—) C.G" j (t-1)-I-dt, (1-72)

where C, is the shape factor (e.g., C, = m and C; = 4rnt/3).

In order to further simplify Equation (1-72), Ding and Spruiell [84] brilliantly
introduced a nucleation rate function to quantify the nucleation rate I as a function of time
throughout the course of crystallization process. Intuitively, the nucleation rate function
I(t) is directly proportional to the availability of the untransformed volume, and it is
given by

I=1-(+m)-t", (1-73)
where [, is defined as the nucleation rate constant [# of nuclei/(sec™'-cm®)] and it is a

function of temperature but time independent, and m is defined as the nucleation index.
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By substituting Equation (1-73) into Equation (1-72) and defining a B-function as
1
B(m+2,m)=[q™*"-(1-q)""dq, (1-74)
0
Equation (1-72) reduces to assume the following form:
ln(ﬁ)= nC,I.G"B(m+2,n)t"™". (1-75)
By comparing Equation (1-75) with the logarithmic form of Equation (1-61), which is
ln(L) =k,t™ (1-76)
-6~

one is able to conclude that the Avrami crystallization rate k, and the Avrami exponent
n, are given by
k,=nC,I1 G"B(m+2,n), (1-77)
n,=n+m+l. (1-78)
Interestingly, in the cases where m equals 0 and -1, Equation (1-75) reduces to the special
cases of crystallization under sporadic nucleation and instantaneous nucleation [84],
respectively.

According to Equation (1-78), the traditional sense of the Avrami exponent 7, to
describe the dimensionality of the crystal geometry can be satisfied with the geometry or
dimensionality index 7, but, more importantly, abnormality in the observation of the
Avrami exponent 7, (i.e., fractional values of n, or values of n, more than 4) can be now
theoretically explainable by the introduction of the nucleation index m. Even though the
nature of the nucleation index m is not entirely understood at the present time, Ding and
Spruiell [84] were able to qualitatively characterize the nucleation index m in describing
the nucleation mechanism throughout the crystallization process (cf. Table 1-3). It is

worth noting that the iso-volumetric approximation can be alleviated by multiplying a



Table 1-3. Qualitative characteristic of the nucleation index m.
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Nucleation mechanism Nature of the nucleation rate over
crystallization time
m=-1 instantaneous constant
-1<m<0 instantaneous and sporadic ~ gradually decreasing with time and

approaching a constant value at a
certain time

m=0 sporadic steadily increasing with time
O<m<1 sporadic increasing with time
m>1 sporadic increasing strongly with time
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density factor p./p, (where p, is the density of the crystalline portion and p, is that of the

amorphous portion) to the expectancy term.

2.3.1.5.3. Traditional Ziabicki Macrokinetic Model
Instead of describing the crystallization process with complicated mathematical
models, Ziabicki [85-87] proposed that phase transformation kinetics can also be

described by a first-order kinetic equation:

9—%’—)=K(T)[1—e(t)], (1-79)

where 6(t) is the relative crystallization as a function of time and K(T) is a crystallization
rate function which is only dependent on temperature. In the case of isothermal
crystallization, function K(T) can be replaced by the half-time of crystallization as a
function of temperature (i.e., K(T) = £55™(T)).

Based on Equation (1-79), Ziabicki [85-87] showed that the temperature
dependence of the crystallization half-times can be described by a Gaussian function of

the form:
_ 2
4 = oo )i expl—41n2 L), (1-80)

where T, is the temperature where the crystallization rate exhibits the maximum,
(to5)min the crystallization half-time at T,,,,, and D the half-width of the crystallization
rate (the reciprocal value of the crystallization half-time) curve. With use of the
isokinetic approximation (i.e., the kinetics of primary nucleation and that of crystal
growth are similar such that the ratio of crystal growth rate G to nucleation rate [ is
constant throughout the course of crystallization), integration of Equation (1-80) over the

whole range of temperatures in which crystallization may occur (T, < T < T,,’) leads to an
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important characteristic value describing the crystallization ability of the polymer,

namely the kinetic crystallizability K*:

1.064D _ ..

1-81
(tO.S )min ( )

T
[ 4(TT =
Tl

2.3.1.6. Temperature Dependence of the Crystallization Rate Parameters

The crystallization rate parameters (i.e., t5', k,, C,, k;, or k,) determined from

limited experimental isothermal measurements can be used to estimate the

corresponding values at other temperatures. The estimation can be carried out by

virture of the following facts:

D

2)

3)

The crystallization rate parameters determined based on different
macrokinetic models exhibit a finite temperature dependence;

The crystallization rate parameters relate in one way or another to the crystal
growth rate G and/or the nucleation rate I, especially the crystallization rate
parameters of the Avrami and simultaneous Avrami models (cf. Table 1-2);
Since the temperature dependence of the crystal growth rate G and the
nucleation rate | are well defined (cf. Equations (1-15) and (1-48)), the
crystallization rate parameters should also have the similar temperature

dependence, which can be written as

o K

- b, (1-82)
RI.-(T,-G)] T.(AD)f

Y (T)y="Y,exp{-—

where ¥(T) and ¥, are the corresponding crystallization rate function (i.e.,
tos', ki, Ci, kg, or k,) and the corresponding pre-exponential parameter (i.e.,
(tos o, kwos Cros kaio, OF ko), respectively. O is a parameter related to the

activation energy characterizing the molecular diffusion across the
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melt/crystal interface, K is a parameter related to the secondary nucleation,

while other parameters are the same as previously noted.
The temperature-dependent crystallization rate function ¥(T) can now be
determined by directly fitting the experimentally measured values of the corresponding

rate parameters collected at various crystallization temperatures to Equation (1-82).

2.3.2. Kinetics of Non-isothermal Macroscopic Crystallization

A number of mathematical models describing the evolution of the crystallinity
under non-isothermal conditions have been proposed by way of modifying or extending
in one way or another the existing isothermal macrokinetic models. Summary of some

of the models is described in the following few paragraphs.

2.3.2.1. Generalized Avrami Macrokinetic Models

It is well discussed in the work by Patel and Spruiell [88] that the evolution of the
crystallinity under non-isothermal conditions can be directly calculated using the
generalized Avrami equation (cf. Equation (1-70)), in which case the knowledge of
detailed mechanisms of nucleation and crystal growth over the course of crystallization
process as a function of temperature for a particular cooling condition are indispensable.
This has proven to be very tedious and time-consuming, therefore attempts have been
made in order to modify the generalized Avrami equation to more practicable models
which can be used to either directly fit the experimental data or to predict the evolution
of the crystallinity at constant cooling rates from data taken from isothermal
measurements.

The most commonly cited model is the one developed by Nakamura et al.

[89,90]. They have generalized the Avrami macrokinetic model by adopting the
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isokinetic approximation and assuming that the ultimate crystallinity is independent of

the cooling process. This led to the following equation:
6(1)=1-exp[~([ K (T)d1)"], (1-83)
0

where the Nakamura rate function K,(T) relates to the Avrami rate function k,(T) or the

crystallization half-time t,5"(T) through the following equation:

K(T)="4k,(T) =¥n2- (7). (1-84)

By using temperature as an independent variable, Equation (1-83) becomes
1 T
e(T,¢)=l—exp[-(ngxde)""], (1-85)
T

where ¢ is the constant cooling rate, and T, is an arbitrary initial temperature (e.g. T,’).

Usage of Equation (1-85) is twofold. First, it can be used to predict the evolution
of crystallinity as a function of temperature when the average Avrami exponent n, and
the Avrami crystallization rate function k,(T) (from isothermal measurements) are
known [88,91,92]. Second, it can also be used to estimate the Avrami kinetics parameters
by directly fitting the experimental non-isothermal crystallization measurements to the
equation using non-linear regression methods [93].

A slightly different form of mathematical model was derived by Kamal and Chu
[94] based on the assumptions that non-isothermal crystallization may be treated as a
sequence of isothermal crystallization steps [85] and that the secondary crystallization is

negligible. This led to the equation of the form:
6(1)=1-exp[- j k,(T)n t""'dr). (1-86)
0
By using temperature as an independent variable, Equation (1-86) becomes

6(T,9)= 1—exp[—$J ka(T)na<Z°;—T)"ﬂ"dT], (1-87)
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where ¢ is the constant cooling rate, and T, is an arbitrary initial temperature (e.g. T,,").
Application of Equation (1-87) is similar to that of Equation (1-85).

Based on the mathematical derivation of Evans [77], Ozawa [95] extended the
Avrami model to be able to describe the non-isothermal case. Mathematically, the
relative crystallinity can be written as a function of cooling rate according to the

following equation:

e(T,¢>=1—exp[—%T—)], (1-89)

where k,(T) is the Ozawa crystallization rate function and n, is the Ozawa exponent
(which is similar to the Avrami exponent). Direct comparison of Equation (1-88) to
Equation (1-85) and (1-87) suggests that the Ozawa rate function k,(T) may assume one

of the following forms:

k(D)= ([ K (TRT)" = §/k,(T)dT)", (1-89a)
k(T)= [[k(T)n(T, - T)y*"1dT. (1-89b)

Analysis based on Equation (1-88) can be performed through a double logarithmic plot
of In[-In(1-&T))] versus In(¢) for a fixed temperature, of which the negative value of the
slope yields the Ozawa exponent n,. Practically, Ozawa model offers very limitted use.
It may only serve as a means of obtaining the Ozawa exponent (or Avrami exponent)
from non-isothermal measurements, similar to some other proposed methods [96-98].
Patel and Spruiell [88] suggested that the differential form of the Nakamura
model may be more useful in modelling of polymer processing than its integral form.

The differential form of the Nakamura model is given by

= K(T)(1-6)[-In(1 - )] (1-90)
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The integral and the differential Nakamura model are identical in terms of their
predictions; however, it is precautionary that the differential equation requires a non-
zero initial crystallinity condition for n, > 1 [88]. In addition, according to their results
on Nylon 6, Patel and Spruiell [88] found that Nakamura model (i.e., Equation (1-85))
gave a better fit to the experimental measurements than the Kamal model (i.e., Equation

(1-87)).

2.3.2.2. Malkin Macrokinetic Model

Malkin et al. [81] developed a macrokinetic crystallization model based on the
notions that crystallization is an autocatalytic process and that the overall crystallization
rate equals the summation of the rate at which the degree of crystallinity varies as a
result of emergence of the primary nuclei and the rate of variation in the degree of
crystallinity as a result of crystal growth. The crystal growth is assumed to be
proportional to the existing crystal surface, while the crystal surface is assumed to be a
linear function of crystallinity. In crystallization under isothermal conditions, these
approximations led to Equation (1-63). However, in crystallization under non-
isothermal conditions, the generalized form is more practical and it can be written as
[81,99]

%—?—=Km(1—9)(1+C00), (1-91)

where K,, is a temperature-dependent constant related to the primary nucleation

mechanism (i.e., K, = I), and C, is also a temperature-dependent constant related

directed to the ratio of the linear growth rate G to the nucleation rate I (i.e., C, =< G/I).
Using Equations (1-54) and (1-55) as the platforms, temperature-dependences of

the parameters K,, and Cy may be formulated as
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032
AE )exp[_ Kl(Tm ) -
RT, " RT(AT)

Km = Kmo exp(- ]1 (1'92a)

KT KT

C,=C
o= Cu Pl T ATy T RI(2T)

]. (1-93a)

Instead of using the above equations which are supposed to be the most theoretically
correct forms, Malkin et al. [99] formulated the temperature-dependences of the

parameters K,, and C, to be

AF KT’
K =K - -—Lm 1-92b
m =K o €xp( RTC)CXP[ RZ;(AT)] ( )
(K,-K)T?
C,=C ——— L m] 1-93b
0 00 €XP[ RT.(AT) ] ( )

Equation (1-91) along with Equations (1-92) and (1-93) can be used with proper energy

equation to predict the evolution of crystallinity in the actual polymer processing [99].

2.3.2.3. Traditional Ziabicki Macrokinetic Model

Instead of describing the crystallization process with complicated mathematical
models, Ziabicki [85-87] proposed that phase transformation kinetics can also be
described by a first-order kinetic equation (i.e., Equation (1-79)), of which its integral

form is given by
6(1)=1-exp[~(| K(T)d0)], (1-94)

where 6(t) is the relative crystallization as a function of time and K(T) is a crystallization
rate function which is only dependent on temperature. By using temperature as an

independent variable, Equation (1-94) becomes
1 T
6(T.9)=1-expl-( [k(T)dr)), (1-95)
)

where ¢ is the constant cooling rate, and T is an arbitrary initial temperature (e.g. T,").
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In the case of non-isothermal crystallization, functions K(T) and () vary and are
dependent on cooling rates studied. For a given cooling condition, Ziabicki [85-87]
showed that the crystallization rate function K(T) can be described by a Gaussian

function of the form:

K(T)= Kmexp[—4ln2&5]'}“-“')—], (1-96)

where T, is the temperature where the crystallization rate is the maximum, K, the
crystallization rate at T, and D the half-width of the crystallization rate-temperature
function. With use of the isokinetic approximation, integration of Equation (1-96) over
the whole range of temperatures, for a given cooling condition, in which crystallization
may occur (T, < T < T,;) leads to the kinetic crystallizability K* parameter (cf. Equation
(1-81)):

ro

JK(T)XT=1064 Ky D=K". (1-97)

7

In the case of non-isothermal crystallization studies in DSC where cooling rate is

a variable, Equation (1-97) can be applied by replacing the crystallization rate function
K(T) with a derivative function of the relative crystallinity 9¢(]) specific for each

cooling rate studied (i.e., crystallization rate function at different cooling rate).

Therefore, Equation (1-97) is re-written to be

T°

[6,(T)dT =1.064-6,.., D, =K, (1-98)
%

where Omu , and D, are the maximum crystallization rate and the half-width observed

on corresponding derivative function 6 o(T). According to Equation (1-98), K, is the

kinetic crystallizability at an arbitrary cooling rate ¢, the kinetic crystallizability at unit
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cooling rate K* can therefore be obtained by normalizing K, with ¢ (ie., K* = K%,/ ¢). It

should be noted that this procedure was first realized by Jeziorny [100].

2.3.2.4. Generalized Ziabicki Macrokinetic Model

Very recently, Ziabicki [101] developed a new macrokinetic model describing
polymer crystallization kinetics in variable external conditions. The proposed model
concerns not only the changes in temperature as a function of time, but also changes of
other external variables, e.g., pressure, stress, and etc., as a function of time. The model
emphasizes the effects of transient and athermal nucleation on the overall crystallization
process which are found to be a strong function of the rate of change in the external
conditions, instead of resting on the quasi-static approximation utilized in earlier non-
isothermal macrokinetic models [85,86,89,90,94,95].

In his later paper, Ziabicki [102] applied the more general equations [101] to the
case of non-isothermal crystallization of unstressed and unoriented polymers. In this
case, the crystallization rate involving transient and athermal effects is only a function of
temperature T and constant cooling rate ¢. The model has been preliminarily applied to
the cases of poly(ethylene terephthalate) (PET), isotactic polypropylene (iPP) [102,103],
and more extensively to the case of poly(vinylidene fluoride) (PVDF) [103,104]. In the
few following paragraphs, theory designated for crystallization of polymers under
influence of changes in temperature [102-104] is briefly reviewed.

The Ziabicki macrokinetic model was developed based on the Avrami equation
of phase transformation (i.e., Equation (1-61)) [72-77]. Instead of using the volume

fraction of crystallinity:

lxg—) =6(1)e(0,1), (1-99)

Ziabicki [101,102] brilliantly introduced a non-linear measure of crystallinity:
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P(t)=[~n(1-0(:)]" € (0,%), (1-100)
where 1, is the Avrami exponent.
Differentiation of the non-linear measure of crystallinity P(t) with respect to time

t yields the non-linear crystallization rate:

dP(z)

—=, 1-101
% (1-101)

K(t)=

which, in pure steady-state isothermal conditions, reduces to steady-state crystallization

rate constant x; which relates directly to the Avrami rate constant k, and to the

reciprocal half-time #,5™:

K, =(k,)"™ =m2 . (1-102)

According to Ziabicki’s theory [101,102], in crystallization of polymers under
non-isothermal conditions, the non-linear crystallization rate x{(t) is assumed to take into
account transient and athermal mechanisms, rather than only one in pure isothermal
conditions. First, progress of crystallization is assumed to lag behind changes in
external conditions which give rise to retardation of crystallization. This retardation of
crystallization is caused by relaxation effects, which directly affect the crystallization
mechanism mainly controlled by thermal nucleation. Secondly, athermal effects, which
is proportional to the rate of change of external conditions, become dominant with
increasing rate of change of external conditions, as sub-critical nuclei can become stable
under the new conditions.

By assuming that athermal effects are only included in primary nucleation but
not in secondary nucleation (i.e., homogeneous surface nucleation), the total non-linear

crystallization rate x{t) is given by [101,102]

x(t)=x.,,(r>+rcm<r)=x,h[1+1;'“-]‘/"~ =K,[1-B,T1", (1-103)

th
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where I, and I, are thermal and athermal nucleation rate, respectively, and B,, is the
athermal function.

It was shown by Ziabicki and Sajkiewicz [103] for the case of constant rate of
change of temperature (i.e., constant cooling or heating rates 7') that thermal

crystallization rate x(t, T(t)) can be expanded in series and is given by

Ko (6, T() =K T+ AT + AT* + AT +.., (1-104)

where A= —r(%“T’&'—), (1-104a)
1 d% Jdlnx. Jdlnt

A4, =7— (== 1-104b

) T[xs,(aTZ )+( e X o ]l ( )

ok, +i(821csx )(alnr
K, or*" dT

and A4, =-7° {i(

kK, or’ )

dlnk, .. d°Int dlnt, )
T I( Ere )+2( 3T X1 (1-104c)

+(

Evidently, the thermal crystallization rate x,(t,T(t)) is composed of the steady-
state crystallization rate x, which is modified by the relaxation effects characterized by
the relaxation parameter 7. Sajkiewicz [104] pointed out that the rate of non-isothermal

crystallization can either be increased or decreased by the relaxation effect depending on

the actual temperature. In the case of constant cooling (i.e., T < 0 = ¢), the total
crystallization rate is reduced by the relaxation effects for temperatures above the
temperature of the maximum steady-state crystallization rate (i.e., dlnk;, /3T < 0).
However, when the temperature is lower than the temperature of the maximum steady-
state crystallization rate (i.e., dink,/dT > 0), total crystallization rate during the constant
cooling is expected to increase.

Ziabicki and Sajkiewicz [103] also showed that the athermal correction term can

be written in a series expansion of the form:
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[1-B,T]™ =1+BT +BI*+BT +.., (1-105)
B =L (1-105a)
nll
— 2
B, ={"")Bu (1-105b)
n

a

_ _ 3
_{=-n)Q : 2n)Bu (1-105¢)

n

a

B,

Substitution of Equations (1-104) and (1-105) into Equation (1-103) leads to the
equation describing the non-linear crystallization rate ku(t,T(t)) as a function of the
constant rate of changes of temperature:

k(t,T(2))=x,[1+ (4 + B)T +(A4,+ B, + AB)T*+...]. (1-106)
Due to the constancy of the rate of changes of temperature (i.e., conditions of constant
cooling or heating rates), Equation (1-106) is integratable over the whole temperature
range. According to Equations (1-100), (1-101) and (1-106), the complete non-linear

measure of crystallinity P(t) can therefore be written as

T .
P(T(t»=% [ TN+ (A(T")+ B(T)T

T(0)
H AT+ B(T")+ A(T)B(T)T* +..1dT". (1-107)
For simplicity in the experimental analysis, Equation (1-107) can be rearranged to the

following form:

B T() . T()
P(T(eNT = [x (T'\T"+T J(A(T")+ B(T")x (T"}dT" +...  (1-108a)
T(0) T(0)
In the case of cooling at a contant rate from the melt (i.e., T = -|T |, the initial

temperature T(0) is any temperature higher than the final temperature T(f). Therefore,

Equation (1-108a) can be written as
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. T(0) . T
~PTWOY T = [k (TRT+ (T [(AT)+ BT K (TMT +...

T(t) T{)

(1-108b)
Note that the choice of T(0) is unimportant as long as it is located beyond the melting
temperature of the polymer of interest (i.e., T,,").
According to Equation (1-108b), it is apparent that experimental non-isothermal
measurements can be carried out through the plot of —P-|T'| versus -|T |, of which the y-

intercept and the initial slope are given by

B T0)
lim(-P-| T')= jxs,(r')dr', (1-109)

T

dPIATD " e BTN (7T
———=—|(4(T")+B(T T°)dr’, 1-110
70 d(—|T) T-!)( (T + BTk (T7)d (1-110)

and
respectively. According to Equation (1-109), the steady-state crystallization rate function

K(T) is given by
Kst( lT[Tlrrol( I I ]

In addition, the term which is controlled by the transient and athermal effects can be
evaluated from Equation (1-110) and is given by

I d . d=PIT]

A(T)+ B(T)=— (T)ﬁ[h

=D ]. (1-112)
2.4. Methods for the Determination of Equilibrium Melting Temperature
Equilibrium melting temperature T,,° is one of the most important parameters in
the study of polymer crystallization, especially in the study of microscopic kinetics of
polymer crystallization (cf. Section 2.2). Since, by the definition (i.e., the melting
temperature of fully extended crystals consisting of molecules of infinite molar mass),

the equilibrium melting temperature T, is rather a theoretical parameter which
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characterizes the driving force (i.e., the degree of undercooling AT) for crystallization of
polymers at conditions deviated from the equilibrium condition, it cannot be measured
directly. Due to its importance in the study of polymer crystallization, some methods

for the determination of the equilibrium melting temperature T,° are briefly reviewed.

2.4.1. Flory-Vrij Extrapolation Method

In this method, the melting temperatures for a series of low molecular mass
homologs of the polymer in question are measured. According to the definition of the
equilibrium melting temperature, crystals of these homologs have to grow until they are
in equilibrium conditions (i.e., fully extended crystals). Extrapolation of the melting
temperatures of these homologs to the infinite molar mass yields the equilibrium
melting temperature T,,’ [105]. Experimentally, the extrapolation can be done through
the plot of the melting temperatures versus the inverse values of the molar mass of these
homologs, whereas the T, value is taken as the y-intercept (i.e., at 1/M = 0). The most
obvious polymer system, to which this method can be applied, is high density
polyethylene (HDPE), of which its T,° value is determined from the extrapolation of a
series of the melting temperatures of n-paraffins [106]. Detailed discussion on the
determination of the T, value of HDPE in terms of both experimental and theoretical

points of view can be found in a superb work by Kim [107].

2.4.2. Gibbs-Thomson Extrapolation Method

Even though it is theoretically postulated that, at equilibrium, crystallization of
polymers would result in crystals of infinite thickness, experimental observation not
only proves that crystallization can only occur at some temperatures lower than the
equilibrium melting temperature, but also it proves that, often time, crystallization of

polymers results in crystals of finite thickness. Consequently, the actual melting point
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T, is lower than the theoretical value T,°, and related to the thickness of the crystals

through the Gibbs-Thomson equation (cf. Section 2.2.2.1):

20
T,=T,(1-—%), 1-19
= =T IAH") (1-19)

s
where o, is the fold surface free energy, ! is the lamellar thickness (or the crystal
thickness), and AH is the enthalpy of fusion. Two important parameters which can be
evaluated directly from the plot of T, versus 1/] are the T, value from y-intercept and
the o, value from the slope.

Taking into account the effect of variation in molar mass, Buckley and Kovacs
[108] proposed that the Gibbs free energy for the formation of secondary nuclei (cf.
Equation (1-16)) can be corrected by substraction of the entropy of localization due to

pairing of chain ends. The modified equation is similar to the Gibbs-Thomson equation

with a correction term for the chain-end effect:

T = T:(l__ZO'_e__RL'ln_x), (1-113)
IAH®  AH" x

where R is the universal gas constant and x is the degree of polymerization (i.e., the
average number of the repeating units).

Experimentally, the lamellar thickness | of the crystals is measured from data
taken from scanning electron microscopy (SEM) or small-angle x-ray scattering (SAXS)
along with the knowledge of the absolute crystallinity (determined from differential
scanning calorimetry (DSC), wide-angle x-ray diffraction (WAXD), density, or some
combination of these techniques). The melting point is measured using DSC, however it
is important to avoid any annealing (i.e., crystal thickening) or recrystallization of the
original crystals during the heating scan. The methods used to prevent this from

happening are to use 1) optimal heating rate which depends on the polymer system of
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interest, 2) chemically etching away the folded surfaces and the amorphous regions, and
3) chemically crosslinking the amorphous portion.

Recently, Xu el al [109] questioned the reliability of the SAXS technique in
measuring the lamellar thickness ! (at least for the case of iPP), and hence the resulting

T, value obtained from this method.

2.4.3. Hoffman-Weeks Extrapolation Methods
2.4.3.1. Linear Hoffman-Weeks Extrapolation Method

As mentioned previously in Section 2.2.2.1, the initial lamellar thickness has to be
greater than the critical lamellar thickness calculated from the classical secondary

nucleation theory by a factor of &l in order for the crystals to grow, which is given by

20, +8l= 20,T;

+6l, (1-20)
A AHSAT

I'=

where [* is the initial lamellar thickness and & is a quantity related to very small
thickening of the crystals and is a very weak function of temperature.

If the thickening behavior of the crystals can be expressed by the introduction of
the thickening ratio 8 =1/1*2 1 (for a coherent two-dimensional nucleation process), the
observed melting point T,, of a crystal which has been thickened by a factor B can be
expressed by

20,

T,=To(1——==
Bl AH

)- (1-114)

In the case where 8 equals 1 or 8l equals 0 (i.e., non-thickening), the melting point T,, of a
crystal is related to its crystallization temperature T, according to the equation:

T =1(--22). (1-115)

I'AH
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Based on Equations (1-114) and (1-115), Hoffman and Weeks [110] were able to
derive a very useful equation which allows determination of the equilibrium melting
temperature T,° from a series of melting temperatures T,, of crystals crystallized at

crystallization temperatures T,

T 1
T =—<+T°(1-—).

According to Equation (1-116), linear extrapolation of T,, versus T, data to the line T,,, =

(1-116)

T. yields the equilibrium melting temperature T,,’ value, and yields the thickening ratio
B as the slope. This type of plot is hereafter referred to as the linear Hoffman-Weeks
extrapolation. The factor 2 in Equation (1-116) suggests that the thickness of the crystals
undergoing melting is approximately doubled that of the initial critical thickness (cf.

Equation (1-17)).

2.4.3.2. Non-linear Hoffman-Weeks Extrapolation Method
Theoretically, Equation (1-116) is only valid when the slope of the plot of

observed T, versus T is a constant value close to 0.5, at which condition the thickening
ratio 3 is close to 1. Experimental observations on various polymer systems [107,110-
113}, however, have shown non-linearity in the observed T, data when plotted over
wide T, range, thus raising a concern on the assumed constancy of the thickening ratio f.
In fact, Weeks [114] has pointed out that the increase in observed T, value with
increasing crystallization time is a result of the increase in lamellar thickness, which has
a logarithmic dependence on time. This simply means that the thickening effect is much
more severe at higher T, values (i.e, B increases with increase in T.) where prolonged
crystallization time is needed for complete crystallization.

If the observed T,-T. data are collected over wide enough temperature range, it

is possible to divide curves T,, versus T, into three regions as suggested by Alamo et al.
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[113]. The first region corresponds to the lowest crystallization temperature range.
Within this range, the thickness of the crystallites is less sensitive to changes in T,
therefore observed T, is essentially only slightly dependent on T.. The second region
corresponds to the highest crystallization temperature range. Within this range,
prolonged crystallization time is needed in order to allow for the completion of the
crystallization process. During this time period, the initial nuclei can undergo excessive
thickening even before the bulk reaches 5-10% crystallinity [113]. The extent of
thickening process is a function of both time and crystallization temperature. The third
region corresponds to the temperature range intermediate to both extremes. In this
range, linearity in the plot of observed T, versus T, is evident, and it is the region to
which the linear Hoffman-Weeks procedure has been applied.

Even though the non-linearity in the observed T,-T. data over wide range of
temperature was explained to some extent by Alamo et al. [113], it is the recent
contribution by Marand et al. [115] that offers a new method of determining the T,
value based on the observed T,,-T. data in which the observed T,, data were taken from
samples crystallized at different temperatures but with the same a priori lamellar
thickening coefficient.

Based on the proposition made by Lauritzen and Passaglia [116] on stem length
fluctuations during chain folding, the fold surface free energy associated with a nucleus
of critical size 6,°" accounting for the extra lateral surface energy due to fold protrusion
and for the mixing entropy associated with stems of different lengths (related to the o,
quantity appeared in the Gibbs-Thomson equation) can be expressed as a function of

undercooling as

o = o!(1+¢AT), (1-117)
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where o, is the interfacial energy associated with the basal plane of the mature
crystallite and can be extimated from the slope of I* versus 1/AT [59,64], and ¢ is a small

positive constant.

Based on Equation (1-117), Marand et al. [115] re-wrote the equation for the

initial lamellar thickness (i.e., Equation (1-20)) to be

1o ! 4
r=20l, 2060 5 D5 (1-118)
AH{AT = AHY vy

where D, and D, are constants, and all other parameters are the same as previously
defined. Equation (1-118) is able to explain the discrepancy between the thickening
parameter measured experimentally (i.e., D, in Equation (1-118)) and that calculated
based on theoretical consideration (i.e., ol in Equation (1-20)) [115].

With the combinations of Equations (1-19), (1-117) and (1-118), Marand et al.
[115] proposed a new method, so-called the non-linear Hoffman-Weeks extrapolation, for

the analysis of experimental T,,-T, data based on the equation of the form:

T° c! T° D,AH
n_ = f3"— fe 4 , 1-119a
T -T, p O'fT[T,:—TC 20! ] ( )
or in a simpler form:
O.l
M=,B’”-ﬁ(X+a), (1-119b)
(¢}

4

where ™ is the thickening coefficient (cf. 8 in Equation (1-116)), and all other parameters
are the same as previously defined. It is worth noting that for most cases it is safe to
assume that ¢,' = 0.°". Precautionary remarks about using the non-linear Hoffman-
Weeks procedure were addressed in detail in the original publication by Marand et al.
[115].

In order to apply Equation (1-119) to real polymer systems, it is required that the

observed T, data be collected from samples crystallized at different temperatures but
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having the same lamellar thickening coefficient ™. Due to the fact that the rate of
isothermal lamellar thickening increases, while the overall rate of crystallization
decreases, with increasing crystallization temperature, measurement of the observed T,
data under the aforementioned condition is unpractical. To solve this problem, Xu et al.
[109], in a successful attempt of applying the non-linear Hoffman-Weeks procedure to
the case of iPP synthesized with Ziegler-Natta catalysts, obtained the observed T,, data
of non-thickened crystals (i.e., ™ = 1) by extrapolation of the T, values of thickened
crystals to zero crystallinity. The same procedure is repeated to collect the observed T,
data at other crystallization temperatures T..

For each set of the observed T,-T. data, corresponding values of M and X in
Equation (1-119) can be calculated for a given choice of the equilibrium melting
temperature T, . For the case of ¢,' = 6.°", the actual equilibrium melting temperature
T, is taken as the seed T’ value which results in the plot of M versus X being a straight
line with slope of unity (i.e., f = 1) and intercept of a (i.e., a = D,AH/20."). It should be
noted that this method was successfully tested for the case of linear polyethylene

(HDPE) by comparing with the theoretical approach by Flory and Vrij [105].

2.4.4. Data-fitting Methods
2.4.4.1. Data-fitting Method Based on Induction Time Data

Recently, a new method for the determination of the equilibrium melting
temperature T,,’ based on the measurements of nucleation induction times, defined as
the time interval the polymer takes from the beginning of isothermal crystallization to
the moment when stable nuclei are formed, was proposed by Lednicky and Muchova
[117]. The theory of nucleation induction time by Lednicky and Muchova [117-122] was
derived based on the classical theories of primary nucleation [29,32] (cf. Section (2.1)),

and offers a way to quantitatively relate the theories to the experimental results. The
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main application of the theory is to assess the nature of primary nucleation on foreign
surfaces [121,122], e.g., fibers, fillers, etc.

In general, crystallization of polymers from the melt often starts with primary
nucleation due to the presence of foreign surfaces, provided that prolonged melting is
carried out to ensure complete melting. In heterogeneous nucleation, two mechanisms
are involved [117,119,121]: 1) formation of the first layer on the foreign surface which is
characterized by the difference in the surface energies (cf. Section 2.2.1.2), and 2)
formation of the subsequent layers until the nucleus of critical size is established and the
growth process occurs. The induction time f; can be expressed as a summation of the
time periods for the formation of the first layer (denoted ¢,) and for the formation of the
subsequent layers (denoted t).

Since the time characteristic for each mechanism is inversely proportional to the
number of segments capable of nucleation [117,119,121], the equation describing the

induction time is given by

=1, +t,, (1-120)
AG o
in which t, = E, exp(—2 )exp(16(A")"""(T;' )y, (1-121)
kT kT(AH ,AT)
o AG o
(= E[-2ADL (B exp(—2090 Ty (1-122)
(AHAT)b, kT kT(AHAT)

where E; and E, are proportionality constants, and the other quantities are the same as
previously defined.

Muchova and Lednicky [117,121] showed that in some certain circumstances
only one of the constituent terms dominates. Specifically, for sufficiently high
crystallization temperatures, when the number of subsequent layers is much higher than

unity (in order for the nucleus to be energetically stable), the time for the formation of
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the first layer t, can be neglected. In such a case, the induction time f; can be

approximated by

2A6)T?
(AHAT)b,

4p00,T,
kT(AH {AT)

). (1-123)

t,=E[

AG,
Jexp(==") exp(

For some lower crystallization temperatures where the number of critical layer
approaches unity, the time for the formation of subsequent layers ¢, can now be

neglected. The induction time ¢, is therefore given by

16(Ac)oo (T7)

P ). (1-124)

AG
L=k, exp( an Jexp(

If the measured data are of high quality, the best fit of either Equation (1-123) or
(1-124) to the induction time data measured in a certain range of crystallization
temperatures where either equation can be approximated can be used to determine the
equilibrium melting temperature T,’. If the induction time data can be measured very

precisely, the T, value obtained will become more accurate.

2.4.4.2. Data-fitting Method Based on Linear Growth Rate Data
Recently, Huang et al. [112] suggested that analysis of the linear growth rate data

of polymers in the context of the LH secondary nucleation theory can only be carried out
successfully when the equilibrium melting temperature T, for the polymer of interest
can be determined accurately. They also suggested that the T,,° value for the polymer of
interest can be evaluated directly from the growth rate data, using the LH secondary
nucleation theory as basis (cf. Equation (1-48)).

By considering T, as a variable, a seed T,° value is first chosen and then the
traditional LH plot (i.e., logG + U /2.303R(T.-T..) versus 1/2.303T(AT)f) for each regime
is constructed based on the seed T, value. From the linear regression, the values of the

nucleation exponent K, (i.e., the negative value of the slope) and the intercept (i.e., logG,)
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corresponding to the seed T, value are obtained. They assumed that the true T, value
for the polymer of interest is taken as the seed T, value which gives the lowest variance
between the experimental values (i.e., the LHS of Equation (1-51)) and the linear
regression values (i.e, the RHS of Equation (1-51)). Their proposed method is hereafter
called the data-fitting procedure. So far, this method has been successfully applied to the
cases of poly(pivalolactone) [112] and its blends [112,123], isotactic polystyrene (iPS)
[124], poly(L-lactide-co-meso-lactide) copolymers [125], and isotactic polypropylene (iPP)
[109].

An alternative method for determining the true T’ value for the polymer of
interest can be determined based on the theoretical requirement of the ratios K, /Ky =
Ke/Kgy = 2.0, provided that either regime I-II or regime II-III transition exists within
the temperature range of interest. By assuming that the LH secondary nucleation theory
is applicable to describe the temperature dependence of the growth rate data of
polymers other than that of polyethylene which is the basis for the development of the
theory and that the measured growth rate data is of high quality, the true T,,° value for
the polymer of interest is taken as the seed T, value which results in the ratio of the
corresponding nucleation exponents of 2.0. Xu et al. [109] applied both alternative
approaches of the data-fitting procedure on the growth rate data of iPP, and found that

the resulting T, values determined from both approaches are comparable (ca. 215°C).
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PART 2:

THERMAL PROPERTIES AND ISOTHERMAL CRYSTALLIZATION
OF SYNDIOTACTIC POLYPROPYLENES: DIFFERENTIAL
SCANNING CALORIMETRY AND OVERALL CRYSTALLIZATION
KINETICS




1. ABSTRACT

Isothermal crystallization and subsequent melting behavior of five samples of
syndiotactic polypropylene are presented. Crystallization studies were carried out in
the temperature range of 60°C to 97.5°C using a differential scanning calorimeter (DSC).
Subsequent DSC scans of isothermally crystallized samples exhibited double melting
endotherms. The high-melting peak was concluded to be the result of the melting of
crystals formed by recrystallization during the reheating process. Overall crystallization
kinetics was studied based on the traditional Avrami analysis.  Analysis of
crystallization times based on the modified growth rate theory suggested that, within the
crystallization temperature range studied, the syndiotactic polypropylenes crystallize in
regime IIl. Kinetic crystallizability parameters were also evaluated, and were found to

be in the range of 0.41°C-sec™ to 2.14°C-sec’.

2. INTRODUCTION

Since the mid-1950s, the invention of Ziegler-Natta catalysis [1-3] has opened up
a new era in the synthesis of polyolefins. In 1958, isotactic polypropylene (iPP) was
successfully synthesized, and later became one of the most widely used and studied
polymers. In the 1960s, the syndiotactic form of polypropylene was successfully
synthesized [4,5] based on the AIR,Cl/VCl, catalyst systems. Even though the resulting
polymer possessed a fair level of syndiotactic content, it contained too high a level of
regio-irregular defects (e.g., head-to-head/tail-to-tail type defects). As a result, the
properties of the obtained polymer were inferior to those of its isotactic counterpart.

In 1988, Ewen et al. [6] reported that highly stereoregular and regioregular sPP
can be polymerized using a catalyst system composed of isopropylidene(cyclo-
pentadienyl)(9-fluorenyl)zirconium or hafnium dichloride and methylaluminoxane. The

discovery of these new metallocene catalyst systems helped open up a new route for the
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production of sPP with much improved purity and yields, and produced renewed
interest in the properties and possible applications of this “second generation” sPP.

It is well known that molecular characteristics, such as molecular weight,
molecular weight distribution, stereoregularity, and regioregularity greatly influence the
crystallization behavior and resulting morphology of polymers. It is therefore necessary
to understand and obtain enough information on basic crystallization characteristics of
the polymers of interest before further studies are carried out. In this study, the
isothermal bulk crystallization kinetics as well as melting behavior of sPPs is examined

using a differential scanning calorimeter.

3. THEORETICAL BACKGROUND

Bulk isothermal crystallization kinetics was studied by following the exotherms
recorded in the DSC7. When used to follow the crystallization of polymers, what DSC
measures is the heat flow Q released due to the exothermic nature of the crystallization
process. The heat flow is directly proportional to the weight of the sample w the
enthalpy of crystallization AH, and the overall crystallization rate (). Theoretically,
AH,_ is a product of the absolute crystallinity y, and the crystallization enthalpy of an
infinitely thick extended chain crystal of a perfect crystal (i.e., 100% crystallinity) AH .
Ideally, AH is also equal to the enthalpy of fusion of a perfect crystal AH/; thus, they
can be used interchangeably. Consequently, one may write the equation of heat flow as

Q< w- x.- AH? -6(2). (2-1)

By setting ¢=0/(c,w-x.-AH!) (where ¢, is a proportionality constant), the relative
crystallinity as a function of time 6(t), can be obtained by integrating the normalized

heat flow 4 (t), over the course of the crystallization process. One finally gets

o(f) = j 6(£)dt = jq(t)dz. (2-2)
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Analysis of isothermal bulk crystallization kinetics is usually performed using the

Avrami equation [7], which is normally written in the form:

0(t)=1-exp(-kt"), (2-3)
where k denotes the bulk crystallization rate constant, and n the Avrami exponent. Both
k and 7 are constants typical of a given morphology and primary nucleation type. It
should be noted that ¢ is the time spent during the course of crystallization measured
from the onset of crystallization (the incubation time is excluded). In practice, Equation
(2-3) is usually written in its logarithmic form:

In[-In(1-6(5))] = Ink +nln(z). (2-4)
According to Equation (2-4), when plotting In[-In(1-6(t))] against In(t), the values of n
and k can readily be extracted and taken as the slope and the anti-logarithmic value of
the y-intercept.

Based on Equation (2-3), if the time the polymer spends from the beginning of the
crystallization process to the time at which a certain amount of relative crystallinity has
developed is known (denoted t,: for example, if 8 = 0.50, t,s is the half-time of
crystallization), k can also be directly calculated. By rearranging Equation (2-3), one
arrives at

_-In(1-6)

&5

k (2-5)

If 6= 0.5, Equation (2-5) converts into a more familiar equation, which reads

k=122 (2-6)

n
t0.5

Since the crystallization time #, can be obtained directly from the experimental
data, it can be adapted to investigate the regime behavior (based on the growth rate

theory by Hoffman et al. [89]) in the isothermal crystallization of polymers, as
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described below. According to the Lauritzen and Hoffman theory, the spherulite growth

rate G is given as

° K
v ), (2-7)

OGP R TT) Tianys

where G, is a preexponential term which is not strongly dependent on temperature. U is
the activation energy of the elementary jump process which governs the mobility of the
polymer with respect to the temperature and is commonly given by a universal value of
6,276 J-mol” [8], T. is the crystallization temperature, T., is the temperature where the
molecular reptation is essentially zero and is frequently assumed to be T, - 30, R is the
gas constant, AT is the degree of undercooling (i.e., AT =T,’~ T.), and f is a factor used
to correct for the temperature dependence of the heat of fusion (i.e., f = 2T./(T. + T.,")).
It should be noted that U and T.. are the WLF (Williams-Landel-Ferry) parameters. K,

is the nucleation exponent, and is defined as

. 0
K,= 2% 2-8)
KAH

where j equals 2 for regime II and 4 for regimes I and I, b, denotes the crystal layer
thickness along the growth direction, ¢ and o, the lateral and fold surface free energy,
respectively, T, the equilibrium melting temperature, k the Boltzmann’s constant, and
AH_ the heat of fusion.

In the case of overall crystallization kinetics, the growth rate theory can be
applied by use of the following relationship (provided that the nucleation is mainly

instantaneous and the growth is spherulitic in nature):
=4 -
k—-inG N,, (2-9)

where N, is the number of nucleation sites which is essentially constant for

instantaneous nucleation type. Substitution of Equation (2-7) into Equation (2-9) and
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equating the product with Equation (2-5) gives the following relationship between t, and

G:

v____k (2-10)
R(IT ~-T) T(AT)f

te_| = AIGO exp(—
where A, is an arbitrary proportionality constant, and

" K
v I (2-11)

log(;") = 4, - -
o8 )= SBRIL-T.)  2303T(AT)S

where A, = logA, + logG,, and

U’ K
S, S . T— (2-12)
2303R(T.-T.) 2.303T(AT)f

log(z5") +
According to Equation (2-12), construction of log(t,”) + U /2.303R(T.-T.) versus
1/2.303T(AT)f plot serves as the regime test for the case of instantaneous nucleation

with three dimensional growth. The slope of such a plot is equal to -K..

4. EXPERIMENTAL DETAILS

4.1. Materials

The sPPs used in this study were supplied in the pellet form by Fina Oil and
Chemical Company in La Porte, Texas. Molecular characterization of these materials
was kindly performed by Dr. Roger A. Phillips and his coworkers at Montell USA, Inc.
in Elkton, Maryland. The results are listed in Table 2-1. It should be noted that sPP#2,
sPP#3, and sPP#5 exhibit a bimodal molecular weight distribution, which results in an

unusually high degree of polydispersity.

4.2. Technique and Sample Preparation
A Perkin-Elmer Series 7 Differential Scanning Calorimeter (DSC7) was used to
follow the isothermal crystallization as well as related thermal characteristics in this

study. The DSC7 equipped with internal liquid nitrogen cooling unit dependably
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provided a cooling rate up to 200°C-min”. Temperature calibration was performed using
indium as a standard; it has the following thermal properties: T,,° = 156.6°C and AH, =
28.5]-g". The consistency of the temperature calibration was checked every other run to
ensure reliability of the data obtained. To make certain that thermal lag between the
polymeric sample and the DSC sensors is kept to a minimum, each sample holder was
loaded with a single disc, weighing around 4.9 + 0.3 mg. A hole-puncher was used to
cut the disc from a film. The film was prepared by melt-pressing virgin pellets, placed
between a pair of Kapton films which in turn were sandwiched between a pair of
stainless steel platens, in a Wabash compression molding machine at 190°C under a
pressure of 67 kpsi. After ten minutes holding time, the film, approximately 280 um
thick, was taken out and immediately submerged in an ice-water bath, while it was still
between the two steel platens. This treatment assumes that previous thermal and
mechanical histories were essentially erased, and provides a controlled condition for the

film.

4.3. Methods

The experiment started with heating the sample from —40°C at a scanning rate of
80°C-min” to 190°C, and was held there for 5 min before quenching at a cooling rate of
200°C-min” to a desired isothermal crystallization temperature T,. The 5 min holding
time at 190°C is necessary to erase the previous crystalline and orientation memories.
At each crystallization temperature, the crystallization process was closely monitored.
It was assumed that the crystallization finished when the exothermic trace converged to
a horizontal baseline, at which point the DSC was programmed to quench the sample to
T.-10°C. After one minute holding time, the sample was heated at a scanning rate of
20°C:min” to observe its melting behavior. The relationship of the melting point

observed and the crystallization temperature was also considered by preparing a
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Hoffman and Weeks plot [10]. It should also be noted that each experimental run was
performed on a fresh sample.

In this study, the glass transition temperature of each sPP sample was also
investigated. The experiment started by melting a sample, which was encapsulated in a
DSC sample holder, in a Mettler FP 82 hot stage, temperature of which was preset at
190°C. After a 5 min holding time, the sample was immediately quenched and
submerged in liquid nitrogen for 3 min. The sample was then transferred as quickly as
possible to the DSC cell, temperature of which was preset at 40°C. As soon as the heat
flow became stable, the sample was heated at a heating rate of 20°C-min”. The glass
transition temperature was then taken as the mid-point of the specific heat jump in the

glass transition region [11].

5. RESULTS AND DISCUSSION

5.1. Glass Transition Temperature

The measured glass transition temperatures are listed in Table 2-2 for each
sample. Other relevant data are also tabulated, such as the extrapolated glass
transition onset T,, the extrapolated end-point T,, and the specific heat jump AC,.
According to Table 2-2, AC, lies in the range of 0.41 to 0.49 J-g"K". The value of T, for
each sample does not vary much, and it is likely that all values are within experimental
error of the average value of —6.1 + 0.4°C (267.0 * 0.4 K). The glass transition
temperatures of sPP have been reported by a number of authors. Miller and Seeley [12]
used two different methods, DSC and an automated torsional braid, and came up with
the values of 0°C and 3°C, respectively. Haftka and Kénnecke [13] determined the T, of
an sPP sample with 92.4% syndiotacticity (racemic pentads) to be 0°C by slow-cooling
at 20°C min™ in a DSC. Recently, Eckstein et al. [14] has reported the T, values of sPP

samples with 79.6% and 92.0% syndiotacticity (racemic pentads) to be 0°C and 3.3°C,



Table 2-2. Glass transition temperatures for syndiotactic polypropylene
samples.

Sample T, T, AC, T,
(°C) (°C) J-g"K" (°C)
SPP#1 "8.94 342 0.43 26.05
sPP#2 -8.34 -3.81 0.41 -5.98
sPP#3 -8.84 -4.42 0.42 -6.52 |
sPP#4 -8.27 -3.03 0.47 -5.60 |

SPP#5 -9.61 -3.73 0.49 -6.47 |
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respectively, using a DSC. They did the experiment by first quenching the samples at
200°C-min” to —60°C and then determined the T, values upon subsequent heating at

20°C-min’”.

5.2. Melting Behavior and Equilibrium Melting Temperature

Figure 2-1 presents a set of DSC heating thermograms which were collected at a
heating rate of 20°C:min” for sPP#4 samples isothermally crystallized at specified
temperatures. It is apparent that the DSC endotherms exhibit double melting peaks,
which are distinguishable at crystallization temperature below 90°C. Moreover, with an
increase in crystallization temperature, the low-melting peak seems to increase in its size
and sharpness, and moves to higher temperature. On the contrary, the high-melting
peak gets smaller as the crystallization temperature increases, and disappears when T, 2
90°C. This is, in general, consistent with earlier published results by other authors [15-
18]. Another interesting melting characteristic of sPP, which can be observed directly
from its melting endotherms, is that, upon reheating, the melting starts at a temperature
close to its crystallization temperature (ca. = T, + 7°C). This phenomenon was verified
very recently by Schmidtke et al. [18]. It is now believed that the melting starts slightly
after T, [18] and it is followed by a recrystallization [15,18] in the range of the first
melting endotherm, resulting in the appearance of the second endotherm. However, the
phenomenon is less pronounced at high T..

To account for the effect of heating rate on the melting behavior of sPP, a
separate qualitative experiment on sPP#4 is performed, the result of which is presented
in Figure 2-2. In this experiment, each sample was isothermally crystallized at 75°C,
then its melting thermogram was recorded at 6 different scanning rates, ranging from 5 to
40°C-min’. It is evident, according to Figure 2-2, that the areal fraction of the high-

melting endotherm decreases with increasing heating rate, while the area of the lower
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melting peak increases. This finding is in a very good agreement with earlier reports [16-

18], and confirms the suggestion that the high-melting endotherm is in fact a result of a
recrystallization process that occurred during the melting of the polymer. As was
pointed out by Rodriguez-Arnold and her coworkers [16], the heating rate used to
obtain a melting endotherm plays a major role in the melting point observed. The
observed melting points when the heating rate is either lower or greater than 20°C-min™
are greater in value than that obtained at 20°C-min™. They suggested that it is the
annealing effect that contributes to the increase in the melting point at the lower heating
rates, whereas it is the instrumental thermal lag at the higher heating rates. A similar
trend is also observed in the present study. This is the justification for the experiment to
be conducted at the heating rate of 20°C-min".

Complete experimental data taken from crystallization exotherms and
subsequent melting endotherms for all sPP samples are listed in Table 2-3. It is clearly
seen, according to Table 2-3, that peak temperature values T, of the high-melting
endotherms for all sPP samples are less dependent on the crystallization temperature
than those T, of the low-melting ones. Furthermore, it is apparent that both enthalpy of
crystallization AH, and enthalpy of fusion AH; increases with increasing T,, whereas the
difference between the two quantities decreases. For example, for sPP#1 the difference
between AH; and AH. is as much as 20.4% at T. = 60°C, as opposed to 10.2% at T, =
95°C; and for sPP#5 it is 20.5% at T. = 70°C, as opposed to 16.2% at T, = 97.5°C.
Along with the result shown in Figure 2-2, this suggests that the low-melting endotherms
most likely are a result of the crystals formed at T, whereas the high-melting ones are a
result of the recrystallization of metastable crystals melted in the course of the first
melting peak. It also suggests that the once-molten crystals are less likely to recrystallize
when T, is increased. In addition, the temperature dependence of AH; may, to some

extent, account for the difference between AH, and AH, [18].
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Based on the hypothesis drawn previously that the values of the low-melting
peaks correspond to the melting of the crystals formed at a specified T,, the T,, values
listed in Table 2-3 are now considered as the melting points T, of the samples
crystallized at T.. According to a theory derived by Hoffman and Weeks [10], the
equilibrium melting temperature T, that is the melting temperature of infinitely
extended crystals, can be obtained by linear extrapolation of T,, versus T, data to the

line T,, = T.. Mathematically, they arrived at the following equation:

S ]
Tm—2ﬂ+Tm[1 2ﬁ]’ (2-13)

where fis the “thickening ratio.” In other words, 8 indicates the ratio of the thickness of
the mature crystal [, to that of the initial one I; therefore, 8 = I./1, which is supposed to
always be greater than or equal to 1. It should be noted that the factor 2 in Equation (2-
13) suggests that the thickness of the crystals undergoing melting is approximately
doubled that of the initial critical thickness.

Figure 2-3 shows the plots of T,, versus T, for all sPP samples. It is evident that
T, values for all of the samples exhibit a linear relationship with T, at least in the
temperature range of interest. The intersection of a least square line, fit to the data set
for each sample, with the line T,, = T, provides the values of T,’. The slope of the least
square line, which equals 0.58, can also be used to calculate the 8 parameter (i.e., § = 0.5
x slope™). These values, along with the correlation coefficient, 7, of the fit, are reported
in Table 2-4. The results show that the T,’ values lie between 146.1°C to 148.3°C (419.3
K to 421.4 K). The slopes of the least square lines range from 0.41 to 0.47, which agree
extremely well with the published result by Balbontin et al. [19]. Derived from the
slopes of the least square lines, the lamellar thickening parameter B is found to be
roughly 1, which is in a very good agreement with other reports [13,19]. In addition, the

value of f near 1 guarantees that the extrapolation is valid and gives a reliable T, value,
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since the T,, values observed for different T, values are not affected greatly by the
annealing process.

There are a number of reported values of T, available in the literature [12,13,15-
21]. These values scatter in a wide range, depending on the syndiotacticity level of the
sample used. By lacking a common basis of reporting the degree of syndiotacticity, it is
quite difficult to compare the reported values together. Recently, the level of NMR
racemic pentads [%rrrr] has been used more frequently to represent the degree of
syndiotacticity in sPP samples. Therefore, only those published T,.’ values with known
[%rrrr] will be reported with the syndiotacticity level in parentheses: they are 168°C
(92%) [15], 160°C (86%) [16], 155°C t0170°C (87% to 95%) [17], 166°C (91%) [18], and
150°C to 186°C (89% to 95%) [19]. Comparing with these values, the result (146°C to
148°C) seems reasonable when considering that the syndiotacticity level lies in the range
of 75% to 77%.

As can be seen, the observed T," values exhibit a strong correlation with the
syndiotacticity in the samples. In an attempt to correlate the dependence of observed
T.. values as a function of syndiotacticity level, Miller [22] modified the original Flory
theory for the depression of melting point in copolymers [23,24] to be used in this
fashion, and it has been applied by several authors [12,17,19]. The model assumes that
a sPP chain has a random arrangement of syndiotactic dyads, which are crystallizable,

and isotactic ones, which are not. Mathematically, this model reads

1 1 _ R
__( S
AH,

I, (o

m

Mnp, (2-14)

where (T,')i0n, and AH/ are the equilibrium melting temperature and the equilibrium
enthalpy of fusion of a sPP with 100% syndiotacticity level, respectively. R is the gas
constant, and p, is the fraction of the monomer units which are syndiotactically bonded.

In this case, p, is substituted by the racemic dyads [%7].
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According to Equation (2-14), (T, ) can readily be calculated if all other
variables are known. The only parameter which poses a problem with is AH?, due to the
scattering in the reported values which range from 3.1 kJ-mol” [12] to 8.3 kJ-mol™ [13].
Most recent studies have reported AH{ values in the range of 7.7 kJ-mol’ [18] to 8.0
kJ-mol” [16], which is very close to the value of 8.3 k]-mol" reported earlier by Haftka
and Konnecke [13]. In this study, a AH{ value of 8.0 kJ-mol” (190.4 J-g") is used in the
calculation, the result of which is also listed as the last two columns in Table 2-4.
According to Table 2-4, it is evident that (T, ), ranges from 163.2°C to 172.9°C (436.3
K to 446.0 K), with the average value of 168.7 + 4.1°C (441.8 + 4.1 K). Reported values
of (T, )10 in the literature are 220°C [12] and 214°C [19], which may be overestimated.
Comparison of the (T,, )% Values may lead to a misleading conclusion, since different
authors often use different values of necessary parameters, especially those of p, and
AH?. Consequently, the (T,.), values were re-calculated using AHS = 8.0 kJ-mol’
based on data of known [%r] available in the literature [16,17,19]. The average
calculated values of (T,)i are 173.5 + 1.3°C (for [16]), 165.0 + 5.1°C (for [17]), and
173.6 £ 10.9°C (for [19]). Based on these values, the result seems very reasonable.

The (T,")100% Values were also re-calculated using the AH? value of 8.3 kj-mol’
(196.6 J-g"). The new (T, 0w Values were found to lie in the range of 162.6°C to 172.0°C
with the average value of 168.0 + 4.0°C (441.1 £ 4.0 K). The (T,,)100% Values were also re-
calculated bas?d on the same data sets considered in the previous paragraph. The
average recalculated values of (T,%,q9 are 173.1 * 1.0°C (for [16]), 164.8 + 5.2°C (for
[17]), and 173.4 + 10.9°C (for [19]). Based on these calculated values, it is possible to
conclude that the lower the value of AH? used in the calculation, the higher the estimated

(T )10 Value.
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5.3. Overall Crystallization Kinetics
5.3.1. Avrami Analysis

As described previously, DSC is often used to follow the overall isothermal
crystallization by measuring the heat flow released during the crystallization process,
according to Equation (2-1). Combined with Equation (2-2), the relative crystallinity
6(t) as a function of reaction time t can be determined. Figure 2-4 illustrates relative
crystallinity as a function of time for sPP#3 samples isothermally crystallized at T,
ranging from 80°C to 95°C. Based on the Avrami model [7] expressed as Equation (2-3),
the data similar to those shown in Figure 2-4 can be analyzed according to the Avrami
equation in its logarithmic form (i.e., Equation (2-4)). By performing a least square fit in
the range of 10% to 80% relative crystallinity to the Avrami plots such as those shown
as the inset figure in Figure 2-4, the Avrami exponent n and the rate constant k can
readily be extracted. In practice, these kinetics parameters, together with Equation (2-
3), can be used to simulate the crystallization process at a given T,, as shown by the
solid lines in Figure 2-4. The other important parameter is the half-time of
crystallization ¢,5; which is the time taken from the onset of the crystallization until 50%
completion, and can be extracted directly from the plot of 6(t) versus time t. Table 2-5
lists all of the kinetics results for all of the sPP samples.

Figure 2-5 shows the plots of the crystallization half-times and their reciprocal
values against the crystallization temperature. It is evident that the rate of the
crystallization falls in the following sequence: sPP#5 > sPP#3 > sPP#2 > sPP#4 >
sPP#1, although sPP#2 seems to crystallize a little bit faster than sPP#3 at T, < 78°C. It
is not possible, at least at this point, to find a reason why these sPP samples crystallize
in that sequence. As is well known, there are a number of factors affecting the
crystallization of polymers. They include stereoregularity, regioregularity, molecular

weight, molecular weight distribution, kind and quantity of nucleation agent used, and
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presence of impurities. The crystallization behavior, in terms of growth rate and
nucleation rate measurement, of these sPP samples will be investigated more extensively,
and will be of future publication. With those results, it will then be possible to conclude
with a higher level of confidence what is controlling the isothermal crystallization
behavior of these sPP samples.

According to Table 2-5, the Avrami exponent n does not seem to exhibit a
definite overall correlation with T,, though samples sPP#3, sPP#4 and sPP#5 exhibit a
slight gradual increase of n with an increase in crystallization temperature. For all of the
sPP samples, n ranges from 2.01 to 3.27. More specifically, n ranges from 2.41 to 3.22
for sPP#1; from 2.22 to 2.54 for sPP#2; from 2.15 to 2.87 for sPP#3; from 2.05 to 2.88
for sPP#4; and finally from 2.01 to 3.27 for sPP#5. The result seems to fall in a
comparable range of the values reported in the literature: they are 1.91 to 3.34 by
Rodriguez-Arnold et al. [16], and 1.81 to 3.86 by Balbontin et al. [19]. Along with the
plots of ts and ¢,5" versus T, as shown in Figure 2-5, the plot of the crystallization rate
constant k shown in Figure 2-6, shows that sPP samples crystallize slower with an
increase in T, at least in the range of T, investigated. In an earlier paper [25], it is found
that the plot of t,;" (for sPP#1 sample) against T, exhibits a double bell-shaped curve,
while that of the linear growth rate against T, shows the typical bell-shaped curve.
Based on the growth rate theory [8,9], the bell-shaped curve can be described as a result
of the nucleation control effect at high T, (low undercooling, AT = (T,)0% — T.), and
diffusion control at low T, (high AT). It is apparent according to the result shown in
Figures 2-5 and 2-6 that, within the T, range of interest, all of the sPP samples crystallize

in the nucleation-controlled range.
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5.3.2. Regime Analysis

As discussed previously in the theoretical section, the growth rate theory [8,9]
can also be tested by using t, values taken directly from the experimental data, obtained
from the DSC experiments. At this moment, the relationship between the half-time of
crystallization t,; and crystallization temperature T, is focused. Since a preliminary
observation under a polarized light microscope suggested that all of the sPP samples
crystallize mainly in a three dimensional, instantaneous fashion, within the T, range of
interest, construction of log(t,s") + U /2.303R(T.-T..) versus 1/2.303T(AT)f, as shown in
Figure 2-7 for all of the sPP samples, serves as the regime test. The parameters used are
as follows: T, = 237 K (T, = 267 K), (T,)om = 441.8 K, and U = 6,276 Jmol™. It is
apparent that the bulk of the data for all of the sPP samples fit a straight line, with the
correlation coefficients r* of 0.998 or better. Since earlier reports [16,25-27] have
suggested that the regime II-regime Il transition should occur at T, = 110°C (i.e., AT =
50°C), it is possible to conclude with a high level of confidence that the data, in the T,
range of interest, represent crystallization in regime III. From the slopes of the plots, the
nucleation exponents K, are found to range from 5.69 x 10° K* to 7.03 x 10° K>,

Once K, values have been determined, other parameters characteristic of crystal
growth can be estimated. First, 00, can be calculated from Equation (2-8), provided
that other parameters are known. By referring to Equation (2-8), the only unknown
parameter is the layer thickness b, which can be estimated from the unit cell parameters.
It is therefore imperative to know the crystallographic form and lattice dimensions of the
sPP samples, crystallized in the temperature range of interest. Based on the WAXD
results [28], it is obvious that all of the sPP samples crystallize in the high temperature
orthorhombic form II (Cell II) as determined by Lotz and coworkers [29], especially
when T, < 110°C. The unit cell of this orthorhombic modification occupies the space

group Pca2,, with the axis dimensions: a4 = 14.50 A, b=560A,and c =740 A. This
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structure is particularly characterized by the existence of helices of opposite hands with
chain axes in (0, 0, z) and ('/,, 0, z).

By assuming that (010) or (200) is the growth plane, it is possible to estimate the
molecular width g, and the layer thickness b,. At this point, it is possible to calculate the
lateral and fold surface free energy, ¢ and o,, separately, but one first has to estimate

the o value based on the modified Thomas-Staveley equation [30]:

o=0AH?\ab,, (2-15)
where ab, is a cross-sectional area of one chain molecule, and « is a universal parameter
related to the chemical nature of the polymer, and often taken to be 0.1. Now, the fold
surface free energy o, can be calculated from o0./0 (cf. o0, is evaluated from K
according to Equation (2-8)). Once the o, parameter has been calculated, the average
work of chain folding g which is defined as

g =2a,b0o,, (2-16)
can also be calculated. All of the input parameters necessary for the calculation based
on the growth rate theory and the results of the calculation for all of the sPP samples are
listed separately in Tables 2-6 and 2-7.

According to Table 2-6, the lateral surface free energy o is estimated to be 11.3
erg-em”® (mJ-m?) for both (010) and (200) growth planes. This value is in a good
agreement with the reported value of 11 erg-cm” by Rodriguez-Amold et al. [27], and
this value is also close to those estimated for isotactic polypropylene (iPP) and
polyethylene (HDPE) [26], which are 11.5 erg-em® and 11.1 erg-em? to 14.1 erg-cm?,
respectively. According to the last four columns in Table 2-7 where the half-time of
crystallization ¢,5 was used in the analysis of the regime crystallization, the fold surface
free energy o, lies in the range of 124.5 ergcm” to 153.9 erg-cm” when assuming that

(010) is the growth plane, and 96.2 erg-cm? to 118.9 erg-cm” when assuming that (200) is
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Table 2-6. Input parameters for calculation of parameters characteristic of

crystal growth.
Parameter Value Remarks
Heat of fusion, AH 1.77x10° erg-cm™ Ref. 16 and Ref. 29
Glass transition temperature, T, -6.1°C or 267.0 K This work
Equilibrium melting temperature, (T, )10,  168.7°C or 441.8 K This work

Boltzmann’s constant, k

1.380x10" erg-molecule’-K"
For (010) growth plane

Molecular width, a, 7.25x10% cm Estimated from Ref. 29
Layer thickness, b, 5.60x10° cm Estimated from Ref. 29
Cross-sectional area of chain, ab, 4.06x10™° cm’ Estimated from Ref. 29
Lateral surface free energy, ¢ 11.3 erg-em? From o = 0.1AH (ab,)"
For (200) growth plane
Molecular width, a, 5.60x10® cm Estimated from Ref. 29
Layer thickness, b, 7.25x10® em Estimated from Ref. 29
Cross-sectional area of chain, agh, 4.06x10™" cm? Estimated from Ref. 29
Lateral surface free energy, ¢ 11.3 erg-cm? From o = 0.1AH(a,b,)"*




9¢t 2801 012Z1 LO1X0v'9 qel I'ST1 £66C1 LHIxI8'9 6€l S8Il L'Ze€l HOIXT10°L  G#ddS
0¢l 'Lt 9'¢acl 01x/599 9¢l S99l vyici L01%68°9 8¢l 1811 g'eeel 01%66'9 Y#dds
871 8601 9'8¢T1 O1x67'9 9¢l 0911 S80El L01%98°9 8¢l €811 o6eet O1X00°,  ¢HddS
6€l 6811 8 IvEL OIxe0’L [5741 javAl Z6sel OIXEL'L (1321 roct 96Ge1 OIXI1L  THddS
[AlA 296 G'G801 O1%69'G S1t ¥'86 60ILL 01x28Q att 1'86 €L011 LHIX08'G  1#ddS
auejd yymoi3 (gpz) 104
a1 1ovL 80861 LO1X0%9 Vil L'6¥1 12891 O1X18'9 6'L1 yest riest OXI0L  GHddS
891 gchl 0'€e9l L01%£59 941 8051 LT0LL O1%68°9 6L1 0'¢st 19zsl 01%66'9  ¥T#ddS
991 eyl G'e091 O1x6v9 G'LL rost I'¥691 O1%989 6'L1 7est L& TIAN LO1x00°2 cHddS
081 6'€S1 |WAYAR O1x€0L 8l 6'SS1 L6841 O1XeT’L 81 g'asl 06sLL OIXIL'L  THIS
9¥v1 N 74} €Gob1 01%69'S 671 gLl [41%41 L1xZ8's 8V1 02l 9eehl OIX08'G  1#ddS
aueld yymo13 (Q1p) 104
Grow-ed) (wn.gr) (,wo.,319) @D (owr[edy)  (wa8se)  (,wd.,310) (&) GIouwr[edy)  (wo81e)  (,wo-,S10) @D
b 0 *00 N b 0 *00 N b 0 00 N ajdureg
50 Y] K.

*A100Y) 9301 Y)MOJ3 palJIpowW ay) Uo paseq 8 sauily uonezijjeishid ayy Jo siskjeuy ‘-z ajqel




108
the growth plane. The work of chain folding g was also calculated, and was found to
be in the range of 14.6 kcal-mol” to 18.0 kcal-mol’ when assuming that (010) is the
growth plane, and 11.2 kcal'mol” to 13.9 kcal'mol’ when assuming that (200) is the
growth plane.

Since these values seem rather high when comparing to the values estimated (o, =
49.9 ergem® and g = 5.8 kcal'mol®) by Clark and Hoffman [26], and the reported
values (0, = 42-47 erg-cm” and g = 4.8-5.7 kcal-mol) by Rodriguez-Arnold et al. [27], it
now becomes questionable whether or not the calculation was correct. An attempt to
confirm the correctness of the calculation was done by re-evaluating the available growth
rate data (for sPP#1) [25] and those by Miller and Seeley [12] using the same input
parameters as used in this study, and found that, evaluated from growth data, o, lies in
the range of 75.8 erg-cm™ to 85.8 erg-cm” when assuming that (010) is the growth plane,
and 54.6 ergem® to 61.7 erg.cm’ when assuming that (200) is the growth plane.
Likewise, § was found to be in the range of 8.9 kcal'mol’ to 10.0 kcal'mol’ when
assuming that (110) is the growth plane, and 6.4 kcal'mol” to 7.2 kcal'mol’ when
assuming that (200) is the growth plane. These values indicate that there should be
nothing wrong with the calculation procedure in the present study. The discrepancy
between the growth parameters analyzed from the bulk kinetics and those from the
growth kinetics may result from the fact that the bulk kinetics also includes the
nucleation kinetics, which is totally ignored when growth kinetics was analyzed.

Table 2-7 summarizes the growth parameters analyzed from crystallization times
at 10% and 20% relative crystallinity, £,, and t,,, respectively. The results seem to
decrease in value corresponding to the crystallization times, ,, in the following order: ¢,

> t0.2 > tO.S'
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5.3.3. Construction of Crystallization Rate Function
Measurement of the crystallization times ¢, is not always possible especially in
the lower crystallization temperature range. According to the growth theory,
crystallization of polymers at low temperatures or high degrees of undercooling usually
occurs in regime IIl. If the crystallization time data in this temperature range are
available, they can be used to estimate the crystallization time values at other
temperatures. This can be done by the use of Equation (2-10), which states the
relationship of the reciprocal value of the crystallization time and the temperature.
Provided that T,) and T, are known, the only unknown parameters are A,G, and K,
which can readily be obtained from the regime plot where A,G, is the anti-logarithmic
value of the y-intercept (A,G, = 109" *¥"9) and K, is the negative value of the slope
(K, = -slope). This can be demonstrated by taking the case of sSPP#1 as an example.
According to the regime plot (analyzed for the half-time data) of the sPP#1
sample, the values of A,G, and K, are 2.06x10" and 5.69x10°, respectively. Substitution
of these values into Equation (2-10) leads to the expression of the half-time of

crystallization as a function of temperature:

__754.83 5.69x10°

! in") =206 x 10" -
(#05)m (min™) x exp( T.-T,) T(AD)S

). (2-17)

The expressions of crystallization times as a function of temperature for all of the
samples can also be obtained in the similar fashion as shown above. Figure 2-8 shows
both the experimental and predicted values of the reciprocal half-times as a function of
temperature for all of the sPP samples. Apparently, the maxima in all of the plots occur

near 60°C.
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5.3.4. Kinetic Crystallizability

The temperature dependence of the crystallization half-times was introduced as

early as in 1967 by Ziabicki [31-33] and can be described by a Gaussian function of the

form:

(7; - Tmax )2

fos = (15 )min €Xp[—41n2 . (2-18)

where T,,, is the temperature where the crystallization is the maximum, (fos)m. the
crystallization half-time at T,,, and D the half-width of the crystallization rate (the
reciprocal value of the crystallization half-time) curve. With use of the isokinetic
approximation, integration of Equation (2-18) over the whole range of temperatures in
which crystallization may occur (T, < T < T,,’) leads to an important characteristic value
describing the crystallization ability of the polymer, namely the kinetic crystallizability

K

1.064D _
=K.

2-19
(tO.S)min ( )

Ta
J (T =
%

In practice, Tpay (fos)mn, and D may be measured from a curve such as that
shown in Figure 2-8. Table 2-8 lists the T,,,, (tos)m D, and ¥ values for all of the sPP
samples. The characteristic values of some other polymers [33] are also listed for
comparison. The practical meaning of the G parameter is to characterize the ability of
the polymer in crystallizing when it is cooled from the melting temperature to the glass
transition temperature at a constant cooling rate [33]. The higher the x* values, the more
readily the polymer crystallizes. Based on the x* values listed in Table 2-8, the
crystallization ability of the sPP samples falls in the following order: sPP#5 > sPP#2 >
sPP#3 > sPP#4 > sPP#1. When comparing with some other polymers listed in Table
2-8, the crystallization ability of these polymers fall in the following sequence: Nylon 66

> iPP > Nylon 6 > sPP > iPS.
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Table 2-8. Kinetic characteristics of syndiotactic polypropylene samples
and some other polymers.

Tmo Tg Tmax (tO.S)min D Kz
(<) (C) (C) (sec) (C) (C-sec”)
sPP#1 146.1 -6.1 60.0 95.2 36.9 0.41
sPP#2 146.6 -6.0 55.0 23.7 34.7 1.56
sPP#3 148.3 -6.5 57.0 28.3 35.6 1.34
sPP#4 146.4 -5.6 56.5 45.0 35.5 0.84
sPP#5 146.4 -6.5 57.0 17.7 35.6 2.14
iPS ® 240 100 170 185 40 0.16
Nylon 6 ¥ 228 45 146 5 46 6.8
Nylon 66 ¥ 264 45 150 0.42 80 139
iPP * 180 -20 65 1.25 60 35

3 Data taken from Table 2.5 in reference 33
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6. CONCLUSIONS

The average glass transition temperature for all of the sPP samples used was
determined to be —6.1 + 0.4°C (267.0 + 0.4 K). Observation of subsequent melting of the
sPP samples after isothermal crystallization at specified crystallization temperatures
showed the existence of two endotherms whose position on the temperature axis and
heat absorbed depended significantly on the crystallization temperature and the heating
rate used. The result suggested that, at least in the crystallization range of interest (from
60°C to 97.5°C), the low-melting endotherms correspond to the melting of crystalline
aggregates formed at specified crystallization temperature, whereas the high-melting
ones are the result of the melting of crystalline aggregates which formed by
recrystallization during heating. The typical Hoffman-Weeks extrapolation suggested
that the equilibrium melting temperature T, lies in the range of 146.1°C to 148.3°C
(4193 K to 4214 K). Finally, the equilibium melting temperature of 100%
syndiotacticity (T,,))10n Was estimated to be 168.7 + 4.1°C (441.8 *+ 4.1 K), which is the
average value determined from the sPP samples studied.

The half-times of crystallization t,5 revealed that the rate of the crystallization
for all of the sPP samples is in the following order: sPP#5 > sPP#3 > sPP#2 > sPP#4 >
sPP#1. The Avrami index n does not seem to have a significant relationship with the
crystallization temperature, at least in the temperature range of interest, and ranges from
2.01 to 3.27. The crystallization rate constant k agrees extremely well with what was
observed by the half-time of crystallization. The plot of log(t,") + U /2.303R(T.-T.)
against 1/2.303T (AT)f, serving as a regime test based on the growth rate theory, for ¢, at
0 = 0.10, 0.20, and 0.50 clearly showed straight lines for all of the sPP samples. It was
assumed that sPP samples crystallize in Regime III within the studied temperature range

(60°C to 97.5°C).
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The ability of the sPP samples to crystallize was determined by the kinetic
crystallizability parameters ¥ which ranges from 0.41°C-sec”’ to 2.14°C-sec’. Based on
this parameter, the crystallizability of all of the sPP samples is in the following
sequence: sPP#5 > sPP#2 > sPP#3 > sPP#4 > sPP#1. Comparison with some other
polymers reveals that syndiotactic polypropylene crystallizes much slower than Nylon
6, isotactic polypropylene, and Nylon 66, while it crystallizes faster than isotactic

polystyrene.
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PART 3:

REGIME CRYSTALLIZATION IN SYNDIOTACTIC
POLYPROPYLENES: RE-EVALUATION OF THE LITERATURE DATA
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1. ABSTRACT

The Lauritzen and Hoffman secondary nucleation theory was applied to linear
growth rate data of syndiotactic polypropylene taken from the literature. Observation of
the distinctive upward change of slope in plots of logG + U /2.303R(T.-T..) versus
1/2.303T(AT)f suggested the regime II-III transition at the crystallization temperature
of 110°C. Based on the input parameters judged to be the most accurate, the ratios of
Ky /K,y were found to range from 1.7 to 2.2. Regardless of the crystal structure, if the
growth is assumed to occur on the bc plane, the lateral surface free energy o = 11.3
erg-cm” and the fold surface free energy o, = 63.7 + 7.1 erg-cm” were found. The latter
leads to the average work of chain folding of g = 7.4 = 0.8 kcal-mol”. If the growth is
assumed to occur on the ac plane, the fold surface free energy is found to be g, = 82.4
9.1 erg-cm?, while the lateral surface free energy is the same as previously noted. In this
case, the work of chain folding of § = 9.6 + 1.1 kcal'mol™ is found. These values are
applicable to both regimes II and III. A detailed evaluation of the effects of changes in

input parameters was also carried out.

2. INTRODUCTION

The polymer crystal growth or secondary nucleation kinetics theory introduced
by Lauritzen and Hoffman [1-3] (i.e., the LH secondary nucleation theory) has been
developed and revised repeatedly in subsequent publications essentially by Hoffman
and his co-workers [4-10]. The theory suggests that polymers crystallize in three
different regimes, as opposed to the classical theory of secondary nucleation in which
the deposition of a single nucleus on a growth face is followed by a rapid lateral
spreading process. The simplest way of understanding regime crystallization is to
envisage the growth process as being composed of two different processes. The first is

the deposition of the secondary nucleus on the growth face, while the second is the
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lateral spreading of polymer chains or segments of the chains across the growth face.
Regime I is very similar to the notion of the classical theory in which the lateral speading
rate is much greater than that of the surface nucleation rate. Regime II is observed when
the rates of the two processes are comparable, and Regime III occurs when the rate of
secondary nucleation is greater than that of the lateral spreading.

Fundamentally, a regime transition is observed as a break in the growth rate data
with respect to the crystallization temperature or, to be exact, the degree of
undercooling. In the highest temperature regime, where regime I is observed, the
growth rate G is directly proportional to the secondary nucleation rate i (i.e., G o< 7). At
moderate undercoolings, where regime II is observed, multiple surface nucleation
occurs on a growth face, resulting in growth rate being dependent on the square root of
the secondary nucleation rate (i.e., G o< Vi). As the undercooling is further decreased,
multiple surface nucleation becomes so prolific that the niche separation approaches the
size of a single stem, and the dependence of the growth rate and the surface nucleation
rate switches back to that of regime I (i.e., G e i). Due to the relationship of the growth
rate on the secondary nucleation rate in all three regimes, it is obvious that one should
observe a downward break in the growth rate data at the point where the regime I-II
transition occurs, and an upward break where regime II—Ill transition occurs.

Based on the growth rate studies in various laboratories, the presence of a regime
I>II transition has been observed in polyethylene [4], and poly(L-lactic acid) [11].
Regime II-III transitions have been observed in polyethylene [6], isotactic
polypropylene (iPP) [7], and poly(oxymethylene) [12]. The appearance of all of the three
regimes was first observed in the studies of fractions of cis-polyisoprene by Phillips and
Vatansever [13]. Recently, regime crystallization kinetics in polyethylene was discussed
in a great deal of detail both theoretically and experimentally by Hoffman and Miller

[10]. In the case where the growth rate data is not available or is too time-comsuming to
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obtain, the overall crystallization rate (denoted #,": the reciprocal value of the time taken
from the onset of the crystallization process to reach a certain value of relative
crystallinity 6), obtained directly from the bulk crystallization, can also be used to
observe regime crystallization in polymers. This type of study has been applied in
various polymer systems, such as polyethylene [14,15], and crosslinked polyethylene
[16].

Miller and Seeley [17,18] were the first group to conduct spherulitic growth rate
measurements on syndiotactic polypropylene (sPP). They studied a sample having
racemic dyad concentration of 71.7% over the crystallization temperature range of 97.4°C
to 137.3°C. By assuming that the sPP crystallized in regime II, and using values of the
glass transition temperature T,, the equilibrium melting temperature T,’, and the
enthalpy of fusion AHY, of 0°C, 161°C and 3.14 kJ-mol”, respectively, the lateral and fold
surface free energies, o and o,, were estimated to be 4.4 ergem? (1 erg-em? = 1 mJ-m?)
and 58 erg-cm?, respectively. They also calculated the average work of chain folding g
to be 6.8 kcal-mol”. Later in 1984, Clark and Hoffman [7] re-examined the growth rate
data published by Miller and Seeley [17,18], and estimated o, to be 49.9 ergcm™ and §
to be 5.8 kcal'mol”, using the same value of T,’. They also suggested that a regime
II->regime III transition should occur somewhere in the crystallization temperature
range of 110°C to 115°C, or at the undercooling AT of around 50°C. It was not clear,
however, how they came up with these estimates.

In 1994, Rodriguez-Arnold and her co-workers [19] performed a spherulitic
growth rate measurement on two fractions of sPP samples with racemic pentads [%rrrr]
in the range of 86% to 87%. They indeed found a discontinuity in the growth rate data at
the crystallization temperature T, of 110°C. Since T,° of these two fractions were

estimated to be 160°C, this results in the regime II-1II transition at the undercooling of
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50°C, similar to the value estimated by Clark and Hoffman [7]. Based on their earlier
value of AH{ for 100% crystallinity of 8.0 kJ-mol™ [20], and T, of 0°C [17], they estimated
that o is approximately 11.2 erg.cm?, o, being in the range of 42.2 erg-cm? to 47.7
erg.em?, and g being between 4.9 kcal'mol™ and 5.6 kcal-mol™ [19,21]. Recently, it has
been confirmed [22] that a spherulitic growth rate measurement on a sPP sample of
77.1% syndiotacticity (racemic pentads) over the temperature range of 45°C to 125°C.
The result also confirmed that the regime II-III transition in sPP occurs at T, = 110°C.
However, calculation of the parameters characteristic of the growth theory was not
carried out.

It is known that the parameters characteristic of the growth theory (e.g., o, &,
and 7) are very sensitive to the input parameters used to calculate them (e.g., Ty, T,
and AH{). Comparison of these growth parameters obtained from different authors may
lead to an ambiguous conclusion, since often times they used different input parameters.
In this study, these published spherulitic growth rate data [17,18,22,23] are re-analyzed,
and all the parameters characteristic of the growth theory are re-evaluated using the
same input parameters. The sensitivity of crystal growth parameters (e.g., o, 0., and 7))

to changes in the input parameters (e.g., T,, T, and AH{) is also examined.

3. THEORETICAL BACKGROUND

In the context of the LH secondary nucleation theory [1-10], the linear growth
rate G of a crystalline aggregate (e.g., spherulite or axialite) for each regime is dependent

on the degree of undercooling AT and is defined by the following equation:

U Kg 3-1
RT-T) oD G-1)

G =G, exp(—

where G, is a preexponential term which is not strongly dependent on temperature. U’

is the activation energy for the transportation of segments of molecules across the
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melt/solid surface boundary and usually given by a universal value of 1500 cal-mol”, T,

is the crystallization temperature, T.. is the temperature where the molecular motion

ceases (i.e., T., = T, — 30), R is the universal gas constant, AT is the degree of undercooling
(ie, AT =T’ - T.), and f is a factor used to correct for the temperature dependence of

the heat of fusion (i.e., f= 2T./(T+T)). K, is the nucleation exponent, and is defined as

- jboo'o.cTn?

K
¢ kAH?

(3-2)

’

where j equals 2 for regime II and 4 for regimes I and III, b, denotes the crystal layer
thickness ‘along the growth direction, ¢ and o, are the lateral and fold surface free
energy, respectively, T, is the equilibrium melting temperature, k is the Boltzmann's
constant, and AH, is the equilibrium heat of fusion.

Referring to Equation (3-1), the first exponential term, exp(-U /R(T.-T.)),
corresponds to the diffusion of polymer molecules or segments of them from the
equilibrium melt onto the growth face. The second exponential term, exp(-K;/T{AT)f),
relates to the formation of the critical nucleus on the growth face. Obviously, this term
relates directly to the secondary nucleation rate i. Intuitively, from the competing
contributions of the transport and nucleation terms, one expects that there should be a
maximum in the growth rate data at a temperature somewhere between the glass
transition temperature and the equilibrium melting temperature, when plotted as a
function of the crystallization temperature. Indeed, maxima in the growth rate data as a
function of crystallization temperature are usually observed at (0.7 - 0.8) T,,’ [7].

As mentioned earlier, in each regime the linear growth rate G relates directly to
the secondary nucleation rate i: G «< i", where n equals 1 in regimes I and III, and 0.5 in
regime II. Since the second exponential term in Equation (3-1) corresponds directly to
the secondary nucleation rate, observation of the relationship between G and i can be

examined according to the logarithmic product of Equation (3-1):
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' K
logG -*-U—‘—‘logG0 -t (3-3)
2303R(T,~T.) 2.303T(AT)f

In practice, the test of regimes can be done through the plot of logG + Uu'/2.303R(T.-T.)
versus 1/2.303T(AT)f (i.e., hereafter the LH plot). 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 exponent (i.e., slope = -K;). According to Equation (3-3), regime
I->1I transition is evident when a downward change in slope is observed, whereas it is
an upward change in slope that is observed in the transition from regime II to regime IIL

Once the nucleation exponent K, values have been determined, other parameters
characteristic of crystal growth can be estimated. First, 0o, can be calculated from
Equation (3-2), provided that other parameters are known. By referring to Equation
(3-2), the only unknown parameter is the layer thickness b, which can be estimated from
the unit cell parameters. It is therefore imperative to know into what type of
crystallographic form sPP samples crystallize in the temperatﬁre range of interest.
Based on the preliminary WAXD results [24], it is obvious that all of the sPP samples
crystallize mainly in the high temperature orthorhombic form II (Cell II) as determined
by Lotz and coworkers [25], especially when 60°C < T, < 110°C. The unit cell of this
orthorhombic modification has space group symmetry Pca2,, with the axis dimensions: a
=1450 A, b =560 A, and ¢ = 740 A. This structure is characterized by the existence of
helices of opposite hands with chain axes in (0, 0, z) and (*/,, 0, z). However, when T, >
110°C, it is a combination of the high temperature orthorhombic form II (Cell II) [25] and
form III (Cell III) [25,26] which exists after crystallization. Cell III is characterized by full
antichirality along both the a2 and b axes, with the unit cell having a doubled b axis (b =
11.2 A), and space group symmetry Ibca.

By assuming that (010) or (200) is the growth plane for Cell II (or (020) or (200)

for Cell HI) (i.e., the ac growth plane or the bc growth plane, respectively), it is possible
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to estimate the molecular width 4, and the layer thickness b,. At this point, it is possible
to calculate the lateral and fold surface free energy, o and o, separately, but one first has

to estimate the obased on the modified Thomas-Staveley equation [27}:

o =aAH!\|a,b,, (3-4)
where ayb, is a cross-sectional area of one chain molecule, and « is a universal parameter
related to the chemical nature of the polymer, and often taken to be 0.1. It is worth
noting that the choice of & = 0.1 may be justified for the case of sPP based on the fact that
the o, values estimated by Rodriguez-Arnold et al. [19-21] based on the modified
Thomas-Staveley method (using o = 0.1) and the Gibbs-Thomson method are
comparable within an experimental error. Once o is known, the fold surface free energy
0O, can be calculated from o0,/06. Finally, the average work of chain folding g which is
defined as

g =2a,b,0,, (3-5)

can also be calculated.

4. MATERIALS, LINEAR GROWTH RATE, AND INPUT DATA

Four sets of linear growth rate data for syndiotactic polypropylene spherulites
were taken from the literature [17-23] for re-analysis in this study. The materials
characterization data for sPP samples examined are summarized in Table 3-1. The
spherulitic growth rate data for these samples are listed in Table 3-2. It is noteworthy
that the listing of these data is for future reference only.

Figure 3-1 represents the relationship between the spherulitic growth rate and
the crystallization temperature for all of the sPP samples examined. It is evident that the
growth rate for sPP#1 exhibits the typical bell-shaped dependence with the temperature,

and the maximum in the growth rate data occurs at T. = 70°C. The growth rate data for
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Figure 3-1. Spherulitic growth rates of syndiotactic polypropylene as a
function of crystallization temperatures: (x) data of Miller and Seeley
(sample 6H) [17,18]; (#) data of Rodriguez-Arnold et al. (sample sPP(8))
[19,21,23]; (<) data of Rodriguez-Arnold et al. (sample sPP(9)) [19,21,23];
(@) data of Supaphol et al. (sample sPP#1) [22].
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6H, sPP(8), and sPP(9) samples are clearly in the high temperature region (low degree of
undercooling) where the secondary nucleation is the rate determining process. From the
figure, it is apparent that the rate of crystallization falls in the following order: sPP(8) >
sPP(9) > sPP#1. That sPP(8) crystallizes faster than sPP(9) appears to be due to the fact
that the average molecular weight for sPP(8) is much lower than that of sPP(9) when
other parameters are comparable. On the other hand, it may be the broader molecular
weight distribution or the lower degree of syndiotacticity (racemic pentads [%rrrr]) that
accounts for the slowest crystallization rate observed in sPP#1. It is noteworthy that the
crystallization rate of 6H is not discussed here, since the WAXD scan of 6H sample (cf.
Figure 12 in reference 18) shows peaks characteristic of iPP. This can only be construed
that the isotactic segments also take part in the crystallization process in 6H sample,
since its racemic dyad content is only 72%.

The input parameters used in this analysis for the calculation of crystal growth
parameters were selected after careful evaluation of available data in the literature and
are listed in Table 3-3. The most questionable literature data are the values of
equilibrium melting temperature T’ and enthapy of fusion AH{, which are strongly
dependent on the degree of syndiotacticity. The melting temperature used in this study
will be the estimated value (please see reference 28 (cf. Part 2) for more detail) for a sPP
sample exhibiting 100% syndiotacticity (denoted (Ty%)00+), which is 168.7°C (441.8 K).
The value of AH/ is taken as the published value by Rodriguez-Arnold and her
coworkers [19-21], which is 8.0 kJ-mol” (i.e., 1.77x10° erg-cm™). Table 3-3 summarizes the
values for enthalpy of fusion [19-21], glass transition temperature [28], equilibrium
melting temperature for a 100% syndiotactic sample [28], and unit cell parameters
[25,26]. Based on these input parameters, the lateral surface free energy o can be first

estimated from Equation (3-4) and was found to be 11.3 erg-cm™
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Table 3-3. Input parameters for calculation of crystal growth parameters.

Parameter Value Remarks
Heat of fusion, AH/ 1.77x10° erg-cm® Ref. 19-21
Glass transition temperature, T, -6.1°C or 267.0K Ref. 28
Equilibrium melting temperature, (T, )y, ~ 168.7°C or 441.8K Ref. 28

Boltzmann’s constant, k

Molecular width, a,

Layer thickness, b,
Cross-sectional area of chain, ab,
Lateral surface free energy, ¢

Molecular width, a,

Layer thickness, b,
Cross-sectional area of chain, ayb,
Lateral surface free energy, o

1.380x10 erg-molecule™ K

For (010) growth plane
7.25x10°® cm
5.60x10°* cm
4.06x10™ cm?

11.3 erg-cm?

For (200) growth plane
5.60x10®* cm
7.25x10°® cm
4.06x10"° em?

11.3 erg-cm?

Estimated from Ref. 25 and 26
Estimated from Ref. 25 and 26
Estimated from Ref. 25 and 26
From o = 0.1AH(a,b,)**

Estimated from Ref. 25 and 26
Estimated from Ref. 25 and 26
Estimated from Ref. 25 and 26
From o = 0.1AH (ayb,)"*




130

5. ANALYSIS AND DISCUSSION OF LITERATURE DATA

5.1. Determination of Crystal Growth Parameters

The sPP growth rate data of Rodriguez-Arnold et al. [19,21,23] and Supaphol et
al. [22] are available in a wide enough temperature range to exhibit the regime II—-III
transition, as evidenced by observation of a change in slope in each of the data sets for
sPP(8), sPP(9) and sPP#1 samples shown in Figure 3-2. The input parameters used in
the plot are U’ = 1500 cal-mol”, T.. = T, - 30 = 237.0 K [28], and (T )10 = 441.8 K [28].
Even though the growth rate data of Miller and Seeley [17,18] does not exhibit any
discontinuity in the slope, Clark and Hoffman [7] suggested that these data are in
regime II and can be analyzed accordingly.

With the absence of the 6H data, the regime II-III transition can be graphically
distinguished in the data set for sPP(8), sPP(9) and sPP#1 samples, as illustrated in
Figure 3-3. This transition corresponds to the crystallization temperature of 110°C,
which is in very good agreement with the predicted value by Clark and Hoffman [7]. As
mentioned previously, for each data set the nucleation exponent K, for either regime II
or regime III can be extracted directly from the slope of the plot (i.e., K; = -slope). Itis
worth noting that the correlation coefficients 7* of the straight lines fit to the bulk of the
data are 0.984 or better. In addition, G, correspondent to either regime II or regime III
can also be extracted from the y-inception of the plot (i.e., G, = 10¥™¢P* V24 - Once K, is
determined from the slope, the value of ¢, can be determined from 60,/ 6, where 60, can
be calculated based on Equation (3-2), and ¢ is already estimated to be 11.3 erg~cm'2
(depend markedly on the choice of AH{ and the & parameter), which is a bit lower than
the reported value of iPP (ca. 11.5 erg-cm?). Finally, the § value can also be calculated

from Equation (3-5). Table 3-4 summarizes the values of K,, 00, 0., 7, and G,,

calculated based on the input parameters summarized in Table 3-3.
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Figure 3-2. Analysis of the spherulitic growth rates of syndiotactic
polypropylene as a function of crystallization temperatures based on the
Lauritzen and Hoffman secondary nucleation theory for the case U =
1500 cal'mol®, T, = T, — 30 = 237.0 K, and (T;,) 1005 = 441.8 K: (x) data of
Miller and Seeley (sample 6H) [17,18]; (#) data of Rodriguez-Arnold et al.
(sample sPP(8)) [19,21,23]; (©) data of Rodriguez-Arnold et al. (sample
sPP(9)) [19,21,23]; (@) data of Supaphol et al. (sample sPP#1) [22].
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crystallization temperature of 110°C.
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As shown in Figure 3-3, the lines drawn through all sets of data within a given
regime are roughly parallel. This is evidenced in the K, values, taken directly from the
slope of each line fit through each set of data. In the case of regime II, K, values lie in the
range of 1.61x10° K? to 2.24x10° K?, whereas they are 3.57x10° K to 3.70x10° K? in regime
III. The ratios of K,/ Ky are in the range of 1.7 to 2.2, which are close to the theoretical
value of 2. Table 3-4 also lists the G, values estimated for regimes II and III. The ratios
of Gyu1/ Goy Were also calculated and were found to be 1.05x10° to 1.21x10*. In iPP, Clark
and Hoffman [7] found that G/ G,y values lie in the range of 3x10° to 3x10%
Theoretically, the Gyy;/ Gy value can be calculated based on Equation (27a) in reference
6. Due to the lack of input information, it is not possible to calculate the theoretical
Go,n/ Gy, ratio at this point.

Assuming that the crystal growth is on the (010) plane for Cell II (or (020) plane
for Cell III) (i.e., the ac growth plane), for regime II values of oo, = 957.9 + 136.4 erg’cm™,
o. =849 +121 erg-cm’z, and g = 9.9 * 1.4 kcal'mol™ are evaluated, and they are oo, =
892.7 + 18.0 erg>cm™, 0, = 79.1 + 1.6 erg-cm?, and g = 9.2 + 0.2 kcal-mol” for regime IIL.
In addition, when assuming that the crystal growth is on the (200) plane for either Cell II
or Cell III (i.e., the bc growth plane), for regime II values of oo, = 739.9 + 105.3 erg®cm™,
0. = 65.6 £ 9.3 erg-cm?, and § = 7.7 £ 1.1 kcal'mol™’ are evaluated, and they are oo, =
689.6 + 13.9 erg>cm™, 0, = 61.1 £ 1.2 erg-em?, and § = 7.1 £ 0.1 kcal-mol™ for regime IIL
Obviously, the values calculated for the bc growth plane are lower, and appear to be
comparable to the values reported for iPP (i.e., oo, = 740 - 790 erg>cm™, o, = 65 - 70
erg-cm? and 7 = 6.4 - 6.8 kcal-mol™) [7].

After the values of K; and G, were identified, the growth rate function G(T) can

now be constructed with use of Equation (3-1). This can be demonstrated by taking the
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case of sPP#1 as an example. According to the values of K; and G listed in Table 3-4, the
growth rate function G(T) for sPP#1 can be defined by the following expressions:

_ 754.83  1.61x10°
(I.-T.) T(aD)f

G, =7.52x10" exp( ), (3-6)

which is valid at T, 2 110°C, and

754.83  3.58x10’
(I.-1.) T.(AD)f

G, =9.07x10* exp(— ), (3-7)

which is valid at T, < 110°C. It should be noted that the crystal growth rate G denoted in
Equations (3-6) and (3-7) is given in the unit of [um-min”]. The growth rate expressions
for sPP(8) and sPP(9) can also be obtained in a similar fashion as shown here. Figure 3-4
shows the relationship between the linear growth rate of sPP(8), sPP(9) and sPP#1
samples and the crystallization temperature, with the calculated values (e.g., from
Equations (3-6) and (3-7) for sPP#1) shown as the dotted curves. Interestingly, each
calculated growth rate curve (with an exception of sample 6H) exhibits a maximum at T
= 70°C, similar to that observed in the raw data of sample sPP#1. Consequently, this

would make the maximum in G(T) for sPP occur at ca. 0.78(T)100%

5.2. Effect of Change in T,

A number of authors measured the glass transition temperature of sPP samples
to be around 0°C (i.e., 273.2 K) [17,18,29], and it has also been used in the regime analysis
by Miller and Seeley [17,18] and Rodriguez-Arnold et al. [19,21]. Accordingly, data
analysis for the use of T, = 273.2 K as input parameter is examined, while all other
parameters are kept unchanged. The input parameters thus are T, =T, - 30 = 243.2 K,
(TeDioow = 441.8 K, and AH? = 8.0 kJ-mol™. Obviously, a slight increase in the T, value
(from 267.0 K to 273.2 K, equivalent to 2.3% increase in T, value) causes a slight increase

in the evaluated values of K; and G, as shown in Table 5. This change in T, does not
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Figure 3-4. Spherulitic growth rates of syndiotactic polypropylene as a
function of crystallization temperatures: (¢) data of Rodriguez-Arnold et
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however have an effect on the position of the regime II-III transition observed. In
addition, the ratio of K, /K, remains essentially unchanged.

According to Table 3-5, assuming that the crystal growth is on the (010) plane for
Cell II (or (020) plane for Cell III) (i.e, the ac growth plane), for regime II values of oo, =
975.3 + 138.9 erg’cm™, 0, = 86.4 + 12.3 ergem™, and § = 10.1 + 1.4 kcal-mol are
evaluated, and they are o0, = 925.9 + 25.7 erg>cm™, 0, = 82.0 £ 2.3 erg-cm?, and 7 = 9.6 £
0.3 kcal-mol” for regime III. Furthermore, when assuming that the crystal growth is on
the (200) plane for either Cell II or Cell III (i.e, the bc growth plane), for regime II values
of oo, = 753.3 + 107.3 erg’cm™, 0, = 66.8 £ 9.5 erg-cm?, and 7§ = 7.8 + 1.1 kcal-mol ™ are
evaluated, and they are 00, = 715.2 + 19.8 erg>cm™, 0, =634 £ 1.8 ergcm?, and § =74
0.2 kcal'mol” for regime IIl. By comparing the average values of corresponding
parameters reported in Table 3-5 with those in Table 3-4, it can be concluded
qualitatively that a 2.3% increase in T, results in an approximate 2.9% increase in K,

value, and about 2.6% increase in 66, 0,, and g values.

5.3. Effect of Change in (T,,%) 400,

A number of authors [17,18,20,21,29,30] have reported T, values of sPP samples
with different syndiotacticity levels. Only reported values with known concentration of
racemic pentads [%rrrr] will be discussed here. These values of T,° with the
syndiotacticity level in parentheses, are 160°C (86%) [20,21] and 150°C to 186°C (89% to
95%) [30]. Obviously, the T, values are strongly dependent on the syndiotacticity
levels. Theoretically, the T,° value measured for a sPP sample with a particular
syndiotacticity level is presumably the melting point of 100% crystallinity crystals. In
terms of regime analysis, using different T,° values in the analysis may lead to
anomalous results, since the crystal growth parameters are very sensitive to the T,°

values (as will be shown subsequently). With this in mind, use of (T, in the
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analysis is thus preferable, and this is why the (T;, )10n, value of 168.7°C (441.8 K) [28] has
been used in this study.

To illustrate the effect of change in the (T,,)100%, the value of 160°C (433.2 K) is
used in the analysis. It is worth noting that this value was used in the analysis by
Rodriguez-Arnold et al. [19,21], and it is very close to the value of 161°C (434.2 K) used
by Miller and Seeley [17,18]. The input parameters used in this case thus are T.. = T, - 30
= 2432 K, (TrDioon = 433.2 K, and AH, = 8.0 kj-mol”. Obviously, the decrease in the
(TD)100% value (from 441.8 K to 433.2 K, equivalent to roughly 2.0% decrease in (T )i00%
value) causes a marked decrease in the values of K; and G,, as shown in Table 3-6. This
change in (T, )00 does not however have an effect on the position of the regime II-III
transition observed. The ratios of K, /K, are found to lie between 1.7 and 2.7.

According to Table 3-6, assuming that the crystal growth is on the (010) plane for
Cell II (or (020) plane for Cell III) (i.e, the ac growth plane), for regime II values of oo, =
662.1 + 1154 erg>cm™, 0, = 58.7 + 10.2 erg:em™, and § = 6.9 + 1.2 kcal'mol” are
evaluated, and they are oo, = 690.6 £ 37.3 erg>cm™, 6, = 61.2 £33 erg:em? and § =72+
0.4 kcal-mol” for regime IIl. Additionally, when assuming that the crystal growth is on
the (200) plane for either Cell II or Cell III (i.e, the bc growth plane), for regime II values
of oo, = 511.4 £ 89.1 erg>cm™, 0, = 45.3 £ 7.9 erg-cm?, and § = 5.3 £ 0.9 kcal-mol” are
evaluated, and they are oo, = 533.4 + 28.8 erg’cm™, 0, = 47.3 + 2.6 ergem”, and § =55+
0.3 kcal'mol™” for regime IIl. By comparing the average values of corresponding
parameters reported in Table 3-6 with those in Table 3-5, it can be concluded
qualitatively that a 2.0% decrease in (T,%);005 value results in an approximate 29.6%
decrease in K, value, and about 29.3% decrease in oc,, 0., and g values. In addition, the
result suggests that a 1°C change in (T, )10 value leads to approximately 4.4% change

in K,, oo, o,, and g values.




140

0IXLG°C 6'S 105 1°696 9L 8%9 91EL 01%06°C T#dds
P RS 298] 2R 9°9% £'9¢S 14 ¥'09 ¥'189 OTIX1LT (6)dds
PURIHINS s ey 8'809 89 ¥'8¢ 4899 RUR TN (8)dds
11 213y
LT H1%80°C HLOIXCLL A7 QLE (A Y47 A S8y 6°LYS O1x60°L L#dds
L1 01%19'6 OIx6¥'L €9 8¢S S'209 '8 £'69 G982 OI*99°1 (6)dds
8’1 01X91°4 HOIX0P'L 6'S 108 9'699 9L 679 £eeL OTXSH'L (8)dds
OIXLLY Ly 86t (A% 44 09 gl 9189 OIXST'L H9
1] owiiday
(unuar)  (Jowedy) (w-31e) (wn-,318) (L OUr[ed) (,w-819) (,wo-,813) Amvc
:dM\E&M :d@ \Edmu o@ W. 0 00 W °D 00 M @—QE@W
aueld yymoa3 5g ay, aueld yymoa3d ov ay ],

oW 0°8 = IV pue M 7egh = %0 “1) M T°gLT = " osed
oy} JoJ sisAjeur awidal [euoniipesy ayy uo paseq sivjpwered Yimoad [eyshn pue syusuodxs uonespnN °9-¢ dfqe],



141

5.4. Effect of Change in AH,

Intuitively, one can predict based on Equations (3-1), (3-2), (3-4), and (3-5) that
the change in AH{® value does not affect K,, 0, and g values. Only the ¢ parameter is
found to be sensitive to the change in AH{ value. If other input parameters are kept
unchanged (T.. =T, - 30 = 243.2 K and (T2100% = 433.2 K), the change of AH{ from 8.0
kJ-mol™ [19-21] to 8.3 kj-mol” [29] leads to a change of lateral surface free energy from
11.3 erg-em? to 11.7 erg-em™  This corresponds to 3.5% increase in the o value, as a
result of 3.3% increase in the AH? value. In addition, if the AH; value of 3.1 kJ-mol’
[17,18] is used instead, the ¢ value decreases from 11.3 erg-cm'2 to 4.4 erg-cm?, which
equals the reported value by Miller and Seeley [17,18]. This corresponds to a 61.1%
decrease in the o value, as a result of 60.8% decrease in the AH? value. Based on these
results, it can be construed that a 1% change in the AH;® value causes a 1% change in the
resulting o value. It is worth noting that the K, o, and g values are the same set as

those reported in Table 3-6.

5.5. Further Discussion of the Literature

Miller and Seeley [17,18] analyzed their data based on regime II crystallization
using the following input parameters: T, = 273.2 K, (Tw)oow = 4342 K, and AHP = 3.1
kJ-mol”. They found the crystal growth parameters to be: ¢ = 4.4 erg-cm, oo, = 256
erg>cm™, o, = 58 erg-cm?, and § = 6.8 kcal'mol”. Determination of the crystal growth
parameters based on their use of input parameters reveals that ¢ = 4.4 erg-cm?, oo, =
2419 erg>em™, 0, = 54.7 erg-em?, and 7 = 6.4 kcal-mol”, when considering that (010) or
(020) is the growth plane based on either Cell II or Cell III (i.e., the ac growth plane),
respectively; and they are 6 = 4.4 erg-cm?, o0, = 186.9 erg>cm™, 0, = 42.2 erg-cm? and g
= 4.9 kcal'mol”, when considering that (200) is the growth plane based on either Cell II

or Cell III (i.e., the bc growth plane). At the time of their publication though, only the
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high temperature orthorhombic form I (Cell I) [31] was available, and they accordingly
assumed that the growth plane occurred on the (110) plane, which is not. With this in
mind, re-evaluation of the crystal growth parameters, based on 4, = 7.77x10® cm and b, =
5.22x10°® cm, indicates that ¢ = 4.4 erg-cm?, o0, = 259.5 ergcm™, ¢, = 58.7 erg-cm?, and
g = 6.9 kcal'mol”, which is extremely close to their published values.

In the case of Rodriguez-Arnold et al. [19,21], instead of performing a typical LH
regime plot, they analyzed their data by a construction of the modified regime plot logG
- logAT + U /2.303R(T,-T..) versus 1/2.303T(AT)f. In this case, K, and G, can still be
obtained as they normally would with the traditional plot. In their analysis, the input
parameters are: T, = 2732 K, (T ))i0o% = 433.2 K, and AHy = 8.0 kJ-mol”. Since they
proposed that the growth occurs on the (200) plane (i.e., the bc growth plane), re-analysis
of their data is carried out accordingly, and it indicates that the crystal growth
parameters for sPP(8) and sPP(9) samples, based on K, values taken from the modified
regime plots, are ¢ = 11.3 erg-cm?, o0, = 460.4 - 527.9 ergcm™, 0, = 42.4 - 46.8 erg-cm?,
and 7 = 4.8 - 5.5 kcal-mol”. These values are found to be in a good agreement with their
original results (i.e., o = 11.2 erg-.cm?, 60, = 465.9 - 537.6 erg-cm™, o, = 41.8 - 47.7
ergem?, and g = 4.9 - 5.6 kcal-mol”) [19,21]. Apparently, the values obtained for sPP(8)
and sPP(9) using the modified regime analysis are much lower than those obtained
using the traditional approach (cf. Table 3-6). Qualitatively, the difference in the
obtained values accounts for a 12.0% decrease in K, value, and about 12.6% decrease in
oo, 0., and g values.

Even though the theoretical background of the modified regime analysis applied
by Rodriguez-Arnold et al. [19,21] is not entirely clear, it is interesting to analyze the
linear growth rate data based on the reference input parameters (i.e., T, = 267.0 K,

(TuD100% = 441.8 K, and AH; = 8.0 kJ-mol”) using the modified regime analysis and
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compare the results with those analyzed using the traditional approach which are listed
in Table 3-4. Assuming that the crystal growth is on the (010) plane for Cell II (or (020)
plane for Cell III) (i.e., the ac growth plane), values of oo, = 839.4 + 129.5 erg>-cm*, o, =
74.4 +11.5 erg-cm?, and 7 = 8.7 = 1.3 kcal-mol™ are found for regime II, and they are oo,
= 807.8 + 30.8 erg>cm™, 0, = 71.6 £ 2.7 erg-cm?, and § = 8.4 + 0.3 kcal:mol™ for regime III.
In addition, when assuming that the crystal growth is on the (200) plane for either Cell II
or Cell III (i.e, the bc growth plane), values of oo, = 648.3 + 100.0 erg’cm™, o, = 57.5 * 8.9
ergem?, and g = 6.7 £ 1.0 kcal-mol™ are determined for regime II, and they are oo, =
623.9 +23.8 erg>cm™, 0, = 55.3 £ 2.1 erg-em?, and 7 = 6.5 £ 0.2 kcal-mol™ for regime IIL
It is obvious that the crystal growth parameters obtained using the modified regime
analysis are much lower than those obtained using the traditional approach (cf. Table 3-
4). Qualitatively, the difference in the obtained values accounts for a 10.7% decrease in

K, value, and about 11.2% decrease in o0, 0., and g values.

6. FURTHER DISCUSSION ON THE T, VALUE USED IN THE ANALYSIS

Recently, Huang et al. [32] suggested that analysis of the linear growth rate data
of polymers in the context of the LH secondary nucleation theory can only be carried out
successfully when the equilibrium melting temperature T, for the polymer of interest
can be determined accurately. They also suggested that the T,,’ value for the polymer of
interest can be evaluated directly from the growth rate data, using the LH secondary
nucleation theory as basis. By considering T, as a variable, they assumed that the true
T, value for the polymer of interest is taken as the value which gives the lowest
variance between the experimental values (i.e., the LHS values of Equation (3-3)) and the
linear regression values (i.e, the RHS values of Equation (3-3)). Their proposed method
is hereafter called the “data-fitting” procedure. So far, this method has successfully been

applied to the cases of poly(pivalolactone) [32] and its blends [32,33], isotactic
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polystyrene [34], poly(L-lactide-co-meso-lactide) copolymers [35], and isotactic
polypropylene [36].

An alternative method in determining the true T, value for the polymer of
interest can be determined based on the theoretical requirement of the ratios K,,/K,, =
Kgm/Kgu = 2.0, provided that either regime I-II or regime II-III transition exists within
the temperature range of interest. By assuming that the LH secondary nucleation theory
is applicable to describe the temperature dependence of the growth rate data of
polymers other than that of polyethylene which is the basis for the development of the
theory and that the measured growth rate data is of high quality, the true T,.’ value for
the polymer of interest is taken as the value which results in the ratio of the
corresponding nucleation exponents of 2.0. Xu et al. [36] applied both alternative
approaches of the data-fitting procedure on the growth rate data of isotactic
polypropylene, and found that the resulting T, values from both approaches are
comparable (ca. 215°C).

In this study, the second alternative approach of the data-fitting procedure for
the determination of the equilibrium melting temperature T’ is applied to analyze the
growth rate data of sPP#1. By varying the seed T’ value (whereas U = 1500 cal-mol”
and T, = 267 — 30 K), the corresponding value of K,/ K, also va.ries, and it is found to
decrease with increasing seed T, value (cf. Figure 3-5). According to Figure 3-5, the
true T, value which results in the value of Kgm/ Kgu of 2.0 is approximately 178°C.
Based on this new T, value, the resulting nucleation parameters, K, or 0.5K, y;, were
found to be 2.36x10° K*. Using the same input parameters summarized in Table 3-3, the
crystal growth parameters characteristic of the LH growth theory can be calculated
accordingly. Assuming that growth occurs on the ac plane, values of oo, = 1109.0

erg>cm™®, 0, = 101.2 erg-cm?, and g = 11.8 kcal-mol™ are found, whereas they are o0, =
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856.6 erg>cm™, o, = 78.2 erg-em?, and g = 9.1 kcal'mol” when assuming that growth

occurs on the bc plane. Clearly, these values are much greater than those listed in Table
3-4, due to the effect of the much higher T, value used (i.e., 178°C versus 168.7°C).

One of the precautionary notes given by Huang et al. [32] is that the data-fitting
procedure may only be applicable for growth rate data measured in a temperature range
far from the glass transition temperature (i.e., in the nucleation control region) in order
to minimize the influence from the transport term. Since the raw data of sPP#1 cover
both regions, the effect of changes in parameters governing the transport term (i.e., U*
and T.) should also be considered. Qualitatively, an increase of 2.3% in T, value
resulted in an increase of 3.9% in the resulting T,.° value and of approximately 30% in all
of the corresponding crystal growth parameters, whereas an increase of 8.3% in U* value
resulted in an increase of 2.3% in the resulting T, value and of approximately 17% in all
of the corresponding crystal growth parameters [37]. Due to the fact that the T’ value
estimated from the data-fitting method is much greater than the one estimated

previously [28] (cf. Part 2), more careful investigation is currently underway.

7. SUMMARY AND CONCLUSIONS

Spherulitic growth rate data of syndiotactic polypropylenes were taken from the
literature and analyzed based on the traditional LH regime plot of logG + U /2.303R(T-
T.) versus 1/2.303T(AT)f. The input parameters used in the analysis were T, = 267.0 K,
(T oo = 441.8 K, and AH? = 8.0 kJ-mol. Except for the data of 6H sample, all of the
straight lines drawn through the bulk of data of sPP(8), sPP(9), and sPP#1 samples
exhibited an unmistakable upward change in slopes, corresponding to the regime II-III
transition, at the crystallization temperature of 110°C. The ratios of the K, /K, were
found to be in the range of 1.7 to 2.2. Based on these input parameters, the average

values of the crystal growth parameters, regardless of the regime considered, were
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found to be o = 11.3 erg-cm?, 60, = 930.0 + 103.1 erg’cm™, 0, = 824 + 9.1 erg-em?, and 7
= 9.6 + 1.1 kcal-mol”, when assuming that growth occurs on the ac plane. But when
assuming that growth occurs on the bc plane, they were o0, = 718.3 + 79.6 erg*cm™, 0, =
63.7+7.1 ergeem? and g = 7.4+ 0.8 kcal-mol™.

The growth rate data were also analyzed based on the modified regime plot of
logG - logAT + U /2.303R(T.T..) versus 1/2.303T(AT)f, as suggested by Rodriguez-
Arnold and her coworkers [19,21] using the same set of input parameters. Based on this
analysis, the position of the regime II-III transition and the ratios of the K,/ K, were
essentially unaffected. Only the parameters characteristic of the crystal growth were
found to be lower in their values; these exhibited as much as 10.7% decrease in K, value
and about 11.2% decrease in o6, 0, and g values. Specifically, the average values of
the crystal growth parameters regardless of the regime considered were found to be o =
11.3 ergem?, oo, = 825.8 + 94.8 erg>cm™, 0, = 73.2 + 84 erg.cm?, and § = 8.6 =+ 1.0
kcal-mol”, when assuming that the ac plane is the growth plane. But when assuming
that the bc plane is the growth plane, they were o0, = 637.9 £ 73.2 erg>cm™, 0, = 56.5 *
6.5 erg-cm?, and g = 6.6 + 0.8 kcal-mol™.

The measured crystal growth parameters were found to be sensitive to the values
of the input parameters used, especially the equilibrium melting temperature.

Qualitatively, it is found that a 2.3% change in T, value leads to an approximately 2.9%

change in K, value, and around 2.6% change in oo, o, and g values. In the case of
(Tudhoow, it is found that a 2.0% change in its value causes a 29.6% change in K, value,

and around 29.3% change in 60, 0, and g values. Alternatively, a 1°C change in
(Tdo0% value causes an approximately 4.4% change in K,, oo, 0., and g values. Lastly,
a 1% change in AH{ value results in a roughly 1% change in ¢ value, while other

parameters are unaffected.
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1. ABSTRACT

Isothermal crystallization behavior after partial or complete melting of
syndiotactic polypropylene was investigated by differential scanning calorimetry (DSC).
On partial melting, the total concentration of predetermined nuclei was found to
decrease with increasing fusion temperature and increasing time period the sample spent
at a specific fusion temperature. A significant effect of the rate of heating to the fusion
temperature was also observed. On complete melting, the total concentration of
predetermined nuclei was found to approach a constant value, which is the
concentration of infusible heterogeneous nuclei (e.g., impurities, catalyst residues, etc.)
present originally in the sample. At a specific fusion temperature, the concentration of
predetermined athermal nuclei was found to decrease exponentially with the time

period spent in the melt.

2. INTRODUCTION

It is known that crystallization of polymers is mainly controlled by nucleation
and growth mechanisms. Since it is well established that the rate of crystal growth is
primarily a function of crystallization temperature T, it can then be considered a
constant when considering crystallization under isothermal conditions. The nucleation
mechanism and rate are quite variable and much less well understood. It is known,
however, that the nucleation rate depends on the number of infusible heterogeneous
nuclei present in the polymer (e.g., impurities, catalyst residues, etc.) and the thermal
history of the sample, as well as the crystallization temperature T.. Because of its
importance in determining overall crystallization kinetics and morphology, it is
necessary to understand the nucleation mechanism and rate better. It is therefore very
important that the influences of impurities, additives, nucleating agents, and especially

“crystalline memory” be evaluated. The latter refers to clusters of molecules that retain
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their crystal structure due to insufficient temperature or holding time at the fusion
temperature. If these are retained at the crystallization temperature, they can act as
nuclei provided they exceed the critical nucleus size. In practice, the crystalline memory
can be erased by melting the polymer at a sufficiently high fusion temperature T; for a
certain period of time. Such temperature is usually greater than the polymer’s
equilibrium melting temperature (T; > T,°). If the melting temperature or the holding time
in the melt is insufficient (i.e., partial melting), upon subsequent cooling the crystalline
residues can act as predetemined athermal nucleation sites which greatly enhance the
overall crystallization rate. This phenomenon is also referred to as “self-nucleation.”

In actual polymer processing, the polymer sample is not only subjected to
thermal treatment, but also to mechanical treatment. Such mechanical deformation can
lead to molecular orientation which also increases nucleation rate. This effect is referred
to as “orientation memory.” Both types of memory can greatly affect the crystallization
behavior upon subsequent cooling of the sample. To eliminate both kinds of memory
effects, it is necessary to keep the sample at a sufficiently high fusion temperature for a
sufficiently long time period (depending on the fusion temperature T; used) in order to
eradicate as many traces of crystalline and oriented structures as possible. In some
cases, one may wish to use these memory effects to control the overall crystallization
rate or morphology of the crystallized polymer. Thus, one needs to understand the
character of these effects in detail.

Due to their important influence on the crystallization behavior of polymers,
memory effects (crystalline and orientation memories) have been of considerable interest
and have been studied by several investigators [1-12]. However, no studies have
appeared on memory effects in syndiotactic polypropylene. In this study, the effect of
crystalline memory on isothermal crystallization characteristics of syndiotactic

polypropylene (sPP) is thoroughly investigated.
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3. EXPERIMENTAL DETAILS

3.1. Materials

The sPP sample used in this study was synthesized using a metallocene catalyst
and was produced commercially in the pellet form by Fina Oil and Chemical Company
of La Porte, Texas. Molecular characterization data, which were kindly performed by
Dr. Roger A. Phillips and his group at Montell USA, Inc. in Elkton, Maryland, shows the
following molecular weight information: M, = 76,200 daltons, M,, = 165,000 daltons, M,
= 290,000 daltons, and M,,/M, = 2.2. In addition, the syndiotacticity measured by BC
NMR shows the racemic dyad content [%r] to be 91.4%, the racemic triad content [%77]

to be 87.3%, and the racemic pentad content [%rrrr] to be 77.1%.

3.2. Sample preparation and experimental methods

Sliced pellets were melt-pressed between a pair of Kapton films, which in tum
were sandwiched between a pair of thick metal plates, in a Wabash compression
molding machine preset at 190°C under a pressure of 67 kpsi. After ten minutes holding
time, a film of 275 um thickness was taken out and allowed to cool at ambient condition
down to room temperature between the two metal plates. This treatment assumes that
previous thermo-mechanical history was essentially erased, and provides a standard
crystalline memory condition for the experiments.

In this study, a Perkin-Elmer Series 7 Differential Scanning Calorimeter (DSC-7)
was used to follow isothermal crystallization behavior of sPP. The DSC-7 equipped
with internal liquid nitrogen cooling unit reliably provided a cooling rate up to
200°C-min". Temperature calibration was performed using an indium standard (T, =
156.6°C and AH, = 285 J-g"). The consistency of the temperature calibration was
checked every other run to ensure reliability of the data obtained. To make certain that

thermal lag between the polymer sample and the DSC sensors is kept to a minimum,
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each sample holder was loaded with a single disc, weighing 4.5 + 0.3 mg, which was cut
from the standard film already prepared. It is noteworthy that each sample was used
only once and all the runs were carried out under nitrogen purge.

The experiments started with heating the sample from -40°C at a certain heating
rate ¢, ranging from 5°C:min” to 80°C-min”, to a specified fusion temperature T, It
should be noted that T is taken such that it is always greater than the highest melting
point observed. For the purposes of this study, the highest observed melting point was
taken to be approximately 125°C, which is the peak temperature observed from the
melting endotherm of a sample isothermally crystallized at 95°C using a scanning rate of
20°C-min". The sample was then held at T; for a certain holding time period t, ranging
from 3 to 300 min. After that, it was rapidly cooled at 200°C-min” from T; to a fixed
crystallization temperature T, (cf. T. = 85°C), where it was left until the crystallization
process was completed (approximately 15 min). The purpose of this study is to
investigate the effect of changes in ¢, T, and f, on the crystalline memory behavior in

isothermal crystallization of sPP.

4. ANALYSIS, RESULTS AND DISCUSSION

4.1. Analysis of DSC Measurements

DSC is an excellent device for following thermal transitions of polymers. When
used to follow crystallization of polymers, what DSC measures is the heat flow O
released due to the exothermic nature of the crystallization process. Intuitively, heat

flow is directly proportional to the weight of the sample w, the heat of crystallization
AH, and the overall crystallization rate (t). The crystallization enthalpy is a product
of the absolute crystallinity y. and the enthalpy of crystallization of an infinitely thick
crystal AH? (i.e., 100% crystalline sample). Consequently, an equation for the heat flow

may be written as
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Q=c,-w-x.-AH'-6(1), (4-1)

where ¢, is a combined physical constant specific for each DSC used.
By setting ¢ = Q/(c,-w- x,- AH’), the relative crystallinity 6(t) can be obtained by
integration of the transient normalized heat flow ¢(t) over the course of the

crystallization. One finally gets
0()= [6()de = [ 4(r)dt. (4-2)
0 0

Figure 4-1 illustrates the plot of relative crystallinity as a function of time for sPP, which
was melted at a fusion temperature T, of 135°C for a holding time t, of 10 min before
being isothermally crystallized at T, = 85°C. The raw DSC exotherm is shown as the
inset figure. An important parameter, which can easily be obtained from the plot similar
to Figure 4-1, is the crystallization half-time t,;. The crystallization half-time is defined
as the time spent from the onset of the crystallization to the point where the
crystallization is 50% complete. It should be noted that the reciprocal of the half-time
value (i.e., t,5") is usually used to describe the overall rate of the crystallization process.

Analysis of isothermal bulk crystallization kinetics is often performed using the
Avrami theory of phase transformation [13], which is normally written in the form:

1-6(r) = exp(—kt"), (4-3)

where k denotes the bulk crystallization rate constant, and n the Avrami exponent.
Both k and n are constants typical of a given morphology and nucleation type. It should
be noted that ¢ is the time elapsed during the course of crystallization since the onset of
crystallization (incubation time is excluded).

The bulk crystallization rate constant k can be deduced directly from the
crystallization half-time t,5 through the following equation (by substitution of 0.5 for

6(t) in Equation (4-3)):



Relative Crystallinity, 6(t)

156

lllllllllllllllI

l"llll'll

© © OO =+ = =
0 N0 O O =N
S D

o4
—
-

-
-
-t
e
-
=
wd
-
-
-t
—
-
-

alosaa)enaedansabians
I

..........

©ooo0
N W b O
L 1. 1

o o
QO —
1 1

(0.1)-

(0.2)

F o 3

: ES E

n 3 R
C o ]
- i 3
3 © ED
- (7] -

o L 3
- o =
- @ 3
o N 3
3 ‘s ED
s E 3
o =] -
o Z =
S S 0 2 4 6 8 10 123
3 t 0.5 Time (min) 3
ol B NN N | % P A B .[ T i i3 1. i PP IR i NPT
0 2 4 6 8 10 12

Time (min)

Figure 4-1. Relative crystallinity 6(t) as a function of time for sPP. The
inset figure shows the original DSC crystallization exotherm as a function
of time. Conditions: ¢ = 80°C-min”, T; = 135°C, t, = 10 min, and T. =
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In2

k= .
(45)

(4-4)

In the case of predetermined nucleation and three dimensional growth (cf. later), the
crystallization rate constant k is directly proportional to the total concentration of

predetermined nuclei N, through the following equation:
k= 4?" N_G. (4-5)

Based on Equations (4-4) and (4-5), the total concentration of predetermined
nuclei N,, can be calculated directly from the crystallization half-time f,5, according to

the following equation:

— 3 'ln2
“4AnG (1,,)

(4-6)

Once the value of N, is determined, the average spherulite size D can also be calculated

based on the following relationship:

6 1

D=0 (4-7)

tot

4.2. Effect of Crystallization Temperature

Investigations on the bulk crystallization kinetics of this particular sPP sample
was recently performed, and the results were earlier reported [14,15] (cf. Part 2). Only
the data taken for the crystallization temperature T, range of 60°C to 95°C will be
presented and discussed in this study. Each sample was cut in the form of a disc from
a film prepared based on the same procedure as mentioned previously in the
experimental section, and was put in a DSC sample holder. The sample was heated in
a well calibrated DSC-7 from —40°C to T, = 190°C at a heating rate ¢ of 80°C-min” and
was held at T; = 190°C for a holding period ¢, of 5 min before being quenched at a rate of

200°C-min to a desired crystallization temperature T..
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Figure 4-2 shows the plot of crystallization half-time t,5 as a function of

crystallization temperature T.. The plot clearly shows an increase of t,; value with
increasing T, within the T, range of interest. This means that the rate of isothermal
crystallization (i.e., the reciprocal value of the crystallization half-time t,5") decreases as
T. increases (as shown in the inset figure of Figure 4-2). Previous results [14,15] (cf. Part
2) suggested that sPP crystallizes primarily in three dimensional growth and
instantaneous nucleation at predetermined sites (within T, range of interest); therefore, it
is legitimate to calculate the total concentration of predetermined nuclei N,, and the
average spherulite diameter D by applying Equations (4-6) and (4-7) to the t,; data
obtained directly from the crystallization exotherms. The linear growth rate G as a
function of crystallization temperature T, can be approximated based on the following

equation [16] (cf. Part 3):

754.8 3.6x10°

G =9.1x10%exp(— -
T-2370 T(4418-T)f

)r (4'8)

where f = 2T, /(T +441.8). It should be noted that Equation (4-8) is valid only in the
temperature range where T, < 110°C, and the unit of the crystal growth rate G is in
[um-min™].

Table 4-1 summarizes the effect of crystallization temperature T. on
crystallization half-time t,5, heat of crystallization AH, total concentration of
predetermined nuclei N,,,, and average spherulite diameter D. Evidently, as the T, value
increases the total concentration of predetermined nuclei N,,, decreases monotonically;
whereas, the average spherulite diameter D is found to be an increasing function of T,
(cf. Figure 4-3). In addition, the heat of crystallization AH, is also found to increase
with increasing T, suggesting that the absolute crystallinity is an increasing function of

the crystallization temperature T, at least within the T, range studied.
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Table 4-1. Effect of crystallization temperature T, on crystallization half-
time t,;, heat of crystallization AH,, total concentration of predetermined
nuclei N,,, and average spherulite diameter D. Conditions: ¢ = 80°C-min”,
T, =190°C, and ¢, = 5 min.

Tc t0‘5 AHc Ntot D
Q) (min) Jg) (nuclei-cm®) (um)
65.0 1.75 28.0 4.9x10° 16
67.5 1.83 28.7 3.9x10° 17
70.0 1.98 29.3 3.0x10° 18
72.5 2.18 30.1 2.3x10° 20
75.0 2.45 30.7 1.8x10° 22
77.5 2.92 31.5 1.2x10° 25
80.0 3.50 31.9 8.9x10’ 28
82.5 4.81 32.1 4.5x107 35
85.0 5.78 33.4 3.7x107 37
87.5 7.65 34.5 2.4x107 43
90.0 11.40 35.2 1.2x107 55
92.5 19.40 35.5 4.2x10° 77

95.0 28.30 36.1 2.6x10° 90
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Figure 4-3. Effect of crystallization temperature T. on the total
concentration of predetermined nudei N, and the average spherulite
diameter D. Conditions: ¢ = 80°C-min™, T; = 190°C, and ¢, = 5 min.
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As mentioned previously in the experimental section, it is necessary to find a
crystallization temperature which gives a reliable crystallization exotherm, and the
completion of crystallization does not take too long. By looking at all of the
crystallization exotherms taken for this experiment, a T, = 85°C was chosen as the
standard crystallization temperature, since crystallization is completed within 15 min
and it gives a low noise-to-signal ratio crystallization exotherm, which provides an
optimal balance between the accurary of the measurements and total time needed to

complete the experiments.

4.3. Effect of Heating Rate

In this experiment, the samples were heated from —40°C to T, = 150°C at 6
different heating rates ¢ ranging from 5°C:min" to 80°C-min”. The samples were held at
T; = 150°C for a holding time ¢, of 5 min before being brought down to isothermally
crystallize at T, = 85°C. Figure 4-4 illustrates the effect of heating rate ¢ on the
crystallization half-time t,;, obtained directly from the resulting DSC exotherms.
Evidently, the observed t,; value or the rate of isothermal crystallization (shown in
Figure 4-4 as the inset figure) seems to have a strong correlation with the heating rate
used when ¢ < 20°C-min”, and is seemingly independent of the heating rate used when ¢
>20°C-min’. The result is very interesting in the sense that it clearly demonstrates that
low heating rates (i.e., ¢ < 20°C-min") affect, to some extent, the original crystallinity of
the sample during a DSC heating scan.

By assuming that the linear growth rate G is independent of the nucleation
mechanism and is therefore constant (i.e., based on Equation (4-8), G = 2.86 um-min” at
T. = 85°C), the total concentration of predetermined nuclei N, and the average
spherulite diameter D can directly be estimated based on Equations (4-6) and (4-7).

Table 4-2 summarizes the effect of heating rate ¢ on crystallization half-time ¢,;, heat of
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Figure 4-4. Effect of heating rate ¢ on the observed crystallization half-
time ¢,5. The inset figure shows the effect of heatmg rate ¢ on the rate of
overall crystalhzatlon (reciprocal half-time t,;"). Conditions: T, = 150°C,
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Table 4-2. Effect of heating rate ¢ on crystallization half-time t,;, heat of
crystallization AH,, total concentration of predetermined nuclei N, and
average spherulite diameter D. Conditions: T; = 150°C, ¢, = 5 min, and
T =85°C

o . 1 t0:5 AI_I]C Nsot 3 D

(°C-min") (min) J-g") (nuclei-cm®) (um)
5 3.65 31.1 1.5x10° 24
10 3.72 32.3 1.4x10° 24
15 4.33 31.6 8.7x10’ 28
20 4.73 31.9 6.7x107 31
40 4.74 32.4 6.7x10’ 31

80 4.77 32.3 6.5x107 31
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crystallization AH,, total concentration of predetermined nuclei N,, and average
spherulite diameter D. Apparently, for the case of ¢ < 20°C:min”, as the ¢ value
increases the total concentration of predetermined nuclei N, decreases monotonically;
whereas, the average spherulitic diameter D is found to be an increasing function of ¢
(see Figure 4-5). On the other hand, in the range where ¢ 2 20°C-min’, both N, and D
values do not seem to change with the heat rate ¢ used.

The result suggests that when low heating rates (i.e., ¢ < 20°C-min") are used in a
DSC heating scan, the original crystalline structure is affected such that the sample may
need to be kept in the melt for a longer holding time period in order to eliminate the
previous crystalline memory. The reason why the original crystalline structure is
affected by low heating rates is not entirely clear, but it may be a result of crystal
thickening or recrystallization of some imperfect crystals originally present in the
sample. Importantly, it has to be kept in mind that low heating rates used in an
observation of melting behavior of a polymer may lead to anomalous results, as
demonstrated by this experiment (as reflected by the increase in total concentration of

predetermined nuclei N,,) when the heating rate used was lower than 20°C-min™.

4.4. Effect of Fusion Temperature

In this experiment, the samples were heated from —40°C to a specified fusion
temperature T, ranging from 128°C to 200°C, at a heating rate ¢ of 80°C-min”. The
samples were kept at the fusion temperature T, for a holding time t, of 5 min before
being brought down to isothermally crystallize at T, = 85°C. Figure 6 shows the plot of
the crystallization half-time t,s, obtained directly from the resulting DSC exotherms, as
a function of fusion temperature T,. Apparently, the observed t,s value or the rate of

isothermal crystallization (shown in Figure 4-6 as the inset figure) seems to have a strong
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correlation with the fusion temperature used, especially in the range where T, < 160°C,
and it becomes independent of the fusion temperature used when T; > 160°C.

Based on Equations (4-6) and (4-7), the total concentration of predetermined
nuclei N, and the average spherulite diameter D can be directly calculated. Table 4-3
summarizes the effect of fusion temperature T; on crystallization half-time t,5, heat of
crystallization AH,, total concentration of predetermined nuclei N,, and average
spherulite diameter D. Apparently, for the case of T; < 160°C, as the T; value increases
the average number of predetermined nuclei N,,, decreases monotonically; whereas, the
average spherulitic diameter D is found to be an increasing function of T (see Figure
4-7). On the other hand, when T; = 160°C, both N, and D values do not seem to vary
much with T,. This suggests that prolonged melting of sPP at T, > 160°C is mandatory in
order for any measurement on crystallization behavior to be free from the influence of
the predetermined athermal nuclei (i.e., the nuclei that were present as a result of an

earlier crystallization process).

4.5. Effect of Holding Time

In this experiment, the samples were heated from —40°C to a specified fusion
temperature T, ranging from 145°C to 180°C, at a heating rate ¢ of 80°C-min’. The
samples were held at a specific fusion temperature T; for a series of holding times t,,
ranging from 3 min to 300 min, before being quenched to the isothermal crystallization
temperature T, of 85°C. Figure 4-8 shows the plot of the crystallization half-time ¢,
obtained directly from the resulting DSC exotherms, as a function of holding time ¢, for 5
different fusion temperatures T;. Apparently, for each fusion temperature Ty, the t,;5
value is found to increase with increasing holding time ¢,.

Based on Equations (4-6) and (4-7), the total concentration of predetermined

nuclei N, and the average spherulite diameter D can be directly calculated. Table 4-4



Table 4-3. Effect of fusion temperature T; on crystallization half-time 5,

heat of crystallization AH,, total concentration of predetermined nuclei N,,,
and average spherulite diameter D. Conditions: ¢ = 80°C:min’, t, = 5 min,
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and T, = 85°C.

Tf t0.5 AHC Ntot D
C) (min) dg’) (nuclei-cm®) (um)
128 1.00 26.3 7.1x10” 6
129 1.60 31.4 1.7x10° 10
130 1.88 31.3 1.1x10° 12
135 2.90 32.3 2.9x10° 19
140 3.47 33.7 1.7x10° 22
145 4.13 33.2 1.0x10° 27
150 4.80 33.2 6.4x107 31
160 5.46 34.0 4.4x107 35
170 5.51 34.6 4.2x10’ 36
180 5.62 34.5 4.0x107 36
190 5.68 34.5 3.9x107 37
200 5.71 34.4 3.8x10” 37
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Figure 4-7. Effect of fusion temperature T, on the total concentration of
predetermined nuclei NM and the average spherulite diameter D.
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Figure 4-8. Effect of holding time ¢, on the observed crystallization half-
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Table 4-4. Effect of holding time f, in the melt at 5 different fusion
temperatures T, ranging from 145°C to 180°C, on crystallization half-time
tos, heat of crystallization AH,, total concentration of predetermined nuclei
N, and average spherulite diameter D. Conditions: ¢ = 80°C-min”, and
T.=85C.
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Tf th t0.5 AHC Ntot D
(°C (min) (min) J-g" (nuclei-cm®) (um)
145 3 3.99 32.3 1.1x10° 26

10 4.14 32.1 1.0x10° 27
25 4.50 33.6 7.8x10’ 29
50 491 35.1 6.0x107 32
100 5.10 35.5 5.4x107 33
200 5.20 34.9 5.1x107 34
300 5.42 33.4 4.5x107 35
150 3 4.64 33.1 7.1x10° 30
10 4.83 32.9 6.3x10’ 31
25 5.04 33.7 5.5x107 33
50 5.08 34.6 5.4x10” 33
100 5.20 34.6 5.1x107 34
200 5.40 33.2 4.5x107 35
300 5.63 35.4 4.0x107 36
160 3 5.38 33.8 4.6x107 35
10 5.48 35.6 4.3x107 35
25 5.52 35.3 4.2x107 36
50 5.69 34.8 3.9x10’ 37
100 5.85 36.0 3.5x10’ 38
200 6.03 34.5 3.2x10’ 39
300 6.08 36.0 3.2x10’ 39
170 3 5.45 33.4 4.6x10° 35
10 5.59 30.9 4.5%10’ 35
25 5.61 33.2 4.5x10’ 35
50 5.85 34.6 4.2x107 36
100 5.89 35.4 4.2x107 36
200 6.05 34.6 3.2x107 39
300 6.10 34.5 3.1x107 39
180 3 5.48 34.6 4.3x107 35
10 5.65 35.9 3.9x107 36
25 5.68 33.8 3.9x107 37
50 5.79 34.6 3.7x107 37
100 5.91 35.9 3.4x107 38
200 6.03 33.9 3.2x107 39

300 6.12 34.9 3.1x107 40
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summarizes the effect of holding time #, on crystallization half-time t,5;, heat of
crystallization AH,, total concentration of predetermined nuclei N, and average
spherulite diameter D for 5 different fusion temperatures T,. Evidently, for a particular
value of T, the total concentration of predetermined nuclei N, is found to decrease with
increasing holding time ¢,; whereas, the average spherulite diameter D is an increasing
function of #, (shown, as an example, in Figure 4-9 for the case of T, = 180°C).

Based on the plot of N,,, versus ¢, shown in Figure 4-9, it is intuitive to interpret
that the total average number of predetermined nuclei per unit volume N, is a certain
decreasing function with the holding time ¢, for a particular fusion temperature T..
Recently, Ziabicki and Alfonso [17,18] proposed that the total concentration of
predetermined nuclei is an exponential decay function with the residence time in the

melt, which reads

b

N, (T.,t,)=N -
w(Te8) oexp[ o(T)

1+ Nywr (4-9)

where N,,, is the total concentration of predetermined nuclei and is a function of both T
and t,, N, the initial concentration of predetermined athermal nuclei (as a result of
residual crystalline structure), and 7 the relaxation time for the dis-association of
nucleation cluster. Furthermore, N,, denotes the concentration of infusible
heterogeneous nuclei (e.g., impurities, catalyst residues, etc.), and can be obtained by

extrapolation of the plot of N,,, versus £, to infinite holding time. Thus,

N,, =N (T, ). (4-10)

het
Mathematical rearrangement of Equations (4-9) and (4-10) results in the
following equation:

th
o«T;)

NolTis8,) = N (T;,0) = Ny exp[~——]. (4-11)

Equation (4-11) can also be written in its logarithmic form:
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Figure 4-9. Effect of holding time t, on the total concentration of
predetermined nuclei N,, and the average spherulite diameter D.
Conditions: ¢ = 80°C-min™, T, = 180°C, and T, = 85°C.



1
ln[Nm(I},th)—Nm((T},oo)]=1nN0—-R-T—)-th. (4-12)
f

Based on Equation (4-12), it is clear that the relaxation time 7 can be extracted directly
from the plot of In[N,(T,t,) - Nyo(Tio0)] against t,, where 7 is taken as the reciprocal
value of the slope (i.e, ®T) = slope’). In addition, the initial concentration of
predetermined athermal nuclei N, can also be estimated directly from the plot (i.e., N, =
gy imercepty

Based on the plot of N,, versus ¢, illustrated in Figure 4-9, the concentration of
the infusible heterogeneous nuclei N, was approximately estimated to be 3.0x10’
nuclei-em®. Combined with the calculated values of N, listed in Table 4-4, the plots of
In[No(Ti,t,) - Noi(To0)] versus ¢, for 5 different fusion temperatures T, can be drawn as
shown in Figure 4-10. The values of N, and 7(T;) which were obtained from Figure 4-10
are summarized in Table 4-5. As expected, the relaxation time 7 is a certain decreasing

function of T; (with the exception of the data at T; = 150°C).

5. CONCLUSIONS

Isothermal crystallization behavior of sPP after partial or complete melting has
been investigated by DSC. On partial melting, the total concentration of predetermined
nuclei N,,, was found to decrease with increasing fusion temperature T}, up to a critical
value (i.e., T = 160°C) where the N,, value approaches a constant (i.e., complete
melting). At a specific fusion temperature T;, the total concentration of predetermined
nuclei N,, was found to be a certain decay function with the holding time #,,
characterized by a relaxation time 7, and it was also found to approach a constant
value as the holding time #, becomes long (i.e., complete melting). This constant value of
total concentration of predetermined nuclei N,,, observed after prolonged melting of the
sample at sufficiently high fusion temperature (i.e., T; > 160°C) is the concentration of

infusible heterogeneous nuclei N, (e.g., impurities, catalyst residues, etc.), and was
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Table 4-5. Summary of the relaxation time for the segregation of nucleation
cluster 7, the initial concentration of predetermined athermal nuclei N,, and
the initial total concentration of predetermined nuclei N,(T,0) for 5
different fusion temperatures T.
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Tf T(Tf) NO N(ot(TfIO)a)
Q) (min) (nuclei-cm™®) (nuclei-cm™®)
145 167.9 7.6x10 1.1x10°
150 214.2 3.7x107 6.7x10’
160 111.8 1.4x10’ 4.4x10°
170 106.0 1.2x107 4.2x107
180 100.3 1.1x107 4.1x10’

TN (150) = N, + 3.0x10°
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approximated to be 3.0x10” nuclei-cm® for this particular sPP sample. The relaxation
time 7 was also found to be a certain decreasing function of fusion temperature T, which

ranges from 168 min at T; = 145°C to 100 min at T; = 180°C.
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PART 5:

APPLICATION OF THE AVRAMI, TOBIN, MALKIN, AND
SIMULTANEOUS AVRAMI MACROKINETIC MODELS TO
ISOTHERMAL CRYSTALLIZATION OF SYNDIOTACTIC
POLYPROPYLENES
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1. ABSTRACT

Various macrokinetic models; namely the Avrami, Tobin, Malkin, and
simultaneous Avrami models; have been applied to describe the primary crystallization
of syndiotactic polypropylene under isothermal conditions.  Analysis of the
experimental data was carried out using a direct fitting method, such that the
experimental data were directly fitted to each macrokinetic model using a non-linear
multi-variable regression program. Comparison of the kinetics parameters obtained
from the program to those obtained from the traditional analytical procedure suggested
that applicability and reliability of the direct fitting method is satisfactory. Prediction
of the time-dependent relative evolution of crystallinity at other crystallization
temperatures was demonstrated, based on the bulk kinetics parameters obtained from

the analysis.

2. INTRODUCTION

The overall crystallization process in semi-crystalline polymers can be divided
into two main processes: primary crystallization and secondary crystallization. The
primary crystallization process is the macroscopic development of crystallinity as a
result of two consecutive microscopic mechanisms: primary nucleation and secondary
nucleation (i.e., subsequent crystal growth). The secondary crystallization process is
mainly concerned with the crystallization of interfibrillar melt, which was rejected and
trapped between the fibrillar structure formed during the growth of crystalline
aggregates (e.g., axialites, spherulites, etc.) [1-3]. It should be noted that if the
crystallization time becomes very long, other types of secondary crystallization (i.e.,
crystal perfection and crystal thickening) may become significant enough to increase the

ultimate absolute crystallinity.
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For the purpose of describing the macroscopic evolution of crystallinity under
quiescent isothermal conditions, a number of mathematical models [4-13] have been
proposed, based primarily on the notion of primary nucleation and subsequent crystal
growth microscopic mechanisms, over the past sixty years. Even though the
contributions from Kolmogoroff [4], Johnson and Mehl [5], Avrami [6-8], and Evans [9]
are essentially similar, it is the work of Avrami that has received the most attention.
Thereby, these contributions are frequently referred to as the “Avrami equation.” Based
on different approaches, Tobin [10-12] and Malkin et al. {13] arrived at different
mathematical models, which are also different from the Avrami model. Consequently,
the quiescent crystallization data of semi-crystalline polymers at a constant temperature
can be mathematically described by these three distinct models.

Unlike the Avrami model, use of the Tobin and Malkin models to analyze the
isothermal crystallization data of semi-crystalline polymers is scarce.  Critical
descriptive comparisons between the Avrami and Tobin models were performed on the
isothermal crystallization data of poly(ethylene terephthalate) (PET), poly(phenylene
sulfide) (PPS) [14], medium density polyethylene (MDPE), and poly(oxymethylene)
(POM) [15]. On the other hand, critical descriptive comparisons between the Avrami
and Malkin models were performed on isothermal crystallization data of polyethylene
(PE), isotactic polypropylene (iPP), poly(ethylene terephthalate) (PET), poly(propylene
oxide) (PPO), and polyurethane (PU) [13].

To the best of my knowledge, critical analysis of the experimental data, and
hence the descriptive comparison of the results, using all three models has not been
described in the literature thus far. Therefore, in the present study, all three
macrokinetic models are used to analyze the isothermal crystallization data of
syndiotactic polypropylene (sPP). The experimental data are fitted to each respective

model using a non-linear multi-variable regression program. The goodness of the fit
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suggests the applicability of the model in describing the isothermal crystallization data

of sPP.

3. THEORETICAL BACKGROUND

The overall crystallization kinetics of polymers is usually analyzed by use of the
Avrami equation [4-9]. When applied to be used with a differential scanning
calorimetry (DSC), it is assumed that the differential area under the crystallization
curve with time corresponds to the dynamic changes in the conversion of mass from the
melt phase to the solid phase. If x. and y, are the maximum crystallinity obtained for
particular crystallization condition and the dynamic crystallinity at arbitrary time ¢ for
the same crystallization condition, respectively, then the governing Avrami equation can

be written as

A = g(r)=1-exp(=k,1*), (5-1)

oo

where 6(t) denotes the relative crystallinity as a function of time, k, the Avrami
crystallization rate constant, and 7, the Avrami exponent of time. Both k, and n, are
constants typical of a given crystalline morphology and type of nucleation for a
particular crystallization condition [16]. It should be noted that, according to the
original assumptions of the theory, the value of n, should be integral, ranging from 1 to 4.
In the study of isothermal crystallization using DSC, the rate of evolution of the

heat of crystallization as a function of time and the relative extent of crystallization 6(t)
are related to one another according to the following equation:

¢ dH

K R

0(t) = OT (5-2)

c

where t represents an arbitrary time during the course of isothermal crystallization

process, dH, the enthalpy of crystallization released during an infinitesimal time interval
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dt, and AH. the overall enthalpy of crystallization for a specific crystallization
temperature T..

An important remark that has been made on the Avrami model is that the
equation is only appropriate for the early stages of crystallization. In order to improve
the Avrami model, Tobin [10-12] proposed a different expression describing phase
transformation kinetics with growth site impingement. The original theory was written
in a form of nonlinear Volterra integral equation, of which zeroth-order solution is given
by

k 1"

, 5-3
1+k¢* (5-3)

o(t) =

where 6(t) is the relative crystallinity as a function of time, k, the Tobin crystallization
rate constant and n, the Tobin exponent. Based on this proposition, the Tobin exponent
of time n, needs not be integral [11-12] and it is governed directly by different types of
nucleation and growth mechanisms. It is worth noting that a similar expression was
considered by Rabesiaka and Kovacs [17] and it was found to give a good fit to their
dilatometric data of linear PE for &(t) up to 0.9.

Derived based on the notion that the overall crystallization rate equals the
summation of the rate at which the degree of crystallinity varies as a result of emergence
of the primary nuclei and the rate of variation in the degree of crystallinity as a result of
crystal growth, Malkin et al. [13] proposed a totally different form of a macrokinetic
equation, which reads

C,+1

C, +exp(Ct)’ -4

(t)=1-

where 6(t) is the relative crystallinity as a function of time. C, relates directly to the

ratio of the linear growth rate G to the nucleation rate I (i.e., C, e« G/I) and C, relates
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directly to the overall crystallization rate (i.e., C, = a-I + b-G, where a and b are specific
constants). Apparently, both C, and C, are temperature-dependent constants.

Analysis of the experimental data based on the Avrami and Tobin approaches
are straight forward. The Avrami kinetics parameters, k, and n,, can be extracted from
the least-square line fitted to the double logarithmic plot of In[-In(1-6(t))] versus In(t); k,
is the anti-logarithmic value of the y-intercept and n, is the slope of the least-square line.
Similarly, the Tobin crystallization kinetics parameters, k, and n, can be extracted by
drawing a least-square line fitted~ to the double logarithmic plot of In[6(t)/(1-6(t))]
versus In(t); here k, is the anti-logarithmic value of the y-intercept and n, is the slope. It
should be noted that, in both cases, the kinetics parameters are calculated from the
least-square line drawn through the bulk of the data in the range of 0.10 < 6(t) < 0.80.
In the case of the Malkin approach, the authors proposed a short-cut method of
determining their kinetics parameters, C, and C,, from those obtained from the Avrami
analysis [13]:

C,=4" -4, (5-5)

and C, = In(4" —2)(%)”* : (5-6)

In light of this being the computational age, a computer seems to be an
indispensable tool in almost every aspect of our lives. Instead of analyzing the
experimental data using the traditional procedure mentioned earlier, a non-linear multi-
variable regression program is utilized to directly fit the experimental data to the three
aforementioned macrokinetic models. The goodness of the fit is described by the chi-
square parameter }* [18], in which the lower the value the better the fit. In addition, the
corresponding kinetics parameters required by each model are automatically provided

by the program once the best fit was determined. The applicability and reliability of the
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program were verified by comparing the Avrami kinetics parameters obtained based on

the traditional procedure with those provided by the program.

4. EXPERIMENTAL DETAILS

4.1. Materials

The two sPP samples used in this study were supplied in pellet form by Fina Oil
and Chemical Company in La Porte, Texas. Molecular characterization of these
materials was kindly performed by Dr. Roger A. Phillips and his coworkers at Montell
USA, Inc. in Elkton, Maryland. The results are listed in Table 5-1. It should be noted
that sPP#3 has a bimodal molecular weight distribution, which results in an unusually

high degree of polydispersity.

4.2. Technique and Sample Preparation

A Perkin-Elmer Series 7 Differential Scanning Calorimeter (DSC7) was used to
follow the isothermal crystallization in this study. The DSC7 equipped with an internal
liquid nitrogen cooling unit dependably provided a cooling rate up to 200°C-min™.
Temperature calibration was performed using indium as a standard; it has the following
thermal properties: T,° = 156.6°C and AH; = 28.5 J.g' The consistency of the
temperature calibration was checked every other run to ensure reliability of the data
obtained. To make certain that thermal lag between the polymeric sample and the DSC
sensors is kept to a minimum, each sample holder was loaded with a single disc,
weighing around 4.9 + 0.3 mg. A hole-puncher was used to cut the disc from a film. The
film was prepared by melt-pressing virgin pellets, placed between a pair of Kapton
films which in turn were sandwiched between a pair of stainless steel platens, in a
Wabash compression molding machine at 190°C under a pressure of 67 kpsi. After ten
minutes holding time, the film, approximately 280 pm thick, was taken out and

immediately submerged in an ice-water bath while it was still between the two steel
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platens. By this treatment, it can be assumed that previous thermal and mechanical

histories were essentially erased, providing a controlled condition for the film.

4.3. Methods

The experiment started by heating the sample from —40°C at a scanning rate of
80°C-min" to 190°C, and holding it there for 5 min before quenching at a cooling rate of
200°C:min™ to a desired isothermal crystallization temperature T.. It should be noted
that melting of a sample at 190°C for at least 5 min is necessary and ample to ensure
complete melting [19] (cf. Part 4). It was assumed that the crystallization finished when
the exothermic trace converged to a horizontal baseline. The crystallization exotherms

were then recorded for further analysis.

5. RESULTS AND DISCUSSION

5.1. Isothermal Crystallization of sPP from the Melt

By assuming that the evolution of the crystallinity is linearly proportional to the
evolution of heat released during isothermal crystallization in the DSC, the relative
evolution of the crystallinity as a function of time 6(t) can thus be calculated by
integration of the crystallization exothermic traces according to Equation (5-2). The
relative crystallinity as a function of time 6(t) of sPP#1 and sPP#3 samples are
respectively plotted in Figures 5-1 and 5-2 for 4 different crystallization temperatures T,
ranging from 75°C to 90°C. Clearly, the time to reach the ultimate crystallinity increases
with increasing crystallization temperature. An important kinetics parameter which can
be taken directly from the 6(t) versus time ¢ curve is the half-time of crystallization £,
which is defined as the time taken from the onset of the crystallization until 50%
completion. A summary of the crystallization half-time ¢, values for both sPP samples
are listed in Table 5-2, whereas the plots of t,; versus T, (including the plots of its

reciprocal value t,5" versus T.) are shown in Figure 5-3.
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According to Figure 5-3, it is evident that for each sPP sample the crystallization
half-time ¢,; increases with increasing crystallization temperature. = The most
fundamental representation of the bulk crystallization kinetics data is to plot the
reciprocal of the half-time of crystallization t,;" against the crystallization temperature.
Such plots are illustrated as inset figure of Figure 5-3. If the crystallization half-time
data can be collected with minimal degree of error over the whole temperature range
(e, T, < T, < T,))), the plot of t,5" versus T, should exhibit the typical bell-shaped
curve, which can be described as a result of the nucleation control effect at low
undercooling and diffusion control effect at high undercooling. Indeed, a double bell-
shaped curve on the plot of ¢, versus T. was observed for the crystallization half-time
data of sPP#1 [20] (cf. Part 7). An explanation of two maxima observed on the plot of
tos' versus T, is not known at this point and a matter of an ongoing investigation (cf.
Part 7 for more detail). By comparing the plots of t,5" versus T, for both sPP samples
shown in Figure 5-3 with earlier result [20], it is apparent that, within the temperature
range of interest in this study (i.e., 60°C < T, < 95°C), both samples crystallize in the
region where nucleation is the rate determining factor. It is important to note that one of
the maxima clearly seen on the plot of t,;" versus T. [20] for the whole range of
temperature for sPP#1 was at 60°C, corresponding to the maximum on the inset.

The result shown in Figure 5-3 also suggests that sPP#3 crystallizes faster than
sPP#1 even though its syndiotacticity level is a bit lower (cf. Table 5-1). This can be
explained based on the facts that sPP#3 has a lower level of ethylene content (i.e.,
comonomer defects) in its molecular chains and that sPP#3 consists of molecular chains

of relatively lower molecular mass.
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5.2. Application of the Avrami, Tobin, and Malkin Models

Instead of performing the data analysis in the traditional way, the experimental
data were fitted iteratively to the respective macrokinetic models with the use of a non-
linear multi-variable regression program. As mentioned previously, the goodness of the
fit can be determined from the ¥* values [18], in which the lower the value observed the
better the quality of the fit. The respective kinetics parameters were also provided by

the program once the best fit was determined.

5.2.1. Isothermal Crystallization Kinetics Based on the Avrami Model
The analysis based on the Avrami model can be done by fitting the 6(t) function

obtained for each crystallization temperature to Equation (5-1). The Avrami exponent
n,, the crystallization rate constant k,, and the y* parameter, provided by the program,
are summarized in Table 5-2. The exponent n, for primary crystallization are found to
range from 2.31 to 3.17 for sPP#1 (with the average value of 2.75 * 0.2), and 2.07 to
2.88 for sPP#3 (with the average value of 2.33 + 0.3). This may correspond to a two
dimensional growth with a combination of thermal and athermal nucleation (as a result
of the fractional n, values observed) [16]. Intuitively, the temperature dependence of the
exponent n,, within the nucleation control region (i.e., 60°C < T, < 95°C), should be such
that n, decreases with decreasing temperature. This may be explained based on the fact
that the number of athermal nuclei increases tremendously as the temperature decreases
[19,21]. In other words, as the crystallization temperature decreases the number of
athermal nuclei which become stable at that temperature also increases, resulting in the
nucleation mechanism becoming more instantaneous in time and causing the Avrami

exponent 7, to decrease. Indeed, the decrease in n, value with decreasing temperature

can be observed from the results listed in Table 5-2, especially in the case of sPP#3.
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According to Table 5-2, the crystallization rate constant k, exhibits extreme
sensitivity to the change in crystallization temperature, increasing with decreasing
temperature. This is because sPP crystallizes faster at lower temperature. This
observation is only true when the temperature is in the range where nucleation is the rate
determining factor (i.e., 60°C < T, < 95°C for sPP). A similar implication was addressed
earlier based on the fact that the reciprocal half-time t,;" also exhibits the same trend
(cf. the inset figure of Figure 5-2). Indeed, the rate constant k, can be calculated directly
from the reciprocal half-time t,;" value (i.e., k,* = In2(t,5")"); the calculated rate constant
values k,* are also summarized for comparison in Table 5-2. Obviously, there is a good
agreement between the rate constant obtained from the fit, k,, and that obtained from
the calculation, k,*. In addition, at the same temperature, sPP#3 has a larger value of k,
than does sPP#1, suggesting that sPP#3 crystallizes more readily as previously seen
based on the ¢, values.

Verification of the applicability and reliability of the fitting procedure in
describing the isothermal crystallization data of sPP can be performed by comparison of
the Avrami kinetics parameters, n, and k,, provided by the program to the ones obtained
based on the traditional method [22] (cf. Part 2: listed in Table 5-2 as n** and k,**,
respectively). Apparently, extremely good agreement of the kinetics parameters
obtained from the two different methods is obtained. This suggests that the fitting
method can be used to analyze the isothermal crystallization data of sPP with a high
level of confidence, and that it should also be applicable to other polymeric systems of

similar molecular complexity.

2.2.2. Isothermal Crystallization Kinetics Based on the Tobin Model
The analysis based on the Tobin model can be performed by fitting the 6(t)

function obtained for each crystallization temperature to Equation (5-3). Table 5-3
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summarizes the Tobin kinetics parameters, ﬁ, and k, as well as the y* parameter. The
Tobin exponent n, for primary crystallization are found to range from 3.61 to 4.86 for
sPP#1, and 3.29 to 4.44 for sPP#3. By comparison, it is apparent that at an arbitrary
crystallization temperature the Avrami exponent n, is consistently lower in value than
the Tobin exponent n,. By taking the average of the difference between the two values, it
can be concluded, based on the experimental observation, that n, = n, + 1.3, which is in
general accordance with observations by other researchers [14,15].

According to Table 5-3, the Tobin rate constant k, clearly exhibits a similar trend
to the Avrami rate constant k, in that it is greater in its value at low crystallization
temperature than that at high temperature. However, the change in the k, value seems to
be more sensitive to the change in the temperature than that exhibited by the Avrami
rate constant k,. According to Equation (5-3), the Tobin rate constant k, can also be
calculated from the reciprocal half-time t,5' value (i.e., k* = (t,5")"). The calculated
value k* are also listed for comparison in Table 5-3. The discrepancy between the rate
constant obtained from the fit, k, and that obtained from the calculation, k*, of as much
as 15% is found, as opposed to around a 3% difference in the k, and k,* values. This
suggests that the experimental data of sPP can be fitted to the Avrami model better
than to the Tobin model. This can be confirmed based on the fact that the y* parameters

listed in Table 3 are much greater than those listed in Table 5-2.

5.2.3. Isothermal Crystallization Kinetics Based on the Malkin Model
The analysis based on the Malkin model can be carried out by fitting the 6(t)

function obtained for each crystallization temperature to Equation (5-4). The kinetics
parameters characteristic of the Malkin model, C, and C,, as well as the »* parameter are
listed in Table 5-4. The C, parameter is found to range from 25.11 to 107.27 for sPP#1,

and 15.43 to 66.91 for sPP#3. Fundamentally, the C, parameter, which relates directly
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to the n, value through Equation (5-5), should exhibit a similar temperature dependence
to that of the Avrami exponent n,. Indeed, such a trend can be deduced from the results
listed in Table 5-4, especially in the case of sPP#3. According to Table 5-4, the Malkin
rate constant C, also exhibits a temperature dependence in a similar fashion as do the
crystallization rate constants characteristic of both the Avrami and Tobin models.
Unlike the Avrami and the Tobin models, there is no direct analytical procedure
for the determination of the Malkin kinetics parameters. Without the direct fitting
method utilized in this study, the Malkin kinetics parameters, C, and C,, can only be
estimated from the Avrami kinetics parameters, n, and k,, through the relationships set
forth in Equations (5-5) and (5-6). The estimated Malkin kinetics parameters are also
listed in Table 5-4, where they are denoted as C,* and C,*, respectively. Evidently, the
estimated rate constant C,* is found to be in a good agreement with that obtained from
the direct fitting method C,. Like the other two rate constants, the Malkin rate constant
C, can also be calculated directly from the reciprocal half-time #,;' value (ie., C, =
In(4"-2)(t,5")). Though not listed in Table 5-4, the C, values calculated from the ¢’
values are found to be almost identical to the estimated Malkin crystallization rate

values C,*.

5.2.4. Comparison Between the Different Isothermal Macrokinetic Models

The quality of the model in describing the experimental isothermal measurements
is numerically represented by the y* parameter, in which the lower the value the better
the quality of the fit. By comparing the values of the y* parameter listed in Tables 5-2 to
5-4, it can be concluded that only the Avrami and the Malkin models are suitable to
describe the primary process of the isothermal evolution of crystallinity in sPP well.
This is accented by visual verification illustrated in Figures 5-4 and 5-5, where the

experimental time-dependent relative crystallinity functions &(t) collected at two
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crystallization temperatures of 75°C and 85°C are plotted against the best-fitted curves
provided by the program. Clearly, the goodness of the fitted curves according to the
Avrami and the Malkin models (shown in Figures 5-4 and 5-5 as solid and dashed lines,
respectively) is of greater quality than the fitted curve according to the Tobin model
(shown in Figures 5-4 and 5-5 as dotted lines). As a result, the Tobin model will not be
considered further. In addition, the Avrami model seems to give a better prediction than
the Malkin model in the early stage of crystallization (ca. 0.15 < 6(t)); whereas, the
Malkin model seemingly provides a better fit at the later stage of crystallization (ca. 6(t)

> 0.85).

5.3. Application of the Simultaneous Avrami Model

Applicability of the Avrami and the Malkin models for describing the
experimental isothermal crystallization measurements of sPP was verified above. Due
to the fact that the Avrami kinetics parameters, n, and k, are very well defined
according to Table 5 and that those of the Malkin model, C, and C,, are not entirely
understood (but they are worth looking into, and it is a subject of further investigation),
the applicability of the Avrami model for the prediction of the isothermal crystallization
will be further discussed.

One of the serious discrepancies which has been raised to question the
applicability of the Avrami model is that, in most cases, the analysis of the
experimental data based on the Avrami equation leads to fractional values of the
Avrami exponent n, (cf. Table 5-2). The non-integral observations of the Avrami
exponent n, may be explained as follows:

1) The discrepancies in the assumptions used in the derivation of the model;

2) Inaccuracy in the determination of the onset of the crystallization process (if

the onset is set prematurely, the value of the Avrami exponent n, will be
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greater than the actual value, while that of the rate constant k, will be
smaller);

3) Changes in the nucleation rate I and growth rate G during the crystallization
process (if the values decrease, the value of the Avrami exponent n, will also
decrease);

4) Changes in the morphology during the crystallization process (i.e., sheaf-like
to spherulitic). This may also include the occurance of the secondary
crystallization in which internal changes in the crystal morphology are
experimentally observed [1-3].

In addition to the above explanations, the fractional value of the Avrami
exponent n, may also be elucidated based on the hypothesis that crystalline aggregates
grow concurrently from both instantaneous and sporadic nuclei (as opposed to growing
from only one type of nuclei, assumed in the original theory), as previously mentioned
elsewhere in this study. Indeed, observation made on an optical microscope confirms
that for a given crystallization temperature a certain number of nuclei are activated
instantaneously, while others are activated sporadically. It should be noted that the
observation is valid within the crystallization temperature range of 60°C to 95°C. Based
on this experimental observation, the original Avrami equation can be modified to
account for both types of transient nucleation. The modified equation, called the
“simultaneous Avrami model,” can be written as

0(r)=1—exp(—k, " -k t™"), (5-7)
where 6(t) denotes the relative crystallinity as a function of time, and n the
morphological dimensionality which ranges from 1 to 3 (i.e., rod, disc, and sphere). k,
and k,, are the crystallization rate constants specific for instantaneous and sporadic
nucleation, respectively (cf. Table 5-5). It should be noted that a similar equation was

first used to explain the fractional values of the Avrami exponent n, by Banks et al.



*3)e] UOIea[oNU aY) S1 ] pue ‘I3[ohu paunuiajopald
JO UORELJUIIU0D BY) S °N ‘d3el Y3mold [e3s£10 Teaul ayj s1 9 ‘SSAUDIY) ISIP Y} S1 (] ‘eade Juejsuod sty

(DI-€/x §D°N-€/% € asayds
Q~w~m\,\uh QNMVQZH < o8I
VOILt/1 VO°N L pod
AQ+=YC_EV A:.ﬁ_Ev
¥ “‘uonjeapn dipeiodg  ®y ‘uonespn) snosuejueisu]
(AUBISUOD) a1y uonyezijesA1) [euLeyjos] u ‘Kyjeuotsuaw(] [eo1dojoydioly  £3ojoydion [eishid

"SwIsTueydaW uonesonu jusisuer) pue A3ojoydiow jo sad4y yuaiayjip
J0J °y juejsuod ajel uoneZij[e}sAId [euLdYlosl MeIAy ay) Jo uonduosep [edonalody] 'G-G d[qelL



205

[23], but they concluded then that the equation was not satisfactory in accounting for
the occurrence of the fractional values of n,.

Analysis of the isothermal crystallization data based on the simultaneous
Avrami model can be done very readily by fitting the 6(t) function to Equation (5-7)
using the non-linear multi-variable regression program, as opposed to the trial-and-error
method utilized by Banks et al. {23]. According to the Avrami analysis (cf. Table 5-2),
n, ranges mainly between 2 and 3, suggesting two dimensional growth geometry
(perhaps, due to a truncation of the spherulitic structure). Thus, a value of n in
Equation (5-7) was chosen to be 2. The crystallization rate constant for instantaneous
nucleation process k,, the crystallization rate constant for sporadic nucleation process
k., and the y* parameter, which were provided by the best fit according to the program,
are summarized in Table 5-6. Clearly, the values of both rate constants exhibit a
temperature dependence in the same manner as do the rate constants characteristic of
the three other models.

Comparison of the y* parameters given in Table 6 with those listed in Tables 5-2
to 5-4 suggests that the quality of the simultaneous Avrami model in describing the
isothermal crystallization data is comparable to that of the Avrami model, and is a little
better than that of the Malkin model. This further suggests that applicability of the
model in describing isothermal crystallization in sPP (and, perhaps, other polymers) is
satisfactory. Even though the reasons for the rejection of the similar equation given by
Banks et al. [23] were valid, it is postulated in this study that the simultaneous Avrami
model may be more suitable than the original Avrami model in describing overall

isothermal crystallization in polymers.



Table 5-6. Summary of the overall crystallization kinetics data for
syndiotactic polypropylene samples based on the simultaneous Avrami
model.
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Sample sPP#1 sPP#3
Tc kai kas ZZ kai kas f
(C) (min’) (min®) (min?) (min®)

60.0 9.76x10°  1.06x10" 0.001 - - -
62.5 9.02x10* 1.04x10" 0.017 - - -
65.0 7.20x10%  7.31x107? 0.016 - - -
67.5 6.43x107  6.27x107 0.045 - - -
70.0 6.25x10?  5.65x107 0.052 - - -
72.5 4.66x10° 4.41x107 0.039 7.75x107  2.34x10" 0.011
75.0 2.93x10%  3.40x10? 0.044 5.68x10"  6.03x10° 0.009
77.5 6.36x10°  2.55x10° 0.015 4.72x10"  2.11x10? 0.014
80.0 4.84x10° 1.63x107 0.013 2.62x10"  1.41x10° 0.063
82.5 1.27x10°  7.21x10° 0.003 1.46x10" 8.01x10° 0.176
85.0 1.09x10° 3.57x10° 0.015 6.04x10?  6.95x10° 0.228
87.5 9.10x10" 1.40x10° 0.064 3.35x10? 2.87x10° 0.310
90.0 5.50x10* 4.45x10™ 0.021 8.18x10° 1.60x10° 0.132
92.5 2.80x10* 2.56x10° 0.188 2.57x10° 4.62x10™ 0.106
95.0 5.63x10°  1.09x10° 0.045 2.68x10*  1.20x10™ 0.000
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5.4. Prediction of Isothermal Crystallization Kinetics

The crystallization kinetics parameters (cf. Tables 5-2, 5-4 and 5-6) determined

from limited experimental isothermal measurements can be used to predict the time-

dependent relative evolution of the crystallinity 6(f) at other temperatures. The

prediction can be carried out by virtue of the following facts:

1)

2)

3)

The crystallization rate parameters (i.e., t,5", k,, C;, k,;, or k,;) determined
based on different macrokinetic models exhibit a finite temperature
dependence;

The crystallization rate parameters relate, in one way or another, to the
primary nucleation rate I and/or the subsequent crystal growth rate G,
especially the crystallization rate parameters of the Avrami and the
simultaneous Avrami models (cf. Table 5-5);

The temperature dependence of the primary nucleation rate I and the
subsequent crystal growth rate G are well defined in the literature [24-26].
Even though the temperature dependence of the parameters I and G are
different (i.e., I = (AT)? and G « (AT)", respectively), the crystallization rate
parameters have often been taken to have similar temperature dependence to
that of the subsequent crystal growth rate G (written in the context of the
original Lauritzen and Hoffman secondary nucleation theory (LH theory)

[25,26]), which can be expressed as

[©] K

=t o =T —o T@any

b (5-8)

where ¥(T) and ¥, are the respective crystallization rate function (i.e., t,5",
k,, C,, k, or k,;) and the respective pre-exponential parameter (i.e., (to5")o, Ko
Cior kaior OT k), respectively. ©is a parameter related to the activation energy

characterizing the molecular diffusion across the melt/crystal interface, while
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K is a parameter related to the secondary nucleation. T.is the crystallization
temperature, T, is the glass transition temperature (ca. -6.1°C [22]), §is a
WLF parameter which indicates the cessation of molecular motion and is
often taken to be either ca. 30 K or ca. 50 K, R is the universal gas constant,
AT is the degree of undercooling (i.e., AT = T,’-T., where T is taken to be
168.7°C [22] (cf. Part 2)), and finally f is a factor used to correct for the
temperature dependence of the heat of fusion (i.e., f= 2T./(T+T,)).

It should be noted that a critical analysis of the linear growth rate G
of sPP in the context of the LH theory has been discussed in detail in Part 3.
The analysis suggested an unmistakable transition from regime II to regime III
at the crystallization temperature T, of 110°C. Since, in this study, the
temperature range of interest apparently falls in regime IIl, the complication
which arises from change of the secondary nucleation exponent (i.e., K) due
to the change in regimes can be ignored as long as the temperature range of
interest is lower than 110°C.

The temperature-dependent crystallization rate function ¥(T) can be easily
determined by fitting the respective crystallization rate parameters (i.e., t,5", k,, C,, k,;, or
k,s) collected at various crystallization temperatures to Equation (5-8) using the same
non-linear multi-variable regression program. As soon as the ¥(T) function was
determined, values of the respective rate parameters at other temperatures can then be
estimated. By substitution of the calculated rate constant at a temperature of interest
into the appropriate macrokinetic model, the time-dependent relative crystallinity 6(t)
at that temperature can readily be predicted, if the appropriate value of time exponent
(i-e., n, or C;) is assumed (due to the lack of finite relationship of these parameters with
the temperature, and usually assumed to be the arithmatic mean of the experimental

observations). The discrepancy which may arise from the uncertainty of the time
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exponent assumed may be remedied by use of the simultaneous Avrami model, since it
does not involve the selection of the dimensionality parameter (provided that changes in
crystal morphology do not occur over the temperature range of interest).

In order to obtain the best possible fits for the rate parameters with Equation
(5-8), the & value was chosen to be either 30 K or 50 K, while those of T, and T are
fixed as previously noted. In doing so, the only unknown parameters which are
provided by the program, once the fit was determined, are ¥, ©, and K. Plots of the
rate parameters of interest (i.e., t,5", k,, C,, k,;, and k,;) and their corresponding best fit
for both samples are illustrated in Figures 5-6 and 5-7 (for sPP#1 and sPP#3,
respectively); whereas, the values of §, ¥, 0, and K, as well as the parameter as a
result of the best fits are summarized in Table 5-7. Judging from the )’ parameters listed
in Table 5-7, the goodness of the fits of these rate parameters with Equatiop (5-8) is
very satisfactory. Now that all of the parameters in Equation (5-8) are known, the rate
parameters of interest at other temperatures can then be estimated.

Using the kinetics parameters summarized in Table 5-7, the prediction of the
time-dependent relative crystallinity functions 6(t) for T, = 85°C and 90°C for both of
the sPP samples studied can be demonstrated as illustrated in Figures 5-8 and 5-9 (for
sPP#1 and sPP#3, respectively). In general, the quality of the predicted &t) functions is
rather disappointing. = The deviation of the predicted curve at an arbitrary
crystallization temperature may arise from the deviation of the predicted value of the
corresponding crystallization rate parameter from the actual value at that temperature.
In the Avrami and the Malkin models, another problem exists as a result of the
supposition made on the value of the respective time exponent (i.e., n, or C,) which has
to be fixed (e.g., the average value of the experimental results) when the prediction is
carried out. It is fair to state, however, that prediction made for some other

crystallization temperatures, where the deviation of the estimated values of the
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Figure 5-6. The best fitted curves of various crystallization rate
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Table 5-7. The fitting parameters, as provided by the program, for the
best possible fits of the respective rate parameters to Equation (5-8).

7 5 7, 2] K
(K) (cal-mol™) (K%
sPP#1
t,5" (min”) 50 3.31x10" 2617 6.32x10° 0.0006
k, (min'2'75) 50 9.09x10% 8476 1.99x10° 0.0002
C, (rmn') 50 1.06x10" 2175 5.43%x10° 0.0861
k,; (min'z) 50 7.23x10* 6301 1.65x10° 0.0004
k., (min?) 50 4.99x10° 6222 1.44x10° n/a
sPP#3
t,5" (min®) 50 1.39x10" 2982 7.39%10° 0.0035
k, (min'”s) 50 9.26x10% 3910 1.30x10° 0.0064
C, (min) 30 8.09x10" 1500 6.28x10° 0.0977
k, (min?) 50 5.30x10™® 2500 9.79x10° 0.0091

k., (min®) 50 6.12x10" 2380 9.49x10° n/a
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Figure 5-8. Relative crystallinity as a function of time of sPP#1 for 2
different crystallization temperatures: (0) 85°C; (e) 90°C. The
experimental data, shown as points, are plotted along with the predicted
curves using the Avrami, Malkin, and simultaneous Avrami macrokinetics
models (shown as the solid, dotted, and dashed lines, respectively).
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Figure 5-9. Relative crystallinity as a function of time of sPP#3 for 2
different crystallization temperatures: (0) 85°C; (o) 90°C.  The
experimental data, shown as points, are plotted along with the predicted
curves using the Avrami, Malkin, and simultaneous Avrami macrokinetics
models (shown as the solid, dotted, and dashed lines, respectively).
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corresponding rate parameter (ie., t,s', k,, C, k,, and k,,) from the experimentally
observed values is minimal, may be more accurate than what has been demontrated

here.

6. CONCLUSIONS

A non-linear multi-variable regression program was used to fit the isothermal
crystallization measurements obtained from the DSC to four macrokinetic models;
namely the Avrami, Tobin, Malkin, and simultaneous Avrami models; and was found to
give a reliable kinetics results. Judging from the quality of the fit, only the Avrami, the
Malkin, and the simultaneous Avrami models were found to describe the time-
dependence of the relative crystallinity well, resulting in the rejection of the Tobin model
in describing the isothermal crystallization of sPP.

The Avrami exponent was found to be in the approximate range of 2 to 3,
suggesting a two dimensional growth from a combination of thermal and athermal nuclei
(i-e., instantaneous and sporadic nucleation). All of the crystallization rate parameters
(ie., tos', k, k, C,, k,, and k,) are found to be very sensitive to changes in the
crystallization temperature. Within the crystallization temperature range studied (i.e.,
60°C < T, < 95°C), the values of the rate parameters were all found to increase with
decreasing temperature, due to the fact that sPP crystallizes faster at lower temperature
than at the higher temperature. Comparison with earlier results [20] suggested that the
range of temperature in this study falls in the region where nucleation is the rate
determining factor. In addition, at the same temperature, sPP#3 was found to
crystallize faster than sPP#1, even though its syndiotacticity level is a bit lower. The
explanation was given based on the facts that the sPP#3 possesses a lower level of
ethylene comonomer defects and that sPP#3 consists of molecular chains of relatively

lower molecular mass.
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It was shown that all of the crystallization rate parameters (i.e., t,5", k,, k,, C,, k.,

and k,) have a definable relationship with crystallization temperature (or degree of
undercooling), making it possible to estimate values of the corresponding rate
parameters at other temperatures, and hence possible predictions of the isothermal

crystallization at those temperatures.
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PART 6:

ON THE CRYSTALLIZATION AND MELTING BEHAVIOR IN
SYNDIOTACTIC POLYPROPYLENE: THE ORIGIN OF THE
MULTIPLE ENDOTHERMIC MELTING PHENOMENON




1. ABSTRACT

The subsequent melting behavior of syndiotactic polypropylene (sPP) after

isothermal crystallization from the melt state has been studied by differential scanning
calorimetry (DSC) and wide-angle x-ray diffraction (WAXD) techniques. For isothermal
crystallization at high undercoolings, three melting endotherms are observed in the DSC
heating scans. The minor endotherm, located closed to the corresponding crystallization
temperature, has been found to represent the melting of the secondary crystallites
formed at the crystallization temperature. The low-temperature melting endotherm
corresponds to the melting of the primary crystallites from at the crystallization
temperature, while the high-temperature melting endotherm is a result of the melting of
the crystallites re-crystallized during a heating scan. The triple-melting behavior
observed in subsequent melting endotherms in DSC can then be described as the
contributions from: 1) melting of the secondary crystallites and their re-crystallization,
2) partial melting of the less stable fraction of the primary crystallites and their re-
crystallization, 3) melting of the primary crystallites, and lastly 4) re-melting of the re-

crystallized crystallites formed during the heating scan.

2. INTRODUCTION

Syndiotactic polypropylene (sPP) was first synthesized in the early 1960s by
Natta et al. [1,2] based on Ziegler-Natta catalysis, but the resulting polymer contained
too high a level of regio-irregular defects (e.g., head-to-head/tail-to-tail type defects)
despite a fair level of syndiotactic content. A much improved sPP was successfully
synthesized in 1988 by Ewen et al. [3] who reported that highly stereo-regular and regio-
regular sPP can be polymerized using a novel metallocene catalysis. The new catalyst

systems have made it possible to produce sPP with much improved purity and yields,
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which led to renewed interest in both scientific researches [4] and industrial
applications [5-8].

Recently, studies on isothermal bulk crystallization and subsequent melting
behavior on sPP samples, which were available commercially, using differential scanning
calorimetry (DSC) technique have been reported [9,10] (cf. Part 2). According to the
results shown in Part 2, subsequent DSC endothermic traces of sPP samples, which
have been crystallized isothermally under certain conditions, exhibit two or three
distinct melting endotherms, depending on the temperature at which the samples were
crystallized. For experimental conditions studied in Part 2, the multiple endothermic
melting behavior observed in sPP is likely a result of partial melting, re-crystallization of
the less stabled crystallites, and re-melting of the re-crystallized crystallites and the
normal melting of the primary crystallites formed at the crystallization conditions.
Although the melting/re-crystallization/re-melting hypothesis seemed to provide a
satisfactory description of the data, a more thorough understanding in the subsequent
melting behavior and the origin of the multiple endothermic melting behavior is necessary
in order to gain an insight into the crystallization and melting process of sPP.

The multiple melting phenomenon is not only observed in sPP. In fact, various
investigators have reported similar observations on a number of semi-crystalline
polymers including some flexible polymers, such as polyethylene (PE) [11,12], isotactic
polypropylene (iPP) [13,14], trans-1,4-polyisoprene [15], and poly(butylene succinate)
(PBS) [16]; and some semi-stiff polymers, such as aliphatic polyamides [17-19],
isotactic polystyrene (iPS) [20], syndiotactic polystyrene (sPS) and its blends [21],
poly(ethylene terephthalate) (PET) [22-27], poly(butylene terephthalate) (PBT) [28-31],
poly(phenylene sulfide) (PPS) [32,33], and poly(aryl ether ether ketones) [34-50].

In order to explain the occurrence of the multiple melting endotherms, a number

of hypotheses have been proposed. In the studies of isothermal crystallization under
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quiescent conditions (i.e., crystallization is only a function of temperature), the multiple
endothermic melting behavior of these semi-crystalline polymers can be designated as a
result of one of the following reasons: 1) the presence of two (or more) crystal
modifications [13,15], 2) the presence of two (or more) crystalline morphologies [28], 3)
the presence of two populations of crystal lamellae of different thicknesses
[35,38,40,43-45], and 4) the simultaneous melting /re-crystallization and re-melting of
the lamellae initially formed at the crystallization conditions [22,34,37,39,42,46].

Out of these models, the simultaneous melting/re-crystallization/re-melting and
the dual-lamellar population models seem to receive much attention in explaining the
multiple endothermic melting behaviors in various semi-crystalline polymers which do
not exhibit multiple crystal modifications upon crystallizing at the crystallization
conditions studied. The simultaneous melting/re-crystallization/re-melting model, first
proposed by Holdsworth and Turner-Jones [22], hypothesizes that the primary lamellae
formed at the crystallization temperature T, undergoes a partial melting process which
gives rise to an observation of the low melting endotherm (usually observed ca. 10°C
above T). During the heating scan, the partially melted material undergoes a
simultaneous process