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Morphology, Physical and Tensile Properties of Quench-cooled
Isotactic Polypropylene Films and Spunbonded Fabrics

Victor Caldas

Abstract

The room temperature morphology of quench-cooled isotactc polypropylene
(iPP) films and its development were investgated by scanning transmittance electron
microscopy (STEM) and differential scanning calorimerny (DSC). STEM dark field
images revealed that within an amorphous matrix there exist microcrystalline regions, 160
A in size on the average, having the c-mcnoclinic crystal form. Regions of lower
crystalline order were also observed which have an a-monoclinic crystal form that has a
substandally longer b crystallographic axis. DSC studies indicate that during quench-
cooling to the glassy state iFP samples attain a low degree of crystalline order to an extent
that depends on sa=gle mass. Upon heating from the glassy state, an exothermic
transition is observed following the glass transition temperature which corresponds to the
formation of the room temperarure morphology.

Cross polarization/magic angle sp.oming (CP/MAS) nuclear magnetic
resonance (NMR.) spectroscopy was used to monitor morphological changes in the purely
crysualline phase of quench-cooled iPP films and spunbonded fabrics during annealing.
The spectra were obtained using a pulse sequence that incorporates a delay period with a
reduced spin locking field prior to cross polarization. Morphological changes occurring
within the purely crystalline phase of iPP were related to observations made by DSC.
Uponanncaling.theCPlMASNl\/[Rspecu-umofthcptn'clyuysmﬂincphaseofbothiPP
samples changed by a redistribution in the intensity of the various peakstwithin a given-

carbon resonance. This redistribution of intensity was found to reflect the conversion



from the &; to the &> monoclinic crystal forms. It is shown that the double meldng
endotherm observed by DSC for the spunbonded fabrics is due to the exothermicity which
is associated with this conversion. It is concentated in the temperatute region between
156 and 165 °C.

The tensile properties of the spunbonded iPP fabrics and fibers were enhanced
by the dispersion of a silica/silicone additive and by changing the resin characteristcs.
This additve acts as 2 nucleating agent for iP? under isothermal crystallization conditions.
This nucleating ability manifests itself in smaller crystal sizes and higher nucleation
densites in the iPP fibers and bond points. The improved tensile properties are attributed
to the smaller crystal sizes which form a more homogeneously dispersed crystalline phase

in the amorphous phase as well as to increase the number of load-bearing tie molecules.
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Morphologie, Propriétés Physiques et d’Etirement des Films de
Polvpropyléene Isotactique Trempé et des Tissus a Liaison de
Fibres

Victor Caldas

Résumé

La morphologic A la température ambiante des films de polypropyléne
isotacdque (iPP) wempé et leur développement ont é1€ émdié par microscopie
électonique A balayage et mansmission (STEM) ainsi que par calorimémie différengelle 2
balayage (DSC). Les images obtenues par STEM a champ obscur indiquent que dans une
matrice amorphe, il existe des régions microctystallines de 160 A en moyenne ayant la
forme &-monoclinique. Des régions de crystallinité inférieure, possédant également une
forme monoclinique piais ol l'axe Crystallographique b est plus long, ont ausst été
observées. L'érude de la calorimétrie différentielle A balayage indique que IiPP soumis 2
un refroidissement rapide jusqua I'émat vimreux atteint un bas degré de crystallinité qu
dépend de 1a masse de I'échantillon. En réchauffant I'échantllon 2 partir de I'état vitreux,
une transition exothermique est observée suivant la température de transition vitreuse, ce
qui correspond au développement de la morphologie de 1'iPP 2 température ambiante.

La résonance magnétique nucléaire (RMN), par la technique de polarisation
croisée et rotaton 2 angle magique (CP/MAS), a &€ utlisée dans le but d'observer les
changements morphologiques des films d'iPP trempés et des tissus 2 liaison de fibres dans
la région purement crystalline. Les spectres ont €€ obtenus en utilisant une séquence de
pulse od un d&a an champ de découplage réduit est incorporé avant la polarisation
croisée. Les changements morphologiques se¢ produisant dans la région purement
crystalline ont i€ reliés A des observanons faites par DSC. En observant le spectre obtenu



par CP/MAS RMN pour les deux d¢chandllons, il est possible de remarquer une
redisibudon de lintensité des signaux pour chague résonance. Cernte redistribution de
lintensité indique la conversion de la phase monocliniqe & a Iz phase a». I est montré
que la double mansidon endothermique observée par DSC pour les ssus 3 haison de
fibres est due A I'exothermicité associée A cette conversion. L'exothermicité est présente 2
des températures variant entre 156 et 163 °C.

Les propriétés d'édrement des fibres d'iPP et des dssus 3 Haison de fibres ont
¢té améhorées par la dispersion dun additf silicefsilicone et en changeant les
caractéristiques de la résine. Cer additif agit comme agent de nucléaton pour PP sous
des conditions de cristallisaton isothermalle. Cette habileté de nucléation se manifeste
dans l'observaton de plus petits cristaux et d'une plus haute densité de nucléats dans le
fibres d'1PP et dans les points de Haison. Ces propri€tés accrues d'étrement sont attribuées
3 1a réduction de la dimension des cristaux, formant une phase crystalline de meilleure
homogénéité dans la phase amorphe, ainst qua l'accroissement du nombre de points

d'aachements moléculaires.
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CHAPTER ONE

Introduction

@m%c polypropylene (PP} is a polymorphic thermoplastic that has been the
source of innumerable investigations which, in the main, concentrate on the many aspects
of its structural organization in the solid state. While this enormous interest in these
fundamenral issues is based partly on the fact that PP is one of the simplest of the
nontrivially stereoregular polymers, it results primarily from the commercial versatility and
viability of PP. This versatility arises from the fact that the structure and properties of PP
can be tailored to meet specific requirements. PP can be modified during the
polymerization of the resin by the copolymerization with different co-monomers or by the
production of a syndiotactic homopolymer, during compounding by the manufacturing of
filled or reinforced resins, or in subsequent processing steps. This variety has been
demonstrated in a three volume compilation that describes many aspects of the structure-
performance relationships relevant to polypropylene homopolymers, copolymers, blends
and composites. 1

Many fundamental studies have been performed on PP in various areas of research
that include crystallization, nucleation, melting, -morphology, transformations between
crystalline phases and supermolecular structures which have contributed to the present
state of knowledge in polymer science. Some of these investigations will be discussed not
only in this Introduction but also in other sections throughout this thesis. However,
before discussing topics that pertain specifically to PP, a general background on
semicrystalline polymers is presented.
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1.1 Background on Semicrystalline Polymers
1.1.1 Requirements for Crystallization

The development of crystallinity in polymers depends on the regularity of structure
along the polymer backbone, i.e., the configuranon of the polymer chain as produced
during polymerization. A polymer will crystallize if its structure allows packing of its
chains in a parallel array. This requires nearly complete chemical and stereochemical
regularity.

Chemical regularity is achieved during polymerization when the monomer units
attach themselves in an orderly head-to-tail fashion. Occasionally a head-to-head or tail-
to-tail artachment will occur that presents a flaw in the chain regularity. If in sufficient
quantity, these irregularities can jeopardize crystllization. Other chemical imperfections
arise from the production of branching or side chiins ir an otherwise linear polymer. In
the synthesis of polyethylene, for example, the introduction of paraffin side chains reduces
the crystallinity to one half when the number of pendent groups is increased from 3 to 30
per 1000 chain units.2

In addidon to chenmcal regularity, polymeric chains that have asymmermrical side
groups also require stercochemical regularity to crystallize. Pendent groups can be
arranged in different ways along the chain of the polymer, giving rise to three different
stereoisomers; namely, isotactic (i.e., same side of the vinyl backbone when the chain is in
a planar zig-zag conformation), syndiotactic (i.e., alternate sides) and atactic (i.e., random
arrangement). Isotactic and syndiotactic polymers will crystallize provided the side chain
is not wo bulky.

Complete chemical and stereochemical regularity is an idealized situation since
polymeric chzins include various types of disorder. Therefore, for a large number of
reasons, polymers are generally not completely crystallizable and a conglomerate is



obtained of crystalline and amorphous regions.3»* The fraction of crystalline regions in a
sample defines the degree of crystallinity of the polymer.

1.1.2 The Concept of Chain Folding

X-ray diffraction studies, in the 1920, indicated that some polymers are partially
crystalline and, based on x-ray line broadening, the crystals were found to be either very
small or imperfect. Based on the known high moiecular weight of the polymeric chains
and the small size of the crystalline entties, it was established that the chains passed in and
out of many crystallites. These findings led to the fringed micelle model that was
proposed by Herrmann, ez al.5 and is illustrated schematically in Figure 1.1.

This model suggests that the crystalline regions, 50 to 500 A in size, consist of
polymer chains that are crystallographically aligned and are embedded in an amorphous
matrix. A single polymeric chain can then extend through a crystalline region, out through
a more or less diffuse boundary to an amorphous network and possibly back into another
crystalline region. This model was used with great success to explain the mechanical
behavior of semicrystalline polymers. However, one of its problems is that as the crystals
grow in size an accumulation of strain is expected at the ends of the crystal. This
effectively Limits the final crystal size. In addition, the observation of the spherulitic
morphology by Bunn and AlcockS and Bryant? could not be accounted for by the
traditional model.

Departure from the fringed micelle model came about in the mid 1950's with the
successful preparation of polyethylene single crystals by Keller.8 Electron diffraction .
analysis of these 10C to 140 A thick diamond-shaped crystals ‘ndicated that the polymer
chain axes in the crystal body were essentially perpendicular to the flat face of the crystal
Since the polyethylene chains were known to be thousands of angstroms long and the
thickness of the crystals were in the vicinity of 100 to 140 A, Keller8 concluded that, in



Figure 1.1 Schematic representation of the fringed micelle model showing crystalline and

amorphous regions.

the crystals, the polymer chains had to be folded back upon themselves and thus raverse
the lamellae many times. These observations were confirmed by Fischer® and TiL10 It is
of interest that the possibility of chain folding was first invoked in 1938 by Storks!! who
suggested that the macromolecules of gutta percha were folded back and forth upon
themselves. The report of Storks remained unnoticed for almost 20 years, possibly due to
the general acceptance, at that time, of the fringed micelle model.



The experimental evidence obtained from soludon-grown crystals supports the
concept of chain folding which is now universally accepted. However, controversy exists
about exactly how the polymeric chains fold in the lamellae. The first model that was
proposed is based on adjacent re-entry which was suggested by KellerS and Fischer.? As
illustrated in Figure 1.2z, the chains that exit from a crystal surface re-enter, or fold back,
into the crystal at the next possible position in the growth plane by a hairpin turn. This
leads to the development of a very smooth and ordered surface, with no amorphous phase.
However, it should be noted that although crystzllization is essentially complete, the
crystal must accommodate certain defects, such as a small degree of atacticity in the
molecular body or ends.12

At the other extreme is the model that was proposed by Floryl3 in which it was
postulated that chain folding occurs by the chain re-entering the crystal at random, non-
adjacent locations. The fold surface would be very rough due to the loops of various
lengths that are formed in the process of random re-entry. A single loop with non-
adjacent re-entry is fllustrated in Figure 1.2b. Increasing the number of these loops results
in a surface that resembles an old twelephone swichboard with its entangled and over-
lapping leads. For this reason, this model has been termed the "switchboard" model.
Hybrid models, illustrated in Figure 1.2b, have been suggested previouslyl4:13 in which
adjacent re-entry predominates with the occurrence of non-adjacent re-entry and dangling
chain ends.

Many investigators have used a variety of wchniques in ar attempt to conclusively
demonstrate the true nature of the formation of the fold surface in both single crystals and
in bulk crystellized samples. Some of the techniques used in these investigations included
infrared spectroscopy,16-19 carbon-13 NMR20-22 and small angle neutron scattering.23-26
Infrared and carbon-13 NMR investugations of single crystals indicate



Figure 1.2 (a) Dlustration of a regularly chain-folded crystal with adjacent re-entry. (b)
Iustration showing possible departures from the strictly regular folding of adjacent re-
entry; namely, cilia, non-adjacent re-entry loop and rough fold surfaces.

that the fold surface of the lamellae is more consistent with the occurrence of adjacent re-
entry.2? However, small angle neutron scattering investigations of deuterated and
protonated polyethylene single crystals suggest the occurrence of both adjacent and non-
adjacent re-entry where the latter occurs after skipping one or two nearest neighbor



sites.25 In melt crystallized samples, the lamellae are found to be organized differently.
Experiments by Sadler and Keller23-26 indicated that nearly random stem re-entmry was
most likely, i.e., similar to the switchboard model that was proposed by Flory.13 Adjacent
re-entry would occur but only infrequently.

1.1.3 Spherulitic Structure

Crystallization of polymers from dilute solution results in the formation of lamellar-
shaped single crystals that, as discussed in the previous section, exhibit a folded chain
habit and are of the order of 100 to 200 A thick. When polymers are crystallized from
more concentrated solutions, various branched multilayered structures are observed with a
wee-like morphology in which the overall shape of the single crystal is often retained (i.e.,
dendritic morphology). Finally, when a polymer is crystallized from the molten state or
buik, in the absence of significant flow or stress, the dominant structure that is observed is
the spherulite (Figure 1.3a).

Spherulites, as the name suggests, are sphere-shaped cryswmlline stuctures.
However, this spherical symmetry is maintained only in the initial stages of crystallization
from the bulk due to the impingement that occurs in the lamer stages. In addition, when
spherulites are grown from thin films, the thickness is ysually substantially smaller than the
diameter of the spherulite such that a cross-section along the diameter of the spherulits is
usually being smudied. The size of the spherulites generally ranges from 0.5 to 100 pm and
is known to decrease as the undercooling is increased. In addition, when viewed on a
microscope with crossed polars, each spherulite exhibits an extinction cross, i.e., 2
Maltese cross, with arms oriented parallel to the vibration directions of the analyzer and
polarizer of the microscope.

As illustrated in Figure 1.3b, spherulites are composed of amrays of fibrillar
structural units that radiate outward from the central nucleus. In addition, the fibrillar
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Figure 1.3 (a) Spherulites of isotactic polypropylene, as observed through crossed
polarizers. (b) Ilustraton of the spherulitic structure and the orientation of the chain
folded surface with respect to the fibrillar habit. (c) Simplified representation of the

crystalline, interfacial and amorphous regions that consttute the fibril morphology of
spherulites.



development proceeds by low-angle branching which generates a uniform space filling of
the spherulide structure. These fibrils may also exhibit twisting during the development of
the spherulite.

Electron microscopy investgations of the spherulide structure indicates that the
fibriliar structural units of the spherulizes are composed of individual lamellar crystalline
plates of equal thickness.28 Further examination by x-ray?? and electron30 diffraction
indicates that the chain axis of polymer molecules is oriented tangentially to the radial
direction of the spherulite (Figure 1.3b). This molecular axs is perpendicular to the flat
surface of the lamellae and resembles very closely the structure of single crystals, as
discussed previously. However, in the fibrils that make up the spherulites, the structure is
better visualized as stacks of elongated lameliae where the molecular chains are oriented at
right angles to the long axis of the fibrils (Figure 1.3b).

While the lamellar structure in spherulites is very similar to that of single crystals,
the folding of the chains is much more irregular, as discussed in the previous section. As
defined by Yoon,3! there are three regions of importance which constirute the fibrillar
morphology: the crystlline lameliar region which is approximately 100 A thick, an
interfacial region about 5 to 15 A thick and an amorphous region about 50 A thick. These
three regions are illustrated in Figure 1.3c. A nearby re-entry model constrains the chain
within the interfacial layer during the irregular folding process. In between the lamellar
structures lies amorphous material. This region is composed primarily of less
stereoregular polymer chains, low molecular weight material and/or impurities of various
kinds.27 The properties of this region are very similar to those of the molten state.

The individual lamellae in the fibrils that make up the spherulite are bonded
together by "tie” molecules which reside party in more than one crystalline region. These
long, thread-like structures serve to tie the entire structure together by passing through
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many crystalline regions and are thought to be important in the development of greater

toughness in semicrystalline polymers.

1.1.4 Structure and Morphology of Fibers

The crystallizaton of polymers under quiescent conditions is quite different from
that which is observed in a dynamic environment which is encountered during the
processing of polymers. Crystallization under the influence of stress or flow, as is the case
in the process of fiber spinning, invariably affects the morphology that develops. The
spherulitic morphology that is observed under quiescent crystallization conditions is not
expected to be formed under the influence of stress or flow.

The morphology of fibers thar are produced from linear flexiblechain polymers is
segregated into regions with differsut degrees of order.32 These semicrystalline fibers are
mostly viewed as two phase smuctures consisung of crystalline and non-crystalline
regions. This is consistent with their wide angle x-ray scattering which shows discrere
reflections assigned to the crystlline material as well as diffuse scartering that is due to a
non-crystalline phase. In addition, the physical structure of the fibers is 2lso characterized
by a certain degree of chain extension,33.34

The structure of the crystalline phase is also thought to be far from perfect. The
conformation of the chains as well as their packing differs from that which is expected
when the specimen is crystaliized under optimum conditions.35 In addition, in sorne fibers,
the structure is further complicated by polymorphism, where stable and metastable crystal
modifications may exist simultaneously.36-38

The fine structure of most fibers is 2 complex combination of long-chain molecules
in crystalline and non-crystalline regions which may be aggregated into fibrls or other
supermolecular stuctures3® A polymeric chain i the non-crystalline phase may be
anchored in two different crystallites thus forming a "te” molecule. It mey re-enter the
same crystallite at an adjacent or non-adjaceat position thus formung 2 chain fold or may
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end in the non-crystalline phase to form the so-called cillium. The formulation of a
structural model that describes the strucrural feanures of the crystalline and non-crystalline
phases of a given fiber is difficult The diversity of models in the Iiterature, as reviewed by
Hearle,*0 suggests the lack of precise knowledge about the fiber structure.

Early models41-43 of the structure of the fibers resembled very closely the fringed
micellar model that is illustrated in Figure 1.1. The structure was viewed as a network of
crystalline regions in an amorphous matrix with the molecular axes of the polymeric chains
essendally aligned with the fiber axis. Subsequently, various lamellar models have been
suggested that describe the fiber sructure as altemnating layers of crystalline and non-
crystalline material 40

The fiber structure has also been described in terms of a microfbrillar
morphology.44-49 The microfibrils, as described by Prevorsek, ez al., 44 are composed of a
series of crystalline and intrafibrillar disordered regions while the areas between these
microfibrils are noncrystalline and consist priroarly of extended chains. Hearle and
Greened? suggested a similar model but describe this fibrillar morphology as 2 modified
fringed micelle structure, containing pseudo-fibrils due to the stacking of micelles. Finally,
Dees and Spruiell50 suggested that the morphology of fibers may be due to the formation
of row nucleation during the development of the cryswalline phase. Lamellar crystals are
nucleated by, and grown epitaxdally on, fibril nuclei that are generated from the
clongational straining of the melt during processing.

1.2 Polymorphism in Isotactic Polypropylene
Isotactic polypropylene GPP) has been the source of innumerable investigations
since the late 1950's, concentrating on the many aspects of its organization in the solid
state. The polymorphism in iPP has been reviewed at the supermolecular level (ie.,
spherulitic, ezc.) by Vargasl while Briickner and co-workersS2 reviewed the many aspects
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of its crystal smuctures and morphologies. An overview of this diversity in morphology
will be presented with particular emphasis on the @-monoclinic crystal structure since it is
the most peranent to the remainder of this thesis.

1.2.1 Spherulitic Morphologies

Through the use of an optical microscope that is equipped with crossed polarizers,
several types of spherulitic structures can be distinguished in 1PP. Depending on the
features of the fibrils, these spherulites can be either radial or banded and possess different
optical characteristics. Radial spherulites are obtained when the fibrils radiate straight
from the nucleus as illustrated in Figure 1.3b. Banded spherulites, on the other hand,
occur due to periodic twists in the longitdinal direction of the fibril which appear as dark
concentic rings whose spacing corresponds to the pitch of the twist.

The optical characteristics of a spherulite are characterized by its birefringence
which is defined as the difference between the refractive index, An, that is observed in the
radial, n_, and in the tangential, n,, directions of the spherulite.

An=n,-n, (1.1)
The structure of a spherulite, as discussed previously, is composed of molecular chains
that are folded into fibrils. The chains in these fibrils are oriented essentially perpendicular
to the longimdinal direction of the fibril or to the radius of the spherulite. Since the
refractive index is higher in the chain direction than in the perpendicular direction, fibrils
have a negative birefringence.5! Therefore, polymer spherulites are expected to be only
optically negative.

The different types of spherulites that are observed in iPP were first reported by
Padden and KeithS3 in 1959 and were classified as Types I to IV. These spherulites were
found not only to differ in the crystal structure (i.e., &-monoclinic or B-hexagonal) but
also in their optical characteristics and architecture (i.e., radial or banded spherulites). In
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addidon, the observation of each of these spheruliic morphologies was found to be
dependent on the crystallization temperature.

The occurrence of three different types of spherulites that are composed of the
same o-monoclinic modificaton but differ in their optical characterisucs was
demonstrated by Padden and Keith33 (i.e., Types I, I and mixed). Positive and negative
radial o-monoclinic spherulites were observed at crystallization temperatures below 134
and above 137 °C, respectvely. In the intermediate temperature range, a third type of
radial o-monoclinic spherulites was observed and found to have a mixed birefringence,
i.e., the spherulite has no certain optical character (Figure 1.32).

In certain temperature regions two types of B-hexagonal spherulites were found to
form sporadically among the o-monoclinic modification (i.e., Types II and IV).53
Negative radial (Type Il) and negative banded (Type IV) B-hexagonal spherulites are
observed at crystallization temperature below 128 and between 128 and 132 °C,
respectively. When viewed under the optical microscope, these spherulites appear highly
birefringent compared to the a-monoclinic modification. The observations of Padden and
Keith33 were supported in subsequent investigations34-55 but other temperature ranges
were suggested for the formation of the vaﬁous types of spherulites.

The optical characteristics of the a-monoclinic spherutites (i.e., positive and mixed
birefringence) appear to contradict the negative birefringence that is expected to be
produced in polymer spherulites. However, it was demonstrated by electron
microscopy>3-5 that the fibrils of the q:-monoclinic spherulites are branched with angles
as large as 80° to the radius of the spherulite. Therefore, the radial growth is accompanied
by a great number of tangential growth forming a "cross-hatched" structure.54-56,57 The
optical characteristics of the spherulite are, thus, controlled by the ratio of radial to
tangential fibrils, This ratio increases as the crystallization temperature is increased and
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this causes, at higher crystallization temperatures, a transition from positive to negative
birefringence in the spherulite.34

1.2.2 Crystal Structures

The various crystal structures of iPP are based on the development, during
crystallization, of two enantomorphic chain conformatons, i.e., right- and left-handed
three-fold helices with a periodicity of 6.5 A.58:59 In addition, the right- and lefi-handed
helices are further distinguished, in an absolute reference frame, by the orientation of the
methyl groups. The covalent bond that joins the methine and methyl carbon atoms will
have either an "up” or a "down" orientation with respect to the chain axis.52 It should be
noted that the "up” and "down" orientations differ only by & 180° rotarion about an axis
perpendicular to the chain direction. Therefore, the combination of these possibilities
leads to four distinguishable chain conformations which pack in different geometries to
give rise to the four well-known crystal forms of iPP; namely, the &-monoclinic,9 the B-
hexagonal, 5962 the -triclinic396063 and the quench-cooled (smectic) form.S9 The
quench-cooled morphology of iPP is discussed in Chapter 2. The B-hexagonal and y-
triclinic crystalline modification of iPP are not considered in this Introduction.

The structural characterization of the a-monoclinic crystalline phase of iPP was
performed by Natta and co-workers in the years 1955 to 1960.58:59,64 Based on the x-ray
diffraction pattern of an oriented iPP fiber, a monoclinic unit cell was proposed with
constants a = 6.65(5), b = 20.96, ¢ = 6.50 A, and B=99.3°.5% The unit cell was found to
contain four three-fold helices for a total of 12 monomer units per unit cell and a density
of 0.936 g/cm3. According to the analysis of Natta and co-workers, 59 the unit cell of this
modification contains both left- and right-handed helices that are arranged as depicted
graphically in Figure 1.4. In addition, systematic absences of all odd h+k reflections
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Figure 1.4 Mlustatdon of the packing of the right-and left-handed helices, R and L,
respectively, in the «-monoclinic unit cell of iPP.
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were noted which suggested a centered crystal lattice. The C2/c space group was
suggested with the assumption that a random distribution of "up" and "down" chains
occurs (i.e., with equal frequency) so that the average chain has no preferred direction.
Following the report of Natta and co-workers,”® Mencik® observed some odd
h+k reflections in the x-ray diffraction pattern of certain iPP samples and proposed that
the a-monoclinic crystalline phase is consistent with P2;/c symmetry. Similarly, Turner-
Jones, et al.%0 observed odd h+k reflections in unoriented and annealed iPP samples.
However, these reflections were not observed in oriented a-phase fibers. The authors
suggesteq that the space group of oriented and unoriented iIPP samples in the ot-phase
might be different. Mencik,66 in a subsequent investigation, amempted to describe the
crystal structure of the a-modification of iPP by assuming P2,/c symmetry. This space
group does not mmpose a random distribution in the "up” and "down" orientation of the
chains, as does the C2/c symmetry, but it requires that bilayers of an "up” orientation be
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followed by a "down" oricntation (i.e., the Ryp-Lyp-Rdn-Ldn sequence in Figure 1.4).
The odd h+k reflections were found to be substantially weaker than expected for a
perfectly ordered P2;/c symmetry and, therefore, Mencik® invoked partial variation
{(25%) in the “up” and "down" orientation.

The crystal structure of the a-modification of iPP was also re-examined by
Hikosaka and Seto.57 The authors investigated two oriented fibers that were annealed for
2 hours at 140 and 171 °C, respectively. The sample annealed at the lower temperature
did not show any odd h+k reflectons while these were present in the sample annealed at
the higher temperature. The intensities of the odd reflections were found to be lower than
expected for P2,/c symmetry and the authors, in agreement with Mencik,66 proposed
partal up/down order. It was suggested that regions of ordered P2;/c symmetry co-
existed with disordered regions of C2/c symmetry similar to "ordered islands floating in a
disordered sea.”

Hikosaka and Seto57 also investigated the influence of annealing conditions on the
level of order in the crystalline phase of oriented and unoriented iPP quench-cooled
samples. It was found that the odd h+k reflections, which are associated with P2,/c
symmetry, arc absent in the samples annealed at lower temperature but are observed and
increase in intensity as the anneal temperature is raised. This behavior was found to begin
at lower temperatures for unoriented samples. A structural transition from a disordered
C2/c state to an ordered P2,/c state was suggested. The a-phase for which the odd h+k
reflections are extinct (C2/c) was designated @, while the limiting higher order form that
is associated with P2,/c symmetry was named o,.

Cortradini, et al.8® suggested an alternative model to the one proposed by
Hikosaka and Seto.§7 A bilayer was defined as being composed of two ordered ac layers
of isoclined enantiomorphic helices (i.e., both left- and right-handed helices have the same
up/down orientation). In each bilayer, the helices are all isoclined while the helices that
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belong to two different bilayers may be isoclined or anticlined. The bilayers of
enantiomorphic helices are illustrated in Figure 1.5. It was suggested that the disorder in
the up/down orientation is limited to the b crystallographic direction, since it is the most
likely to show irregularities®8 in the ideal P2;/c sequence of up/down ordering. When a
bilayer is juxtaposed to a bilayer of anticlined helices (Figure 1.5), P2,/c symmetry is
observed. Irregularitics occur when a bilayer is juxtaposed to a bilayer of isoclined helices
which is consistent with Cc symmetry. According to this model, the ¢} and o, crystal
forms are easily generated as well as any intermediate between these two forms.

The analysis of Mencik® and Hikosaka and SetoS7 clearly showed that the -
phase crystailine structure of iPP shows various levels of order in the "up" and “down"
positoning of chains. This behavior is directly related to the thermal and mechanical
history of the sample.

1.3 The Present Study

In this introductory chapter, the morphology that is observed in iPP samples under
controlled crystallization conditions has been discussed in an effort to show the diversity
of iPP morphology. Previous investigations that are pertinent to the research of a
particular chapter are presented in the Introduction of each chapter.

This thesis is composed of five chapters: Chapter One is an introductory chapter
on the morphology of semicrystalline polymers. Chapter Two describes an investigation
of the room temperature morphology of quench-cooled iPP films. In addition, the
development of this morphology following the sample quench is also considered. This
work has been published in Polymer®® (Reprinted with permission from Butterworth-
Heinemann journals, Elsevier Science Ltd., UK). Chapter Three describes a solid state
NMR investigation of the annealing behavior of quench-cooled iPP films. In particular, a
new NMR pulse sequence is introduced that allows the exclusive observation of the
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Figure LS Ilustration of the packing of the left- and right-handed helices of iPP in
bilayers of isoclined helices. A given bilayer is followed by a bilayer of anticlined helices
as in the P2,/c space group.
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crystalline phase of iPP and it is used to monitor morphological changes within the
crysialline phase of iPP during thermal annealing. This study appeared as an "Invited
Paper"” in a special issue of the Journal of Magnetic Resonance in Chemistry’? (Reprinted
with permission from John Wiley and Sons Ltd.). Chapter Four describes an investigation
of the melting behavior of spunbonded iPP fabrics, with the same NMR characterization
method that was used for the work in Chapter Three. In particular, the double meldng
endotherm of spunbonded iPP fabrics is investigated. Two manuscripts that describe this
work have been submitted for publication in the Journal of Polymer Science, Polymer
Physics Edition. Chapter Five describes the improvement of the tensile properties of
spunbonded iPP fabrics by the dispersion of a surface modified silica/silicone additive. In
addition, the melt flow index and molecular weight distribution of the iPP resin is modified
by the blending of two iPP resins.

Finally, in Chapter Six, the Contributions to Original Knowledge of this research
are summarized and Suggestions for Future Work are outlined.
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CHAPTER TWO

The Structure of the Mesomorphic Phase of
Quench-cooled Isotactic Polypropylene

2.1 Introduction

Since the inirial disclosure by Nattal that propylene could be polymerized to yield
high molecular weight, isowmactic semi-crystalline polymers there have been numerous
studies on the structure, morphology, mechanical properties and their inter-relatonships.
Within this large body of literature there is particular emphasis on the effects of thermal
history and mechanical deformations on the crystalline morphologies of polypropylene
(PP). The morphology of a partally ordered phase that is attained as 2 result of quench
cooling an isotactic pelypropylene (iPP) sample is the focus of this study.

2.1.1 Proposed Levels of Order Within the Quenched Phase

As discussed previously, when crystallized either from the melt or from solution,
iPP adopts a 3, helical conformation. Depending on the cryswallization conditions,2-8
these helices pack in different geometries giving rise to the three well known polymorphs
of iPP,% namely the c-monoclinic, the B-hexagonal, and the ¥-triclinic crystal forms, which
exist in conjunction with an amorphous phase. It was pointed out many years agol0-13
that a phase possessing order intermediate between the amorphous (atactic) and crystalline
states can be obtained by quench cooling. Although the x-ray scattering curve for the
quench-cooled sample is very similar to that for atactic polypropylene, the presence of a
second scattering maximum at 22.2° (i.e., 26) suggests the existence of a somewhat
greater degree of order. Infrared studies reported by Natta, er al.1 revealed that, in this
quenchedphgse,foralargeﬁ'acﬁon of their length the individual chains of iPP maintain
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the same 3, helical conformation that is present in all of the other three polymorphs. In
addition, the wide angle x-ray diffraction (WAXD) pattern of a quench-cooled iPP sample
that was highly oriented indicated a well-defined identiry period of 6.5 A. It was
concluded that the helices have a parallel orientation and the packing perpendicular to
their axes is more disordered than along the axes. Since the packing of the helices did not
appear to be completely random, Natta, ez al.10 referred to this partially ordered phase as
a "smectic” form, indicating a degree of order higher than molecular parallelism found in a
nematic liquid crystalline phase.

Following the initial description of the quench-cooled phase of IPP as being a
"smectic” modification, mmch work gave evidence that it possesses higher levels of order.
Miller,!3 having confirmed the results of Natz, et al.,10 described the quench-cooled iPP
morphology as paracrystalline in the sense of Hosemann,4 ie., having statistical
vanations of the edges of the unit cell in both length and direction. Some years later,
ZannetiilS also described the quench-cooled morphology as paracrystalline, Wyckoff12
performed x-ray analysis on cold drawn quench-cooled samples and pointed out that in the
x-ray partern of this oriented sample the peak belonging to the first layer line was much
sharper than expected for an isolated three-fold helix. It was concluded that a certain
degree of cormrelation exists between the positions of adjacent helices suggesting, n
additica to chain parallelism, short-range three-dimensional order of a limited naturs.
Wyckoff did not elucidate the nature of the short-range order but indicated that it must
resemble, on a local scale, the order existing in the ¢-monoclimic phase.

" After the B-hexagonal crystal form had been recognized, Gailey and Ralstonl6
suggested that the partially ordered phase of 1IPP is composed of small hexagonal crystals
that are 50-100 A in size. This proposal was based solely on the observation that the two

. diffraction maxima obtained for the quench-cooled phase coincide with the two most

intense diffraction maxima of the hexagonal phase. Farrowl? agreed with the concept of
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fine crystals but did not make reference to a hexagonal morphology. Electon microscopy
studies on the morphology of the quench-cooled phase, by Gezovich and Geil,!8 revealed
"ball-like” struciures about 125 A in size and they suggested that these are defective
hexagonal crystals. On the other hand, Bodor, er al.19 assurnc< the quenched phase te be
composed of small crystals of the monoclinic form and suggested that the characteristic x-
ray scattering pattern is due to crystal size line broadening. Finally, McAllister, Carter and
Hinde20 proposed that the polymer chains in the quenched phase are arranged in a square
symmeny and estimated a crystal size of approximately 30 A. This was disputed by
Guerra, er al2! whe contended that all of the reflection maxima were interpreted as
equatorial reflections which does not agree with the x-ray pattern of oriented quench-
cooled samples.

To atternpt a theoretical elucidation of the structure of the partally ordered phase
of iPP, Corradini, er al22-23 compared the experimentally determined x-ray diffraction
intensities for this phase with calculated Fourier ransforms for various models of chain
aggregates packed in the o-monoclinic and B-hexagonal crystal forms as well as for
disordered models possessing character of both phases. The local correlation between
chuins was found to more closely resemble the crystal structure of the o-monoclinic
crystal form than the B8-hexagonal, although any con'elauon berween chains appeared 10 be
lost at distances of the order of 30-40 A.

Although the degree or type of order in the quenched phase of iPP has not been
fully determined, through x-ray diffraction and electron microscopy studies Hsu, ef al.%
have found that the "smectic" marphology develops as the quench-cooled sample is heated
between -20 and 0 °C, i.e., it resuits due to cryswllization from the glassy state. DSC
studies confirmed that upon heating a quench-cooled sample of iPP crysullization occurs
in the same temperature region where the morphological chang&s were observed by
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clectron microscopy. Infrared spectra obtained by Glotin, er al.,25 also present evidence

that quench-cooled iPP crystallizes from the glassy state.

2.1.2 The Present Study

As can be deduced from the above discussion, the level of order that exists within
the quenched morphology of iPP is still in dispute. The goal of this work was to attempt a
fuller description of the level of order that exists within the morphology of the quenched
phase of iPP. To this end, electron microscopy techniques that offer higher resolution
than have been used previously were employed to probe the local order, i.e., areas less
than 100 A2. A further goal of this smdy was to investigate the development of order
(i.e., crystallinity) during and/or following the sample quench. Detailed DSC studies are
presented, which confirm and yield a fuller description on the formation of this phase, i.e.,
about the crystallization from the glassy state.

2.2 Experimental

The iPP used in this study was obtained from Exxon (Exxon 3445, melt flow index
= 34; Pp,=0.93, as obrained by NMR). Its weight- and number-average molecular
weights, as obtained by gel permeation chromatography analysis, were 144 600 and 50
000, referenced to narrow molecular weight polypropylene standards in 1,2,4-
trichlorobenzene at 145 *C. Samples of the mesomorphic form were prepared by melting
the iPP sample between microscope slides at a temperature of 225 °C for 15 minutes
followed by quench cooling in a cold medium, namely a dry ice/acetone slush (-78 °C) or a
pentane slush (-130 °C). An aluminum spacer of 14 pm between the microscope slides
controlled the sample thickness. The mesomorphic phase was characterized by electron
microscopy, solid state nuclear magnetic resonance (NMR) spectroscopy with cross
polarization/magic angle spinning (CP/MAS), and differential scanning calorimetry (DSC).



2.2.1 Electron Microscopy

2.2.1.1 Dark Field Imaging

The previously quench-cooled iPP films were prepared for electron microscopy in
the following manner: The film was cut into a square, about 5 mm X 5 mm, and imbedded
in Spurr epoxy resin. The epoxy was cured at room temperature for one week, after
which the sample was trimmed in preparation for microtoming using the FC4 Reichert-
Jung cryo-ultramicrotome set at a temperature of -65 °C. Thin sections, about 400 A in
thickness, were collected and mounted on 3 mm 600 mesh hexagonal grids. The samples
were then transferred to the JEOL cryo specimen holder and observed with a2 JEQOL 100ex
scanning transmission electron microscope. During the observations the samples were
kept at liquid nitrogen temperature to minimize clectron beam damage.

To avoid damage to the entire grid sample, the scanning clectron beam was
controlled using the microscope electron optics to view only specific areas. The scan
generator reduced the incident beam to a minimal spot size of 15 A before the specimen
plane, thus allowing the scan width and length on the grid to be controlled by the operator.
By using the beam stop below the specimen plane, dark field images (n-beamn) of selected
specimen areas were obtained using the electrons scattered by the microcrystalline areas.
High speed photographic film (400 ASA) was used to record the images. In addition, a
beam blanking device, located in the condenser lens beam tilt circuitry, and 2 minimum
dose device (MDD) were used to minimize ¢lectron beam damage. The blanking device
allows rapid tilting of the beam off and on the optical axis thus accomplishing very fast
exposure times. By use of the MDD the bean can be focused on an adjacent area after
which it is exposed on a selected new area which has not yet been damaged. - In this study.
imaging was done near the copper grid bars so that much of the electron beam heating was
conducted away from the area of interest. Separate experiments using a thermocouple
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revealed heating to temperatures no higher than 50 °C in the time required to record the
dark-field image.

2.2.1.2 Micro Electron Diffraction

Micro electron diffraction patterns were also obtained using the JEOL 100cx
scanning transmission electron microscope, which made it possible to record diffraction
patterns of crystalline areas much smaller than could be viewed by conventional
transmission electron microscopy (CTEM). Making use of the "spot" mode (15 A) in
selected area scanning, microdiffrection patterns were obtained fo+ selected areas of the
quench-cooled film. The condenser and intermediate lenses were controlled manuaily thus
allowing for different camera lengths. To minimize sample beam damage and co-operative
molecular rearrangement due to the clectron bombardment, Kronex X-ray film was used
to record the diffraction patterns which decreased cxposure times to the order of 2
seconds. Microdiffraction patterns probing arcas less than 100 A2 were recorded as a tilt
series from 0 to 30°,

In the calculation of the unit cell dmension, the spacings of the various reflections
on each of the diffraction patterns in the tilt series were measured as diameters using a
micron-drive bar that was attached onto a light box. These measurements were performed
under magnification using a 10X magnification eye piece. Three measurements were
performed per reflection and averaged.

Calibration of the microscope to obtain the camerz length was performed using the
polycrystalline ring pattern of a gold standard. The inner-most ring of the gold diffraction
pattern, which is the sharpest and most intense. was used for this purpose. This ring is the
111 reflection and is associated with a d-spacing of 2.3545 A. The camera length, L, was
obtained through the use of the following geometric relationship:

L=—or
tan(20)

2.1



30

where r is the radius of the ring measured from the x-ray film, in mm, and 0 is the

diffraction angle obtained by implementing the well known Bragg diffraction equation.

A 22

2dsin(8) =21 of  B=sin"! (57 (2.2)

where A is the incident electron wavelength (i.e., A=0.0375 A at a voltage of 100 KV) and
d is the d-spacing, in A, of the measured reflection. Upon obtaining the camera length, the
measured radii of the iPP reflections can be converted to d-spacings by a simple
reorganizagon of eqn. (2.1) to obtain the diffraction angle followed by the use of Bragg's
Law (i.e., eqn. (2.2)).

The derivation of the unit cell dimension was performed using a Fortran program
obtained from Dr. Brisse of the University of Montreal. A listing of the program is shown
in Appendix A. Through a least squares analysis, the program derives a unit cell
dimension based on proposed Miller indices for each of the observed reflections. It should
be noted that this program required the location of a given reflection to be entered as a
diffraction angle that is based on Cu K (i.e., A=1.54178 A) as the incident radiation.
Therefore, all measured d-spacings were converted to x-ray diffraction angles by use of
Bragg's Law and substituting the electron wavelength with that for Cu X,,.

The assignment of a Miller index to each of the observed reflections was aided by
two Turbo Pascal programs that are also listed in Appendix A. The first program listed
possible Miller indices for a given d-spacing under an assumed unit cell dimension while
the second program proposed a unit cell dimension based on a set of observed d-spacings
with possible Miller indices. However, it should be noted that these two programs were
only applied to obtain a listing of possible indices for each of the reflections. The final unit
cell dimension was obtained with the least squares deviation Fortran program obtained
from Dr. Brisse under the constraint that, for a set of given d-spacings and Miller indices,
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a minimum deviation was observed between calculated and observed diffraction angles.

This deviadon, £, is reported by the Fortran program, in terms of the following relation:

N
3 Jsin®8,,, — sin® 6,

— 1|t 2.
: — @3)

where N is the number of observed reflections.

2.2.2 Solid State NMR Experiments

CPMAS 13C NMR spectra were recorded at room temperature with a
Chemagnetics CMX-300 spectrometer operating at a static field of 7.1 T. The samples
were spun at the magic angle at a frequency of about 3.8 kHz in a 7.5 mm outer diameter
(OD) zirconia rotor. A contact time of 1 ms was used in the cross polarization, with a
pulse delay of 3 seconds. A 62.5 kHz rf decoupling field was used with a decoupling
period of 200 ms. All spectra were referenced to tetramethylsilane (TMS) in a spectral
window of 30 kHz by setting the methy] resonance of hexamethyl benzene to 17.40 ppm.
Prior to Fourier wansformation, the FID was zero-filled to 4K. Spin-lattice relaxation
times in a rotating frame, T, (*H), were measured for the methylene, methine and methyl
carbons by varying an interval, T, prior to cross polarization. The relaxation times were
obtained by fitting the intensity data on a double exponential decay curve using a
computer program (Peakfit, obtained from Jandel Scientific).
2.2.3 Differential Scanning Calorimetry

Thermel analysis was performed with a Perkin Elmer DSC-7C by heating the
sample at 20 °C/min from -60 10 220 °C under a nitrogen flow. Calibration of the DSC for
temperature and enthalpy was accomplished by running two high purity standards, namely
indium and octadecane. All of the annealing experiments were performed by heating the
sample to the appropriate temperature, at 2 rate of 20 °C/min, and maintaining this
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temperature for the desired time. The sample was then cooled at 100 *C/min (nominal) to
-45 °C and allowed to come 1o thermal equilibrium prior to thermal analysis.

To describe the crystallization process from the glassy state, the iPP sample in the
aluminum DSC pan must be quench-cooled and maintined cold undl thermal analysis.
This was accomplished by the following technique: The DSC pan containing the iPP
sample was heated to 220 °C and maintained for 15 minutes. It was then transferred into a
Dewar flask containing a pentane (HPLC grade) slush, thus quench cooling the sample o0
-130 «C. The sample pan was then transferred to a small flat-bottomed glass vessel
contzining a small amount of pentane kept at -78 °C by irnmersing the glass vessel in a dry
ice/acetone slush. The vessel, which was maintained at -78 °C, was then attached to 2
vacuumn line where it was pumped by a mercury diffusion pump for at least four hours to
remove the pentane. It was then flushed with cold, dry nitrogen, removed from the
vacuum line, and the clean DSC pan was quickly transferred into a Dewar flask containing
fresh liquid nitrogen. The sample were then transferred to the DSC sample holder, that
was maintained at -60 °C by the Perkin-Elmer intracooler accessory, allowed to come to
thermal equilibrium and subsequently analyzed as described above.

2.3 Results and Discussion
2.3.1 Differential Scanning Calorimetry

2.3.1.1 Quench-cooled samples maintained at room temperature

The DSC thermogram for the heating of an iPP sample at a heating rate of 20
°C/min which has been allowed to warm to room temperature after it was quench-cooled
in a dry icefacetone slush at -78 °C is shown in Figure 2.1. In addition to the large
endotherm between 120 and 165 °C, which corresponds to the melting of the developed
crystailine morphology, . vo distinct regions characterize the thermal behavior of this
quench-cooled phase. The first is a small endotherm, of area corresponding to 4.4 J/g, in
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Figure 2.1 DSC thermogram of an iPP sample quench-cooled in a dry ice/acetone slush
at -78 °C and allowed to return to room temperature. (The dashed line represents the

baseline used in the separation of endothermic and exothermic regions.)

the interval between 30 and 75 °C that is very similar to that observed previously by
Fichera and Zannetti26 for quench-cooled iPP samples subjected to a low temperature
anneal. They ascribed it to the melting of small crystals formed during annealing.
Grebowicz, er al.27 confirmed the existence of this endothermic transition in annealed
quench-cooled samples but demonstrated that it also occurs for a quench-cooled sample
that has not been annealed, They also atributed it to the melting of small crystals formed
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during the quenching process. The nature of this endotherm will be discussed further once
the morphology of this phase has been described.

As reported previously26-29, the low temperature endotherm is followed by an
exothermic transition in the interval between 80 and 120 °C that has been atributed to a
transition from a quenched phase morphology to the stable -monoclinic crystalline phase.
This interpretation was based on x-ray evidence30 which showed a transformation from
two broad diffraction maxima, the characteristic diffraction pattermn of the quench-cooled
phase, to the usual diffraction pattem of the crystalline @-monoclinic phase that becomes
evident for samples annealed at temperatures 260 °C. The heat of conversion is -8.8 J/g
(-2.1 cal/g), or approximately 50% that reported by Fichera and Zanneti.26 It is similar,
but slightly greater than that obtained by Grebowicz, er al.27 who reported a valne 25-
33% that reported by Fichera and Zannetti. The discrepancy with the value of Grebowicz,
et al. may reflect different quenching techniques, which could result in differences in the
morphology. In the work of Fichera and Zannett, the thermograms begin at 50 °C which,
as seen in Figure 2.1, is well into the low temperanure endotherm and consequently results
in a misplaced baseline. This exotherm will also be discussed further in light of new
electron microscopy results as well as DSC experiments presented below.

The DSC thermograms for various quench-cooled iPP samples which have been
annealed subsequently for 40 minutes at different temperatures are shown in Figure 2.2,
The low temperature endotherm (LTE) that begins near 40 °C for the unannealed quench-
cooled sample shifts to higher temperature with increasing anneal temperature, as shown
in Figure 2.3. Although previous studies?6-27 reported that the onset of this endotherm
corresponds to the anneal temperature, deviations from such a linear relationship are
observed at anneal temperatures below 60 °C and again at the higher temperatures, i.e.,
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Figure 2.2 DSC thermogram of iPP samples guench-cooled in a dry ice/acetone slush
and subsequently annealed for 40 minutes at 2) 120 b) 110 ¢) 90 d) 80 ¢) 70 £) 50 g)
30 °C. (The dashed line represents the baseline used in the separation of endothermic and

exothermic regions.)

above 100 °C. For the quench-cooled sample which has not been annealed the onset
temperature of the endotherm (indicated by the inverted open trangle in Figure 2.3)
occurs at 42 °C. In keeping with the non-linear relationship represented in Figure 2.3, this
onset temperature for the LTE corresponds to an anneal temperature of 27 °C. Therefore,
the quench-cooled sample which was allowed to remrn to room temperature bas a
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Figure 2.3 Effect of anneal temperature on the onset of the low temperature endotherm
(LTE) as well as on the exothermic wansition. (The dashed Line reflects the relationship
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crysalline morphology which is consistent with thar expected for a sample annealed at
room temperature. If this endotherm represents the melting of an imperfect crystalline
m;:rphology, as suggested previously, such crystals must develop at a2 lower temperature
dm‘ing the quenching process, as concluded by Hsu, ealA ‘

. This endotherm rrmaiiss. approximately constant in area, varying randomly berween
3.6 to 5.2 J/g, for anneal temperamres betweea 30 2nd 80 °C. It is difficult to accurately
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determine the AH for samples annealed at temperatures above 100 °C, because the LTE
coalesces into the onset of the main melting endotherm. Fichera and Zanneni2é reported
an increase in the size of this low temperature endotherm with increase in temperature,
between 70 and 120 °C, as well as with anneal ime, However, as described above, those
areas are in doubt because of the misplaced baseline.

The exothermic wansiton at about 100 °C can be discerned only for samples that
have received thermal treatments at 90 °C or lower, as seen in Figure 2.2, The minirmum
of this peak remains at 98 °C for anneal temperatures <60 °C (Figure 2.3) and the
magnitude of its area remains constant at about -8.0 J/g. Higher anneal temperatures
result in 2 small shift to higher temperature as well as a rapid decrease in its magnitude
until it disappears at anneal temperatures 2 90 °C.

2.3.1.2 Quench-cooled samples meintained at low temperature

DSC thermograms of "as-quenched"” iPP samples, i.e., samples which have been
quench-cooled and maintained at low temperature until analysis, are shown in Figure 2.4.
In each case the baseline represented by a dashed line, used in the separatdon of
exothermic and endothermic regions, is an extension of the baseline obtained for the melt
back to the point where it intercepts the thermogram at about -16 °C, i.e., at the end of the
glass wransition. Upon heating the samples exhibit a glass transition at -1921 °C followed
by an exothermic peak, with an onset at about -14 °C, due to crystallization from the
glassy state. The thermogram remains exothermic up to 120 °C in keeping with the
occurrence of crystallization or recrystallization processes. Although Hsu, et al.24 also
detected a crystallization peak upon heating the quench-cooled iPP sample, the exothermic
region of the thermogram between room temperature and 120 °C was m;t detected,
possibly ducr?baselinccmvann'cthatiscvidentindieirthumogram.

The weight normalized DSC thermograms shown in Figure 2.4 for the two
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Figure 24 DSC thermograms of iPP samples of weights corresponding to a) 1.96 mg
and b) 422 mg quench-cooled in a pentane slush (-130 °C) and maintained cold unil
thermal analysis. (The dashed line represents the baseline used in the separation of

endothermic and exothermic regions.)

samples of PP weighing 1.96 and 4.22 mg have identical glass wansition, crystallization,
and final melting temperatures as well as final heats of fusion. However, the sample of
lower mass has a substantially larger change in heat capacity at the glass ransition as well
as a larger heat of crystallization as measured in the region between -15 and 120 C.



39

The degree of crystallinity that develops during quench cooling can be estmated
from the excess energy (deilned as the difference between the heat of fusion in the region
between 120 and 170 °C and the heat of cryswuallizaton measured berween about -15 and
120 °C) as well as from the change in heat capacity at the glass transiton using the
relationship
w =1- igg

2.4

where AC, is the measured change in heat capacity at the glass transition, AC; is the
corresponding change in heat capacity of the pure amorphous glass (AC;, = 0.559 J/geC)3!
and w, is the weight fraction crystallinity. The degrees of crystallinity derived by these
two methods as well as some of the transition temperatures are given in Table 2.1 for iPP
samples of weights ranging from less than 1 to 8 mg.

As seen in Figure 2.5, for sample weights >4 mg, the heat of fusion exceeds the
heat of crystallization by about 30 J/g. This corresponds to the formation of about 18%
crystallinity during sample quenching, based on 165 J/g as the heat of fusion for a 100%
crystaltine iPP sample.32 As the sample weight is reduced the excess endothermic energy
decreases and approaches zero for sample weights <1 mg. Similarly, the AC, for samples
of low mass approaches the accepted value for a 100% amorphous glass (represented by a
dash line in Figure 2.5) but decreases with an increase in sample weight, in keeping with
higher crystallinity for the larger sample weights. These observations suggest that quench
cooling iPP samples of low mass at rates accessible to these experiments results in
essentially amorphous glasses, while samples with higher weights develop some
crystallinity. The total sample crystallinity, as judged from the final melting peak, at 158+
1 °C, is constant at 762 J/g, which corresponds to 2 sample crystallinity of 462 %. This
toral developed crystallizity is consistent with the results of Fichera and Zannetti,26 who
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also reported an ultimate heat of fusion of 75 J/g but slightdly higher than a crystallinity of
38429, reported by Grebowicz, et al.27

Table 2.1:

Transition teroperatures and percent crystallinity as obtained from excess
endothermic energy and chenge in hear capacity from DSC thermograms for “as-
quenched” iPP samples of various weights

Transition Temperatures (°C) "

% Crystallinity

Weight "Exms % AC, %

(mg) Ta T, T, Energy Cryst (J/g°C) Cryst
J3/g)

7.85 157.5 -7.0 -18.6 31 19 0.22 60
5.25 " 160.6 -6.4 -16.9 29 18 0.23 58
422 157.5 -8.5 -19.2 " 30 18 0.27 52
2.80 158.6 -7.4 -19.3 20 12 0.36 36
1.96 158.7 -1.5 -19.0 11 6.5 0.50 11
1.30 157.3 -84 -20.4 16 10 0.50 11
0.92 158.8 72 -20.3 0.2 0.1 0.61 -—

As developed above, samples of higher mass show significantly larger excess
energies with a concomitant decrease in AC,, reflecting the development of some

crystallinity in these samples during quench cooling, while those of low mass show
essentially no excess energy and exhibit the AC, expected for a 100% amorphous sample.
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Figure 2.5 Excess energy between the exothermic and endothermic regions as well as
AC, for quench-cooled iPP samples of different weights.
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However, as seen in Table 2.1, the degree of crystallinity obtained from AC, for sampies
of higher mass is significantly larger than that derived from the excess energy. In fact, the
degree of crystallinity estimated from the change in heat capacity exceeds the crystallinity
estimated from the final melting peak, which is unrealistic. Two explanations are offered
for these discrepancies.

During the quench cooling of samples of hi:,.sr mass, appreciable crystallinity is
developed and, as predicted by equation (2.1), this diminishes the measured AC,.
However, not all of the non-crystalline portion experiences this low temperature glass
tansition and as a resuit the degree of crystallinity is overestimated. Indeed, there is much
evidence33-36 from thermal expansion, specific heat, and mechanical loss data for two
glass-like ansitons in bulk crystallized iPP. For iPP samples possessing very low
crystallinity, the first or lower glass transidon, T,(L), was reported to lie between -20 and
-12 °C, while 2 second or upper glass transition, T,(U), has been reported to occur from
20 °C up to temperatures as high as 100 °C. It was suggested that the T,(L) is associated
with amorphous material rejected by the crystallites as well as cilia while loose loops from
chain-folded crystals as well as te molecules exhibit T,(U). The unrealistic crystallinities
inferred from AC, at T, (L) suggest that a portion of the amorphous content of the high
mass samples passes through the glass transition at higher temperatures and is undetected
because of the other exothermic processes that occur simnltaneously. A similar
observation was also made by Grebowicz et al,27 who reported that only 10-20% of the
amorphous content shows an identifiable T, in the vicinity of the lower glass transition
region.

The second plausible explanation for the discrepancies observed in the estimated
crystallinities obtained on quench cooling is based on the nawre of the crystalline order
obtained when the sample is quench-cooled to the giassy state. If quench cooling results
in the formation of a state of poor crystzlline order, the eventual melting of this
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morphology may require less energy than that for a perfect a-monoclinic crystal (i.e., <
165 J/g). Such a situation would result in an vnderestimation of the crystallinity on
quench cooling as measured from the excess energy. STEM dark field and electron
diffraction results presented below reveal the existence of such a poor crystalline fraction.

2.3.2 Solid State NMR

The 3C CPMAS NMR spectra and relaxation data presented in this sectdon are
included to establish that the quench-cooled films under investigation possess a
morphology identical to previous investigations. A more detailed solid state NMR
analysis of the quench-cooled morphology will be presented in the following chapter.

The solid state NMR CP/MAS spectrum of the quench-cooled phase of iPP that
has been warmed to room temperature, shown in Figure 2.6b, exhibits resonances for the
methylene, methine and methyl carbons at 44.6, 26.7, and 22.1 ppm, respectively,
consistent with previously reported spectra for such samples.37-3% In annealed or
isothermally crystallized iPP (i.e., at high temperawmre), the methylene and methyl
resonances show a double peak separated by about 1 ppm, as seen in Figure 2.6a for a
quench-cooled sample which was annealed at 161 °C for one hour. It has been postulared
that this resonance splitting is a consequence of inequivalent distances within the o-
monoclinic unit cell whirh results from regular packing of right and left handed helices. In
tﬁc case of the quench-cooled iPP, neither the methylene nor the methyl resonance show
the type of splitting that is observed for the 0-monoclinic crystalline phase. This suggests
that the quench-cooled morphology either is not comprised of the a-monoclinic crystal
form or it is composed of an ¢t-monoclinic phase where the inequivalent distances within
the unit cell do not exist. The latter explanation requires that the inter-helical distances in
the unit cell be iarger than in the stable o-monoclinic crystal form so that inequivalent
local sites are not observed.
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Figure 2.6 Solid state 13C CP/MAS spectrum for 2 quench-cooled iPP sample which was
a) annealed at 161 °C for one hour and b) allowed to return to room terperarure.

The measured 13C spin-lattice relaxation times in a rotating frame, T, (*H), of the
quench-cooled morphology consist of two components; a long component of 14.2, 14.8,
and 14.1 ms for the methylene, methine, and methyl carbons, respectively, and 2.5, 3.7,
and 1.8 ms for the short component. This is in keeping with previous reports by Tanaka3?
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who attributed the long component to the relaxations in the crystalline phase whiie the
short component was assigned :0 the amorphous regions. By comparison, the relaxation
times for an ¢¢-monoclinic crystalline phase annealed at 161 °C for one hour consist of a
long component relaxation tire of 126, 121, and 123 ms and a short component of 19, 18,
18 ms. It is well known37:40 that T, (*H) is dominated by iow frequency motions and
that the shorter relaxation times can be ascribed to the more mobile phase. The shorter
relaxaton times measured for the quench-cooled phase indicate that it possesses higher
mobility, hence much lower crystallinity, than the stable at-monoclinic crystalline phase. It
is rather interesting that the short relaxation times of the annealed a-monoclimc crystals
are rather similar to the long relaxation times for the quench-cooled sample.

The solid state NMR data for this phase, as well as its thermal behavior, are
consistent with previous reports and indicate that the samples used in this study possess
the same morphology as those studied previously by other authors. In addition, 1t has
been shown that the metastable morphology develops on heating quench-cooled iPP to
room temperature, as evidenced by the exothermic namre of the “"as-quenched”
thermogram that results on further heating (Fig. 4). New information about the nate of
this morphology, obtained through the use of electron microscopy techniques offering
higher resolution than used previously, will now be presented.

2.3.3 Electron Microscopy

2.3.31 STEM Dark Field Imaging

The STEM dark field image of n-beam reflections of the quench-cooled iPP
sample which has been returned to room temperature is shown in Figure 2.7. In this
micrograph there appears to be three distinctly different phases. As indicated by the bright
white regions, a microcrystalline phase consisting of crystalline entities that range in size
from 100 to 200 A, with an average of approximately 160 A, is clearly evident. These
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Figure 2.7 STEM dark field image of n-beam reflections of a quench-cooled iPP sample.

Magnification: 100,000X
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crystal sizes were determined through direct measurement on the negatve as well as by
the Scherrer method4! where the breadth at half-height of a given reflection is related to
the crystal size by a geometry-dependent constant. The black areas in this micrograph
give evidence of a second phase which is due to amorphous material between the bright
microcrystals. In addition, certain regions of the micrograph exhibit behavior that
suggests the presence of a third phase. This region is seen as the gray areas between the
bright microcrystals and suggests the existence of a poorly developed crysulline phase
(i.e., regions of a low level of crystalline order). It is noted that this gray area could be
due to a decrease in diffracted intensity if the crystalline fraction in that particular region is
tlted away from the Bragg angte. However, through micro electron diffracton, it will be
possible to ascertain whether these regions are indeed indicative of the presence of a third
phase within the morphology of quench-cooled iPP. For the remainder of this chapter,
this region will be referred to as intercrystalline.

In previous transmission elecron microscopy studies, Gezovich and Geilld
observed large spherulite-like structures, about 1 pm in diameter, in surface replicas of
thick quench-cooled films, while nodular structures about 125 A in diameter were seen in
very thin quench-cooled films. The latter morphology was interpreted as being the
"smectic” structure and it was suggested that the nodules are defective hexagonal crystals.
Similar nodular structures 75-100 A in size, were reported for the smectic morphology by
Hsu, er al.2# although they did not detect the spherulitic structures. They suggested that
the main reason for the discrepancy with the previous study was the difference in the iPP.
To determine if these nodular structures are small crystals, dark-field images were
attempted; however, the authors were unsuccessfut in obtaining such images, which was
taken as a confirmation of the small and imperfect namre of the quench-cooled
morphology. Using transmittance electron microscopy, Grubb and Yoon?*2 also observed
a nodular morphology, about 200 A in diameter, in permanganate-etched surfaces of
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quench-cooled iPP films. This nodular morphology was found to become better defined,
with clearer limits and boundaries, when the samples were annealed at 60 °C. The
microcrystalline regions evident in Figure 2.7 are consistent in size with the nodular
structures that were observed previously in these investgations and identified as the
"smectc"” morphology.

Although it is evident that the iPP quench-cooled morphology is composed of
small crystals, it is stll not known if these entities are small crystals of a hexagonal phase
as proposed by Gezovich and Geil!8 or of a monoclinic phase. Micro electron diffraction
was performed on both the microcrystalline and intercrystalline regions to identify the type
and level of order existing within these phases.
2.3.3.2 Micro Electron Diffraction

Typical micro clec:.mn diffraction patterns probing areas less than 100 A2 in size
are presented in Hgme"zs for the microcrystalline region, i.e., the bright white regions
seen in the STEM dark field image (Fig. 2.7). In this region the various reflections are
characterized by arcs rather than diffraction spots or rings indicating that the diffraction
area is composed of several crystals that differ in orientation. However, a random crystal
orientation is not likely since this would give rise to diffraction rings rather than arcs.
Similarly, these diffraction patterns are not consistent with a single crystal since a regular
array of diffraction spots would be observed. Therefore, from the diffraction pattemns it
appears that the bright white regions in the STEM dark field image represent a cluster of
crystals differing slightly in orientation.

The positions of the various reflections in each of the diffraction pattems were
measured and their compoﬁding d-spacings as well as diffraction angles are presented in
Table 2.2. To assess a possible crystallographic form for this phase, the d-spacings
corresponding to the most intense reflections were compared to expected d-spacings for
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Figure 2.8 Micro electron diffraction patterns for the microcrystalline phase of quench-

cooled iPP at (1) 0°, (b) 10° and (c) 25° tilt angles.
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Table 2.2 Observed spacings for the microcrystalline and intercrystalline reg.ons of
quench-cooled iPP as obtained through micro electron diffracton.

Microcrystalline Region Imtercrystalline Region
d-spacing  Diffracoon  Diffracton | d-spacing  Diffracdon  Diffraction
A) Angle, 8 Angle, 6 (A) Angle,®  Angle,
(=00375A) (A=154184) (A=0.0375A) (A=153183)
6.10 0.176 726 4.16 0258 10.671
5.14 0.209 3.63 4.15 0.259 10.712
471 0.228 9.42 3.7 0.290 12.004
4.17 0.258 10.65 3.19 0.337 13.983
4.07 0.264 10.96 252 0.426 17.797
3.64 0295 12.23 2.47 0.435 18.17
3.47 0.310 12.85 239 0.449 18.794
3.23 0.333 13.83 221 0.486 20.427
3.15 0.341 14.18 2.14 0.502 21.123
2.74 0.392 16.34 2.09 0.515 21.695
2.36 0.456 19.08 2.08 0.517 21.758
2.17 0.496 20.83 1.86 0.578 24.524
1.82 0.591 25.10 1.65 0.650 27.820
1.64 0.656 28.087
1.53 0.704 30.323

the three predominant morphologies of iPP; namely, the c-monoclinic, f-hexagonal and -
triclinic crystal forms. The published hkO electron diffraction patterns*3:%4 and the
available x-ray spectra®47 of the B-hexagonal crystaliine form are all characterized by a
very intense reflection at a d-spacing of 6.36 A. In addition, a very strong reflection is
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observed at 5.50 A. Neither of these reflections is observed in the diffraction partern of
the microcrystalline region (Table 2.2) indicating that this phase is not composed of the -
hexagonal form. The y-form is characterized?5 by five stwong x-ray reflections ar d-
spacings of 6.37, 5.29, 4.42, 4.19, and 4.05 A. Four of these five d-spacings are very
close to four of the five most intense reflections of iPP in the a-monoclinic form,*® ie.,
6.24, 5.20, 4.76, 4.16, and 4.06 A. The refiection at a d-spacing of 4.76 A in the o-
monoclinic crystalline form is completely absent in the y-form and is replaced by the
reflection at 4.42 A. A comparison of the four d-spacings that are common to both of
these phases with the ones presented in Table 2.2 indicates a greater similarity between the
observed reflections and those of the a-monoclinic phase. In addition, a reflection with a
d-spacing of 4.71 A is also noted in Table 2.2 corroborating that the d-spacings are in
agreement with the o-monoclinic crystalline frrm. Therefore, the diffraction patterns
obtained for the microctystalline region appear to be consistent with the a-monoclinic
crystal form.

Analysis of the electron diffraction patterns obtained for the microcrystalline
region was based on the a-monoclinic crystal structure under the assumption that the iPP
helices are arranged with C2/c symmewy. This assumption is justified by several
investigations® which indicated that fast growth of a-monoclinic iPP crystals (i.e., large
undercoolings) lead to a crysta]hne phase with C2/c symruety. “Mth such symmetry
systematic absences of scveral rcﬂecuons are noted. All reflection in which (h+k) are odd
are absent. In addition, the OkO and hOl reflections require the non-zero index (i.e., b, k or
1) to be even. Tircsc-absences were applied in indexing the weaker reflections to yield the
assignments reported in Table 2.3. It should be noted that three reflections in this table
were assigned two different Miller indices. This is simply due to the fact that both indices
yielded as good a fit for the observed d-spacing without affecting the derived unit cell
dimension. Unit cell constants g, b, ¢, and B equal to 6.62, 20.69, 6.51 A, and 98.7° were
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obtained for this phase with an agreement factor, &, of 0.0217 (eqn. (2.3)). These unit cell
constants are in very good agreement with previously reported values$:11.39 for the a-
monoclinic crystal form. Based on 12 monomer units per unit cell, the density of this
phase corresponds to 0.95 gfem3, which is also consistent with previously reported
values.*2 Therefore, the bright spots that are observed in the STEM dark field image are
prirnarily due to small ¢t-monoclinic crystals that are between 100 and 200 A in size.

Table 2.3 Observed and calculated diffraction angles (A=1.54178 A) as well as
corresponding Miller indices for the various reflections of the diffraction pattern obtained
for the microcrystalline region of quench-cooled iPP.

MillerIndices  Diffraction 102 sin?© 102 sin 8 103 Difference
(k) Angle (Observed) _(Calculated)
1.1.0 7.26 1.594 1.524 0.70
0.4.0 8.63 2246 2218 0.28
1.3.0 9.42 2,676 2,633 043
111 10.65 3.411 3.385 0.26
0.4.1 10.96 3.610 3.653 0.43
1.3.1 12.23 4.483 4.494 0.11

1.5.0,0.6.0 12.85 4,936 4851,4991  0.85,0.55
002 13.83 5.705 5738 0.33
220 14.18 5.995 6.094 099
0.42 16.34 7.904 7.957 0.53
0.62 19.08 10.671 10.729 0.58

3.1.0,19.0 20.83 12624  12.603,12615 021,009

2.6.2,0.6.3 25.10 17.972 17.976,17.902  0.04,0.70
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In Figure 2.9 are presented typical micro elecmon diffraction panerns probing
areas less than 100 A? in size for the intercrystalline region, i.e., the gray areas between
the microcrystals seen in the STEM dark field image (Fig. 2.7). It is of interest that the
diffraction patterns for the intercrystalline region are composed of a regular array of
diffraction spots suggesting that each diffraction pattern is due to one or possibly two
crystals. The diffracton panterns are composed of four high intensity reflections and as
many as twelve very weak reflections detected throughout the gt series.

The positions of the various reflections in each of the diffraction patterns were
measured and their comesponding d-spacings as well as diffraction angles are also
presented in Table 2.2, The assessment of a possible crystallographic form for this phase
is more difficuit than for the microcrystalline phase since the most intense reflections
associated with each of the three polymorphs of iPP are not observed in the diffraction
pattern of this intercrystalline region (Table 2.2). However, amidst the more intense
reflections that are observed for the intercrystalline region, the two reflections occurring at
d-spacings of 4.16 and 4.15 A almost superimpose onto the diffraction partern for the
microcrystalline region. In the diffraction pattern of the B-hexagonal phase, only one and
not two ‘ntense reflections are observed in the above region (i.e., at a d-spacing of 4.20 A)
suggesting that the intercrystalline region is not consistent with this morphology. In the
diffraction patterns of both the & and y-forms, two intense reflections are noted in this
region which suggests that the intercrystalline region may be composed of either of these
forms. The intensity ratio of the two reflections is reversed between the two
crystallographic forms. The intensity ratio of the two reflections observed for the
intercrystalline phase (i.e., 4.16 is less intense than 4.15 A) is consistent with the intensity
ratio observed for the -monoclinic phase. In addition, the thermal analysis investigation
of the quench-cooled morphology, which was discussed in the previous section, does not
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Figure 2.9 Micro electron diffraction patterns for the intercrystalline phase of quench-

cooled iPP at (1) 0°. (b) 10° and {(¢) 20° tilt angles.
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give evidence of any melting endotherms in the temperature range between 120 and 145 ©
C, that would be expected for the existence of either the B-hexagonal or y-triclinic crystal
forms. Therefore, the diffraction panerns for the intererystalline phase appear to be more
consistent with the a-monoclinic crystal form and will be analyzed under this assumption.
In addition, the same assumptions that were applied to the interpretation of the diffraction
patterns of the microcrystalline region (i.e., Co4 Symmetry) will be used in this analysis.

To index the various reflections of the intercrystalline diffraction pattern, the most
intense reflections (i.e., larger d-spacings) were given the same index as for the
raicrocrystalline phase. Using the third computer program that is listed in Appendix A, the
d-spacing of each of these reflections with their respecuve Miller indices were used to
obtain a starting unit cell dimension. This unit cell dimension, in conjunction with the
second program listed in Appendix A, was used to obtain suggested indices for all of the
other reflections. The least squares program was then used to obtain the final unit cell
dimension. The analysis indicated that this phase possesses the following unit cell
dimension: @ = 6.71, b =22.28, ¢ =6.36 A and B =99.1°. An agreement factor, £, between
observed and calculated diffraction angles of 0.0160 (eqn. (2.3)) was obtained for this
phase. The Miller index assignment for cach reflection as well as the observed and
:2iculated diffraction angles are presented in Table 2.4,

These results indicate that the packing of the helices in the b crystallographic
direction is substantially larger than for the microcrystalline region. However, all other
unit cell constants remain essentially unchanged. Based on 12 monomer units per unit cell,
a substantiaily lower density of 0.89 g/cm? is calculated for this phase. It should be noted
that the calculated density of the intercrystalline phase lies midway between the densities
of the crystalline and amorphous phases. Therefore, an appropriate linear combination of
the density of the three phase ncted in the quench-cooled IPP morphology can easily yield
the observed bulk density of 0.853g/cm3.2%
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Table 2.4  Observed and calculated diffraction angles (A=1.54178 A) as well as
corresponding Miller indices for the various reflections of the diffraction pattern obtained
for the intercrystalline region of quench-cooled iPP.

Miller Indices ~ Diffraction 102 sin2 8 102 sin @ 103 Difference
®.kD Angle (Observed) _(Calculated)
0.4.1 10.671 3.423 3.414 0.09
1.1.1 10.712 3.449 3.435 0.14
0.6.0 12.004 4319 4.299 020
0.6.1 13.983 5.830 5.802 0.28
1.32 17.797 9.327 9.356 0.29
2.6.0 18.171 9.710 9.721 0.11
062 18.794 10.363 10.311 0.52
2.6.1 20.427 12.162 12.138 0.24
19.1 21.123 12.966 12.989 0.23
082 21.695 13.644 13.655 0.11
222 21.758 13.719 13.740 0.21
0.12.0 24.524 17.201 17.197 0.04
203 27.820 21.746 21.691 0.55
223 28.087 22131 22.169 0.38
0.10.3 30.323 25.450 25.468 0.18

Thus, the quench-cooled iPP morphology is composed of a-monoclinic
microcrystals and the intercrystalline component embedded in an amorphous matrix. The
typical diffraction patterns obtained by wide-angle x-ray scattering (WAXS) and by
conventional transmission electron microscopy (CTEM) therefore reflect a combination of
contributions from the three phases of the quench-cooled morphology. Calculations by
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previous authors,!6:20 based on the half-width of the most intense wide-angle x-ray
diffraction (WAXD) peak, indicated that the “smectic” morphology contains crystals
ranging in size between 30 to 100 A. This study shows, by direct measurement, larger
crystals having dimensions of the order of 160 A. Since the crystals are not as small as
reported previously, it must be concluded that the sample possesses a great deal of
disorder which is causing further WAXD line broadening. The intercrystalline regions
which give rise to a different diffracnon pattern with a substandally longer b
crystallographic axis can further broaden the WAXD reflections. A typical WAXD
pattern® for the quench-cooled morphology is presented in Figure 2.10. Superimposed
onto this diffraction pattern are the observed reflections from both the microcrystalline
(full lines) and intercrystalline (dashed lines) phases. The intensity of each reflection was
evaluated by visual inspection. The intercrystalline region yields different d-spacings from
those of the microcrystals primarily due to different unit cell constants in this region.
Convolution of the diffraction patterns from the intercrystalline and microcrystalline
regions as well as line broadening effects due to small crystal sizes can account for the
observed WAXD pattern. Annealing at tempsratures greater than approximately 60 °C
perfects both crystalline regions. Eventually a sufficient level of order is astained so that
the line broadening effects are negligible and a transformation from the quench-cooled
phase WAXD pattern to that of the az-monoclinic crystal form is observed.
2.3.4 Re-evaluation of Observed Behavior

Based on the above analysis of the morphology of quench-cooled iPP, the
discrepancy between the exothermic and endothermic transitions observed in the
thermogram for the “as-quenched" sample, described above, can be attributed to the
development of low crystalline order during the quenching process. It is probably of the
type seen in the intercrystalline regions in Figure 2.9. This proposal is in accord with the
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Figure 2.10 Typical WAXD partern® for the quench-cooled iPP morphology with a
superposition of the various reflections arising from the microcrystalline (solid lines) and
intercrystalline (dashed lines) phases as obtained from micro electron diffraction,

results of Zezbi, et al.50 who, on the basis of evidenve from infrared studies, reported the
presence in iPP melts of segments at least five repeat units in length having a helical
conformation. Such structure would be "frozen in" with some additional ordering during
the quench-cooling of the sample, and would result in some low level structure such as is
observed in the intercrystalline regions (Fig. 9). Heating the sample to room temperature
is accompanied by crystallization from the glassy state, This crystallization, which releases
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about 18 J/g between -15 and 25 °C, reflects the formation of additonal microcrystals
observed in the STEM dark field image.

Based on the above considerations, it is unlikely that the low temperature
endotherm that was observed in Figure 1 is due to melting of small crystals formed during
the quenching or subsequent annealing of the iPP sample, as proposed previocusly by
others. The thermogram of the as-quenched sample (Fig. 4) reveals that about 18 J/g of
crystallinity has developed as the temperamre of the sample is raised to room temperature,
ignoring any crystallinity that develops during quench-cooling. By comparison, the area of
the low temperature endotherm in Figure 2.1 corresponds to 4.4 J/g, or only 23% that
required to melt the microcrystals. Therefore, the total heat of melting is insufficient to
account for the crystallinity which has been developed. It seems more reasonable that the
low temperature endotherm reflects some form of pre-melting transition that occurs prior
to recrystallizadon. Such 2 transition may involve expansion in one or both dimensions of
the crystal lattice in a direction perpendicular to the molecular chain direction. Such an
expansion may be a requircment prior to sample recrystailization, which occurs at slighly
~ higher temperatures and results in an increase in such factors as chain-fold length and
crystal perfection. It is of interest that this transition is not detected in the thermogram of
the "as-quenched” sample.

The partially ordered phase of PP has been shown to be composed of
microcrystalline as well as intercrystalline regions possessing an ¢t-roonoclinic crystal
form. Consequently, the small exotherm observed in Figure 2.1 certainly does not
represent the wransformation from a quench-cooled phase morphology to the more stable
o-monoclinic crystal form. Rather, it must be regarded as perfection of the existing c-
monoclinic crystal form to higher Icvels of order.

In 2 high resolution solid state 13C NMR study of iPP polymorphs, Gomez, er
al.38 inferred the local chain packing structure of the smectic form through comparisons
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with the spectra of the well known o and B crystal forms. The chemical shifts, as well as
the spin-lattice relaxation times, for the smectic form were found to be simnilar to those of
the B-phase. This similarity led to the suggeston that the packing of the helices in the
quench-cooled phase, at least on a very local scale, is similar to the packing in the B-form.
In this study, it was shown that the quench-cooled iPP morphology includes a small
portion of small crystals of the a-phase which possess the same unit cell dimensions as
usually reported in the literarure. However, the NMR spectrum of the quenck-cooled
phase does not show the expected characteristics of the well-developed a-phase (Fig. 6).
It is likely that due to the presence of the intercrystalline phase which possesses a
substantially longer b crystallographic axis, the inequivalent distances are not being
resolved in the NMR experiment Substandally longer interhelical distances in the
intercrystalline phase would obscure the inequivalent distances which are found in the
microcrystalline regions. Through annealing, and thus, perfection of both phases, it
becomes possible to resolve these small differences in interhelical distances and the
resonances begin to show the expected splitting observed for an a-phase.

2.4 Summary

A detailed DSC and electron microscopy investigation is presented in this chapter
that elucidates the room temperature morphology of quench-cooled iPP. In addition,
through a detailed DSC study the development of this morphology as well as some of its
annealing behavior was investigated. It has been demonstrated that the morphology of a
previously quench-cooled iPP sample that has been heated to room temperature is
composed of thres phases. (1) Microcrystalline regions that range in size between 100
and 200 A having the c-monoclinic crystal form. (2) Regions of lower crystalline order
also composed of the a-monoc]init': crystal form. The helical packing in this region was
found to be much less compact than in the microcrystalline region as evidenced by a
significantly longer b crystallographic axis. (3) An amorphous phase.
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The bulk x-ray or electron diffraction parterns that are generzlly obtained for this
morphology are consistent with the occurrence of line broadening effects primarily due 1o
the small nature of the crystalline phase (i.e., &-monoclinic crystals approximately 160 A
in size). However, additional broadening effects arise from the convolution of the
diffraction pattern of the microcrystalline region with that of the intercrystalline regions.
Annealing samples with this morphology at temperatures above room temperature perfects
the crystalline structure in the microcrystalline as well as in the intercrystalline regions, so
that the a-monoclinic form is detectable by conventional diffraction techniques due to
suppression of the line broadening effects.

The formation of regions of lower crystalline order of the type observed in the
intercrystalline regions of the room temperamre annealed sample, occurs during the
quench cooling of the iPP sample. This is evidenced by the difference in AH between the
exothermic and endothermic transitions as well as by the changes in AC, observed in
Figure 2.5. Quench cooling of an iPP sample of low mass appears to yield an amorphous
glass, while larger masses form a glass possessing a low degree of crystallinity (i.e., up to
18%). Raising the temperature of the quench-cooled iPP sample results in crystailization
from the glassy state, where the kanetics of crysallization are controlled by chain
transport. This crystallization results in the formaton of the microcrystais observed in the
s*rgym field image. The resultant morphology is metastable, as evidenced by the fully
exothermic DSC thermogram in the region between -15 and 120 °C, such that rising the
temperature within this region results in the generation of a new crystalline morphology
havir~ "igher level of order.
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CHAPTER THREE

C CP/MAS NMR Studies of Merphological Changes
During Annealing of Quenched Isotactic Polypropylene
Films

3.1 Introduction

The development of multinuclear Fourier wransform nuclear mugnetic resonance
(NMR) spectrometers as well as line narrowing and sensitivity enhancement techniques
has led to high resolution NMR approaches that make possible the study of polymer
morphology in the solid state at the molecular level. It should, however, be noted that the
definition of "high resolution” in reference to the solid state must differ from that for the
hquid state. In NMR swmdies of liquid samples, high resolution is artained when the
magnitude of the (J) spin-spin coupling constants are larger than the nawral line widths of
resonance lines. However, in the solid state these J couplings are obscured by the line
widths that are amainable with available solid state techniques. Thus, high rcsolution in
the solid state must be defined as the ability to distinguish resonances with reasonably
differe.it chemical shifts.

The techniques presently available to obtain high resolution spectra in the solid
statc were developed to cmcumvent adverse line broadening effects. NMR spectra for
randomly oriented crystalline solids are generally broad and featureless as a result of four
possible interactions: dipolar coupling, chemical shift anisotropy, electric field gradients in
nuclei with quadrupole moments, and scalar anisowopy. The electric quadrupole
interaction is a manifestation of the fact that nuclei with spin 2 1 possess an electric charge
distribution that is not spherically symmetrtic. Therefore, the nuclear spin has an
orientation dependence with its local electronic environment and with the main field and
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this generates large line broadening effects. Since the focus of this chapter is on the ''C
nucleus, which possesses a spin of 2. the quadrupolar line broadening effect is not
considered further. These solid state interactions as well as the line narrowing techniques
to obtain high resolution spectra in the solid state have been previously discussed by many
authors.! A brief overview is given below specifically centered around semicrystalline
polymers with particular emphasis on dilute nuclei, such as Be.

3.1.1 Solid State Interactions and Line Narrowing Techniques

The interactons that broaden NMR lines in the solid state are also operative in
nonviscous liquids but due to the rapid, random, isotropic reorientational and translational
motions of molecules in liquids they are being averaged to zero or to 2 single non-zero
value that is representative of the average interaction. As will become evident, the internal
dipolar fields possess a spacial orientational dependence that, in the liquid state, molecular
motons are able to modulate efficiendy such that any reference spin "sees” only the
average of the dipolar fields of its neighbors. This phenomenon of "motional averaging” is
much less effective for polymers in the solid state for which the chain mobilities vary over
many orders of magnimde in time. Therefore, averaging must be induced by artificial

means to minimize the line broadening effects and to obtain high resolution spectra.

3.1.1.1 Dipolar Coupling

The dipolar interaction between nuclear spins is the dominant broadening
mechanism in solid state NMR spectra (for spins I=}4) of crystalline or glassy polymers.
The major source of line broadening in a namral abundance °C spectrum is the dipolar
interaction between carbons and protons which results in a single, broad, feanmeless line.
Carbon-13 atoms are sufficiently dilute to render the "C-"C dipolar interactions
negligible. For protons, the major portion of this dipolar interaction occurs among the
protons themselves.



The local magnetic field produced at a nucleus i, h;. by 2 magnetic nucleus j with

an intemnuclear separation r‘_j is given by 10

=z, 2L G.D
i

where Lt; is the dipole moment of nucleus j and 8;; is the angle of the vector r; relative o
the external magnetic field, B,. The magnitude of the local magnetic field is seen 10 be
strongly dependent on the internuclear separation and the angle between this separation
and the applied magnetic field but independent of the strength of the applied field
Whether the local magnetic field augments or detracts from the external applied field,
indicated by the plus and minus sign in equaton (3.1), depends on the orientation of the
dipole moment, |, that 1s, the spin state of nucleus j. Therefore, dipolar coupling of a set
of magnetically isolated C-'H pair at a given angle to the applied field results in a
splitting (i.e., 2 Pake doubler) of the "C resonance equivalent to 2o, (=y,h,) from the
resonance frequency, ®,, that is obtained when the dipolar interaction is zero. Each
dipolar interaction in a solid sample produces such a characteristic splitting. However, in
an unoriented crystalline or glassy polymer, 2 nucleus does not experience an isolated
dipolar interaction. Neighboring nuclei ar different internuclear distarces, 1;;, and angular
relationships to the external magnetic feld yield many such interactions (and splittings) to
produce a so-called inhomogencously broadened line which tends towards a Gaussian line
shape. Such a spectrum is termed inhomogeneously broadened due to the fact the various
parts of the broad line are composed of sharp resonances arising independently from the
different nuclear separations and angles. Carbon-13 dipolar interactions with protons,
therefore, result in °C NMR line widths in organic solids of the order of 20 kHz.

3.1.1.2 Dipolar Decoupling

To obtain high resolution spectra in the solid state, it is necessary to remove the
effects of these dipolar interactions. In principle, this can be achieved by imparting 2
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suitable average such as that observed in nonviscous liquids. As can be deduced from
equation (3.1), the local magnetic field produced at a given nucleus. hi, is due to the
product of a spacial with a spin term. Therefore, appropriate action on either of these
terms can result in averaging the dipolar interaction to zero. One possibility is to reduce
the (3cos* 8, —1) term to zero by physically spinning the sample at 54°44', the magic
angle. However, to remove proton-proton and proton-carbon dipolar interactons,
spinning speeds berween 10 to 50 kHz are required (i.e., the spinning speed must exceed
the dipolar linewidth). Although the lower Limit can be achieved, the upper limit is
impractical. Therefore, magic angle spinning is of limited utility in the removal of such
strong interactions. The physical spinning of a sample about the magic angle will be
discussed further below in connection with the removal of another broadening interaction
operative in the solid state,

The alternative approach operates on the spin term and is particularly effecdve in
the removal of the °C-'H dipolar interaction. The technique, which is analogous to the
decoupling of *C-'H scalar spin-spin interactions (J coupling) in solution, involves high
power radiofrequency (rf) irradiation at the proton frequency and is referred to as
“dipolar decoupling™.1l Irradiation modulates the orientation of the proton spins with
respect to the main magnetic field, i.e., it forces the spins to change states. If the rate of
exchange is large compared to the frequency of the interaction, the effective field from the
proton that is seen by the ®C nuclens is averaged and the dipolar interaction is
decoupled.12 However, it should be noted that a decoupling field of 40 kHz or greater is
required to remove the 10-40 kHz dipolar coupling which exists in the solid state
Because of the heating that results from rf fields of this magnitude, they are generally not
left on continuously for more than 200 ms.
3.1.1.3 Chemical Shift Anisotropy

The resonance frequency of a particular nucleus is not only dependent on the type'
of nucleus but also on its magnetic environment. The chemical shift is produced by the
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electrons that shield the nucleus from the applied magnetc field. In general, the electron
distributdon will have a definite directonal character (i.e.. the distribudon will not be
spherical or cubical) which will infer a directional dependence on the chemical shift. In
solution. the direcuonal dependence is averaged due to the random isotropic motions of
molecules to yield single-valued chemical shifts from anisotropic shieldings. Due 10 the
lack of motonal freedom in the solid state, the nucleus experiences different levels of
shielding in different directions with respect 1o the external magnetc field and hence has a
different chemical shift in different directions. Therefore, a °C nucleus oriented at a given
angle to the external field will give a sharp signal at a specific chemical shift which is
characteristic of that particular orientation. In an unoriented crystalline or glassy polymer,
all orientations with respect 1o the external field are possible. Therefore, the NMR
spectrum of such a material will consist of a superposition of sharp lines encompassing the
frequency range berween the maximum and mimimum values of the shielding, Such a
spectrum is a result of the line broadening mechanism known as chemical shift anisotropy
(CSA) and is referred to as the CSA powder pattern. The isotropic chemical shift
observed in solution is the motionally averaged value of all of these sharp lines observed in
the powder pattern.

The line shape of the CSA powder pattern is described!3 by three principle values
of the chemical shift tensor (6, ,0,,.C,,} which contain information about the asymmerry
of the electronic distribution around a given nucleus. Many different types of powder
pattern Hine shapes have been observed although the most general shape can be described?
as "tentlike” where G, and G, define the exuemes of the tent while c,, defines the apex
of the tent that is generaily located off center. Therefore, a typical solid with a variety of
different carbons will yield a C spectrum that is the sum of different CSA panerns having
somewhat different line shapes and isotropic centers. Overlapping CSA patterns destroy
the resolution which was hoped to be gained from dipolar decoupling. Therefore, to0
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perform high resoludon NMR spectroscopy in the solid state, a technique is required that

reduces this anisotopy to the isogopic chemical shift observed in solugon.
3.1.1.4 Magic Angle Spinning

The directonal dependence of the chemical shift in solid state NVR, which arises
from restrictions placed on molecular motion, must be appropriately averaged to remove
this line-broadening effect. The required averaging can be induced by operating on its
spatial dependence by utlizing the magic angle spinning (MAS) technique (introduced in
connection with the dipolar interaction) independently introduced by Lowe!4 and Andrew,
etall3

The magic angle spinning technique involves physically spinning the sample at an
angle of 54°44’ to the external magnetic field with a rotation rate thar is fast compared
with the CSA. Under these conditions, the spacial dependence (i.e., (3 cos® 8;-1) is
averaged to zero. Therefore, overlapping CSA patterns reduce to their isowopic averages
and the result is a high resolution spectrum (i.e., with dipolar decoupling). It should be
noted that the rotation rate must be fast compared to the anisotropy, i.e., to the frequency
range encompassed by the powder pattern since otherwise peaks known as spinning side
bands will appear in the spectrum. For °C NMR of solids at typical magnetic ficlds,
rotation rates between 1 and 6 kHz are required to reduce the CSA partern to its isotropic
value. Since the nuclear shielding is field-dependent, the width of the CSA pattern
increases with the static field strength so that higher MAS speeds are required at higher
field strengths to overcome the line broadening phenomenon. If the rate of sample
rotation is less than about half of the width of the CSA, spinning side bands will appear at
multiples of the spinning speed on both sides of the isotropic chemical shift. The number,
intensity and position of the side bands is strongly dependent on the CSA and the spinning
speed.
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It should be noted that, in principle, MAS removes any solid stats interacton that
possesses a (3 cos” 6, —1!) dependence. As mentoned previously. swong interactions
such as 'H-'H dipolar coupling are not efficientdy eliminated due to the impractcal
spinning speeds {i.e.. 10 to 50 kHz) that must be achieved. However, weaker interactions
such as CSA. natral abundance "“C-°C dipolar coupling and long-range “c'H
interactions are totally eliminated by MAS.

3.1.2 Signal Generation and Sensitivity Enhancement

Although high power dipolar decoupling and MAS reduce NMR line widths to
acceptable levels, high resolution C NMR of solid polymers still suffers from the
problem of low sensitivity. This is due to the small magnetc moment of the C nucleus
that 1s, in addidon, dilute in the system (1.1% natural abundance). The magnetic moment
of the °C spin is about 1/4 as large as the proton moment, which results in a net
magnetization that is 1/4 that of the protons in the same static field for an equal number of
nuclei. Furthermore, the time required for the carbon spin system to recover from the
perturbation necessary to make the measurement can be 10 to 100 tmes longer than for
the proton spin system in the same molecule. This results in substantially longer times
between acquisitions. This sensitivity problem has been overcome through the use of a
technique known as cross polarizatdon (CP) which involves an enhancement of the
magnetization of the rare spins (e.g., "C) by transfer from the abundant spins (e.g., 'H).
This CP experiment was introduced by Hartmann and Hahn!6 in 1962, and was first
applied to the C nucleus by Pines and co-workers!719 some twenty years ago. To
properly introduce the cross polarization technique, it is necessary to first discuss the
concept of an isolated spin system and its spin temperature. In addition, a brief discussion
on spin relaxation times is warranted. This discussion will consider a2 molecule possessing
only 'H and "*C nuclei.



3.1.2.1 Spin Temperature

In NMR spectroscopy, it is useful to view an experirnental sample as consisang of
two parts, i.e., the spin system and the latmice. The spin system is the ensemble of nuclear
magnets (i.e., 'H. wC) that was discussed in the previous section in connecton with
various line broadening mechanisms. The lattice consists of the molecules that constitute
the sample (either in solid, Liquid or gaseous form) characterized by a lamice temperature,
T, which is the quantity measured by the operator. Similar to the lattce, the spin system
is also characterized by a temperature. However, this temperanure is a consequence of the
distribution of the spin population among the energy states available to the magnetdc
nuclei. In a magnedc field, B, nuclear spins ([=}£) will populate their Zeeman energy

levels according to the Boltzmann distribution:

) (3.2)

where n, and n, are the populations of the upper and lower states, AE:—’E-%- is the
7.3

energy separation of these two states (Y is the magnetogyric ratio of the nucleus m
question and h is Planck’s constant), k is Boltzreann's constant, and T is the temperature
of the spin system (i.e., the spin temperawre). Equation (3.2) states that a given
population distribution (n /o)) is characterized by a spin temperansre (Tg) where a change
in this population distribution (e.g., by applying an if pulse} results in a change in the
temperature of the spin system. It should be noted that a large population difference
between the two states corresponds to a low spin temperature and to a large polarization.
Therefore, to induce 2 large polarization within a spin system it is necessary to lower the
spin temperature or, in other words, generate a large population difference.

An organic solid that only contains 'H and “C spin nuclei (i=¥%) has two spin
systems. Under equilibrium conditions the spin system temperamire, T, is equal to the
lattice temperature, T;. However, upon resonant irradiation with an rf pulse, 2 non-



equilibrium state is induced and the temperature of the spin system is raised while that of
the lartice remains constant. Through the process of spin diffusion, abundant, nonisolated
nuclel such as protons equilibrate in a very short dme (<100 ps) at a single T,. It should
be mentioned that the process of spin diffusion is defined as the mansport of spin energy
within the spin system by mutual energy-conserving flips (i.e., a simultaneous change in
orientattion of two adjacent protons with antparalle]l orientaton coupied by a dipolar
interaction which again yields an antiparallel orientation). After a much longer tme the
single spin temperature of the proton spin system thermally equilibrates with the lattice on
a time scale defined by the spin-lattice relaxation tme.

A dilute spin system such as P also equilibrates with a single spin temperature
over a time scale which is much lorger than that for the abundant nuclei due to larger
internuclear distances and different relaxation processes. It should also be noted that the
scparation of their energy levels is only about 1/4 the separation of the proton levels at the
same temperamre (Y; =47.) thus yielding a different resonance frequency. This
difference means that the two sets of nuclei cannot communicate efficientdy and are
isolated from each other. Therefore, the two sets of nuclei form isolated spin systems
which also allows them to have different relaxation times.

3.1.2.2 Relaxation Times

In both Liquid state and high resolution solid state NMR spectroscopy, the most
fundamental and important relaxation tmes are the spin-lattice, T, and spin-spin, T,
relaxation times. The spin-lamice time constant describes the return of the magnetization
of a particular nucleus back to a state of equilibrium which corresponds to an orientation
parallel to the static field, i.e., along the z-direction. The return of the magnetization from
a perturbed state involves the release of excess energy to the lamice. This occurs through
the modulation of local magnetic fields by molecular motions of the appropriate frequency.
In additon, since spin-lattice relaxation involves wansitions between different nuclear
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magnetic energy levels, it is most efficient at or near the resonant frequency, @, =vB,.
Therefore, this time constant vields informaton regarding chain mobility.

The spin-spin time constant describes the 10ss of observable magnetization, i.e., the
component of the magnetization in the x,y-directions or perpendicular to the statc field
The observed nuclear signal is the free induction decay (FID) described by T,. This time
constant describes the loss of phase coherence arising from the distibution of Larmor
frequencies associated with the distribution of local magnetic fields, b, (Eqn. 1). This
equilibration does not involve energy exchange and is, therefore, purely entropic. For a
Lorentzian line, the linewidth of a particular resonance, V.5, is related to T, by

v_l
2 rT,

(3.3)

A relatively efficient interaction among the spin energies resulting from low molecular
mobility (i.e., the essentially static lattice possessing a broad distibution in local magnetic
fields) results i a short T, and, consequeatly, a broad resonance line. When molecular
motion develops, these couplings among nuclei diminish and T, becomes longer (i.e., of
the order of tens of milliseconds) with a concomitant decrease in the resonance linewidth.

Different relaxation times are observed for isotopically different nucler due to
differences in Larmor frequencies, motions and available relaxation mechanisms.
However, relaxation times are seldom indcpendent since different sets of nuclei are
generally coupled to other magnetic nuclei by various interactions. This is particularly
true for abundant nucle, such as protons, for which the process of spin diffusion averages
the relaxation times of different chemical types.

In the investigation of polymer motional characteristics by NMR, it is necessary to
probe a multimde of motional frequencies. In the solid state, polymers typically possess
motions with characteristic fequencies ranging from a few kHz to a few hundred MHz
As mentioned previously, the spin-lattice relaxation time, T, is most effective when the
frequencies ‘of these motions are near the Larmor frequency, ie., 5-500 MHz. These
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effective frequencies are determined by the size of the static field. To probe motional
characteristics in the kHz range, Ty measurements can be performed in a very small stadc
field where the Larmor frequency would correspond to a few kHz. However, in such a
small static field the NMR sensitivity is very low. This problem has been overcome by
performing the spin-lattice relaxation measurements in a rotating frame2® using a "spin-
locking” sequence.

The application of a 90° rf pulse in the y-direction with a field strength of B,, tps
the magnetization, initially directed along the static directon (z-direction), to the x-
direction. The phase of the rf pulse is then shifted by 90° to coincide with the
magnetization aligned in the x-directdon. This procedure is known as "spin locking”. In
the rotaing frame, the magnetization is then under the influence of only the B, field,
typically 50 kHz in strength, thus probing low frequency molecular motions (i.e., the kHz
region). It should be noted that the size of the magnetization is determined by the larger
static field thus maintaining the sensitivity. The decay of the magnetizaton in this lower
field is characterized by another time constant, Ty, the spin-lattice relaxation tme in 2
rotating frame.

Tmmediately after the spin locking sequence, the magnetization of nucleus I, M.,

in the rotating frame, is proportional to exp(——- :'B‘ ). A dependence on the tf field is
clearly evident. At equilibrium (i.e., under the influence of the static field), the observed

magnetization is proportional to exp(——= ufr 2). Since B} =107B;, T, must be 107 T, for

1

the condition to hold. Therefore, spin locking in the rotating frame results in a cooling of
the I spins (e.g., protons) to necar 0 K. The subsequent observed decay in the
magnetization through spin-lattice relaxation in the rotating frame therefore stems from a
flow of energy from the lawtice to the cooler spin system.



3.1.2.3 Cross Polarization

The cross polarizaton technique involves the transfer of polarization from an
abundant species, such as protons, to a dilute system, such as carbons, 10 enhance the
signal of the dilute spin system. As has been developed above, in the static field an
organic molecule whose only spin-possessing nuclei are 'H and *C has two essentially
isolated spin systems. This is mostly due to the large difference in resonance frequency
between the two species. If this resonance frequency mismarch could be eliminated,
comrunication between the previously isolated spin systems would be possible through
energy-conserving flips between the protons and carbons and tansfer of polarizaton
would be realized. The coupling of the spin systems was first recognized by Harmmann
and Hahn and involves the applicaton of two resonant alternating if fields, ie.,
BY and BY, such thar

YuBr =7YBS (3.4)
where ¥, and ¥, arc the proton and carbon magnetogyric ratios. The Hartmann-Hahn
condition is cenmal to the cross polarization technique. The two resonant if fields (i.e.,
the first at the proton frequency and the second at the carbon frequency), set at different
power levels such that the condition depicted by Eqr. (3.4) is realized, forces a match of
the Zeeman energy level splitting in the rotating frame. Therefore, both spin systems are
in frames rotating at the same rate, the energy levels are matclied and energy wansfer is
thus allowed.

The carbon-proton cross polarization (CP) pulse sequence udlizing proton spin
locking is depicted graphically in Figure 3.1a. The protons are inidaily prepared in a stare
of low spin temperamre by spin locking them in a rowaring frame. As discussed previously,
this is accomplished using a 90° if pulse followed by a 90° phase shift. The small carbon
system, initially at the lattice temperature is brought into contact with the colder proton
reservoir by use of the double resonance method thar sarstes the Hartmann-Hahn
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Figure 3.1 a) The carbon-proton cross-polarization pulse sequence utilizing proton t7in
locking with high power proton decoupling during acquisiion of the FID.
b) Reduced field, delayed contact cross-polarization pulse sequence utilizing proton spin
locking with high power proton decoupling during acquisition of the FID.
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condition. In Figure 3.1a, this is depicted by the simultaneous pulses on the proton and
carbon channels. This simultanecus irradiation is maintained for a dme interval, i,
necessary 10 build up the carbon magnetizaton. Assuming that the thermal connection
between the protons and carbons is much better than the connection of each with the
lattice, the carbon temperature decreases while that of the protons increases only slightly,
thereby establishing a common equilibrium spin temperature. From the definition of spin
temperature, a low temperature implies 2 large polarization of the magnetic moments.
The build up of magnetization is represented graphically by the dashed Line within the if
pulse of the carbon spin system. After CP the contact between the proton and carbon spin
system is broken by removal of the Bf field and the FID of the carbons is then observed.
High power dipolar decoupling at the proton Larmor frequency is used to remove
heteronuclear dipolar interactions between the carbons and neighboring protons thus
obtairning high resolution Be spectra. The cross polarizadon technique can also be used
in combination with MAS for the removal of chemical shift anisotopy.

The transfer of polarization from the proton to the carbon spin System is controlled
by 2 cross-relaxation time, Tw,. The rate at which the two spin systems reach thermal
equilibrium in the doubly rotating frame, (Tcy,)", is determined by the effective strength
of the dipolar interaction between protons and carbons which is greatly affected by
molecular motions and interatomic C-H distances. Different types of carbon spins will
also cross polarize at different rates depending on the number of directly artached protons.
In additon, the inidal polarization of the proton reservoir and the degree to which the
Harmmann-Hahn condition is fulfilled alter the cross-relaxation time.

The buildup of carbon magnetization is reduced after some time due to a decay of
the proton magnetization in the spin-locked state, i.e., through Ty, (*H). The buildup of
substantial carbon magnetization requires that the proton spin-la:ice relaxarion ime in a
rotating frame be substantially longer than the contact time, t_, between :hccmbonsand
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protons. In addidon. the contact tme must be longer than the cross-relaxaton ame. Ty,
Therefore, for proper polarization wransfer to occur. T, >t > T,

The cross polarization technique vields a substantial increase in sensiowvity in the
observadon of dilute spins. However, a second advantage is also noteworthy. The
repetition rate of the cross polarization process is now limited by the proton T rather than
the carbon T, as would be the case in a single pulse experiment This is a definite
advantage since the proton T, is usually less than 1s for polymers while the carbon T, is
substannaily longer, i.e., 10-4000 s. The net result is an increase in the signal-to-noise
ratio within a given time interval since it is possible to acquire a larger number of FIDs
compared to what can be obtained in the standard one-pulse experiment.

The simple cross-polarizadon technique described above was developed by Pines,
Wangh and co-workers and is currently the most commonly used technique for the
observadon of dilute spin systems. The first illustrations that 2 combination of dipolar
decoupling/cross polarization/magic angle spinning (DD/CP/MAS) could be used to
obtain high resolution '°C spectra of solids are due to Schaefer, Stejskal and
Buchdahl?2!-233 who reported a series of results on giassy polymers. High resolution
DD/CP/MAS spectra have since been obuained on a variety of polymers, inciuding
polypropylene, which will now be introduced.

3.1.3 C CP/MAS NMR Studies in Polypropylene

The combined techniques of heteronuclear dipolar decoupling, cross polarization
and magic angle spinning yield high resoluton spectra in polypropylene that reveat fine
details about its phase structure. The observations regarding the phase structure of both
isotactic and syndiotactic polypropylene (iPP and sPP, respectively) as obained from solid
state spectra will be discussed.

| The phase structure of solid sPP was first investigated by Bunn, er al24 This was
one of the early examples of the application of these NMR techniques to polymers. More



30

recendy sPP with various thermal and mechanical histories has been studied by Sozzani
and co-workers.25-26 The chemical shifts of all three carbon resonances as reported by
both Bunn, er al.?* and Sozzani, et al.28 are listed in Table 3.1 for PP samples that were
either annealed (i.e., labeled helix) or cold drawn (i.e., labeled 'stretched”). The chemical
shifts of the annealed samples given in these two reports are in good agreement, with the
exception that a double methyl carbon resonance was observed by Sozzani and co-
workers.26 This spliing of the methyl resonance will be discussed further below.

Table 3.1 The 1 >C Chemical Shifis of Syndiotactic Polypropylene in the Solid State.

Sample | Chemical Shift (ppm)
Methylene Methine Methyl
Bunn, er al”* helix 39.6 and 48.3 26.8 21.0
Sozzani, et al.*® helix 402 and 49.0 274 219 and 22.1
Sozzani. eral>®  stetched 50.2 28.9 20.8

As seen from the data in Table 3.1, the CP/MAS spectrum of sPP reveals the
existence of two methylene resonances with a 1:1 intensity distribution separated by ~8.7
ppm. This resonance splitting suggests the existence of two distincily different methylene
chemical environments in the crystal structure of sPP. Although the level of order within
the unit cell (i.e., the space group defining the crystal structure) is still disputed,27-33
during crystallization sPP is known34 to adopt a (ttgg), helical conformation that packs
into an orthorhombic unit cell. This helical conformation supports the existence of two
distinct and equally probable sites for methylene groups, i.e., one on the helix axis and the

-other on either side of this axis. The double methylene resonance was explained bx
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considering the y-gauche shiclding effect33 which. for polypropylene is predicted36 to
result in a sphitting of ~8 ppm between the two resonances. This is close to the observed
value of 8.7 ppm. If the y-effect is the cause of the difference in the chemical shift then the
upfield resonance can be assigned to the internal methylene carbons. Therefore, this
resonance splitting is due to intramolecular effects. In additon to the above feature, the
higher frequency peak showed additional breadening which may be due to interchain
effects. However, the atoms on the periphery of the helix should be much more
susceptible to perturbations due to interhelical effects, i.e., the packing of helices in a
regular array.

The higher structural purity of the sPP samples used by Sozzani and
co-workers25-26 under appropriate thermal and mechanical histaries yielded changes in the
NMR spectra of sPP which relate directly to the structure of the crystmlline phase. Upon
cold drawing of a previously quench-cooled sPP sample, the all-trans conformation was
obtained. The upfield methylene signal (Table 3.1) described above in connection with the
helix crystal structure was absent in the CP/MAS spectrum of that sample.25 This study
~ clearly demonstrated that the CP/MAS experiment is sensiive to intramolecular
conformations in sPP since the difference between the belix and the all-trans conformation
was clearly observable. In addition, through an annealing treatment on a previously
quench-cooled sPP sample interchain effects associated with helical packing were
observed and discussed in a subsequent communication.26 Details regarding the crystat
packing arrangement in SPP were obtained from the observation of a 1:1 methyl split in
the solid state spectrum (Table 3.1). The split in the methyl resonance of the annealed
sample was interpreted as-probing the association of right- and left-handed helices in the
crystal structure of this morphology. Therefore, the solid state spectrum is capable of
probing not only structure within the helix but also the arrangement of these helices within
the crysm]hne phase of sPP.
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The solid state organization of the various morphologies associated with the
crystalline phase of iPP has also been investigated by NMR spectmoscopy.3745  As
discussed previously, during crystallization iPP develops both right- and left-handed 3,
helices that are present in the three distinctly different polymorphs; namely the -
monoclinic, B-hexagoral and the y-triclinic crystlline forms. In addition to these
polymorphs, the quench-cooled morphology described in the first chapter has also been
considered in NMR studies.

In the 13C CP/MAS spectrum of iPP, both the quench-cooled (Figure 2.6) and $-
hexagonal phases show a single resonance for each of the three carbons. However, for
both annealed and isothermally crystallized iPP samples, the methylene and methyl
resonances in the a-monoclinic phase show a double peak, separated by ca. 1 ppm (Figure
2.6). It has been postulated that this resonance splitting is a consequence of the
inequivalent distances within the ¢-monoclinic unit ceil which result from regular packing
of right- and left-handed helices. The intensity diswribution within these doublets is
suggested, from visval observation, to be approximately 2:1, comresponding to a 2:1
carbon ratio at each inequivalent position. The absence of this splitting for the methylene
and methyl resonance in quench-cooled iPP suggests that this morphology is either not
composed of the o-monoclinic phase or that it is composed of an ¢-monoclinic phase
where inequivalent distances within the unit cell do not exist. The latter explanation,
which has also been suggested by Bunn, ez al.,36 requires that the inter-helical distances in
the unit cell be larger than in the stable a-monoclinic crystal form, which cotresponds to
the second phase observed by electron diffraction described in the first chapter.

The solid state spectrum of the *-triclinic crystalline modification was first reported
by Briickner, er al.* As for the o-monoclinic crystal form, the spectrum of the Y-form
also reveals the existence of a splitting in the methyl carbon resonance. However, the
_ intensity distribution observed for this phase is opposite to that obtained for the o-
monoclinic crystalline phase (Figure 2.6). A reversal in intensity between the upfield and -
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downfield methyl resonance is observed. This splitting in the methyl resonance and the
intensity distribution has also been discussed in terms of the packing of helices in the
crystal structure of y-iPP.

High resolution solid state NMR spectroscopy is seen to be extremely sensitive to
local environment differences in the various crystalline modifications in both isotactic and

syndiotactic polypropylene. This technique is extremely useful as a complementary tool 10

other solid state characterization techniques.

3.1.4 The Present Work

The second chapter presented a description of the morphology of the quench-
cooled phase of iPP as viewed directly by scanning transmission electron microscopy
(STEM). It was found to be composed of three phases: 1. Microcrystalline regions that
range in size between 100 ami 200 A having the c-monoclinic crystal form; 2. Regions of
lower crystalline order also composed of the a-monoclinic <rystal form. The helical
packing in this region was found to be much less compact than in the microcrystalline
region, as evidenced by a larger b crystallographic axis; 3. An amorphous phase. The
formation of regions of low crystalline order (i.e., phase #2) was found to occur during
the quench-cooling of the iPP from the melt. The extent of this crystallization depended
on sample mass; samples of low mass yielded an amorphous glass while Ehosc with larger
masses formed a glass possessing a low degree of crystallinity (i.e., <18%). As the
temperature of the quench-cooled iPP sample was raised, further crystallization from the
glassy state occurred (observed as an exotherm on the DSC thermogram) which resulted
in the formation of the microcrystals that could be observed in the STEM dark field image.
The resultant morphology was found to be metastable as evidenced by the DSC
thermogram which was fully exothermic in the region between -15 and 120 °C.

The morphology of quench-cooled iPP, although stable at room temperature,
transforms to the normal a-monoclinic crystal form upon annealing at temperanures above
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60-70 °C. This transformation has been characterized mostly by x-ray diffraction at room
temperature of samples previously thermally treated 4647484950 QOther methods used in
the characterization of this transformation include small angle x-ray scattering (SAXS),31
infrared (IR) and Raman spectroscopy, 293 wansport properties, >S5 calorimetry,56,57
and tansmission clectron microscopy.”® IR measurements teveal that the helix
conformation begins to form at temperatures as low as -18 °C (i.e., near the Tg)
consistent with the DSC findings described in Chapter 2. However, appreciable changes
in the WAXS and electron diffraction pattern only appear for samples anncaled at .
temperatures higher than 60 °C. The description of the quenched morphology in Chapter
2 as obtained by scanning transmission electron microscopy, allows for the above apparent
discrepancy.

The wransformation from the quench-cooled phase morphology to that of the
normal a-phase, to date, has not been considered by solid state NMR spectroscopy. As
discussed previously, high resoluion NMR in iPP reveals fine details regarding the
arrangement of helices in the various crystalline forms of iPP. The purpose of this study
was to investigate the annealing behavior of samples with this quench-cooled morphology
by monitoring changes within the 13C CP/MAS spectra as a function of annealing
temperature and thus obtain a fuller understanding of the solid spectrum of the a-
monoclinic crystalline phase. A further goal was to develop comrelations between these
morphological changes, the thermal behavior observed by DSC and the observations made
by WAXS.

3.2 Experimental

3.2.1 Sample Preparations

To obtain samples of the mesomorphic form, ~10 mg of iPP was melted between
microscope glass slides at a temperature of 240 °C for 5 minutes to form thin films (~25
m). These melied samples were immediately quench-cooled by immersion i a dry
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ice/acetone slush (-78 °C). Some of these samples were annealed under a nitrogen flow
with a Mertler FP52 hot stage previously calibrated for temperature using high purity
standards. The temperature was maintained by a Menler FP5 temperature controller. The
samples were heated to the desired anneal temperature at a heating rate of 20 °C/min and
maintained isothernally for the desired time interval. After the annealing treatment, the

sarnples were removed from the hot stage and allowed to cool to room temperature.
3.2.2 Solid State NMR Experiments

The CPMAS 13C NMR spectra were recorded at room temperature with a
Chemagnetics CMX-300 specrometer operating at a static field of 7.1 T. The samples
were spun at the magic angle at a frequency of ca. 4.1 kHz in 2 7.5 mm OD zirconia rotor.
A contact time of 1 ms was used in the cross polarization with a pulse delay of 3 seconds.
A 62 kHz 1f spin locking field was used with an acquisition time of 68 ms. All of the
spectra were referenced to TMS in a spectral window of 30 kHz by setting the methyl
resonance of hexamethyl benzene to 17.40 ppm. For all spectra 1024 transients were
accumulated and Fourier transformation was performed with no line broadening on an FID
which was zero-filled to 8K to obtain sufficient points for peak deconvolution,

The CP/MAS 13C NMR spectra of the purely crystalline phase of iPP were
obtained in a delayed contact time experiment by reducing the 'H spin locking field to 39
kHz for a time interval, T, prior to cross polarization. The pulse sequence is shown
graphically in Figure 3.1b. As a result of the relaxation of the spins of the amorphous and
interfacial phases during this period with reduced field spin locking, only the signal from
the material with the highest crystalline order, which possesses the longest relaxation
times, was accumulated. All of the other spectrometer settings remained as given above.
The spectra of the more mobile phases, with the shorter relaxation times, were also
obtained by subtracting the above mentioned spectra from those having contributions from
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all phases, obtained with T = 10 ps. Subwaction of the spectra was performed
interactively using the software of a Varian Unity 500 spectrometer.

The 'H spin-lattice relaxation times in 2 rotating frame, T, (*H), were measured
at room temperature for the methylene, methine and methyl carbons on 2 Chemagnetcs
M-100 spectromerer operating with a static field of 2.35 T by spin locking the protons for
various intervals, T, before cross polarizaton. It should be noted that a spin locking field
of 50 kHz was used in the measurements of the Ty, (\H). The Ty, ('H) values were
obtained by fitting the intensity data (a total of at least 16 t values) on a double
exponential decay curve using a computer program (Peakfit, obtained from Jandel
Scientific).

3.2.3 Peak Deconvolution

In the analysis of the solid state spectra of iPP, it became evident that the various
peaks could not be represented adequately by either purely Gaussian or Lorentzian line
shapes. A close representation of each of the resonances in the overall solid state
spectrum, required the use of a Voigt line shape that is a convolution of 2 Lorentzian with
a Gaussian.5® Peak deconvolution was performed using the computer program, Peakfit
Since the convolution integral describing the Voigt function cannot be evaluated
analytically, Peakfit uses the approximation of Puerta and Martin, 606! in which the Voigt
function is approximated by four generalized Lorentzians using an asymprotical Padé
métl_md. Deconvolution of the iPP solid state spectra using the Voigt function ﬁlways
yiclded fits with comrelation coefficients, r 2 0.999. To minimize the number of fitting
variables, deconvolution was performed by forcing the various peaks within a2 given
carbon resonance to share the fitting variable that controls the amount of peak tailing.
This procedure essentially forces the same peak shape (i.e., degree of tailing) for all peaks
within a given ¢arbon resonance that is being deconvoluted (e.g., methyl resonance).
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3.3 Results and Discussion

In the DSC thermogram for the heating of an iPP sample which was quench-
cooled in a dry ice/acetone slush at -78 °C, an exothermic transition is clearly evident in
the region between 80 and 120 °C (Figure 2.1). Originally this typical exotherm was
anributed™C to a wansition from a quench-cooled phase inorphology to the more stable @-
monoclinic crystalline phase but, in view of the results presented in Chapter 2, it can be
viewed as resulting from the perfection and further development of the a-monochinic
crystalline phase that formed during quench-cooling. In addition to the exothermic
wransition, two endothermic peaks are clearly evident; a small peak between 30 and 75 °C
as well as a large peak between 120 and 165 °C. As indicated by the exothermic
ransition, the latter endotherm does not correspond to the melting of the original
morphology but rather of a crystalline phase that has developed during sample heating.
To develop a fuller understanding of the changes that occur in the crystalline phase of
guench-cooled iPP samples during heating from room temperature, a detailed solid state
3C NMR morphologicai investigation is presented.
33.1 °C CP/MAS and T,, (‘H) Analysis

Figure 3.2 shows the 2C CP/MAS NMR spectra of iPP samples which have been
queach-cooled in a dry ice/acetone slush before and after high temperature annealing. The
spectrum of the sample that has been annealed at 161 °C for one hour (Figure 3.2a) shows
methylene (~ 44 ppm) and methyl (~22 ppm) carbon resonrances which are split by <1
ppm, in keeping with previously reported spectra73? In addition, the methine (~26.6
ppm) carbon resonance has 2 splitting of 0.2 ppm, with an intensity distribution similar to
that of the methylene and methyl resonances, as shown in the inset in Figure 3.2. An
asymmetrical line shape for the methine peak was observed by Bunn, et al.3 and they
suggested that it indicated the presence of an unresolved splitting. However, the spectrum



1Y

88

CH,

__JJN\,
33 30 25 20
ppm

-CH,-
50 4; 40

Figure 3.2 13C CP/MAS NMR spectra of two morphologies of iPP: (2) annealed -
monoclinic and (b) queach-cooled.
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given in Figure 3.2 is the first unambiguous identiicaion of the spliting. It should be
noted that special conditions are required to detect the splitting of the methine peak: i a
sufficienty long acquisidon tme of the FID mus. be used (here 68 ms), . no line
broadening should be applied, and ni. the FID must be zero-filled to a sufficiently large
number (here 8 K).

The 13C CP/MAS NMR spectrum of an unannealed iPP sample, shown in Figure
3.2b, is identical to previously reported spectra for samples having this morphology. The
splitting observed for the three resonances of the annealed sample is no longer evident and
the peaks appear t0 be symmetical, giving no indication of any unresolved splitting.
While the chemijcal shifts of the methyl and methine resonances coincide exactly with those
of the most upfield resonances of the spectrum of the annealed sampie (Table 3.2), the
methylene peak appears at a chemical shift intermediate between the two peaks of the
annealed sample. This is consistent with the observations of Gomez, er al.3® but differs
from the report by Bunn, er al.37 that all of the carbon resonances of the quenched sample
are coincident with the most upfield peaks of the annealed sample.

For both samples the fit of the relaxation data required two T,, (*H) components
(Table 3.2), in keeping with the existence of at least two phases within the iPP samples as
observed by Tanaka #! The short relaxation times, which are indicative of the existence of
a poorly defined crystalline component, can be ascribed to a more mobile interfacial phase
while the long times arise from the highly crystalline portion. As with all semi-crystalline
polymers, undoubtedly a thind phase must also be present that possesses the mobility of a
completely amorphous phase. As pointed out by Tanaka 4! in this phase essentially all of
the magnetization relaxes during cross polarization. i.e., the relaxation timme is too short to
be measured. Clearly local spin diffusion within the repeat unit is operating effectively in
these samples since each of the three carbor resonances of a given sample has the same
long and short relaxation times. Both the long and short relaxation times increase
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significantly with annealing, as expected for the development of a more rigid matrix with
larger crystalline regions.

Table 3.2: 13C NMR Chemical Shifts and 'H Spin Lamice Relaxation Times in 2 Rotating
Frame for iPP at Ambient Temperature.

Chemical Shifts () I Typ((H) )
Sample (ppm from external TMS) (ms)
Methvlene  Methine Methyl Eethylcne Methine Methyl
Quenched 44.6 26.6 20 199 19.9 19.3
5.4 4.6 3.4
Annealed 45.0 26.8 22.7 109.8 109.7 108.0
161°C/1hr 43.9 26.6 22.0 14.7 142 12.7
Interfacial 44.5 26.7 223
(a) Obtained at 75.3 MH=z.

(b) Obained at 25.1 MHz with a 50 KHz spin locking field.

As pointed out above, the 1*C CP/MAS spectrum of an iPP sample obtained under
conditions such that the magnetizaton transfer occurs under optimal conditions, i.e., 1 ms,
is composed of conributions from at least two phases within the samples: the highly
crystalline phase as well as a more mobile phase that possesses more order than the
completely amorphous phase, which will be referred to as the interfacial component. In
addition, although not representative of the total amount of the amorphous component,
some magnetization resulting from this phase is observed. Due to the short 1I-ITmoi:‘this
phase, the majority of the magnetization relaxes during cross polarization and only a small
fraction is observed in the CP/MAS spectrum.
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To describe the annealing behavior of this quench-cooled morphology, it is
desirable that the contributions from the faster relaxing components be eliminated from the
solid state spectra so that only that of the purely crystalline component remains, This can
be accomplished by allowing the magnetization associated with the fast relaxing
components to decay prior to the onset of the acquisition of the FID, which can be
accomplished by using the pulse sequence described previously in the Experimental
section.

3.3.2 ®C CP/MAS Analysis of the Purely Crystalline Phase of iPP

The 1*C CP/MAS NMR spectra of a quench-cooled iPP sample annealed at 161 °C
for one hour shown in Figures 3.32 and 3.3b were obtained with periods of reduced spin
locking field before cross polarizaton of 10 ps and 15 ms, respectively. The use of a
short 10 us delay period prior to cross polarization results in the usual 3C CP/MAS
specrum (Figure 3.3a) that has conmributions from all of the phases in the iPP sampies.
The resonances with a 15 ms delay period (Fig. 3b) are much better resolved, as evidenced
by a better separation of the peaks for a given carbon resonance. This reflects the
suppression of the signal arising from the shorter relaxing components associated with the
more mobile phases. As is described later, the subtraction of these two spectra clearly
yields the spectrum of the shorter relaxing component. This method of subtraction was
also used in the determination of the value of <, i.e., the ime prior to cross polarization
that is required to obtain spectra for which the contributions from the more mobile phases
are ehminated. 'Ihcuscofinmeasinglylonéatvaluespﬁortocrosspolmimﬁon
eventually resulted in two T values yielding identical spectra of different intensities which,
when subtracted from each other, yielded a null spectrum. In this way, the T value
necessary to eliminate the faster relaxing component from the spectrum was identified.

The 13C CP/MAS NMR spectra of the purely crystalline phase of iPP, obtained in
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Figure 3.3 13C CP/MAS NMR spectra of the purely crystalline phase of a2 quench-cooled
iPP sample annealed at 161 °C for one hour. The specta were obtained by reducing the
1H spin locking field for a time inserval, <, prior to cross polarization. (a) t = 10 s and
(b) T=15ms.
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the delayed contact tme experiment, for a quench-cooled sampie subjected to various
anneal temperatures between room temperature and 157 °C are shown in Figure 3.4,
There is a gradual progression from an apparent single resonance, in the spectra of the
samples annealed at low temperatures. to the split resonances in the spectra of those
annealed at high temperatures. These changes are marked by an increase in the intensiry
of the downfield peak associated with each resonance (e.g.. the methyl resonance at 22.6
ppm) as well as what appears to be a sharpening of the most upfield peak within cach
resonance (e.g., the methyl resonance at 21.9 ppm). In addition, in the spectra of samples
annealed at temperatures between 115 and 140 °C it is clear that the methyl resonance of
the crystalline phase is composed of three resolved peaks, rather than two. The third peak
is located at cz. 23 ppm or on the downfield side of the methyl resonance. Careful
inspection of the downfield side of the methylene resonance for the sample annealed at
130 °C also gives evidence of an unresolved splitting. As shown in the inset in Figure 3.4,
the methine resonance is also split and the intensity distribution follows the same pattern
as that for the methyl and methylene resonances. These spectra describe the effect of the
annealing treatment on the purely crystalline phase of the PP quench-cooled morphology.
It indicates a change from a stare of low crystalline order to one with a degree of
perfection sufficient to cause the local resonance environments to differ, as evidenced by
different chemical shifts within a given carbon signal.

A deconvolution procedure was applied to the various 13C CP/MAS spectra of the
crystaliine component which, as described in the Experimental section, used a Voigt line
shape to obtain the relative areas of the individual lines, Typical peak deconvolutions for
the methine zad methyl resonances of the spectra of as-quenched and two annealed
samples (130 and 157 °C for one hour) are shown in Figure 3.5. The Voigt line shape
clearly yields an excellent deconvolution of the solid state spectrum, with correlation
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Figure 3.4 1C CP/MAS NMR spectra of the purely crystalline phase of a quench-cooled
iPPsampleannealedatvé:iousteinperamforonchour. The spectra were obtained by
reducing the 'H spin locking field for a time imerval, <, prior to cross polarization. (a)
157°C, t=15ms; (b) 150°C, t=15ms; (c) 140°C, t=15ms; (d) 130 °C, t= 15 ms;
(e) 115 °C, t =10 ms; (f) 100 °C, T= 10 ms; (g) no anneal, T=5ms.
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Figure 3.5 Deconvolutions obtained for the methine and methyl resonances of the 13C
CP/MAS NMR spectra of quench-cooled and annealed iPP samples. (a) 157 °C for 1
bour, (b) 130 °C for 1 hour, (c) no anneal.
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coefficients better than 0.999.

It is apparent in the spectrum of the sample annealed at the intermediate
temperature of 130 °C (Fig 3.5b), that the fit of the methyl resonance intensity requires
three peaks that are due to inequivalent local eavironments. The most downfield methyl
peak is also present in the resonance of the unannealed sample (Fig 3.5¢) but with
substantially reduced intensity. In addition, the midfield methyl resonance line is clearly
absent. Annealing at a higher temperature (i.e., 157 °C) results in an increase in the
intensity of the midfield methyl line with 2 concomitant decrease in the most downfield
component. As shown in Figure 3.5, the intensity distributions of the methine resonance
show similar patterns with the downfield peak increasing in intensity while the upfield
decreases as the anneal temperature is increased. However, the most downfield methine
peak is absent (or at least unresolved) in the spectrum of the unannealed sample. A close
inspection of the spectra shown in Figure 3.4, indicates similar trends for the methylene
resonance.

The effects of anneal temperature on the relative areas of the methyl peaks as well
as their comresponding line widths are shown in Figures 3.6 and 3.7, respectively.
Although the deconvolution of the methyl region is discussed here, because it shows the
best resolved peaks, similar patterns were noted for the other resonances. Since the
methyl group is located furthest away from the helix, it is expected to be most sensitive to
differences in the local environments. The relative areas reported in Figure 3.6 are based
on a normalization that included the summation of the areas of the methine and methyl
resonances. This was required because the close proximity in chemical shift of these two
resonances precluded a separate consideration.

As shown in Figure 3.6, the relative peak areas of the methyl group in the
crystalline component remain essentially unchanged at anneal temperamres up to
approximately 75 °C. Apparently the small endothermic transition detected by DSC
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Figure 3.6 (2) Peak area deconvolution results for the methyl carbon of quench-cooled
iPP samples annealed at various temperatures; ® downfield resonance; B upfield
resonance;, V midfield resonance. (b) The ratio of the area of the midfield to that of the
upfield resonance. The areas are expressed as a percentage of the total methyl plus

methine areas (see text).
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Figure 3.7 (a) Widths of the methyl peaks as determined by deconvolunon of quench-
cooled iPP samples annealed at various temperatures; ® downfield resonance; B upfield

resonance; V midfield resonance.

between 30 and 75 °C (Figure 2.1) does not correspond to a concomitant morphological
change which can be detected by NMR. As the temperature is raised further, between ca.
75 and 120 °C, an increase in the relative areas of both the downfield and midfield methyl
resonances is observed with a concomitant decrease in the upfield resonance. This
temperature region coincides with the exothermic transition, observed by DSC, that was
attributed to the perfection of the existing crystalline fraction. The NMR spectra reveal
that this crystallization, or recrystallization, results in the development of three distinctly



99

different local environments in the crystalline component. The midfield resonance
continues to increase in intensity at anneal temperatures above 120 °C even though the
DSC thermogram indicates the onset of the final melting transiton. Thus, while the
crystalline population is in a regime tending towards melting, there remains a positive
drive towards perfection and development of the crystalline morphology, in keeping with
an equilibrium between melting and recrystallization. Meanwhile, the downfield and
upfield resonances decrease in intensity for anneal temperanures >120 °C. Clearly, these
changes reflect alterations in the local environments within the iPP crystalline fraction as it
recrystallizes to a higher degree of order. In addition, the most downfield resonance
appears to show the behavior of an intermediate environment which is formed during the
inital stages of crystal re-organization and then essentially disappears when the final
crystaliine state is attained.

The ratio of the areas of the midfield to the upfield methyl peaks is also presented
in Figure 3.6. As mentioned above, this ratio is expected to be 2:1 based on the
inequivalent sites, hence two distinctly different interhelical distances, that arise from the
packing of left- and right-handed helices in the unit cell of the c-monoclinic crystal form,
as is currently understood. Instead, the rato follows closely the curve representing the
intensity increase of the midfield resonance and appears to approach a limiting value of
only 4:3. Two explanations can be offered to account for the failure of this ratio to attain
the predicted value: 1. The ultimate peak ratio of 2:1 cannot be achieved by annealing
this quench-cooled iPP morphology. 2. The splitting of these resonances is more
complex than has been suggested to date and is possibly reflecting more than simply the
association of right- and left-handed helices. The latter suggestion is supported by the fact
that three resolved peaks, varying in intensity depending on the anneal temperature, are
observed in the methyl resonance. The existence of the most downfield methyl peak,
altlioughobscrvedfortheﬁrstﬁmcinmissmdy.wasﬁrstsuggeswdbthmnandco-.
workers®’ in their original discussion of the resonance splitting pattern observed for the a-
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monoclinic crystaliine form. The occurrence of this splitting in the higher intensity methyl
resonance was postulated from x-ray analysis which indicated two minor changes in the
positioning of the methyl groups within the «-monoclinic crystalline phase. This
difference is due to the way in which the iPP helices traverse the unit cell, ie., the
positioning of the helices depends on ihe level of symmetry that exists within the unit cell.

As discussed previously, it has been shown by Menciké2, as well as by Hikosaka
and Seto%3, that the crystal form of annealed o-monoclinic iPP is described by the space
group P2,/c which possesses disorder in the distribution of "up"” and "down" chain
directions. This disorder resembles the situation in the C2/c space group. In fact, it has
been suggested that during annealing at high temperatures a structural transition occurs
from a disordered state (C2/c) to an ordered state (P2,/c). These space groups reflect
differences in the structural arrangements of isoclined and anticlined bilayers of helices
along the b crystallographic axis.64 It is reasonable to suggest that the splittings observed
in the NMR spectra of the crystalline portion of the annealed samples are not only
reflecting environmental differences that correspond to the packing of right- and left-
handed helices but that they are also probing changes that occur in the "up” and "down"
ordering of chain position as the sample is annealed. This possibility will be discussed
further in the following chapter which investigates the melting behavior of iPP spun fibers
and spunbonded fabrics.

The line widths of the various peaks associated with the methyl resonances of the
crystalline component range from approximately 0.5 to 1.7 ppm (Figure 3.7). A
sharpening of the upfield resonance is clearly evident for the samples annealed at the
temperatures corresponding to the onset to crystallization, i.e., 275 °C. Meanwhile, the
other two lines remain approximately constant in width until anneal temperatures 2140 °C.
All three methyl resonances seem to converge to a single line width at the highest anneal
temperatures. These trends suggest that the iPP helices are converging to more singularly
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defined positions reladve to one another which results in the formation of well-defined
local environment differences and sharper resonance lines.

In a recent study9S the melting and recrystallization behavior of a quench-cooled
ethylene-propylene block copolymer (~7% ethylene) was investgated as a functon of
anneal temperature by simultaneous use of small angle x-ray scattering and wide angle x-
ray scattering (SAXS/WAXS). A solid state transformation was observed at 65 °C as
indicated by a change in the WAXS curve from the pattern characteristic of the quench-
cooled phase to that of the a-monoclinic. A concomitant increase in the long range order
was revealed by the SAXS. These observations coincide exactly with the exothermic
ransition in the DSC thermogram of iPP as well as the changes that are seen in the solid
state NMR spectra of the crystzalline component, as described above. The development of
the multiple peaks for each of the carbon resonances, occurring ir the same temperature

range where morpholgical changes are observed by WAXS/SAXS and DSC, is indicative
of the development of the a-monoclinic crystal structure.

3.3.3 C CP/MAS NMR Spectra of the Amorphous and Interfacial
Phases of iPP

As described above, by subtracting the spectra for the purely crystalline phase of
iPP from spectra containing information for all phases (i.e., a CP/MAS spectrum), it is
possible to obtain the spectrum of the more mobile phases of iPP. The spectra for the
quench-cooled and annealed iPP samples that were obtained by following this subtraction
procedure are presented in Figure 3.8. Single resonances are observed for the methylene,
methine and methyl carbons. These chemical shifts are also presented in Table 3.2, The
peaks appear to be symmetrical and are located at chemical shifts intermediate between
the doublets observed for each carbon in the spectra of the purely crystalline phase of the
annealed samples. The shorter relaxing componeats of Ty, (1H) listed in Table 3.2 are
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Figure 3.8 13C CP/MAS NMR spectra for the interfacial and amorphous phases of iPP
obtained by subtracting the spectrum of the purely crystalline phase of iPP from one with
contributions from all phases. Anneal Temperatures: (a) 157 °C; (b) 140 °C; (c) 100 °C;
(d) 60 °C; (¢) No anneal.
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associated with these resonances. They characterize a phase of increased mobility which
corresponds 10 the interfacial region between the amorphous and crystalline phases. It is
of note that a similar interfacial peak, which was also reported by Saito et al,** was
required for the proper deconvolution of the methylene region in the 13C CP/MAS NMR
spectra for the crystalline portion of iPP. It appeared intermediate between the methylene
doublet and corresponds with the resonances presented in Figure 3.8. Although the
authors described this peak as being due to the interfacial component, they also suggested
that it could be a consequence of assuming a Lorentzian line shape in the deconvolution
procedure. It becomes evident from the results presented here that this peak does indeed
reflect the interfacial component in the iPP.

As discussed previously in connection with Ty, (*H) measurements, the signal
associated with the fully amorphous phase in these iPP samples is not properly sampled
since essentially all of the magnetization relaxes during cross polarizaton. It is primarily
for this reason that only two Ty, (H) values are measured. However, the CP/MAS
spectra of the samples annealed at temperatures <80 °C (Fig. 3.8) indicate the existence of
very broad peaks below each of the main resonances which is consistent with the signal
expected from an amorphous phase. In the case of the methylene resonance this broad
peak appears displaced downfield. Therefore, although this peak is not representative of
the amount of the fully amorphous phase that is present in these samples, there is a clear
indication of its presence. It is noteworthy that a similar peak on the downfield side of the
methylene resonance was observed by Saito, er al 4 in a variable temperature NMR
investigation of isothermally crystailized iPP samples. The downfield methylene peak was
also attributed to the amorphous phase.

As seen in Figure 3.8, the broad peaks associated with the fully amorphous phase
appear substantially reduced in samples annealed at temperatures of 100 °C or higher.
This trend is entirely expected in view of the recrystallization that occurs in the region
between 80 and 120 °C which should substantially reduce the amorphous content. In
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addition, the amount of interfacial material appears greater for samples annealed at
temperatures >100 °C compared to those subjected to the low temperature anneals. This
behaviour is consistent with a greater number of crystal interfaces following sample
recrystallization.

3.4 Summary

In this chapter, solid state NMR spectroscopy was employed 1o monitor changes
that occur within the crystalline phase of quench-cooled iPP films as the sample is
annealed at contnuously higher temperature. Although previous investigations have also
used solid state NMR spectroscopy to characterize the various polymorphs of iPP, this
study is the first 10 employ this characterization technique as a means of describing the
annecaling behavior of the quench-cooled iPP morphology. In additon, the
characterization of these morphological changes is performed through the use of a
modified CP pulse sequence that allows the crystalline phase 1o be observed exclusively.

The modified CP puise sequence that was used to observe only the cryswlline
phase of iPP exploited the differences in 'H Ty, relaxation times between the crystlline
and more mobile phases. The modification involved incorporating into the usual CP pulse
sequence a delay period with a reduced spin locking field prior to cross polarizadon.
During this delay period, sufficient tme was allocated such that the magnetization
associated with the faster relaxing components (i.e., the interfacial and amorphous phases)
relaxed and only the magnetization associated with the slower relaxing component (i.e.,
crystalline phase) was available for cross polarizaton. This technique allowed a
separation of the signal arising from the crystalline phase from that of the amorphous and
interfacial components. Furthermore, spectra for the more mobile phases of iPP were
obtained by subtractng the spectra of the purely crystalline phase of iPP from those
containing information on all three phases (i.e., a CP/MAS spectrum).
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In the NMR spectrum for the crystalline phase of iPP, a gradual conversion was
observed upon annealing; from single methylene, methine and methyl resonances for the
quench-cooled morphology of iPP to split resonances consistent with the fully developed
o-monoclinic phase. These split resonances reflect the inequivalent sites within the a-
monoclinic unit cell. The onset of this transformation was found to coincide with an
exothermic transition observed by DSC at an anneal temperature of 80 °C. For the
methylene and methine carbon resonances, this transformation involved an increase in the
intensity of the downfield peak with a concomitant decrease in intensity of the upfield
peak. It should be noted that, although suggested previously, the spectra reported in this
study are the first unambiguous identification of a splitting pattern in the methine carbon
resonance. A difference of 0.2 ppm was noted between the two methine peaks. In
addition, the methyl carbon resonance was found to be composed of three peaks rather
than two. The ransformation as observed for this resonance occurred through an increase
in intensity of the midfield methyl peak with 2 concomitant decrease in intensity of the
upfield methyl peak.

Deconvolution was performed on the methyl and methine resonances using a Voigt
line shape. The area and width of each of the peaks in the methyl resonance were reported
as a function of anneal temperature. In the temperature region between approximately 75
and 120 °C, an increase in the area of the downfield and midfield methyl peaks is observed
with a concomitant decrease in the area of the upfield peak At anneal temperatures
greater than 120 °C, both the downfield and upfield peaks decrease in area while the
midfield methyl peak continues to increase. The downfield resonance appears to show the
behavior of an intermediate environment which is formed during the initial stages of
crystal reorganization and disappears when the final crystalline state is attained. In
addition, simultaneously with the changes in peak area, a narrowing of the various peaks
in the solid state spectrum was observed, consistent with a convergeace to more singularly
defined positions within the crystal structure.
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The ratio between the areas of the midfield and downfield methyl peaks was also
monitored as a function of anneal temperature. This ratio is expected to be 2:1 based on
two inequivalent sites within the o-monoclinic phase arising from a closer associaton due
to the packing of right- and left-handed helices. Instead, this ratio follows closely the
curve representing the intensity increase of the midfield methyl peak and approaches a
Limiting value of only 4:3. The observation of three peaks within the methyl resonance as
well as 2 much lower peak ratio than expected suggests that the splitting observed in the
solid state specum of the oa-monoclinic phase of iPP refiects more than a simple
associaton of right- and left-handed helices. The general behavior suggests that the
splitting patterns reflect the level of symmetry that exists within the unit cell of this phase,
i.e., the manner in which the helices traverse the unit cell.

Spectra of the more mobile, largely interfacial, phases of iPP were obtained by the
subtraction procedure described above. A single peak was observed for each of the
carbon resonances at a chemical shift intermediate between the doublet of the crystalline
phase. These peaks, which are associated with the short Ty ('H) value, are due to the
presence of the more hindered interface berween the purely amorphous and crystalline
phases. In addition, the low temperature annealed samples indicate the existence of very
broad peaks below the signal associated with the interfacial phase. In the case of the
methylene resonance, this broad peak appears to be displaced downfield. Although the
signal from the fully amorphous phase is not properly sampled in these spectra, the
characteristics of these broad peaks are consistent with an expected amorphous phase.
Upon annealing at temperatures of 100 °C or greater, the intensities of these broad peaks
are substantially reduced. This trend is entirely expected in view of the recrystallization
that occurs between 80 and 120 °C and supports the suggestion that these peaks are due
to an amorphous phase. It should be noted that an increase in the interfacial component is
also observed in this temperamre region, indicating the formation of new
crystal/amorphous interfaces during recrystallization.
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CHAPTER FOUR

13C CP/MAS NMR Investigation of the Annealing and
Melting Behavior of Spunbonded Isotactic
Polypropylene Fabrics

4.1 Introduction

In the previous two chapters, the morphology and annealing behavior of quench-
cooled isotactic polypropylene (iPP) films were thoroughly investigated.  An
understanding of the quench-cooled state is of the utmost importance not only from a
fundamental but also from an industrial point of view as many processes involve quench-
cooling of the molten polymer. Spun iPP fibers are one such example. The process of
fiber spinning involves a rapid decrease in temperature to solidify the molten polymer in
the fiber form. The quench-cooling of fibers is performed with room temperature air and
is, thus, considerably less rapid than the quenching medium used to form the quench-
cooled films described in Chapters 2 and 3. The quenching medium used in the formation
of the fibers is not only much warmer than the dry ice/acetone slush but it also has a much
lower heat capacity thus reducing the quenching efficiency. However, the substantally
reduced size of the sample increases the surface area and allows for a rapid rate of heat
loss. At this cooling rate the resulting morphology of spun fibers is expected to possess
many similarities with the quench-cooled films.

In the previous chapter, the annealing behavior of quench-cooled iPP films was
investigated by solid state NMR spectroscopy. This technique proved to be an excellent
method of stadying morphological changes that occur at the molecular level within the
crystalline phase of iPP. The changes within this crystalline fraction were monitored well
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into the endothermic mansition associated with crystal melting. In addidon, excellent
correlatons were noted with observatons made by differental scanning calorimetry
(DSC) as well as x-ray and electron diffraction analysis.

The solid state NMR techniques used in the analysis of the annealing behavior of
the quench-cooled films will be utilized to investigate the morphology of spun iPP fibers as
well as the morphological changes that occur to the crystalline phase as the sample is
anncaled. It will be shown in this chapter that, unlike the quench-cooled films, a double
endothermic transition is observed in the DSC thermogram of iPP spun fibers. Multiple
endothermic transitions have been observed previously not only for iPP but also for a
variety of other polymers. A brief review of the observations and explanations considered
for this phenomenon will be presented.

4.1.1 Multiple Melting Endotherms

The phenomenon of multiple melting endotherms appears to exist with most
polymers and to be dependent on the thermai and mechanical history of the sample.
Isothermal and non-isothermal crystallization as well as annealing of the existing
crystalline morphology of a polymer, under certain conditions, will generate multiple
melting behavior. Mechanical deformation as obtained by sample drawing is also known
to drastically affect the melting behavior of the resultant morpkology.

The phenomenon of multiple meiting endotherms has been investigated under
various experimental conditions and several well-defined characteristics have been
observed. A strong temperature and arca dependence of the various peaks on the
crystallization temperature has been noted. Furthermore, annealing a sample whose
melting behavior is associated with a double melting endotherm affects both the transition
temperature and the area of the peaks. The high temperature peak tends to increase in
area and possibly shift to higher temperature. The low temperanwe peak will either
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decrease in area and shift to lower temperature or increase in area and shift to higher
temperature undl it joins the high temperature peak.

In the analysis of multple melting endotherms, a variety of explanatons have been
proposed that encompass a range of molecular level mechanisms.!-8 Undoubtedly for
specific cases one particular mechanism will be favored over all others. These
explanations, however, either deal with the amount of order existing within the crystalline
phase of the polymer or with reorganizational processes. The latter either involves
perfection of the lamellae during sample heating without melting or lamellar melting and
subsequent recrystallization. A brief review of each explanation considered for the

phenomenon of multiple melting endotherms is given below.

4.1.1.1 Secondary Crystallization

In semicrystalline polymers, molecular motion in the temperature range between
the glass transition temperature and the melting point results in increased structural order
through primary and secondary crystallizatdon. Primary crystallization is the formation of
the first set of crystals from the melt while secondary crystallization, occurring towards
the end of the main process (i.e., primary), refers to changes in the existing structure that
produce larger and more perfect crystallites. This process is thought to be the cause of
multiple melting endotherms in some polymers under certain thermal conditions.

Mandelkern and co-workers! investigated isothermally (at 130 °C) crystallized
linear polyethylene that was slowly cooled to room temperature over 24 hours. Upon
heating, in addition to the main meiting endotherm a small peak was observed at lower
temperature due to the melting of crystals formed during the cooling of the samples (i.e.,
secondary crystallization). In melt crystallized isotactic polystyrene, emsta and co-
workers®10 also observed multiple peaks and the lower temperature peak was thought to
originate from secondary crystallization. Similar obsexvations were made by Hybart and
Platt1! for drawn and annealed nylon 6.,6.
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In a recent investigation of the crystalline order and melting behavior of isotactc
polypropylene, samples subjected to an annealing treatment above 160 °C followed by a
cooling at 10 °C/min to room temperature also melted with 2 double endotherm.12 By
recording the annealing, cooling, and subsequent melting thermograms, Guerra, et al.12
clearly showed that the low temperature peak arises from material crystallized during
sample cooling. Analogous experimental observations were made previously by Pac and

Sauer.13

4.1.1.2 Crystallization in Two Different Lattice Structures

As discussed in previous chapters, in iPP several crystalline modifications are
known to exist. In addition, these crystalline modifications can co-exist within 2 given iPP
sample, depending on the crystallization conditions and the presence of certain
heterogeneities14-20, and these are known to cause multiple melting behavior, Four
melting peaks were found by DSC studies of extruded iPP.2! It was postulated that the
low temperature endotherm was due to the melting of the B-hexagonal crystailine phase
which subsequently recrysmllized and melted again, giving rise to the second endotherm.
The two remaining endotherms were assigned to the melting of the ¢-monoclinic phase.
Others22:23 have also attributed the multiple melting behavior of iPP to the existence of
two different crystal forms.

The mechanism by which f— conversion occurs in iPP was recently investigated
by Fillon and co-workers?* using thermal analysis as well as optical and electron
microscopy. Multiple melting endotherms were interpreted in terms of melting and
recrystailization occurring within the B-phase as well as the generation of latent ¢-phase
nuclei within the B-phase from which the B—ax conversion occurs.

4.1.1.3 Partial Melting, Recrystallization and Complete Melting
In the analysis of mmltiple melting endotherms, several authors have described this
phenomenon as being due to melting of the existing crystalline morphology followed by



115

recrystallization into a more perfect form that melts at a higher temperature. Partal
meltng followed by reorganization has been invoked to explain the melting behavior in
polyethylene,%25 annealed or drawn poly(ethylene terephthalate),26-29 polystyrene (i.e..
melt crystallized3® and single crystals3l), some polyamides3?, and isotactc
polypropylene.33-38

Recrystallization was shown to occur in polyethylene single crystals by cross-
linking by y-irradiation so as to suppress lamellar reorganization during sample hearing.4
Indeed, irradiated samples melted with a single endotherm while unirradiated samples had
a pronounced multiple peaked melting pattern artributed to a lamellar thickening process.
It was suggested that the annealing process in the temperature range berween 118 and 126
°C resulted in crystal thickening without true melting while recrystallization of meled
crystals occurred above 126 °C. Mandelkern and AllouZS also performed differential
calorimetric studies of the fusion of single crystals of polyethylene. Upon heating an
exothermic process was observed between two endotherms and it was suggested that
partial melting followed by recrystallization was the major process that was occurring.
Sample cross-linking by y-irradiation was also performed by Todoki3® on nylon 6, nylon
6,6, poly{ethylene terephthalate), and polypropylene to show that crystal reorganization is
responsible for the double melting endotherms observed in these samples.

High temperature, isothermally crystallized iPP samples were investigated by
Petraconne, ez al.33 and, through a nitric acid etch?? of the amorphous phase and the fold
surface of crystals, it was shown that recrystallization is the primary reason for the
occurrence of a double melting endotherm. Afier the etching treatment, the melting
endotherm presented only one narrow peak whose position was intermediate between that
of the two peaks observed before etching. Recrystallization phenomena were conclusively
demoasmated to be the reason for the double melting endotherm for samples isothermally
crystallized in the temperamure range between 135 and 150 °C.  The low temperanire peak
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was attributed to the fusion of the original crystals with the actual melting temperature
being determined by a competiion between melting and recrystallizaton. The high
temperature peak was thought to be due to melting of the recrystallized crystals.

The occurrence of multiple melting endotherms in systems composed of a single
distribution of crystal types has been simulated*1+42 under the assumption that melting and
recrystallization are occurring as the sample is heated. By combining an initial distribution
of melting tcmperatures with only one maximum and a temperature-dependent
crystallization regime, multiple melting endotherms were successfully modeled.
Satisfactory agreement between the experimental and simulated curves was found for the
melting behavior of poly(butylene terephthalate) without considering additional
crystallization from the amorphous regions.43

4.1.1.4 Differences in Degree of Crystal Perfection

Differences in the level of order that exists within the crystalline phase of a given
polymer system has been invoked to explain its melting behavior. Hoashi and Machizukié
investigated the melting behavior of melt crystallized or heat treated linear polyethylene.
A double melting endotherm was observed for these samples, the appezrance of which
depended on the crystallization temperature and on the temperature and time of the heat
treatment. Further heat treatment on a sample whose melting behavior indicated a double
melting endotherm resulted in a splitting of the lower temperature peak into two peaks,
one lower and one higher in temperature relative to the original peak. The results were
interpreted in terms of development of higher order within the crystalline fraction
associated with the lower melting endotherm that resulted in a higher melting temperature.
During this process, partial melting occurred and on coolirg less perfect crystals formed
with a lower melting temperature.

The melting behavior of 1,4-cis-polyisoprene was investigated by Edwards** and
the observed double melting endotherm was assigned to two different spherulitic lamellar
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crystals having different growth rates, lamellar thicknesses, and growth planes.
Differences in the degree of crystalline perfection were also invoked to explain the melting
behavior of cold-drawn high density polyethylene,*> annealed poly(ethylene
terephthalate),*6 and isothermally crystallized narural rubber.37

The level of structural order that exists within the «t-monoclinjc crystalline phase
of iPP was also considered by Corradini and co-workers*8 to explain the melting behavior
of isothermally crystallized samples observed at a low sample heating rate. The level of
structural order that was considered is related to the level of symmetry existing within the
unit cell of this crystalline phase (i.e., disordered state: C2/c; ordered state: P2y/c). It was
proposed that, at low sample heating rates a double melting endotherm is observed by
DSC if the crystalline phase is associated with the less ordered crystalline form while the
more ordered crystalline phase melts with a single peak. Reorganization from the less to
more ordered state was postulated to occur at low heating rates for samples with an
oniginally less ordered crystalline phase.

The melting bekavior of the a-monoclinic phase of iPP was interpreted by Celli
and co-workers?? in terms of the regime of crystallization.5 Multiple melting endotherms
were observed for samples crystailized in regime II while those crystallized in regime II
melted with a single endotherm. Regime III crystallization leads to a less ordered
crystalline phase that melts and recrystallizes into a more ordered phase giving rise to
multiple melting endotherms. Crystallization in regime II induces 2 predominantly ordered
phase that melis in a single stage. Although this description of behavior is different from
the analysis of Corradini and co-workers,*8 the underlying explanation presented in both
of these studies is based on the level of order that exists within the crystaliine phase and
suggests a less ordered to more ordered transformation during sample heating as the main
cause for the double melting endotherm.
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4.1.1.5 Other Considerations

Several others explanadons have been put forward to explain the occurrence the
multiple melting endotherms in certain polymer systems. In a study on the meltng
behavior of isotctic polystyrene and nylon 6,6, Bell and Dumbleton’ suggested one
endotherm was due to the melting of exiended chains while the second was due to the
melting of chain-folded crystals. A similar suggestion was made by Pals and co-workersS1
in the analysis of stretched polypropylene films. It was postulated that one endotherm was
due to the melting of "stretched nuclei material” and the other to less oriented crystals.
Kardos and co-workers32 observed four endotherms in the DSC thermogram of high
pressure crystallized polyethylene and suggested that two of these are due to meltng of
chain extended structures and chain-folded crystals.

Molecular weight fractionation has also been proposed for the occurrence of a
double melting endotherm in high demsity polyethylene® It was assumed thar a
temperature dependen: preferential crystallization of lower and higher molecular weight
species occurred during sample annealing which gave rise to molecular weight
fractionation. Subsequent melting resulted in the observation of a double melting

endotherm.

4.1.2 The Present Work

This brief review of the various explanation that have been proposed for the
occurrence of multiple melting endotherms in various polymer systems suggests that there
is more than one explanation for this phenomenon. More than one event can occur
simultaneously and undoubtedly different behavior exists for different polymer types and
under different thermal and mechanical histories within a given polymer system.  For
example, reorganization within the crystalline phase suggests that different levels of order
exist within the polymer crystals so that on heating a disorder to order transformation
could be the reorganizational process.
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The purpose of this investigation was to examine the double melting endotherm of
iPP by monitoring changes within the solid state NMR spectrum as the sample is annealed.
It was expected that a correlation could be made berweer the morphological changes
observed by NMR and by DSC. Throughout this chapter, a comparison between the
behavior of the spun-bonded fabrics and quench-cooled films will be ma‘ntined in an
effort to gather information regarding similarides and differences between these two
morphologies. A fuller understanding of the solid state NMR spectrum of the a-
monoclinic phase of iPP will be achieved not only from the investigaton of the
spunbonded fabrics but also through a comparison with the NMR behavior of the
previously analyzed quench-cooled iPP Slms.

4.2 Experimental

4.2.1 Sample Preparation

The spunbonded iPP fabric that is under investigation is a commercially available
producr that was obtained directly from the manufacturer. The following information was
provided regarding the manufacturing process. The spunbonded fabrics were prepared
with iPP, obtained from Exxon (Exxon 3445), having a melt flow index of 34. It
contained a stabilizaton package specifically targeted for the commercial fiber spinning
PTOCESS.

The fibers were prepared by a melt spinning process in which the molten iPP was
extruded, with either a single or twin-screw extruder, through 2 die having a plurality of
orifices extending the full width of the machine. The extruded molten polymer was then
solidified by cooling in a quenching fluid which is usually low pressure air. While the
fibers were in a partially moltea or softened state, a stweam of heated high velocity air
separate from the quenching fluid was used to lightly draw the fibers. The iPP fibers were
collected for characterization following this drawing procedure.
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A moving porous surface, such as a contnuous belt or wire screen, collected the
drawn fibers as a web of entangled fibers, i.e., 2 nonwoven web. The nonwoven web was
then pattern bonded by the application of heat and pressure to form a fabric. The
entangled fibers passed between 1wo rolls, one of which is customarily embossed with a
characteristic bonding partern. One or both of these rolls is heated at a single temperature,
in the range between 80 and 180 °C, such that optimum bonding is obtained. The applied
pressure was also conmolled to obtain opimum bonding quality. These bonding
conditions were chosen so that partial fusion occurred and the fibers were bonded.
Patterns used in thermal bonding generally range so as to cover between 5 to about 30%
of the surface area of the nonwoven web. The fabrics investigated in this smidy had a
bond point surface coverage of approximately 25%.

Annealing of the spun-bonded fabric was performed by cutting a stip of fabric
(approximately 4 X 3 cm), placing it between two microscope slides and heating the
samples under a nittogen flow in a Mettler FP52 hot stage previously calibrated using high
purity standards. The temperature was maintained using the Mettler FPS temperature
controller. The samples were heated to the desired anneal temperature at a heating rate of
20 °C/min and maintained for the desired time interval. It should be noted that the
samples reported as a "0 minute anneal” were removed from the hot stage immediately
upon attaining the anneal temperature. Following the annealing treatment, the samples
were allowed to cool 1o room temperature using ambient temperature. The annealed
samples were subsequently cut into small squares for both thermal analysis and solid state
NMR spectroscopy.

4.2.2 Sample Characterization

42.2.1 Optical Microscopy
A Nikon Optiphot polarizing microscope equipped with a2 Cohu video camera was
used to view the spunbonded fabric and fibers as well as to monitor the shrinkage of the
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fabrics that occurs during sample heating. The video image was displayed on a secondary
menitor by means of 2 frame grabber board (PCVision Plus) located on an AT computer
which translated the video signal to digital format by defining light intensity intervals on a
256 gray level scale through the use of a software program (Java, purchased from Jandel
Sciendfic). To monitor the shrinkage of the fabrics during heatng, the fabrics were placed
berween microscope slides and then heated in the Menler hot stage, inimally set at a
temperature of 140 °C, at 2 heating rate of 2 °C/min.

Photomicrographs of the fibers and bond points were taken at 25X magnification
under cross polarized lighr using the Nikon Optiphot polarizing microscope equipped with
a Nikon 35 mm camera.
4.2.2.2 Differential Scanning Calorimetry

Thermal analysis was performed on ¢ither the Perkin Elmer DSC-2C or on the
DSC-7C by heating the sample at various scan rates in the temperature range between 0
and 200 ©C under a nitrogen flow. The DSC was calibrated for temperature and enthalpy
with two high purity standards, namely indium and octadecane. The samples of
unannealed spunbonded fabrics were prepared for thermal analysis by punching a hole in
the fabrics through the use of a hole puncher and placing 1 to 2 mg of sample in the DSC
aluminum pans. This method allowed for excellent sample contact with the DSC sensing
head. Thermal analysis on the iPP fibers was performed by cutting the continuous fibers
into shor: lengths and placing 1 to 2 mg in the DSC pans. All thermograms are presented
in a mass normalized form.
4.2.2.3 Solid State NMR Spectroscopy

The 'H spin-lawice relaxation times in a rotating frame (Ty, CH)), cross
polarization/magic angle spinning (CP/MAS) NMR spectra of the purely crystalline phase
of iPP and CP/MAS NMR spectra of the interfacial phase of PP were obtained as
described previously in Chapter 3.



4.3 Results and Discussion

4.3.3 Optical Microscopy

The optical micrographs presented in Figure 4.1 exhibit the supermolecular
structure of the spunbonded fabrics that are under investigaton. An amray of fibers
possessing a random orientation in any given plane within the non-woven fabric is clearly
observed. These fibers have diameters ranging between 19 and 22 um.  In addition, in
these micrographs the bond'poims are clearly observed as the bright diamond shape armidst
the array of fibers. These bond points, representing 2pproximately 25% of the total area in
these fabrics, were formed by thermal bonding which is a hot calendering process. A close
inspection of the bond point in Figure 4.1b, reveals that a certain amount of fiber character
is retained within the bond points. This suggests that the heat treatment during the
bonding process is of sufficient magnitude only to soften the fibers (with possible partial
melting) whereafter compression fuses the fibers. Undoubtedly, a certain amount of
annealing of the crystalline phase of the fibers occurs during the bonding process.

4.3.2 Differential Scanning Calorimetry

4.3.2.1 Melting Behavior 7

A DSC thermogram for the heating of an iPP spunbonded fabric at a heating rate
of 20 °C/min is presented in Figure 422, The ‘melting behavior of this sample has a
characteristic double endothermic transition. The DSC thermogram for the beating of 2
previously quench-cooled iPP sample, discussed in Chapter 2, has been included in this
figure for purposes of comparison. It is of note that these samples were prepared from the
same polymer, i.e., Exxon 3445. Therefore, they have the same physical propu'ues (e.g.
molecular weights and degree of isotacticity) but differ in thermal and mechanical
histories. The melting transition temperatures and comresponding heats of fusion for the
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Figure 4.2 DSC thermogram, obtained at a heating rate of 20 °C/min, of (2) a
spunbonded iPP fabric and (b) an iPP sample quench-cooled in a dry ice/acetone slush.
The horizontal dashed line represents the separation of endothermic and exothermic

regions.

above mentioned samples as well as for the quench-cooled films that were maintained at
low temperature until thermal analysis, as discussed in Chapter 2, are presented in Table
4.1.

A comparison of these two thermograms (Figure 4.2) reveals that the low
temperature peak (LTP) of the double endothermic transition coincides with the melting
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temperature for the quench-cooled sample as indicated by the vertical dashed line.
Although there is agreement in melting temperature berween these two samples, the melt
transition region for the quench-cooled film is substantally broader than that for the
spunbonded fabric as indicated by a somewhat lower peak onset temperature (Table 4.1).
This is possibly reflecting 2 broader distribution in crystal size for the quench-cooled films
compared to that of the spunbonded fabric. In addition, there is no evidence of the high
temperature peak (HTP) in the thermogram of the quench-cooled film.

Table 4.1: Summary of Endothermic Transitons and Heats of Fusion for Various
Polypropylene Samples with Varying Thermal and Mechanical Histories.

Sample Peak Onset Peak Maximum AH
°C) (°C) (J/g)
LTP HTP
Quench-cooled Films 146-147 158-160 _ 80-83
Quench-cooled Film - Low T 145-147 157-159 —_— 74-78
Spunbonded Fabrics 153-154 157-159  164-165 9295

A comparison of the heats of fusion of the various saruples listed in Table 4.1
reveals a substantially higher crystallinity of 56t1% in the spunbonded fabrics compared
10 a crystallimity of 49+1% in the quench-cooled films {4642% for the quench-cooled films
maintaited at low temperanure prior to thermal analysis). These crystallinities are based
on 165 J/g as the hear of fusion for a 100% crystalline iPP sample.53 This higher level of -
crystallinity is indicative of the thermal treatment received by the sample during the
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bonding process. In addition, a substandally higher crystallinity may exist within the iPP
fibers themselves compared to the quench-cooled films due to a significant difference in
the temperature of the cooling medium., The colder dry ice/acetone slush used in the
preparation of the quench-cooled films is more efficient in generating a quench-cooled
state.

The exothermic transiion between 80 and 120 °C, clearly evident in the
thermogram of the quench-cooled film (Figure 4.2), is not observed for the spunbonded
fabric. As discussed in Chapter 2, this exothermic fransition is associated with
recrystallization prc esses involving perfection of the existing ¢t-monoclime crystal form
to higher levels of order. Since the exothermic transition is not observed for the
spunbonded fabric, it would appear that the room temperature crystal structure within the
spunbonded fabric is already of a much higher level of order than that of the quench-
cooled film, This observation is consistent with the observations regarding crystallinity
discussed above.

As discussed in Chapter 2, in the interval between 30 and 75 °C a small endotherm
was observed in the thermogram of the iPP quench-cooled films (Figure 4.2b). In the
DSC thermogram of the spunbonded fabric, a much broader peak is indicated in the
interval between room temperature and approximately 100 °C. However, upon close
inspection of the thermogram, it is difficult to determine whether this is simply due to
curvature in the baseline or a very broad endothermic peak. In the quench-cooled films,
the low temperature endotherm was found to shift to higher temperature upon sample
annealing where its onset coincided closely to the anneal temperature. Low temperature
annealing of the spunbonded fabric can confirm the existence of this apparent broad peak.
Such anneals are reported and discussed further in the following section.

Since the spunbonded fabrics are composed of both boad points and fibers, on first
inspection, the double endothermic transition may be attributed to the melting of different
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crystalline morphologies associated independenty with each of these components.
However, comnparison of the DSC thermogram of the fibers with that for the spunbonded
fabric (Figures 4.3 and 4.4) reveals that the melting behavior of the fibers is also
characterized: by a double endothermic transition which is very similar to that for the
spunbonded fabric. This double ¢ndothermic transition is observed for both fibers and
spunbonded fabrics at heating rates as high as 40 °C/min. Therefore, from the DSC
thermograms it becomes evident that the crystal morphologies of the fibers and
spunbonded fabric are very similar and that melting of the fibers or bond points is not
reflected independently by erther of the endothermic peaks.

A comparison of Figures 4.3 and 4.4 indicates that the onset temperature of both
endothermic peaks decreases with increasing heating rate. The variadon of the observed
melting temperature with heating rate has been considered by Miyagi and Wunderlich34
for several poly(cthylene terephthalate) (PET) samples. In certain PET samples, an
increase in the observed melting temperature was noted with increasing heating rate. This
behavior was explained on the basis of superheating, i.e., a process whereby a sample is
heated faster than the meit-crystal boundary can progress through the sample resulting in
unusually high melting temperatures. However, in other PET samples a decrease in the
melting remperature was noted with increasing heating rate. This behavior was thought to
be consistent with the occurrence of reorganization (i.e., partial melting followed by
recrystallization) within the crystalline phase of the PET samples during heating, Since
these iPP samples indicate a decrease in melting temperature with increasing heating rate,
it appears that reorganization in the crystlline phase is occurring within the time scale of
the DSC experiment. .

The double endothermic transition observed for these samples may also be due to
separate melting of two different lattice structures that co-exist within the crystalline phase
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of the PP spunbonded fabrics. For example, crystallization during the formaton of the
iPP fibers or subsequently during thermal bonding could result in the formation of both the
a-monoclinic and B-hexagonal crystalline phases. Heating of the iFP samples could then
result in melting of the P-hexagonal phase followed by recrystallization into the o-
monoclinic phase which melts at higher temperature thus resulting in a double endothermic
ransition. Such behavior has been investigated by many authors?455-60 and the two
phases have been shown to have significantly different melting temperatures. However,
the P to o growth transition is known to occur at approximately 140 °C while the LTP of
the double endothermic transition, discussed previously, occurs at a substantially higher
temperature (i.e., 157-159 °C). In addition, the melting temperature of the quench-cooled
film, which was shown to be composed of only the a-monoclinic crystalline phase,
coincides exactly with the LTP of the spunbonded fabrics suggesting that this melting peak
is associated with the a-phase. Therefore, the double endothermic transition observed for

this sample is not a consequence of 2 f to & growth transition.

43.2.2 Annealing Behavior

Low temperature annealing of the spunbonded fabric yields changes to the DSC
thermogram that are very similar to the effects that were observed for the quench-cooled
films following similar thermal trearment. The DSC thermograms obtained upon heating
of the spunbonded fabric following low temperature anneals for 40 minutes, in the
temperamure range between 50 and 120 °C, are presented in Figure 4.5. A small
endothermic peak whose position is almost coincident with the anneal temperanure is
clearly observed. This behavior confirms that the apparently very broad peak in the DSC
thermogram of the spunbonded fabric that was not annealed (Figure 4.2a) is not
associated with baseline curvature but reflects an endothermic transition. This small peak
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Figure 4.5 DSC thermograms obtained upon heating, at a rate of 20 °C/min, of iPP
spunbonded fabrics that were previously annealed for 40 minutes at (a) 120, (b) 110, (c)
100, (d) 80, (e) 50 °C.

behaves similarly to that observed for the quench-cooled films and is clearly associated
with the annealing treatment. As mentioned in Chapter 2, this endotherm probably reflects
some form of premelting transition.

High temperamre annealing of the spunbonded fabric was performed at
temperanres between 120 and 165 °C for time intervals between 0 and 60 minuces, as



described in the Experimental section. Representative thermograms for samples annealed
for 0 and 60 minutes are presented in Figures 4.6 and 4.7, respectively. The former
demonstrate, o a certain extent, the changes thar occur during sample heatng during a
typical DSC investgaton. Upon annealing, a gradual conversion from a double
endotherm 10 a single melting peak is clearly evident for both 0 and 60 minute anneal
times. However, this ransformation is characterized by different behavior within three
different temperature regions, as seen in Figure 4.8. At anneal temperatures below 140 °
C, the endotherms are unaffected, i.e., the low temperature peak (L.TP) remains at ca. 157
°C while the high temperature peak (HTP) is at ca. 164 °C. Annealing at temperatures
between 150 and 156 °C, results in a shift of the LTP towards higher temperature while
the posidon of the HTP remains essentially unchanged at 164 °C. For the samples
annealed for the longer time the progression of the LTP towards higher temperature
occurs at lower temperatures and at any anneal temperature within this region a2 much
higher melting temperature is observed for the LTP. Consequently, the double endotherm
character persists until higher anneal temperatures for the samples annealed for O minutes.
As the LTP moves to higher temperature, the HTP appears as a shoulder on the high
temperature side of the endotherm, thus making it difficult to judge not only the actzal
transiton temperature of the HTP but also possible changes in peak area, However, visual
inspection suggests that the annealing treatment results in a decrease in the area of the
HTP with a concomitant increase in the area of the LTP.

Annealing at temperatures greater than ca. 156 °C results in thermegrams having a
single melting endothern. When a single endotherm is first observed, the temperature of
this transition is very close to that of the HIP in the unannealed sample but this single
endotherm then shifts to higher temperature upon annealing. In addition, for a given
anneal temperature the melting tcmpmmrc is substandally higher for the samples
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Figure 4.6 DSC thermograms obtained upon heating, at a rate of 20 °C/min, of iPP
spunbonded fabrics that were previously annealed for O minutes at (a) 130, (b) 150, (c)
152, (d) 154, (e) 156, (f) 158, (g) 159 °C.
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Figure 4.7 DSC thermograms obtined upon heating, at a rate of 20 °C/min, of PP
spuntonded fabrics that were previously annealed for 60 minutes at (a) 130, (b) 140, (¢)
152, (d) 154, (e) 156, {f) 158, (g) 161 °C.
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Figure 4.8 Effect of anneal temperature on the position of the low temperature peak
(filled symbols) and high temperature peak (open symbols). Circles indicate 0 minute

anneals and triangles indicate 60 minute anneals.

annealed for the longer time period. To verify this, an appropriate peak deconvolution
would have to be performed on these thermograms. However, since the line shape for a
DSC thermogram is unknown this task is presently impossible.

The measured heats of fusion (AH) for the spunbonded fabrics annealed at various
temperatures are presented in Figure 4.9. A gradual increase in the measured heat of
fusion, or sample crystallinity, is observed as 2 function of anneal emperature. However,
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Figure 4.9 Effect of anneal temperamire on the measured heat of fusion, AH. The circles

indicate 60 minute anneals and triangles indicate O minute anneals.

at high anneal temperatures a rapid increase in the heat of fusion is observed to an extent
that is dependent on the anneal time. This larger heat of fusion suggests that
recrystallization has occurred in the samples thus inducing higher sample crystallinities.
Indeed, the rapid increase in heat of fusion occurs concomitantly with the observation of a
single melting endotherm. In samples annealed for C minutes, the sudden change in the
heat of fusion begins at 156 °C. This is also the last temperanire for which the HTP is
discermble as a shoulder on the high tcmpcrannes:dcof the LTP (Figure 4.6). The
thermogram for the spunbonded fabric annealed at 157 °C represents the first observation
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of a single endotherm for the samples annealed for 0 minutes, which is consistent with the
observation of an increased heat of fusion. In the case of the samples annealed for 60
mnutes, the first temperatmure at which a single endotherm is observed occurs at
approximately 154 °C, which is also consistent with the temperature at which there is an

increase in the heat of fusion.

4.3.3 Solid State NMR Spectroscopy

In the previous chapter, 2 *C cross polarization/magic angle spinning (CP/MAS)
NMR pulse sequence was introduced which incorporates a delay period with a reduced
spin locking Seld prior to cross polarization. This pulse sequence exploited the differences
inT,, ("H) between the various phases of iPP (i.e., crystalline, interfacial and amorphous)
for the exclusive observation of the crysulline component. In addition, appropriate
subtraction of spectra allowed for the observaton of the interfacial and amorphous
components. This technique proved to be an excellent method for the study of
morphological changes that occur within the crystalline phase of iPP as a function of
sample anneal. This solid state NMR technique is further exploited in the following
section to investigate the crystalline phase of the iPP spunbonded fabric as well as possible
morphological changes that occur within this crystalline fraction as the sample is annealed.
The NMR findings will then be correlated with the observations made by DSC to develop
an explanation of the double endothermic transition.

4.3.3.1 Sample Morphology

The CP/MAS NMR spectra of only the crystalline phase of both iPP fibers and
spunbonded fabric were obtained using the reduced spin-locking field delayed contact time
pulse sequence described in Chapter 3. The methine and methyl region of the CP/MAS
spectra of the crystalline phase of these iPP samples and that for the quench-cooled fitms
are presented in Figure 4.10. The peak deconvolution of the methine and methyl



Figure 4.10 Deconvolutions obtained for the methine and methy] resonances of the 13C
CP/MAS NMR spectra of the purely crystalline phase of (a) spun-bonded fabrics (b) spun
ﬁbcrs (c) quench-cooled filrus.
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resonances of the three spectra was performed and the results are also presented in Figure
4.10. These deconvolutions were performed using a Voigt line shape to obtain the relative
areas of the individual lines, as described in Chapter 3.

It is apparent from Figure 4.10 that the crystalline morphologies of the iPP fibers
and spunbonded fabric are substantially betier developed than that of the quench-cooled
films. Indeed, both the methine and methyl resonances reveal splitting patterns which are
similar to those obtained for the quench-cooled films after they were annealed in the
temperature range between 100 and 115 °C for one hour. Three peaks were obtained in
the deconvolution of the methyl resonance while the methine reveals two peaks with
intensity distributions very similar to those for the annealed quench-cooled films (Figure
3.6). This resonance splitting pattern is not only consistent with 2 more developed
crystalline morphology but is also in accord with the DSC thermogram for these samples.
Indeed, the exothermic transition in the temperature region between 80 and 120 °C that is
associated with the development of improved order within the existing a-monoclinic
crystalline phase is not observed for these samples. Both the solid state spectra as well as
the DSC analysis concur that the crystalline morphology of the fibers is similar to that of a
quench-cooled system thermally treated in the temperature region bztween 100 and
115 °C. ﬁ

The chenical shifts, peak widths and peak areas for cach of the peaks in the methyl
resonance as obtained by peak deconvolution for the three samples as presented in Figure
4.10 are listed in Table 4.2. Itis clear from the results presented in Chapter 3 that the unit
cell environment associated with the midfield methyl peak is the most seasitive to the level |
of order which exists within the crystalline phase of iPP. This peak increases in intensity
as higher levels of order are attained within the cryswlline phase of iFP. The midfield
methyl resonance is clearly observed in the iPP fibers and spunbonded fabric while it is
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Table 4.2: Results Obtained for the Deconvolution of the Methyl Resonance of the *C
CP/MAS NMR Spectrum of the Crystalline Phase of iPP Fibers, Spunbonded Fabrics and
Quencii-cooled Films.

Sample and Peak Description Chemical Peak Width % Area
Shift (ppm) (ppm)

Spunbonded Fabric
Downfield Methyl Peak 23.10 0.92 10.5
Midficld Methyl Peak 22.59 0.56 3.2
Upfield Methyl Peak 21.93 1.21 37.2
Fibers
Downfield Methyl Peak 23.11 0.94 12.6
Midficld Methyl Peak 22.56 0.46 22
Upfield Methyl Peak 21.99 1.19 36.1
Quench-cooled Films
Downfield Methyl Peak 23.12 0.99 34
Midfield Methyl Peak —_ —_— _
Upfield Methyi Peak 21.99 1.78 48.8

clearly absent in the quench-cooled films. The percent area of this peak is consisient with
the results obtained for the quench-cooled films that were annealed at approximately
100 °C. In addition, the midfield methyl resonance for the spunbonded fabric is larger
than for the fibers suggesting that, on average, a higher level of order exists within the
crystalline phase of the spunbonded fabric. Since the formation of the bond points
involves, in part, a thermal treatment of the fibers, higher order is expected and is reflected '
inthcmidﬁe]dmethylresonance. All of the other parameters listed in Table 4.2 are
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consistent with previously observed values (i.e.. the annealed quench-cooled filns
ciscussed in Chapter 3) as well as with the deconvolution results obtuined for annealed iPP
spunbonded fabrics to be presented in the following section.

The 'H spin-lattice relaxation times in a rotating frame (T,, (‘H)) for the iPP
fibers, spunbonded fabrics and quench-cooled films measured at ambient temperature are
presented in Table 4.3. As discussed previously, the fit of the relaxation data requires two
Typ ('"H) components, i.e., a long and a short component. As developed in Chapter 3, the
long component arises from a phase that is most hindered in molecular moton (i.e., the
crystalline) phase while the short component can be ascribed to a more mobile phase, the
interfacial component. A comparison of the long 'H T, component of the vasious
samples i>veals a substantially longer relaxation time for the iPP fibers and spunbonded
fabrics compared to that of the quench-cooled films. This suggests that the crystalline
phase of these samples is more rigid and restricted to molecular motion. A more rigid
crystalline phase suggests that a higher level of order exists within these samples. In
addition, the relaxation data suggest that the crystalline phase of the spunbonded fabrics is
more restricted than that of the fibers only as evidenced by loager relaxaton tmes.
However, the difference in mobility within the crystalline phasec between these two
samples is small. These results are consistent with previous DSC and CP/MAS
observations.

The NMR analysis of the crystalline morphology of both the iPP fibers and
spunbonded fabrics reveals that, on average, the spunbonded fabrics possess 2 slightly
better developed crystalline phase. However, the differences between these two samples
is minor. Therefore, the analysis regarding the morphological changes that occur during
sample annealing were performed only for the spunbonded fabrics. All of the
morphological data suggest that fhc iPP fibers should behave in the same manner as the -
spunbonded fabrics. In addition, since the DSC observations are similar for these samples,
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the conclusions regarding the double endothermic transiton that are reached from the

NMR analysis can also be extended to the PP fibers.

Table 4.3;: 'H Spin-Lattice Relaxation Times in a Rotating Frame for iPP Fibers,
Spunbonded Fabrics and Quench-cooled Films at Ambient Temperature.

Sample T,, CH) (ms)

Methylene Methine Methyl

Long Short Long Short Long Short

Bonded Fabric 28.7 6.5 28.6 5.2 27.4 39
Fibers 259 © 6.0 249 4.4 24.6 3.6

Quench-cooled 19.0 4.3 19.2 39 18.6 29
Flms

4332 Annealing Behavior by T, (*H) Analysis

The 'H spin-lattice relaxation times in a rotating frame (T;, (‘H)) for iPP
spunbonded fabrics thermally annealed at temperatures between 120 and 165 °C for both
0 and 60 minutes (filled and open circles, respectively) are presented in Figure 4.11. The
values presented in this fSgure represent the average of the individual relaxation times
measured for the methylene, methine, and methyl resonance since Ty, ('H) values in solids
usually represent an averzge value of the relaxaton behavior over the ensemble of
protons. This is due to the strong dipolar coupling between the protons that gives rise to
efficient spin diffusion thus creating a mechanism to average nonequilibrium magnetization

in any part of the proton spin system. Indeed, essentally the same relaxation time was
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obtained for each carbon. As was found with previous relaxation data, two relaxaton
components were measured. The times for both components are presented in Figure 4.11.
In addidon, the percentages of the phase associated with the short relaxing component in
the annealed samples as dertved from the amplitude associated with the double exponential
decay curve used in fiting the measured intensity, are also presented (Figure 4.11c).

The dmes associated with the long relaxing component, which is associated with
the crystalline phase of iPP, were found to increase with increasing anneal temperature for
both anneal dmes (Figure 4.11a). For the samples annealed for ¢ minutes, to a certain
extent this increase corresponds to the changes that occur within the crystalline phase
when this sample is heated during a typical DSC experiment. Morphological changes
occur within the crystalline phase of iPP in the time interval defined by a 20 °C/min
heating rate since the sampic was cooled immediately after it attzined the anneal
temperature, as is evident from the relaxaton data. It is of note that in certain
temperature ranges changes to the crystalline phase occur within the tme elapsed in
simply raising the temperature by as little as 1 °C. Since the relaxation times measured for
this component increase with increasing anneal temperature, it must be concluded that a
re-organization occurs within the crystalline phase that results in an increased perfection
and, consequently, a more hindered mobility. In addition, for all of the anneal
temperatures investigated, the tmes for the long relaxing component were found to be
substantially longer for the samples annealed for 60 minutes than for those annealed for
shorter times. Therefore, the re-organization that occurs within the crystalline phase is not
only dependent on the anneal temperature but also on the anpeal dme. This suggests that
the re-organization that occurs during a typical DSC experiment should be dependent on
the sample heating rate, since slower heating rates allow more time between "anneal"

temperatures.
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At the highest anneal temperatures, a decrease is observed in the values of the long
relaxing component. This decrease in the relaxaton dme suggests that a significant
portion of the crystalline phase has mehed during the sample anneal. As the sample is
returned to room temperature this molten fraction crystallizes non-isothermally and adopts
a less perfect form. This results in a certain percentage of the crystalline phase with a
decreased level of order and, therefore, increased mobility which in the subsequent NMR
analysis yields a shorter 'H spin lartce relaxation time. While a plateau is observed at
temperatures between 159 and 163 °C in the values of the long relaxing component for the
samples annealed for 0 minutes, those for the samples annealed for 60 minutes continue to
increase. However, at anneal temperatures greater than 163 °C, a very rapid decrease in
Ty, ('H) is observed for the samples annealed for 60 minutes. This anneal temperature
coincides with the HTP observed by DSC, i.e., with temperatures associated with the
complete melting of the crystalline fraction.

A closer inspection of the increases in the times of the long relaxing component as
the sample is annealed at continuously higher temperature reveals an apparent change in
the rate of increase at anneal temperatures greater than approximately 156 °C. The values
of the long T), ("H) increase more rapidly at the higher anneal temperatures. This is
particularly evident for the samples that were annealed for 60 minutes. It should be noted
that the temperature at which this apparent change in rate occurs coincides exactly with
the temperature for which a single melting endotherm is first observed by DSC in the
annealed spunbonded fabrics. In addition, the rate discontinuity occurs at a temperature
(156 °C) which is very close 1o the maximum melting temperature of the LTP as observed
by DSC for the spunbonded fabrics that were not annealed. A faster increase in the values
of the long Ty, (‘'H) suggests that the crystalline fraction within this sample changes more
rapidly to a level of higher order at these anneal temperatures.
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The variation in the short relaxing component with anneal temperamre is presented
in Figure 4,11b. As with the long relaxing component, the values reported for these
relaxation times are also an average of the individual relaxaton tdmes obtained for the
methylene, methine, and methyl carbons. Although a substantal uncertainty, ranging from
10 to 20%, is associated with the measured values of this short relaxing component, there
is no doubt about the increase in this relaxattion time at anneal temperatures greater than
152 °C. This increase in relaxanon times occurs concomitanty with the changes observed
for the long relaxing component discussed above. The mobility of the interfacial phase,
which is described by the short relaxing component, is reduced at the higher anneal
temperatures. This reduction in mobility occurs in conjunction with an increase in the
total fraction of the sample that is in this phase, i.e., in the interfacial phase, since the
percentage of the short relaxing component also increases at high temperature (Figure
4.11c). These results indicate an increase in the total amount of interfacial material which
suggests an increase in the total number of chain folded crystals within the sample
morphology. This increase in the interfacial component must come from the completely
amorphous phase or from extended chains since an increase in the percent crystallinity is
noted by DSC for samples annealed in this temperature region. A decrease in the mobility
of the interfacial component suggests possible segregation of material previously present
within the crystalline phase to the interfacial regions.

4333 Annealing Behavior of the Purely Crystalline Phase of iPP

The 'C CP/MAS NMR spectra of the purely crystalline phase of the iPP
spunbonded fabrics annealed at temperamres between 120 and 163 °C for 0 and 60
minutes are presented in Figures 4.12 and 4.13, respectively. It is evident that upon
annealing the intensities of the downfield peak of the methylene and methine carbon
resonances increase with a concomitant decrease by intensity of the upfield peak. As
observed for the quench-cooled films, three peaks are clearly observed within the methyl
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Figure 4.12 13C CP/MAS NMR spectra of the purely crystalline phase of the

spunbonded iPP fabrics annealed for O minutes at various temperatures. The spectra were
obtained by reducing the H spin locking field for 2 dme interval, T=15 ms, prior to cross

polarization. (a)159 °C, (b)158 °C, (c)157 °C, (d)154 °C, (e)150 °C, (140 °C, (g)130 *
C
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Figure 413 13C CP/MAS NMR spectra of the purely crysmlline phase of the
spunbonded iPP fabrics annealed for 60 minutes at various temperatures. The spectra
were obtained by reducing the Iy spin locking £eld for a ime interval, =15 ms, prior to
cross polarization. (2)163 °C, (b)161 °C, (¢)158 °C, d)154 °C, (¢)150 °C, (£}140 °C,
(£)130 °C.
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carbon resonance. Upon annealing, an increase in intensity of the midfield methyl
resonance is cbserved with a concomitant decrease in intensity of both the upfield and
downfield peaks. The changes that occur to the CP/MAS spectrum of the spunbonded
fabric upon annealing are very similar to those that were observed for the quench-cooled
films. The distribution of intensities within a given resonance varies in a manner very
similar to what was described for the quench-cooled films and tends towards the expected
spliting pattern indicative of the ct-monoclinic crystalline phase,

As seen in Figure 4.12, morphological changes to the crystlline phase of the
spunbonded fabric even occur readily in samples during the time interval required to atain
the indicated anneal temperature, i.e., in the samples labeled "0 minutes”. Changes within
the crystalline phase, as evidenced by multiple peaks within a given carbon resonance,
occur simply during the heating of the sample to the desired annealing temperature (i.e., at
20 °C/min). Therefore, changes to the crystalline phase occur within the tme elapsed in
raising the temperature by as little as 1 °C. Since the annealed samples are developing
multiple peaks within a given resonance, which is characteristic of 2 more developed
crysulline phase, it can be concluded that some re-organizatior is occurring within the
crystalline phase which results in increased perfection within this phase while the sample is
heated. The changes in the CP/MAS spectra concur with the increased values for T,, ('H)
discussed previously.

Deconvolution was performed on the methyl and methine resonances of the
spectra of the various annealed spunbonded fabrics in the same manner as was described
for the spectra of the quench-cooled films. The changes in the area of the three peaks
within the methyl resonance for the samples annealed for 0 and 60 minutes are presented
in Figures 4.14 and 4.15, respectively. Indeed, an increase in the area of the midfield
methyl resonance is clearly observed with a concomitant decrease i the areas of both the
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Figure 4.14 (a) Results for the peak area deconvolution of the methyl carbon resonance
of the purely crystalline phase of spunbonded iPP fabrics annealed for 0 minutes at various
temperatures; (Square), downfield peak; (Circle), upfield peak; (Inverted Triangle),
midfield peak. The areas are expressed as a percentage of the total methyl plus methine
areas. (b) The ratio of the area of the midfield to the upfield resonance.
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Figure 4.i5 (a) Results for the peak area deconvolution of the methyl carbon resonance
of the purely crystalline phase of spunbonded iPP fabrics annealed for 60 minutes at
various temperatures; (Square), downfield peak; (Circle), upfield peak; (Inverted
Triangle), mdficld peak. The areas are expressed as a percentage of the total methyl plus
methine areas. (b) The ratio of the area of the midfield to the upficld resonunce.
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‘ downficld and upfield methyl resonances. However, unlike the pattern observed for the
quench-cooled films, the redistribution of intensities within the methyl resonarce does not
increase smoothly as the sample is annealed at progressively higher temperature. A sharp
increase in the area of the midfield methyl resonance is observed ar temperatures greater
than 156 °C while a sharp decrease in area is observed for both the downfield and upfield
methyl resonances. This is particularly evident for the samples that were annealed for 60
minutes. This discontinuity in the increase of resonance intensity begins at an anneal
temperature that coincides with that for which a faster rate of increase in the values of the
'H T,, was observed. This apparent wansition temperarure is also the first point at which
a single endothermic ransition was observed by DSC. The maximum of the LTP on the
DSC thermogram of the spunbonded sample that was not annealed also coincides with this
anneal temperamure. Thus, there is a strong correlation between the observations made by
NMR and the DSC investigations.

The ratio of the areas of the midfield to the upfield methyl peak is presented for
both 0 and 60 minutes annealed samples in Figures 4.14b and 4.15b, respectively. An
ultimate peak ratio of 4:3 is obtained for the samples that were annealed for 60 minutes
while the peak ratio for the samples annealed for O minutes only attains an ultimate value
of 9:10. This difference in the ultimate ratio confirms that the reorganization which occurs
at high temperature is anneal time dependent. According to the model which suggests that
inequivalent distances exist in the unit cell of the a-monoclinic phase of iPP due to the
packing of right- and left-handed helices, this peak ratio should attain an ultimate value of
2:1. However, as with the quench-cooled films, the peak ratio does not attain this
expected value. It is of interest that exactly the same ultimate peak ratio was obtained for
the quench-cooled films when annealed for the same amount of time, i.e., 60 minutes.
This difference between the measured peak ratio and the expected ultimate peak ratio is
.;‘ wfiiscussedﬁlrthcrinambsequcntsecﬁon. | ’
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The widths at half maximum of the various peaks within the methyl resonance as
obtained upon peak deconvolution are presented in Figure 4.16 for 0 and 60 minute
anneals, respectively. The peak width decreases only slightly or remains essendally
constant untl approximately 156 °C. However, for anneals above this transition
temperature a definite decrease in peak width is observed for all three peaks within the
methyl resonance. Consistent with prior arguments, this change in peak width suggests
that structural reorganization is occurring within the existing crystalline phase. The local
environments described by each of the three peaks are converging to more singularly
defined positions within the crystalline phase. As with prior observations, this change not
only occurs within a few degrees (i.e., 156 to 160 °C) but also occurs very rapidly since
the samples annealed for 0 minutes also present evidence of re-organization above the
transition temperature,

4.3.34 Annealing Behavior within the Interfacial Phase of iPP

Through an appropriate subtraction, such as that which was performed for the
spectra of the quench-cooled films, the spectra of the interfacial component were obtained
(Figure 4.17) for the spunbonded fabrics that were annealed for 1 hour. For each of the
carbon resonances a single peak is observed at a chemical shift intermediate between the
doublet observed for the crystalline phase. This is in accord with the values reported for
the quench-cooled iPP films (Table 3.2). The chemical shifts of each carbon resonance
remain unchanged as the sample is annealed at successively higher temperatures.
However, upon closer inspection, the intensity of each of the three carbon resonances
appears 1o increase with increasing anneal temperature. The peak intensity for each of the
carbon resonances is plotted as a function of the anneal temperature in Figure 4.18.
Indeed, a sudden increase in peak intensity is observed for samples annealed at
temperarures greater than approximately 154 °C.  This increase in the amount of
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Figure 4.16  Methyl carbon peak width at half height as determined from the
deconvolution of the methyl resonance for spunbonded iPP fabrics annealed for (2) 0 and
(b) 60 minutes at various temperatures; (Square), downfield peak; (Circie), upfield peak;
(Inverted Triangle), midfield peak.



Figure 4.17 13C CP/MAS NMR spectra for the interfacial phase of iPP obtained from a
subtraction of the spectrum of the purely crystalline phase from one with contributions
from all phases. (a) 163 °C, (b) 161 °C, (c) 159 °C, (d) 156 °C, (¢) 154 °C, (f) 150 °C,
(g) 140 °C, (h) 130 °C, (i) 120 °C for one hour.
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Figure 4.18 Methylene (Circle), methine (Inverted Triangle) and methyl (Square) peak
intensity of the interfacial phase of the spunbonded iPP fabrics that were annealed for one

hour at various temperatures.

interfacial material occurs concomitantly with the observed changes in the spectra of the
crystalline component discussed previously. No change in the amount of interfacial
component is detected at anneal temperatures lower than 154 °C. This increase in
- intensity of all carbon resonances within the spectra of the interfacial component is
consistent with the results obtained from the T, (‘H) analysis, as discussed previously.
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4.3.4 Re-evaluation of the CP/MAS NMR Spectrum of a-phase iPP

As has been discussed previously and presented in this study, the CP/MAS NMR
specttum of the a-monoclinic phase of iPP contains spectral splittings that are
intermolecular in origin. The model, originally proposed by Bunn and co-workerss! and
subsequently accepted by others,82 proposes that this fine splitting is due to the
association of right- and left-handed helices within the monoclinic unit cell of iPP. Helices
of opposite handedness are able to enmesh more closely thus allowing for a closer
associadon. As a result of this association, there exist two distncily different
environments for the monomer unit. This gives rise to the fine splitting observed in the
solid state NMR spectrum.

An illustration of the packing environment within the crystal structure of the «-
phase of iPP as viewed down the ¢ crystallographic axis (P2,/c space group) presented in
Figure 4.19, shows the different environments that are referred to above. The vertical
direction in this illustration is the a sin(B) crystallographic axis while the horizontal
direction is the b crystallographic axis. Successive vertical layers of left (L) and right (R)
handed helices are illustrated. Each left/right association (i.e., those of close proximity)
forms a bilayer with respect © the 'up’ and 'down' ordering of the chains such that
successive bilayers are anticlined (i.e., all 'up’ followed by an all 'down' configuration), as
discussed in the Introduction. This configuraton represents the limiting higher order
form, o, of the c-monoclinic phase (i.e., the P2,/c space group) while a similar
configuration possessing disorder in the ‘up’ and 'down’ ordering of the chains forms the
limiting lower order form, o, (ie., the C2/c space group). Depending on the
crystallization conditions, the crystalline morphology of iPP. in the ¢-monoclinic
modification is composed of various relative amounts of each form. 64,65

The discussion regarding the inequivalent environments presented by Burn and co-
workers®! is best understood by looking at the two left/right handed helices for which all
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three methy!l groups are fully labeled (i.e., environments A and B, at the top, right hand
side of Figure 4.19). It was postulated thar these right- and left-handed helices form a
closer association at the A labeled methyl sites while the third methyl site for each helix,
labeled B, is in an environment characterized by a greater separation from any other helix.
These two distinct environments for the monomer unit are characterized by four methyl
groups at the A labeled site and two methyl groups at the B labeled site, thus forming a
2:1 ratio between sites. These two different sites were posnulated to be the cause of the
2:1 peak intensity ratio that has been identfied by visual inspection of the NMR spectrum
of iPP. Although this discussion has been centered around the methyl carbon, it should be
noted that the inequivalent site model aiso applies to the methine and methylene carbons
since the CH-CH, bond is almost parallel with the ¢ crystallographic axis.56

The peak deconvolution performed on the methyl resonance in this smudy made
possible a more precise evaluation of the peak area ratio of the two more intense methyi
peaks than was achieved from the visual inspection®1.62 of the peak intensity. For both
the quench-cooled films and spunbonded fabrics that were annealed for 60 minutes
(Figures 4.15(b) and 3.6(b)), this peak area ratio was monitored as a function of sample
anneal temperature and was found to increase ungl it reached an ultimate peak ratio of
only 4:3.

In Chapter 3, it was suggested that it is possible that the theoretical peak ratio of
2:1 cannot be amained for quench-cooled samples simply by sample annealing. How;:vcr,
based on the presence of another peak downfield from the most intense methyl peak and
the fact that the peak area ratio attains an ultimate value of only 4:3 it seems more likely
that the model describing the fine splitting does not account adequately for the details of
the solid state spectrum. In additon, this model does not account for the réduced peak
ratio observed in the spectra of iPP samples that were annealed at lower emperanres or
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Figure 4.19 Ilustration of ihe crystal structure of the a-monoclinic form of iPP under
P2,/c symmetry as viewed down the ¢ crystallographic axis. This illustration is based on
the packing diagram presented by Briickner and co-workers.63

the single peak observed for quench-cooled films. Thus, this model, which describes the
inequivalent environments in terms of distances between helical centers, may be
insufficient in describing the fine details regarding the splimting pattemns observed in the
solid state specuaof 7 iPP.
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Recently, Briickner and co-workersS3 investigated the CP/MAS NMR spectrum of
the y-triclinic crystalline modification of iPP. This crystal form was first described by
Tumner-Jones, et al.1* but has more recently been re-examined and refined by Briickner
and Meille.67 In the y-phase of iPP, the arrangement of 3, helices was found 1o violate the
requirement of chain axis parallelism in that bilayers (i.e., parallel helices two chains wide)
present a chain axis orientation with an 80° tilt with respect to the adjacent bilayer. The
CP/MAS NMR spectrum of this modification also reveals fine splitting patterns associated
with interrnolecular phenomena, similar to that obtained for the a-phase. However, in the
Y-phase, the intensity of the upfield methyl peak is roughly double the intensity of the
downfield methyl peak, reversing the intensity ratio observed for the ¢e-phase. Briickner
and co-workersS3 also considered this splitting pattern to be due to inequivalent distances
berween helical axes. However, due to the chain axis nonparalleiism that exists within the
v-phase, distances between chain axes could not be used as a measure of the overall steric
crowding. The authors chose to adopt the interlayer spacing, illustrated by the a and b
distances in Figure 4.19, as a measure of the packing density around a given atomic
position.

The a and b interlayer distances reported by Briickner and co-workersé3 for both
the a- and y-phases of iPP are presented in Table 4.4. It should be noted that the various
interlayer distances reported for the a-phase were obtained from the x-ray analysis
reported by various authors. The first interlayer distance listed in Table 4.4 considers the
original description of the a-phase reported by Natta and Corradini (i.e., C2/c space
group) while the following interlayer distances consider subsequent models that attempted
a refinement of the original model (i.e., P2,/c space group). In their analysis of the ¥
phase solid state spectrum, Briickner and co-workersS3 averaged all of the ¢-phase
interlayer distances reported in Table. 44 toobtain 2 = 5.13 and b = 5.34. They compared
th&e to the interlayer distance reported for the y-phase in attempting to develop an
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explanadon for the observed reversal in the inmensides of the two methyl peaks. An
inversion of the two interlayer distances was noted: a being longer than b for the y-phase.
It was suggested that this inversion is related to the corresponding inversion of the methyl

intensities in the solid state NMR spectrum

Table 4.4: Interiayer distances a and b as reported by Briickner and co-workersS3 for
both the o~ and y-phases of iPP.

Description of Crystal Structure Interlayer Distances
a (A) b (A)
o-phase (Nanta and Corradini)®é 530 5.17
a-phase (Mencik)65 5.07 5.41
a-phase(Hikosaka and Seto)$4 5.10 5.33
ot-phase (mmirz)68 5.03 5.45
y-phase (Briickner and Meille)67 5.34 5.24

The interlayer distance reported by Briickner and co-workers,63 which was based
on the x-ray evidence of Natta and Corradini (Table 4.4), refers to an ¢-phase with C2/c
symmerry (i.e., a limiting disordered structure) while all of the other
interlayer distances given in Table 4.4 are associated with a crystal form that is closer to
¥2,/c symmetry. It is of note that an inversion between the a and b interlayer distances
does not only occur as a result of change in stucture, i.e., from the @ to the 7y phase, but
also on perfection of the ~=-phase from the space group C2/c to P2,/c. Interlayer distances
of a=5.30 and b= 5.17 A are reported for the a-phase in the disordered form (i.e., C2/c)
while a = 5.07 and b = 5.40 A are reponted for the ordered P2,/c form. It might be
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expected that this inversion in interlayer distances is also related, at least in par, to the
corresponding reversal in peak rato that is observed in lower temperamre annealed
samples as well as the single peak thart is observed in quench-cooled iPP.

The structural arrangement of helices at the two interlayers discussed above (i.e.,
interlayers a and b defined in Figure 4.19) has been examined, in part, by Lotz and
Wittmann69-7! in their consideration of the contact faces of epitaxially crystallized iPP in
the c-monoclinic and y-triclinic forms. In agreement with the layer structure description
of the o-monoclinic phase of iPP, they identfied two possible packing modes in this
crystalline phase under P2,/c symmetry. One type of packing is noted at the contact faces
of the interlayer labeled a while a completely different packing mode is observed for the
interlayer labeled b in Figure 4.19. The methyl groups of these contact faces are labeled A
and B in Figure 4.19. When the A labeled contact face is viewed from either the +b or -&
crystallographic direction (i.e., perpendicular to the ac crystallographic plane), two methyl
groups are exposed at the contact face, for both the right- and left-handed helices, while
the third methyl group is buried behind the helix and is in the b interlayer. The reverse is
observed at the B labeled contact face, i.e., one methyl group is exposed while two are
buried.

If a helix of at least three monomer units viewed along the ¢ crystallographic
direcdon is associated with another helix of the same handedness (i.e., along the a
crystallographic direction), two duferent packing geometries are noted at the A and B
contact faces. These yield a striking difference in density of exposed methyl groups. The
packing of the methyl groups at both of these contact faces is presented graphically in
Figure 4.20. The filled circles represent exposed methyl groups while the empty circles
indicates a methyl group buried behind the helix. In the a interlayer contact face (Figure
420a), the methyl groups are arranged in a face-centered geometry or as the "five" face of
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Figure 4.20 Tlustration’! of the positioning of the methyl groups at the contact face (a)
at the a interlayer and (b) at the b interlayer. The shaded cixcles represent exposed methyl
groups while the hollow methyl groups represent methyl groups that are buried behind the =
helix. The (a) five and (b) four patterns of dice (i.e., simple a~d face centered) are easily

secn.



164

a dice while at the b interlayer contact face (Figure 4.20b). the geomewmy can be illusmared
as the "four” face of a dice.’0 Therefore, at the A labeled sites (Figure 4.19). a
considerably hizher density of exposed methyl groups is noted compared 10 the B labeled
site.

Based on the above consideradons, the fine spliming observed in the CP/MAS
NMR spectrum of the a-phase of iPP results from the closer association of right- and left-
handed helices in the interlayer lubeled a (Figure 4.19) as well as from a swiking difference
in density of exposed methyl groups at this contact face. However, these differences are
associated with the -phase possessing higher order, i.e., that packed according to P2,/c
symmetry. As discussed above, the a-phase possessing lower order (i.e., C2/c space
group) has a substantially greater separation at this interlayer, while the interlayer defined
by the B sites is substantially smaller. However, it should be noted that the density of
exposed methyls at the contact face of interlayer B is much smaller. Consequently, for the
unit cell of lower order the methyl groups of the A and B interiayers are observed in the
NMR spectrum ¢ssentially as a single upfield resorance. For the higher order crystal
form, large differences in helical packing and interlayer distances generate inequivalent
distances within the unit cell that result in the observation of fine splitting for all of the
carbon resonances. A crystal of intermediate order, i.e., one composed of relative
amounts of both limiting stuctures, will result in a splitting pattern of reduced peak ratios
 consistent with a reduced level of order. Therefore, the changes in the fine splitting
patterns observed-zx-thie solid state NMR spectrum of iPP characterize the transformation
of a crystalline phase existing in a state of low order (i.e., C2/¢ symmetry or &, form) to a
limiting higher order form (i.e., P2,/c symmetry or &, form). The midfield methyl
resonance reported i Figures 4.14, 4.15 and 3.6 appears to follow the structural
transformation from the ¢; to the ¢y modificarion.
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The exisence of such 2 souctural wansformadon was also suggested by Hikosaka
and Seto®* based on x-ray diffraction analysis. In their analysis, the co-existence of both
levels of structural order was postulated and, from the x-ray diffraction intensity data, it
was shown that the volume fracdon of the higher order form in a highly elongated and
high temperarure annealed sample was 66%. In this NMR swdy. the area of the midfield
methyl resonance, which is now thought to reflect the amount of higher order within the
crystalline phase, artains an ultmare value of 56% (Figures 4.15 and 3.6). Considering the
different thermal and mechanical histonies of these samples, this is in good agreement with
the value reported by Hikosaka and Seto.6* It should be noted that, although atrained at
different anneal temperatures, both the quench-cooled films and the spunbonded fabrics
anain the same ultimate value of 56%.

In previous studies, it was generally agreed that the peak intensity ratio between
the downfield and upfield methyl resonances should artain an uldmate rato of 2:1 due to
inequivalent distances within the unit cell. Based on the mnterlayer arguments presented
above, it is predicted that the methyl peak area ratio should atmir & value of 4:3,
consistent with four methyl carbons at interlayer a and three at interlayer b generanng the
inequivalent distances in the o modification. As noted from Figures 4.15 and 3.6, the
methyl peak area ratio does indeed attain this ulomare value of 4:3. Therefore, the
inequivalent distances present in the umit cell of -phase iPP that are generating the fine
splitting parerns observed in its solid state spectrum should be interpreted in terms of
interlayer spacing and the packing density at the contact faces of each interiayer.

As noted for the annealed quench-cooled films (Figure 3.6), the downfield methyl
resonance appears to behave as an intermediate environment since it forms during the
initial stages of reorganization and essentially disappears when the final crystaliine state is
attained. Inthespunbondedfahﬁm,thismcﬁlylpmkisobsavedinthcspecu'aforthc.
samp!es with the original morphology, i.e., prior to the annealing treamment. Its presence
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suggests that there exists an even closer association of helices than that observed in the
final state of higher order. It should be noted that a shorter separadon berween helices
corresponds to 2 downfield shift of the methyl resonance.63 In the investigation of the 2
form of iPP. Mencik®S calculated the interatomic distances at the interface between a
regular region, built with P2,/c symmetry, and a disordered region. i.e.. a chain with the
wrong up/down orientation. All shortest distances between regular and defect chains were
found to be equal to or larger than 4.04 A with the exception of one methyl group for
which a separation of 3.67 A was calculated with its counterpart on the defect chain. This
smaller separaton between methyl groups may give rise to the downficld methyl peak
Mencik pointed our that this short distance can be relieved by a rotation and a small shift
of the defect chain in the ¢ crystallographic axis. With this small shift, the distance that
was previously 100 short increases to 3.90 A. Therefore, the environment generated by
this too small distance (i.e., downfield methyl peak) would be lost following a shift of the
helix along the ¢ crystallographic axis. In the solid state NMR spectrum, the downfield
peak formed due to a closer association of helices would decrease in intensity as more
defect chains are integrated into the &y modification. The presence of this peak in the
highest order samples (i.e., highest anneal temperatures) is in accord with x-ray evidence
which indicated that pure P2,/c symmetry cannot be obtained in iPP.

43.5 The Double Endothermic Transition in iPP Spunbonded Fabrics

As discussed in the previous section, the solid state NMR spectrum of the ¢t-phase
of iPP provides information regarding the level of order that exists within the crystalline
phase. This in turn reflects its thermal and mechanical history. Thus, the NMR spectra
can be used to monitor the conversion of the crystailine morphology from a state of low
order to that of a higher level of order (i.e., @) to the o crystal form). The area of the
widfield methyl resonance appears to be related to the amount of the higher order phase
that is present in the sample.
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The melting behavior of a given polymer sample reflects the level of order existng
within the crystalline phase of the original morphology. In addidon, enthalpic
contributions associated with any reorganization that occurs within the sample as the
temperature is raised will contribute to its meldng behavior. In the case of iPP in the a-
phase, the reorganization that occurs during sample heating involves cenversion to the
P2,/c space group. The melting behavior of various iPP samples possessing different
thermal and mechanical histories has been investigated!2+8,72 in terms of the level of
structural order that exists within the crystalline fraction of these samples. DSC and x-ray
diffraction data were carefully compared for vanious unoriented and oriented 1PP samples
with specific thermal histories.

In these investigations, an order parameter, R, was defined which yields semi-
quantitative estmates of the degree of order existing within 2 given sample. This
parameter was taken equal to the rato of the area of the x-ray peak between 34.4 and 36°
(i.e., (h+k) even and odd reflections) and 36.4 and 38° (i.e., (h+k) even only). This rato
reaches nearly 2 for the most ordered samples (i.e., P2,/c space group) while a value of
0.5 is obtained for the disordered state {(i.e., C2/c space group). The following
observations12:48,72 were made concerning the effects of structural order on the melting
behavior of the samples: (1) Unoriented iPP samples with a thermal history defined by a
10 °C/min cooling from the melt to room temperature and subsequendy annealed at
125 °C have a disordered form with R = 0.8. They melt with a single peak at fast heating
rates while at slow heating rates a double melting peak is observed (i.e., single peak at
heating rates > 10 “C/min; double peak at rates < 2.5 °C/min). Upon annealing at 165 °C
they reorganize to 2 more ordered form with R=1.6 and a single melting peak is observed
at all hearing rates. It was postulated that when a sample in the disordered form is heated
at a slow hearing rate it has sufficient time to reorganize into the more ordered form that
melts at a higher temperature thereby generating a double melting peak. (2) Upon sample
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annealing, an increase in the order parameter is observed consisient with the
ransformadon from the disordered to the ordered state. This increase 15 observed for all
samples independent of prior thermal history, However. the onset temperature for this
wansformaton varies between samples and depends on thermal history. The temperature
range associated with this transformadon was shown 10 be related to the posidon and
shape of the melting endotherm of the original sample (i.e., prior to annealing meatment).
(3) The increase in the order parameter at the & to O, ransidon occurs concomitartly
with an increase in the meltung temperature of the annealed samples. A linear reladonship
was observed between the order parameter and the melting temperature of the sample.
The reorganization that occurs for all samples increases the temperature of melting and
corresponds to increases in the "up/down” degree of order. (4) In the fiber form, the a-
phase of iPP is in a disordered state (i.e., C2/c space group) and its melting behavior is
always characterized by a double meltng peak, even for heatng rates as high as
40 °C/min.

The above evidence suggests a stong correlation berween the level of structural
order that exists within the o-phase of iPP and the meltng and annealing behavior of the
sample. In Figure 4.21, the area of the midfield methyl resonance is plotted as a function
of the melting temperature, for all of the annealed spunbonded iPP samples. Above a
certain anneal temperature, a linear relationship is obtained for both the 0 and 60 minute
anncaled samples. This linearity is similar to the linear relationship observed previously by
De Rosa and co-workers’? based on the order parameter, R, obtained from x-ray
diffraction analysis. Therefore, the melting behavior of the iPP samples is dependent on
the amount of "up/down" order within the crystalline phase. The linearity between the
area of the midfield methyl resonance and the melting temperature indicates further that
the solid stare NMR spectrum is indeed describing the transformation of the disordered
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Figure 4.21 Relationship between the peak area of the midfield methyl resonance and the
sample melting temperature obtained by DSC. Open circles represent the 60 minute
anneals while the filled circles represent the 0 minute anneals.

state to an ordered one. It should be noted thar this linear relationship is only observed for
anneal temperatures 2 150 °C, which is consistent with the fact that no change in the DSC
thermogram is observed below this anneal temperature.

The area of each of the three methyl peaks as well as the peak area ratio for both
the quench-cooled films (Chapter 3) and spunbonded fabrics that were annealed for 60
minutes are presented together in Figure 4.22 for purposes of comparison. As might be
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Figure 4.22 Comparison of the peak area deconvolution results for the spunbonded
fabrics (solid lines) and the quench-cooled films (dashed lines). Data previously illustrated
. in Figure 4.15 and 3.6. '



expected, disdnctly different behavior is observed for these two systems. At the anneal
temperature of 156 *C the quench-cooled films have arained their final intensity
distribution, consistent with reorganizaton to the higher order a-phase while, by
comparison, the spunbonded fabrics have spectra with a much reduced iarensity
distribudon. The fastest redistribudon of intensity for the spunbonded fabrics occurs at
anneal temperarures greater than 156 °C, i.e., the temperature that is also associated with
significant changes in the spectum of the interfacial phase as well as in the DSC
thermogram, i.e., melang with a single endotherm. However, it should be noted that both
samples atain exacdy the same intensity diswibution at anneal temperatures associated
with the maximum melting temperamre measured by DSC. The quench-cooled films meit
with a broad single endotherm with the temperature of the peak maximum that is
consistent with the final state observed by NMR. In the case of the spunbonded fabrics,
this temperature is associated with the LTP while the final state observed by NMR, for
samples annealed at 163 °C, is coincident with the HTP observed by DSC.

Since the NMR spectrum reflects the amount of higher order within the a-phase
crystals, it is clear that although the melting behavior of these samples is drastcally
different the uitimate levels of order that develop within the crystalline phase are identical.
However, the paths by which the final state is attained are strikingly different and this is
teflected in the melting behavior of these samples. A gradual conversion from the NMR
spectrum with the intensity distribution associated with the disordered state to that of the
ordered state is noted for the quench-cooled films (Figure 4.22). In fact, this conversion
appears to begin with anneals at approximately 80 °C (Figure 3.6), coinciding with the
exothermic transition observed by DSC. The gradual conversion may, in part, be reflected
in the broadness of the DSC thermogram for this system (Table 4.1). In the case of the
spunbonded fabrics, the extent of conversion is largest for annealing in the temperature
range between 156 and 163 °C, i.e., the area berween the two DSC endotherms. It is of



note that the two peaks in the DSC thermogram for the spunbonded fabrics are
comparadvely sharp with very litde low temperature wiling (Figure 4.2).

Napolitano and co-workers’> have performed packing ercrgy calculutions for both
the space grouns C2/c and P2;/c using the values of the axes of the unit cells
experimentally obtained at various temperatures. The calculadons consistently indicate
lower energies for the crystals with P2,/c symmetry compared to those with C2/c,
suggesting that the higher order form is thermodynamically more stable and that the lower
order phase forms due to kinetdc constaints (i.e.. mapid cooling). During the
ransformation to the form with higher order, this energy difference must be prevailingly of
enthalpic character. In the case of the quench-cooled films, this enthalpic contribution to
the tansformadon from the disordered to the ordered state occurs over a large
temperature range, as indicated by the gradual conversion that is observed by NMR
(Figure 4.22). However, in the case of the spunbonded fabrics, the enthalpic conmibution
associated with this transformation would be localized in the temperature region between
156 and 163 °C, i.e., the temperature range where a rapid redismibuton of intensity is
observed in the NMR spectum. This temperature range coincides exactly with the region
between the two melting endotherms suggesting that the main melting transition has been
modified by an exotherm. Therefore, for the spunbonded fabrics, the exothermicity
associated with the ¢¢; to &, transition is concentrated within 2 small temperature range
that is superimposed on the melting endotherm so the overall process is observed by DSC
as a double endotherm. For the quench-cooled films, this exothermicity occurs over a
large temperature range and is not detected by DSC. However, it may be possible that at
low heatng rates, the temperamre transition region may be reduced and the exothermicity
detected by DSC yielding once again a double endotherm.

From the above arguments, it appears that the melting behavior of iPP in the a-
phase is dependent on two variables. The first is the level of order that exists within the
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original crystalline morphology of the sample. This level of order defines the degree of
reorganization that can occur during sample headng. The second variable is the path by
which the crystalline fraction reorganizes, i.e., over a small or large temperarure range and
the rate of transformadon within this temperature range. It must be noted that the second
variable must be dependent on the conditions of the thermal analysis experiment (e.g..

sample heanng rate, restrained versus unrestrained thermal analysis).

43.6 Crystal Orientation and Sample Shrinkage

In the analysis of the melting and annealing behavior of the spunbonded iPP
fabrics, comparisons were made throughout this ~hapter with the melting and annealing
behavior of the quench-cooled iPP films. The double melting endotherm that is observed
for the spunbonded fabrics was found to be due to a combinarion of an originally poorly
developed crystalline phase (i.e., C2/c symmemy) and to a wansformation of this
disordered crysualline phase to an ordered phase (i.e., P2,/c symmetry) within a small
temperature region. By comparison, the quench-cooled films are also composed of
essentially the same level of order within the crystalline phase; however, the
transformation to a higher order crystalline form occurs over a large temperature span.
This difference in the temperature region where the transformation from a disordered to an
ordered crystalline form occurs must be related to a difference in the gross morphology of
the samples.

A scanning ransmittance electron microscopy (STEM) dark field image of n-beam
reflections of 2 longitudinal section of the iPP fibers is presented in Figure 4.23. This
image was obtained as described in the Experimental section in Chapter 2. Contrary to the
quench-cooled films (Figure 2.7), the crystalline phase of the iPP fibers is highly oriented
in the fiber direction, 2s is clearly seen by the long white regions in the STEM dark field
image. Therefore, the difference in the path by which the transformation from the



Figure 4.23 STEM durk ficld image of n-beam retlections of a longitudinal section of the
iPP fibers at 1L.000X muagnificaton. The fiber was cut longitudinally close to the fiber

surtace.
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disordered to the ordered a-monoclinic crvstalline form occurs (Figure 4.22) must be
related to the level of orientaton that is present in the sample. It is possible that in the
oriented fibers, reorganizadon is reswicted due to the orentaton in the crystalline phase
and occurs only once the fibers begin 10 soften. This is expected 1o require the
spunbonded fabrics to shrink in the temperature region associated with this
ransformation.

The heating of the spunbonded iPP fabric was performed at a rate of 2 °C/min
under an optcal microscope to monitor any changes in the size of the fabric as the
temperature was raised. The size of the spunbonded fabric as measured within the
microscope viewing area is plonted as a function of temperamure in Figure 4.24. Indeed, at
a temperature of ca. 152 °C, the spunbonded fabric begins to contract. It is of interest
that at this temperature changes to the interfacial phase were observed by NMR. A very
rapid conmacdon of the sample is noted in the temperature region between 157 and 163 °©
C. This temperature region coincides exactly with all prior observations made by DSC
and NMR regarding morphological changes within the crystalline phase of iPP. Therefore,
it appears that the wansformation within the crystalline phase of iPP follows the softening
and, thus, loss of orientation in the crystalline phase of the iPP fibers.

4.4 Summary

The meltng and annealing bebavior of iPP spunbonded fabrics was investigated by
solid state NMR spectroscopy and DSC. Changes to the CP/MAS NMR spectrum of the
a-monoclinic phase of iPP were monitored as the sample was annealed at continuously
higher temperature. As with the quench-cooled films discussed in Chapter 3, splitting
patterns developed within all carbon resonances characterisic of a more ordered
crystalline form. The methylene and methine carbons revealed split resonances whose
intensity distribution depended on the sample anneal temperamre. The methyl resonance,
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Figure 4.24 Mapping of the shrinkage of the iPP spunbonded fabric as a function of

temperature at a heating rate of 2 °C/min.

as observed for the quench-cooled films, was split into three peaks. It was shown that the
development of the spliting patterns is consistent with the generation of higher order
within the a-monoclinic crystalline phase. In particular, the midfield methyl resonance
maps the conversion of the crystalline phase from a disordered state described by C2/c
symmetry to a more ordered state that is described by P2,/c symmetry.

The highest crystliine order attained in this study (i.e., closest to P2,/c symmetry)
results in a split within the methyl resonance characterized by an inrensity rado of 4:3, as
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was also observed for the annealed quench-cooled films. This spliming pattern is due 10
inequivalent packing geometries mn the P2,/c symmetry a-phase due 10 the association of
nght- and left-handed helices that generate 2 bilayer. Within a given bilayer that is
characterized by the same methyl orientadon (i.e., up or down), a smaller interlayer
separation and a higher methyl packing density exists than for the interlayer defined by the
packing between bilayers of opposite onentation. This distance and density variation
generates two different environments at the interlayers yielding two peaks in the solid state
spectrum for this higher order form. A 4:3 peak area ratio is borne out of this model and
is observed experimentally.

To understand the nanure of the double endothermic wansition in the spunbonded
iPP fabrics, the samples were annealed at high temperature and the changes occurring to
the crystalline phase were characterized by DSC and solid state NMR spectroscopy. An
apparent transition temperature of 156 °C was identified by both of these characterizaton
methods. DSC analysis indicated a sudden change in crystallinity in samples annealed at
temperanures higher than this transition temperamre, In addition, the thermograms of
these annealed samples did not indicate a double endothermic transidon but rather a single
peak. NMR characterization of the level of order existing within the crystalline fraction as
well as the overall mobility of the polymer chains also indicated 2 sudden change occurring
within the crystalline phase at a temperature of 156 °C. This change was identified as a
transition from a disordered phase with respect to the "up/down" orientation of helices
within the unit cell to an ordered phase. Proton spin-lattice relaxaton times in 2 rotating
frame indicated that above 156 °C, chain mobility decreased more rapidly than below this
temperature, which is consistent with the crystallinity observation made by DSC. The
CP/MAS NMR spectra of the purely crystalline phase of iPP indicated a rapid re-
distribution of peak intensity at temperanres above this apparent transition temperaire.
The width of the various peaks within a given carbon resonance decreased suggesting that
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the helices are located at more singularly defined posidons, which is consistent with a
crystal of higher order. In additon. changes were also noted within the interfacial
component. The amount of interfacial component in these samples increased with a
concomitant decrease in chain mobility suggesting, respectively, possible crystallizaton of
previously extended chains and/or amorphous material and segregation of polymer chains
previously in the crystalline phase to the interfacial component. These observations were
confirmed by Ty, (H).

The transiton temperamre of 156 °C is consistent with the peax maximum of the
LTP observed by DSC for the spunbonded fabrics and the melting temperawre of the
quench-cooled films. In additon, the temperammre range between the two meldng
endotherms coincides exactly with the range where drastic changes occur to the crystalline
phase of iPP as determined by solid state NMR spectroscopy. Conversion from a state of
low to higher order is noted in this region. Therefore, at temperature above 156 °C, the
melting endotherm is being modified by exothermic processes from this ransformation.

The effect of this transformation on the melting behavior is also thought to be path
dependent. The quench-cooled films attzin the same level of order as the spunbonded
fabrics but melt with a single endotherm. However, the wansformation is gradual in -
comparison to the spunbonded fabrics, and occurs over a large temperature range.
Therefore, the exothermicity associated with this conversion occurs over a large
temperature range. In the spunbonded fabrics, the conversion is very rapid and is
concentrated within a much smaller temperature range and, thus, so is the exothermicity
that is modifying the endothermic transition and generating a double melting peak. This
difference is thought to be due to orientation of the crystalline phase that is observed for
the spun fibers. This orientation restricts reorganization in the crystalline phase until a
temperature associated with softening of the fiber form. Shrinkage of the spunbonded
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fabric is observed in the temperature region where the morphological changes within the
crystalline phase are observed through DSC and NMR characterization.
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CHAPTER FIVE

Enhancement of the Tensile Properties of iPP Fibers
and Spunbonded Fabrics with a Dispersed
Silica/Silicone Additive

5.1 Introduction

In the previous chapter, the melting and annealing behavior of a spunbonded iPP
fabric that was prepared from a 34 melt flow index iPP resin was investigated. Through a
comparison with the melting and annealing behavior of quench-cooled iPP films, it was
found that these physical properties are stwongly dependent on the structure and
morphology of the sample. The degree of orientation that is present in the iPP fibers as
well as the level of structural order in the crystalline phase drastically affect its melting
behavior which manifests itself as a double endothermic transiton in the DSC
thermogram, Similarly to the effects on the physical propertes, the physical structure of 2
given fiber influences its mechanical performance. 1.2

The enhancement of the mechanical properties of spunbonded iPP fabrics is the
focus of this investigation. Invariably the evaluation of the mechanical properties of a
given fabric starts with the evaluation of its tersile properties. The tensile performance of
a spunbonded fabric will be dependent on the tensile properties of the individual fibers as
well as on the quality of the bond points. In addition, consideration must be given to the
bond point interface.3-6 To improve the tensile properties of the spunbonded fabrics, the
performance of individual fibers is of principal importance. Since the tensile properties of
fibers are directly related to their physical smucture, the enhancement of their tensile
performance requires appropriate modification of the physical structure.

The physical structure of a given polymeric fiber is governed by several feamres
which also influence its mechanical performance.l-2 The most important features that are
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associated with the crystalline phase are the degree of order. the orientational order of the
crystallites, crystallinity and the dismibution of this crystalline phase in the fiber. In the
amorphous phase, the degree of chain extension is the most important factor. The
modulus of a fiber s known to increase with structural factors such as crystallinity, degree
of orientadon (amorphous and crystalline), chain stiffness and the level of order in the
crystalline phase.2 Similarly, the tensile stwength of a fiber is influenced by factors such as
molecular weight, amorphous and crystalline orientaton, length and distribution of “de”
molecules and uniformity in thickness and orientation.2 Therefore, to improve the tensile
properdes of a fiber, its physical structure must be affected in a2 manner that promotes
beneficial changes in fiber morphology. It should be noted that some of the above features
are a consequence of the choice of polymer (e.g., chain stffness), the characteristics of the
resiit (e.g., molecular weight) and the processing conditdons (e.g., amorphous and
crystalline orientation due to sample drawing). However, some of the feamres can be
influenced by acting specifically on the crystalline phase and its development during the
process of fiber spinning The incorporation of additives that alter the overall
crystallization kinetics of the polymer, e.g., nucleating agents, can be used to influence the
physical structure of the fiber, possibly improving its tensile performance.”

Silica particles have been added to several polymers8-12 and shown to affect their
crystallization kinetics under quiescent conditions. The addition of a hydrophilic silica to
isotactic poly(propylene oxide) and poly(ethylene oxide) was found to increase the number
of primary muclei during isothermal crystallization.11+12 Surface modification of the silica
particles through a trimethylsilation of its surface silanol groups resulted in a reduction in
the number of primary nuclei that formed in both polymers compared to the untreated
silica. However, the number of nuclei in the composites prepared with the surface
modified silica still exceeded that obtained in the unfilled system.

.. The infloence of the surface weated and untreated silica particles on the
crystallization behavior of poly(ethylene terephthalate) and isotactic polystyrene was
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investgated by Turturro, ef al.#-10 An increase in nucleadon density was observed in both
polymers with the addidon of a low concentradon of the silica partcles. In addidon.
Turturro®.10 investigated the effect of silica particle size on the crystallization kinetics of
isotacdc polystyrene. The concentraton of the unmeated silica partcles in the polymer
was maintained constant bur its surface area was increased from 50 to 380 m/g.
Increasing the surface area, by decreasing the size of the silica parucles, caused the
number of polymer-nucleant interaction sites 1o increase within a given volume. A greater
nucleation density was found in the samples conwining the higher surface area, ie.,
smaller size, silica particles.

Turturro® also demonstrated that the number of silica particles in the filled
polymers far exceeded the number of nuclei that were observed in the sample under
isothermal crystallization conditions. Therefore, only a very small fraction of the particles
that are present in the sample are active nucleating agents. This was also evident in the
study of Cole and St-Pierre!2 on heterogeneous nucleation of isotactic poly(propylene
oxide). It was suggested by Turturro8 that individual silica particles group together into
clusters, by hydrogen bonding, and this reduces the number of particles that can become
effective nucleatng sites. Therefore, the efficiency of the silica particles as nucleating
ageants was found to be dependent not only on the surface characteristics and the particle
size, but also on the level of dispersion that can be achieved in the polymer.

The relationship between the quiescent crystallization kinetics of iPP and the
structure and properties of the resulting spun filaments was investigated by Lu and
Spruiell7 The rate of the quiescent crystallization of the homopolymer was increased by
the addition of a nucleating agent while slower cryswrllization was obtzined by using a
resin that was randomly copolymerized with a small amount of ethylene. It should be
noted that the melt flow index (MFI=35) of the iPP resins was maintained constant.
Increasing the rate of the quiescent crystallization caused crystallizanon to occur closer to
the spinneret during processing and, thus, at a higher temperature. A filament of lower
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tenacity and higher elongation-to-break was produced. In additon, the effects were found
to be most significant under conditions of low levels of stress (ie., low "take up”
velocides). Similarly, slower quiescent crystallizaton produced a filament of lower
elongadon-to-break but higher tenacity. A direct reladonship was observed between the
quiescent crystallizatdon kinetics and the properties of the spun filaments.

The role of molecular weight distributon (MWD) and MFI of an iPP resin on the
structure and properties of melt spun iPP fibers was investigated in detail by Misra and co-
workers!3 although their importance had been suggested previously.14-1516 Three sets of
resins that varied in MFI were investigated where within each of these sets, each
containing three resins, the MWD of the individual resins was also varied from a narrow
M, /M,=2.8-3.1) to a broad (M, /M,=3.8-4.8) distribution. The MFTI of the first set of
resins ranged from 19 to 22 while the other two ranged from 40 to 45 and 85 to 95. Melt-
spun filaments, ca. 35 © 45 pm in diameter, were prepared from each of the resins and
their tensile properties were evaluated. The following effects were noted on the tensile
elastic modulus, tensile strength and elongaton-to-break in changing the resin
characteristics:13 Under similar spinning conditions, increasing the weight average
molecular weight, i.e., decreasing the MFI, while maintaining the MWD approximately
constant produced a filament of higher modulus, tensile strength and elongation-to-break.
Similarly, withir a given set of MFI resins increasing the MWD produced a filament of
higher modulus and elongation-to-break but of lower tensile strength. Therefore, the
tensile properties of iPP filaments are strongly affected by the resin characteristics.

Notwithstanding the uses of silica by others as described above, no reported uses
in iPP or other polyolefins were found. In fact, studies carmried out by Drs. Nohr and
MacDonald and other scientists at Kimberly-Clark Corporation demonstrated that silica
alone failed to impact improved tensile strength characteristics to iPP. In many cases, the
presence of the silica made the spinning of fibers more difficult at best and on occasion
plugged die orifices to an extent sufficient to prevent fibers formation.
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The purpose of this study was to understand the improvements in the tensile
properties of spunbonded iPP fabrics discovered by Drs. Nohr and MacDonald, who used
wwo different approaches. (1) The first method was to specifically target the overall
crystailizagon kinetics of iPP. The nucleating ability, in iPP, of a silica whose surface is
modified with polydimethylsiloxane was investgated under quiescent conditions.
Particular emphasis was placed on the particle size and level of dispersion. The size of the
silica particles was reduced by a ball-milling procedure and attempts were made to
generate 2 better dispersion of the silica partcles in the polymer. This was accomplished
by dispersing the silica particles in a silicone fluid prior to its incorporation inw the iPP.
This pre-dispersed, fine-particle surface-modified silica was tested for its ability to enhance
nucleaton in iPP. It was hoped that a higher nucleation density, under quiescent
conditions, would be realized by the addition of this combination and that it would affect
the sample morphology and yield improved tensile properties. (2) The second method,
also used in conjuncton with the first, was to change the MFIl and MWD of the iPP resin.

5.2 Experimental

5.2.1 Sample Preparation

The iPP spunbonded fabrics and fibers were prepared by the manufacturing
process that was described in Chapter 4. In this investigation, the resin characteristics
were changed by blending a 5 melt flow index (MFI) resin with the 34 MFI resin that was
used previously in Chapter 4 (i.e., Exxon 1052 and 3445, respectively). The degree of
isotacticity for the Exxon 1052 resin, as obtained by NMR, is 94%. In the blend systems,
the concentration of the lower MFI resin was varied between 45 and 60 wt %. It should
be noted that the fiber denier was maintained constant in this study, between 1.6 and 1.8.

The silica that was used in this investigation was a fumed silica, obtained from
Cabot Corporation (Cab-O-Sil TS-720), that was rendered hydrophobic by trearment of
the silanol surface with a poly(dimethylsiloxane) fluid The molecular weight of the



polv(dimethylsiloxane) chains on the surface of the silica partcles is not known. These
silica partdcles were dispersed in an alkyl poly(dimethylsiloxane) silicone oil. The alkyvi
subsdmton on the poly(dimethylsiloxane) backbone was random. ranging from 2 to 11
methylene units.

The silica/silicone additive that was dispersed in the iPP was prepared in the
following manner: The size of the surface modified silica particles was reduced by ball
milling for three hours per 100 g of silica at room temperarure. Steel balls were used in
this procedure. This fine particle surface modified silica was then dispersed in the alkyl
silicone in an Eiger Mill. Mixing was performed for 15 minutes per liter of silicone in the
temperature range between room temperature and 80 °C. The concenmadon of the silica
in the silicone fluid was maintained constant at 5 %.

Twin screw extrusion was used to disperse the silica/silicone addidve into the 1PP.
Extrusion was performed at 70 rpm with several polymer meit zones that ranged in
temperature from 190 to 200 °C and a feed rate of 140 kg per hour. The extruded iPP
containing the silica/silicone addidve was cooled and cut into pellets. These pellets were
subsequently used to produce the iPP fibers and spunbonded fabrics. The concentration of
the silica/silicone additve in the iPP was maintained constant at 0.3 %.

In addition to the samples that contain the silica/silicone additive, two control
samples were considered in this investgaton. The first control sample was prepared from
only the 34 MFI resin while the second was a 60%/40% blend of a 5 and 34 MFI resins,
respectively, neither containing any silica/silicone additive. In subsequent sections, these

samples as well as those prepared with the silica/silicone additive will be referred to as
described in Table 5.1.

5.2.2 Sample Characterization
5.22.1 Tensile Properties

To investigate the tensile properties of single fibers of iPP, they were mounted
individually on a previously cut cardboard test pieces. The mounting was performed by
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gluing the ends of the fibers onto a cardboard form as shown in Figure 5.1. The
cardboard mourt, containing the single fiber, was clamped onto the Inson tensile tester
with a one gram load cell using pneumadc clamps. Once clamped, the cardboard was cut
leaving only the single fiber to be tested. The twensile deformation of the single fibers was
performed at room temperature using an 8 cm fiber length and a 25 cm/min rate of pull
The reported inital modulus, tensile strength and elongation-to-break are the averages of

25 tensile measurements.

Table 5.1: A Description of the Various Samples that were Investigated.

Sample Descripuon
Polymer Silica/Silicone Additive
PP34 Exxon 3445 none
PPS Exxon 1052 none
C60/40 60%/40% Blend of PP5/PP34 none
A0/100 Exxon 3445 0.3% (5% Silica in Silicone)

A45/55 45%/55% Blend of PP5/PP34 0.3% (5% Silica in Silicone)
A50/50 50%/50% Blend of PP5/PP34 0.3% (5% Silica in Silicons)
AS5/45 55%/45% Blend of PP5/PP34 0.3% (5% Silica in Silicone)
A60/40 60%/40% Blend of PP5/PP34 0.3% (5% Silica in Silicone)

The grab tensile properties of the spunbonded fabrics were investigated using an
Instron with a 50 kg load cell. The fabric was cut into a 4 X € inch test piece, with the 6
inch length cut in either the machine or in the cross direction. A 25 cm/min rate of pull at



190

\

Figure 5.1 Representation of the experimental method used in the analysis of the tensile
properdes of single fibers. The dashed line represents the curting of the cardboard piece
prior t analysis.

TOOm temperature was also used in these tensile measurements. The reported peak load,
peak energy and elongation-to-break are the averages of 10 tensile measurements.
5.2.2.2 Optical Microscopy

A Nikon Optphot optical polarizing microscope fitted with 2 Linkam
THMS 600 hot stage and a Cohu video camera was used to observe isothermal
crystallization at 100 x magnification. The hot stage could be held at constant
temperature to within 0.1 °C of the desired crysmallization temperature using the Linkam
TMS 91 temperanire contwol unit. Thin slices of the sample were sandwiched between
two thin, round glass slides and melted on a hot plate at a temperature of 220 °C while
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applying pressure. The thickness of the melted film was fixed by 2 14 pm aluminum
spacer between the glass slides. Films of the order of 15 to 20 pm in thickness were
obtained and used 1o view isothermal crystallization.

The sampies were melted in the hot stage at 220 °C for 15 minutes to remove
crystallinity. The hot stage was then set to the desired crystallization temperature and
cooled at a rate of 130 °C/min. Temperarure equilibrium was arined quickly and the
growing spherulites were monitored until impingement. The photomicroscopy images of
the isothermal crysmllization process, as viewed under cross polars, were recorded on a
Mitsubishi U80 VCR. The video image was displayed on a secondary monitor by means
of a frame grabber board (PCVision Plus) located on an AT computer which translated the
video signal to digital format by defining light intensity intervals on a 256 gray level scale
through the use of a software program {Java, purchased from Jandel Scientdfic). The
software allowed measurement of the area of any object within a selected region of a
frozen image. Area calibration was performed using a pre-recorded scale of known size.

The isothermal radial growth rates, G, were determined by measuring the area of
the spherulites as seen in the recorded images as a function of time and converting this
area to an average radius. From the average radii, plotted as a function of time, the radial
growth raze of the spherulite was determined as the slope of the resulting straight Line.
For each sample and crysmllization temperature, the average radial growth rate was
determined from at least four radial growth rate measurements. The experimental error in
these growth rates was determined to be less than 5%.
5.2.2.3 Differential Scanning Calorimetry

The crystallization behavior of the various IPP samples was investigated on the
Perkin Elmer DSC-7C under isothermal and non-isothermal conditions. The samples were
prepared for thermal analysis by: cutting thin slices from iPP pellets. Isothermal
crysellization was performed by melting 3 to 4 mg of the iPP sample at 220 °C for 15
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minutes and quenching the sample at a nominal rate of 300 °C/min to the desired
Crysmilization temperature. Data acquisidon was inidated following temperature
equilibration. Non-isothermal crystallization of the various iPP samples was performed by
first heatng the iPP to 220 °C and maintaining this temperature for 15 minutes to destroy
all sigms of crystallinity and then lowering the temperature at a constant rate of 20 °C/min.

The melung behavior of the spunbonded iPP fabrics was investigated as described
in Chapter 4.

5.2.2.4 Solid State NMR Spectroscopy

The 13C and 29Si CP/MAS NMR spectra of the surface modified silica were
recorded at room temperature with a Chemagnetics CMX-300 spectrometer operating at a
static field of 7.1 T. The samples were spun at the magic angle in the frequency range
between 3.8 and 4.5 kHz in a 7.5 mm OD zirconia rotor. A 62.5 kHz rf decoupling field
was used in obtaining these spectra which were zero-filled to 4K prior to Fourier
transformation. The 13C and 29Si spectra were obtained with a 2 ms and 5 ms contact
time, respectively. A 3 second pulse delay was used in obtaining both of the above
spectra. The proton spectrum of the surface modified silica was obtained using a single-
pulse pulse sequence in a 100 kHz spectral window with a 3 second pulse delay. All
‘specn'a were referenced to tetramethylsilane (TMS) by setting the methyl resonance of
hexamethyl benzene to 17.40 ppm. In obtaining the 13C, 29Si and proton spectra of the
surface modified silica, 736, 16000 and 56 free induction decays (FID) were collected.
The 29Si CP/MAS NMR spectrum of the virgin silica, Cab-O-Sil M5, was obtained under
the conditions that were described for the surface modified silica and represents the co-
addition of 9500 FID.

The measurements of the proton spin-lattice relaxation times in a rotating frame
for the spunbonded PP fabrics and fibers were performed as described in Chapter 3. The
thermal annealing of the spunbonded fabrics was performed as described in Chapter 4.
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5.2.2.5 Infrared Spectroscopy

The surface modification of the silica partcles was identified by infrared (IR)
spectroscopy using the Perkin Elmer 1600PC by collecting 128 scans at a resoludon of 4
cml. The silica particles were dispersed in carbon tewackloride (CCly) to produce a
slurry which was placed in a liquid sample holder.

5.2.2.6 Electron Microscopy

The size distribution of the silica particles as well as their dispersion in the silicone
fluid and in iPP were investigated by bright field scanning transmittance electron
microscopy (STEM) using a Jeol 100cx STEM microscope. The fine particle silica was
dispersed in methanol at a concentration of approximately 0.1 %. A drop of the silica
slurry was placed onto the surface of carbon coated TEM hexagonal grids. The methanol
was allowed to evaporate and the silica particles were observed in bright field. Bright field
imaging was performed by placing an aperture in the back of the focal plane of the
objective lens to stop all elecoons which are scattered above a certain angle. Regions of
the specimen that are thicker or of higher density scatter more strongly and appear darker
in the image. The absence of a specimen in the path of the electrons produces a bright
image.

The dispersion of the silica particles in the alkyl silicone was investigated by cryo-
microtoming thin sections of the mixture. A drop of the silica/silicone mixture was placed
on a sample holder that was maintained at liquid nitrogen temperature. The liquid
solidified immediately on coming into contact with the holder. The sample holder
containing the frozen sample was thern mounted on the FC4 Reichert-Jung cryo-
ultramicrotome set at liquid nitrogen temperature. Thin slices of approximately 500 A in
thickness were collected and placed under vacuum (107 torr) at liquid nitrogen
t@peramre. Gold was evaporated onto the surface of the thin section at an angle of 30°.
The sample was then ransferred to the STEM and observed in bright field.



194

The dispersion of the silica in the iPP was investigated by cryo-microtoming the
iPP fibers into thin sections (400 A) and observing the silica particles in bright field. The
method used to microtome thin sections of the iPP fibers was the same as that described in
Chapter 2 for the study of quench-cooled iPP films,

The STEM dark field investigation of the crystalline morphology of the iPP fibers

and spunbonaed fabrics was performed as described in Chapter 2 for the quench-cooled
films,

5.3 Results and Discussion

In the Introduction, it was noted that particular emphasis would be placed on the
size of the silica particles as well as on the level of dispersion that could be achieved in the
polymeric martrix. Therefore, prior to the evaluation of the effect of this additive on the
crystallization kinetics and on the tensile properties of spunbonded fabrics, the surface
modification of the silica as well as the size and dispersion in the silicone fluid and iPP

were investigated.

5.3.1 Characterization of the Chemically Modified Silica
5.3.1.1 Surface Modification

The surface modification of the ball milled silica was characterized by solid state
NMR spectroscopy to confirm the type and extent of surface modification produced on
the virgin silica. The 29Si and 13C CP/MAS NMR spectra as well as a !H single pulse
NMR spectrum of the ball milled surface modified silica are presented in Figure 5.2. In
addition, a 29Si CP/MAS NMR spectrum of CAB-O-§il M-5, the unmodified silica, is
presented in Figure 5.2 as a reference material. The 295§ CP/MAS NMR spectrum of
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Figure 52 (a) 295i CP/MAS NMR spectrum of Cab-0O-Sil M5 hydrophilic silica (b) 295i
CP/MAS NMR spectrum of polydimethylsiloxane surface modified silica (c) 13C CP/MAS
NMR spectrum of polydimethylsiloxane surface modified silica (d) 1H single pulse NMR
spectrum of polydimethylsiloxane surface modified silica.
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virgin silica gel is characterized by three NMR resonances:17 gemina silanol groups (-91
ppm), silanol groups (-100 ppm) and siloxane groups (-109 ppm) referenced to TMS. The
298i NMR spectrum of the M-5 virgin silica presented in Figure 5.2a clearly shows these
three resonances. It is of interest that, unlike infrared spectroscopy, NMR
characterization ¢7 a silica gel allows the differentdation between free and geminal silanol
groups. However, due to drastically different optimum contact dmes between the three
NMR resonances,!? signal quantification is a major drawback of this characterization
method. This large difference in the optimum contact time for each of these 29Si
resonances is due to large differences in relaxaton times.

Modification of the silica surface, as discussed by Albert and Bayer,17 results in
additional resonances whose chemical shifts are dependent on the functionality of the
added silanes. These surface moieties can be distinguished by 295i CP/MAS NMR.18-23
The chemical modification of virgin silica with a monofunctional silane yields a surface
species that is observed in the 29Si CP/MAS NMR spectrum at a chemical shift of ca. 12
ppm. Similarly, the chemical shift of the surface species obtained upon derivatization of
virgin silica gel with a difunctionat silane is between -4 and -22 ppm while a silica gel that
is derivatized with 2 trifunctional silane will show resonances between -40 and -70 ppm.
In addition, resonances associated with the remaining silanol and siloxane groups of the
native silica gel are also observed in the spectrum of the modified silica.

The 295i CP/MAS NMR spectrurn of the surface modified silica gel (Figure 5.2b)
reveals two large peaks, at -19 and -23 ppm, consistent with the polydimethylsiloxane
surface modification reported by the manufacturer. In additon, two small peaks at
chemical shifts of -57 and -66 ppm are present in the region that is characteristic of a silica
modification with a trifunctional silane. It should be noted that these two small peaks
correspond to only approximately 5% of the total intensity observed for this sample.
Finally, the resonances due to the native silica can be seen in the chemical shift region
between -100 and -110 ppm. This region no longer shows a resonance for geminal silanol
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groups at -50 ppm and shows a greatly dirninished silanol peak at -100 ppm. In fact, the
intensity in this region corresponds mainly to the siloxane groups at a chemical shift of
-109 ppm. Therefore, the 298i solid state NMR spectrum of the surface modified silica
indicates that the surface mpdj.ﬁcation of the silica particles is incomplete. However, as
discussed previously, signal quantification is a major drawback of this characterizadon
method due to drastically different optimum contact times between the silanol and siloxane
groups. While the optimum contact time of the silanol groups is 5 to 8 ms, in the case of
the siloxane groups it is 22 to 25 ms.17 Since a contact time of § ms was used in this
investigation, the peak that is due to the silanol group (-100 ppm) appears intense with
respect to that of the siloxane group which suggests that a large number of surface silanol
groups remain on the surface. However, this apparent large intensity for the silanol peak
is simply due to a mismatch in optimum contact time for the two groups. Although the
surface modification is incomplete, the number of remaining surface silanol groups is not
nearly as large as suggested from a visual inspection of the intensity of these two peaks.

In the 13C CP/MAS NMR spectrum of the surface modified silica, presented in
Figure 5.2¢, only a single sharp resonance is observed at 1 ppm, referenced to TMS,
consistent with the occurrence of only methyl substituents in the sample. The 1H
spectrum of the modified silica (Figure 5.2d) also only shows one very sharp resonance at
0 ppm which confirms the existence of only methyl modification on the silica surface. The
two small peaks on either side of this main resonance are spinning ¢ : bands
comresponding to a spinning speed of 4500 Hz. Together with the 295i spectrnn of the
surface modified silica, these spectra confirm a polydimethylsiloxane surface modification.

The surface modification of the silica particles was also characterized by infrared
(IR) spectroscopy (Figure 5.3). The IR spectrum of the virgin silica shows two bands in
the frequency range between 2900 and 3900 cm! due to hydrogen bonded hydroxyl
groups (3674 cm-1) and molecular water that is weakly physisorbed onto the silica surface
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Figure 5.3 Infrared spectrum of (a) Cab-o-Sil TS-720 surface modified silica and (b)
Cab-0-Sil M5 virgin silica.

(3400 cmx! centered broad band). The same bands are observed in the spectrum of the
surface modified silica which confirm the incomplete removal of surface hydroxyl groups.
In addition, several bands are observed in the frequency range between 2800 and
3000 cm-! which are the symmetric and asymmetric CH siretching frequencies associated
with the polydimethylsiloxane substimation on the silica surface.2*
53.1.2 Dispersion of the Surface Modified Silica in iPP

The size of the silica particles was monitored from the initial ball milling procedure
1o its dispersion in the silicone copolymer and finally into the iPP. A high magnification
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wansmission ¢lectron micrograph of the surface modified silica particles obtained after the
ball milling procedure is presented in Figure 5.4. As is apparent from this electron
micrograph, the silica powder is composed of small primary partcles. These particles
appear fused to each other forming larger aggregates that range in size from less than 0.1
um to as large as 1 um. Since the shape of the parncles varies throughout the sample, an
accurate determination of the distribution in size of the silica particles is not possible.
However, it is clear from the electron micrograph that the silica powder that is to be
dispersed in the iPP is composed of sub-micron partcles with a distribution in size.

A high magnification electron micrograph of the silica particles dispersed in the
alkyl silicone is presented in Figure 5.5. In additon 10 a very good dispersion of the silica
particles within the silicone oil, the size of the silica particles remains unchanged from that
observed in Figure 5.4. A distribution in the size of the silica particles is noted with some
indication of the existence of primary particles dispersed throughout the silicone. In
addition, the bundles of partcles that are observed in certain regions are consistent in size
with the aggregates that were observed for the silica after it had been ball milled (Figure
5.4).

The level of dispersion of the silica particles that is obtained in the spun iPP fibers
was also investigated by electron microscopy and is presented in Figure 5.6. The silica
particles, seen as the black regions, are well dispersed within the iPP matrix and the size of
the particles remains in the sub-micron range. Therefore, an important goal was realized
in that the dispersion of the silica in the silicone prior to its incorporation into the iPP

aided in maintaining the size of the fine particle silica.
532 Crystallization Kinetics

The effect of the silica/silicone additive on the crystallizaton kinetics of
polypropylene was investigated by DSC and oprical microscopy, botk non-isothermally
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and isothermally. The DSC thermogram for the cooling from 230 °C 10 room
temperature, at a rate of 20 °C/min, is presented in Figure 5.7 for both PP34 and A60/40.
The thermograms demonstrate a shift to higher temperature of both the onset temperature
for crystallization and peak minimum. A 3 °C shift in temperature were recorded. The
measured crystallinites of these samples were found to be essentially equal at ca. 68%.

The crystallizadon kinetcs of the various iPP samples was dlSO investgated by
DSC under isothermal conditions and analyzed using the Avrami> > treamment that was
simplified by Evans?® and put into polymer context by Meares?® and Hay.30 In general
the progress of isothermal crystallizaton is expressed by

n(l-%,)=-K:" (5.1)
or

logi-ln(1-%)]=logK+nlogt 5.2
where 7, is the volume fraction of crystalline material or degree of crystllinity, K, is the
overall rate constant containing the nucleation and growth parameters, n, is an integer that
depends on the mechanism of nucleation and on the form of crystal growth and, t, is dme.
The Avrami parameter, n, generally assumes values between 1 and 4 and describes the
crystallization mechanism. The form of the crystal growth (i.e., rods, discs, or spheres) as
well as the type of nucleation (i.e., predetermined or sporadic) are described by this
Avrami parameter. The form of the overall rate constant, K, is dependent on the type of
nucleation as well as on the form of the crystal growth due to different representations of
the volume fraction of the crystalline phase.30 However, in general, this rate constant is a
combination of a nucleation density term and the growth rate of the crystalline entities.
The Avrami parameters, n and K, are obtained from the slope and intercept, respectively,
of the straight line that is generally obtained from plotting log[—mh (1-,)] against logt.
It should be noted that Linearity is frequently limited to low degrees of crystallinity.
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Figure 5.7 DSC thermograms for the cooling, at a rate of 20 °C/min, of (a) PP34 and (b)
a 60%/40% blend of PP5/PP34 with the silica/silicone additive.

The crystallization kinedcs of iPP with and without the silica/silicone additdve were
investigated under isothermal condidons in the temperature range between 120 and
126 °C. A typical DSC thermogram for the isothermal crystallization of PP34 is shown in
the inset in Figure 5.8. Similar thermograms were obtained for all of the iPP samples that

were investgated. To monitor the extent of conversion as a function of tme, the
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Figure 58 Plot of Log{-La[l-a(t)]} as a function of the Logarithmic of time for
isothermally crystallized PP34 at (Circle) 120, (Squars) 122, (Triangle) 124, (Inverted
Triangle) 126 °C. The inset is a typical DSC thermogram obtained upon isothermally
crystallizing iPP.

exotherm was sliced at various time intervals and the increase in AH, normalized to the
mtalAHforoompletcisothumalaysmlﬁmﬁomwasplonedasgfuncﬁonofﬁm&
S?gmoid-shapedcmvcsthaxmgedbctweenOandl were obtained for all samples at all
crystallization temperatures.
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To obtain the Avrami parameters, K and n, the log{—In(1-%,)] was ploned
against log t, as demonstrated in Figure 5.8. As is clearly evident from equation (5.2), the
slope of the resultant straight line yields n while the intercept is equal to log K. These
parameters were obtained for various iPP samples and at crystallization temperatures in
the range between 120 and 126 °C. (The rate constant, K, that was obtained for these
samples is presented in a subsequent section.) The Avrami index n was found to vary
between 2 and 3 for both PP34 and PPS5 as well as samples containing the silica/silicone
additive for all of the investigated crystallization temperatures. For iPP, the Avrami index,
n, has been reported in the range berween 2.0 and 4.1.8-31 The indices that were obtained
in this study are in the lower portion of this range and are non-integral. As discussed by
Meares,2® a non-integral value for the Avrami index n suggests that more than a single
nucleation process or form of crystal growth is occurring simultaneously. Since iPP is a
polymorphic material and heterogencous and homogeneous nucleation can occur
simuitaneously, the value of this index is unreliable in evaluating the nucleation and/or
growth mechanism.

The overall rate of crystallization can be evaluated by noting the time for half of
the crystallization to be completed, i.e., the point of 50% conversion. By substituting ¥, =
0.5 into equation (5.1), the following relaton is obtained for the half-time of
crystallization:

ty =[m2/K]" (5.3)

Using the previously derived Avrami parameters, K and n, the half time of crystallization is
easily evaluated. The overall rates of crystallization, (tyz) ™, are presented in Figure 5.9 for
the isothermal crystallization, in the temperature range between 120 and 126 °C, of PP34,
PP5, and A60/40. As expected, the rate of crystallization increases with an increase in the
degree of supercooling. Atalltcmpéraun-cs,csscnﬁanythc same rates of crystallization
are obeained for PP34 and PP5. However, the addition of the silica/silicone additive 1o
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Figure 5.9 The inverse of the half-time of crystallization as a function of temperature for
(Circle) PP34, (Square) PP5, and (Triangle) a 60%/40% blend of PP5/PP34 with the
silica/silicone additve.

the 60%/40% blend of these two resins (i.e., A60/40) increases dramatically the rate of
crystallization at all crystallization temperatures. Identical behavior was also noted in the
overall rate constant, K, obtained from the double logarithmic plot (Figure 5.10). Indeed,
this rate constant is substantially larger for the polymer system containing the
silica/silicone additive. Since this rate constant contains information concerning both
nucleation and growth, the increased rate may be due 1o either of these parameters.
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Figure 5,10 (a) Rate constant, K, obtained from the Avrami analysis of isothermally
crystallized (Circle) PP34, (Square) PP5, and (Triangle) 2 60%/40% blend of PPS/PP34
with the silica/silicone additive. (b) Temperature variation of the growth Rate of iPP
spherulites of isothermally crystallized (Circle) PPS, and (Square) PPS with the
silica/silicone additive.
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Radial growth rate measurements of individual spherulites were performed by
optical microscopy in the temperature range between 120 and 136 °C for PP5 with and
without the silica/silicone additve. The radial growth rates are presented as a function of
the crystallization temperature in Figure 5.10. It is clear from this figure that the addidon
of this additive does not affect the growth rate of individual iPP spherulites. Therefore,
the increase that is observed in the overall rate constant, K, as well as in (t:;._)’1 must be
due to an increase in the primary nucleation density. Thus, there is unequivocal evidence
that under isothermal conditions the silica/silicone additive is acting as a nuclearing agent

for iPP spherulites.
5.3.3 Isotactic Polypropylene Fibers

5.3.3.1 Tensile Properties

In this investigation, the evidence for enhancement in the tensile properties of iPP
single fibers is based on a comparison with the tensile propertes of fibers prepared from
PP34. However, the resin characteristics were changed in some samples by blending this
resin with a low MFI resin (i.e., PP5). The MFI as well as MWD data for PP34 and PP5
as well as a 60% / 40% blend of these two resins are presented in Table 5.2. As can be
seen, the blending of the PP34 and PP5 resins results in an intermediate MFI, MWD and
average mqleclﬂar weights. Since the tensile properties of the fibers are compared to
those prepared from PP34, a comparison between the resin characteristics of PP34 and
C60/40 indicates 2 decrease in the MFI and an increase in the resin MWD through a
decrease in My, and an increase in M,

The tensile properties of iPP single fibers, 20 um in diameter on the average, are
presented in Table 5.3. The initial modulus, tensile strength and elongation-to-break are
reported for three different iPP fibers; namely, PP34, C60/40 and A60/40. The first two
samples examine the effect of changing the resin characteristics. Indeed, decreasing the
MEFT and simultaneously increasing the MWD within the range reported in Table 5.2 does
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not affect the tensile propernes of the resultant fibers. The initial modulus, tensile strength

and elongation-to-break are identical to that of the PP34 fibers,

Table 5.2: MFI and Average Molecular Weights for PP34, PP5 and C60/40.

Sample MFI M, M, M./M;
PP34 34 50,000 144,600 300,000 29
PPS 5 45,200 212,200 562,000 4.7

C60/40 18-20 46,200 158,800 404,600 34

Table 5.3: Tensile Properties of iPP Single Fibers.

Tensile
Sample Diameter Modulus Stwength Elongation
(pm) (GPa) (MPa) (%)
PP34 20.310.6 2.110.2 192438 198434
C60/40 19.240.1 2.00.2 162+18 184+22
A60/40 2141 47H03 340123 636126

As discussed previously, the role of MWD and MFI of an iPP resin on the
structure and properties of meit spun iPP fibers was investigated by Misra and co-
workers.13 They reported increases in the tensile properties of spun fibers upon
decreasing the MFI while maintaining the MWD approximately constant and vise versa.
However, those trends were noted as a result of large variations in the MFI and MWD,
i.e., 19 1o 95 in the former and 2.8 to 4.8 in the latter. These ranges are substantally
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larger than the change in resin characteristics (Table 5.2) that were induced in this
investigation through the blending of two iPP resins. However, of the nine iPP resins
investigated by Misra and co-workers,!3 two resins have characteristics (i.e., MFI and
MWD) that are very similar to the ones investigated in this study. When the tensile
properties uf fibers prepared from those two resins are compared, a small increase of 60%
is observed in the elongation-to-break while the modulus and twensile strength remained
essentially unchanged.l3 The 60 % increase in elongation-to-break that was reported by
Misra and co-workers!3 was not observed in this study, possibly due to differences in
processing conditions. Therefore, within the MFI and MWD range listed in Table 5.2,
decreasing the MFI and broadening the MWD does not appear to influence the tensile
properties of iPP fibers,

As seen from Table 5.3, addition of the silica/silicone additive to the blend
produces a significant increase in tensile properdes. The initial modulus, tensile strength
and elongation-to-break increase by 123, 77 and 221 %, respectively, compared to fibers
prepared from PP34. This dramatic increase in tensile properties must be related to the
nucleating effects of the additive that were observed under quiescent conditions.

Representative stress-strain curves for single fibers prepared from PP34 and
A60/40 are presented in Figure 5.11. These curves clearly demonstrate a significant
difference in tensile deformation properties of these two fibers. The stress-strain curve for
PP34 shows a steady, almost linear increase in stress with elongation and does not pass
through a maximum, nor does it atain a plateau. The general pattern indicates brittle
fracture. The A60/40 fibers show an initial region of linear increase, a plateau region that
persists for a period of time and finally an increase in the stress at high elongation prior to
fracture. Following the initial region of linear increase, a yield point is observed at
approximately 120 % elongation with no indication of "necking". The platean region
corresponds to permanent deformation at constant volume, or cold drawing. The increase



g
it
2

Stress (MPa)

Strain (%)

Figure 5.11 Stress-strain curves for iPP single fibers that were prepared from (a) PP34
and (b) A60/40.

in stress after this cold draw region is due to strain-induced crystallization, i.e., it involves
the alignment of elongated chains32 The general partern of this sample is very much
similar to that of a good elastomer. Therefore, the dispersion of the silica/silicone additive
system as well as possible concomitant effects from the addition of a low MFI resin
modifies the tensile properties of the resultant fibers from behavior characteristic of brittle
fracture to that of a good elastomer. This change in mechanical behavior must be related
to changes in the morphology of the fibers due to the addition of the silica/silicone
additive, a nucleating agent for 1PP.
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53.3.2 Morphology of iPP Fibers

The crystalline phase of the spun iPP fibers was investigated by scanning
transmittance electron microscopy (STEM) in cryo-microtomed sections that were sliced
in both the longitudinal and cross-sectional directions. This investigation was performed
on fibers prepared from PP34 as well as A60/40, which gave excellent tensile propertes.
STEM dark field images that present the crystalline phase of the iPP fibers in the
longitudinal and cross-scctional directions are shown in Figure 5.12. A STEM dark field
image of the crystalline morphology in the longitudinal direction of iPP fibers that were
prepared from PP34 was presented previously in Figure 4.24. As can be seen from these
micrographs, in the longitudinal direction the crystalline phase is oriented in the fiber
direction, as is clearly seen by the long white regions. In the cross-sectional direction,
small crystalline regions are noted throughout the micrograph. From a visual comparison
of Figures 4.24 and 5.12, the level of orientation in the crystalline phase in the fiber
direction appears to be higher for fibers prepared from A60/40 than PP34. The
combination of the longitudinal and cross-sectional micrographs suggests that the
crystalline morphology is consistent with a fibrillar or cylindritic type of supermolecular
structure. A cylindritic morphology33 is generally formed by crystallization of a melt
under mechanical stress, as is the case in the fiber spinning process. The process involves
ordering of extended chains into bands that can act as a nucleus for crystallization, the
formation of row nucleation and the development of the cylindritic morphology.

The size of the crystals that are observed in the cross-sectional direction were
measured at the surface, mid-radius and core of the fiber for both of the above mentioned
samples. The crystalline entities in the fibers prepared from PP34 were found to be
essentially constant in size from the surface to the core of the fiber. Crystal sizes ranged
between 120 and 170 A, with an average of 140 A. However, in fibers prepared from
A60/40, the crystal sizes were found to vary from the surface to the core of the fiver. At



Figure 5,12 STEM dark field image of n-beam reflections of an iPP fiber prepared from
a 60%/40% blend of PP5/PP34 with the silica/silicone additive. (a) Cross-sectional cut at
a magnification of 300,000X. (b) Longitudinal fiber section that was cut close to the fiber

surface at a magnification of 10,000X.
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the surface, the size of the iPP crystals was found to be substantially smaller, ranging in
size from 25 to 70 A, with an average of 40 A. The average crystal size increased from
the 40 A surface crystal size to 70 A at the mid-radius and finally to 160 A in the core. It
is of interest that the crystal sizes in the core of the blend system that contains the
silica/silicone additive are comparable to those observed in the fibers prepared from only
PP34. The decrease in crystal size at the surface and mid-radius must be directly related
to the nucleating ability of the silica/silicone additive that was presented previously. This
additive induces a definite skin to core variaton in morphology that is not apparent in
PP34,

In an investigaton of spider dragline elasticity, Termonia®* introduced a
comprehensive molecular model that incorporates most of the information known to date
about the structure of these fibers. This model is based on previous analyses of the factors
controlling the deformation of semicrystalline polyethylene fibers.35-38 In this model, the
fibers are viewed as a semicrystalline material that are composed of amorphous flexible
chains reinforced by strong and saff crystals. The crystalline phase is made of hydrogen-
bonded P-pleated sheets which run parallel to the fiber axis while, in the amorphous
region, the lengths of the chains are assigned a value comparable to the entanglement
spacing in synthetic polyethylene. In addition, in this model a third region is described
which is similar to the interfacial region in semicrystalline polymers. A thin layer
surrounding the B-sheets is formed in the amorphous phase with a modulus of elasticity
higher than in the bulk. Although hindered, the chains in this region do not lose their
extensibility.

Among other discussions, Termonia3* investigated the role of the size of the
crystalline phase on the tensile strength of the fibers and on the formation of this thin, kigh
modulus layer that surrounds the crystallites. A dramatic effect was noted on the tensile
strength of the fibers due to changes in the size of the crysulline phase. Decreasing the
sizé of the crystallites, while maintaining a constant volume fraction, leads to a substantial
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increase in tensile strength of the fibers. This increase in tensile swrength resulting from a
reducton in crystal size was found to be due to the concomitant increase in the volume
fraction of the thin, high modulus layer surrounding the crystals, i.e., the interfacial region.
An increase in its volume fraction effectvely reinforces the fiber and increases its tensile
swength. Thus interfacial region generates a reinforcing effect similar to the thin interface
of constrained mobility that is generated in the carbon black reinforcement of rubbers.39

The improved tensile properties that were obtained in this investigation appear to
be due to a similar reducton in the size of the crystalline enftes. The silica/silicnne
additive nucleates the iPP and effectively reduces the size of the crystals at the skin and
mid-radius of the fibers. This decrease in crystal size increases the volume fraction of the
interfacial phase and enhances the tensile strength of the fibers. However, the effect of the
resin molecular weight must also be considered. The concomitant effect of a reduced
crystal size and increased molecular weight is expected to promote the gencration of a
greater number and a more even distribution of "de” molecules in the fiber. This will also
enhance its tensile strength. Therefore, the lower MFI and broader MWD distribusion, for
the fibers that also contain the silica/silicone additive, may be playing 2 role in the
enhancement of the tensile strength of the fibers.

In addition to the impact of these morphological changes on the tensile properties
of the iPP fibers, reinforcement by the silica particles must also be considered. The
surface of the silica particles was made hydrophobic by a derivatizaton of the surface
silanol groups with poly(dimethylsiloxane) chains of unknown molecular weight. The
poly(dimethylsiloxane) chains on the surface of the silica particles, when dispersed in the
alkyl siticone, should extend off the silica surface and into the silicone oil. When this
mixuure is dispersed in iPP, the poly(dimethylsiloxane) chains should remain exterded so
that they can interact with the iPP through entanglements. Such dispersion into the iPP
matrix would result, to a certain extent, in a degree of reinforcement and contribute to the
increased tensile properties of the resultant iPP fibers.



5.3.4 Spunbonded Fabrics

53.4.1 Tensile Properties

The tensile properties of various spunbonded iPP fabrics are presented in Table
5.4. It should be noted that the propertes of the spunbonded fabrics are greatly
dependent on the processing and thermal bonding conditions. In the course of this
investigaron, several lots of fibers and spunbonded <abrics were prepared with PP34. The
tensile propertes of these fibers did not vary significantly and were found to always be in
the range that is listed in Table 5.3. However, the tensile properdes of the spunbonded
fabrics were found to differ significantly from one sample to the next. This variation is
due to the thermal bonding conditons which affect the quality of the bond points. This is
clearly evident from a comparison of the tensile properties of the two PP34 spunbonded
fabrics listed in Table 5.4. Consequently, a2 comparison of the fabric tensile properties
must be performed with fabrics that were processed and thermally bonded under similar
conditions. Therefore, the two sets of dara that are separated in Table 5.4 cannot be
compared directly with each other.

The dispersion of the silica/silicone additive system in the iPP blend systems resuits
" in a dramatic increase in the tensile properties of the spunbonded fabrics in both the
machine and cross direction compared to the fabrics prepared from PP34 (Table 5.3). In
additon, a gradual improvement in all properties is noted as the concentration of the lower
MEFI resin, PPS, is increased from 45% to 60%. It should be noted that it was not possible
to fiber spin resins with higher concentrations of the lower MFI resin in the blend due to
viscosity constraints. Increases as high as 82, 210 and 81 % i the peak load, peak energy
and elongation-to-break, respectively, are noted for the A60/40 spunbonded fabrics. The
additon of the silica/silicone additive to the iPP blend systems results in spunbonded
fabrics of substantially higher tenacity.
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Table 5.4: Tensile Properdes of the Spunbonded iPP Fabrics.

Sample Peak Load (kg) Peak Energy (kg-m) % Elongation
MD?® CD®  MD. CD. M.D. C.D.
PP34 14+1 11207 0.36£0.06 0.29+0.05 584 6246
A45/55 180.9 1680.6  0.8530.08 0.7240.09 967 987
AS50/50 19215 160.8 0.8gx0.1 0.71X0.09 9784 10118
AS5/45 20+1.4 18+09  0.5020.09 0.79+0.08 99+8 10248

A60/40 21%15 2020.8  0.5530.05 0.90:0.07 105£8 10819

PP34 10:0.6 8+0.3 0.2640.03 0.2940.02 44 3414
A0/100 1340.5 11304  0.3430.02 0.2820.04 4513 464
C60/40 15208 1241 0.3040.02 0.2910.01 4513 4784

3 Machine Direction.
b Cross Direction.

As seen from the second set of dara in Table 5.3, the dispersion of the
silica/silicone additive in PP34 (i.e., A0/100) results in a moderate increase in the tensile
properties of the resultant spunbonded fabric compared to fabrics prepared from only
PP34. Increases of 30 to 40 % are noted in the peak load and peak energy while the
elongation-to-break remains essentially constant. Similarly, a comparison of the tensile
properties of spunbonded fabrics that were prepared from C60/40 and PP34 indicates a
moderate increase in peak load while the peak energy and elongation-to-break remain
essentially constant (Table 5.3).

In the spunbonded fabrics prepared with PP34, the silica/silicone additive induces a -
moderate increase in its tensile performance. The increases in peak load and energy for
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these samples are substantally smaller than what is observed for the blend systems that
contain the silica/silicone additive. Similarly, spunbonded fabrics prepared from C60/40
only indicate 2 small increase in peak load. This is consistent with the observatons that
were made for the C60/40 and PP34 single fibers. However, when the silica/silicone
additive is dispersed in the blend of iPP resins, a dramatic increase in tensile properdes is
observed. In addition, these tensile properties are dependent on the concentration of the
low melt flow index resin. It appears that the improveraent in the tensile properties of the
spunbonded fabrics are a consequence of the nucleating ability of the silica/silicone
additive and the decrease in MF] and broadening of the MWD that was achieved from the
blending of the two resins. While these two methods do not independently improve the
tensile properties of the spunbonded fabrics, in conjunction, a dramatic improvement is
obtained.

The tensile deformation of the PP34 and A60/40 spunbonded fabrics was recorded
using a video camera. Photographs of the spunbonded fabrics were taken from the video
images at different times during the tensile deformation and are presented in Figure 5.13.
The spunbonded fabric on the left-hand side of each photograph is PP34 while the one on
the right-hand side is A60/40. These photographs clearly demonstrate the enhancement in
elongation-to-break that was achieved in the A60/40 fabrics. When falure has occurred in
ihe PP34 spunbonded fabric (Figure 5.13C), extension continues in the A60/40 fabric.

A close inspection of the failure zone of the PP34 spunbonded fabric (Figure
5.13C) reveals that the bond points, seen as the small squares, remain intact during failure
in the fabric. Therefore, the faflure in the fabric must be accounted for by either failure in
the fibers or at the bond point-fiber interface. However, the PP34 fabric fails at an
clongation-to-break of approximately 60% (Table 5.4) which is substantially smaller than
the 200% that is measured for iPP single fibers (Table 5.3). The deformation that has
been induced in the fibers that are present in the spunbonded fabrics is not at an extent
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Figure 5.13 Photographs of the spunbonded fabrics at different times during tensile

deformation. Left-hand side sample: PP34; Right-hand side sample: A60/40.
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where failure is expected. Therefore, failure must be occurring at the bond point-fiber
interface. This has been suggested previously3-456 and appears to be generally accepted in
the industry. The heat and pressure treatment that is used during thermal bonding may
generate a large difference in morphology (e.g., size of crystallites) at the interface
between the bond point and fibers and cause the interface to become the weakest locadon

on the fabric and most susceptible to failure. This is considered further in the next section.

5.3.4.2 Morphology of Spunbonded Fabrics

The crystalline phase of the bond points in the spunbonded iPP fabrics was
investigated by scanning transmittance electron microscopy (STEM) in cryo-microtomed
sections that were sliced in the cross-sectional direction. This investigation was also
performed on spunbonded fabrics prepared from PP34 and A60/40. STEM dark field
images that present the crystalline phase at various locations within the bond point are
shown in Figures 5.14 and 5.15. Micrographs of cross-sectional cuts are preseated for
positions located at every 200 A beginning from the bond point edge.

As for the iPP fibers, the addition of the silica/silicone additive to the blend of iPP
resins resuits in a reduction in size of the crystalline entities that are observed within the
bond points with a concomitant increase in the nucleation density. It should be noted that
the size and density of the crystallites in both of these samples appears to remain
essentially constant throughout the bond point. The reduction in crystal size and increase
in nucleation density is consistent with the nucleating ability of the silica/silicone additive.

The formation of the bond points was performed by a hot calendering technique
which involves heating and laterally compressing the fibers until they are bonded. The
substantially smaller crystal sizes that are present at the surface of the A60/40 fibers
should favor the bonding process. At a given bonding temperature, a greater fraction of
these crystals will melt, due to thc#mallcrsizcsofthcaysta]sthatarelocawdon the



Figure 5,14  STEM dark field image of n-beam reflections, at a magnification of
100.000X, of a cross-sectional cut of the bond point of a spunbonded fabric prepared from

PP34. The following locations are presented: (1) Edge of the bond point (b) 200 (c) 400
(d) 600 A from the edge of the bond point.
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Figure 5.15 STEM dark field image of n-beam reflectons, at a magnification of
100,000X, of a cross-sectional cut of the bond point of a spunbonded fabric prepared from

A60/40. The following locations are presented: (a) Edge of the bond point (b) 200 (c)
400 (d) 600 A from the edge of the bond point.
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surface of the fibers. This melied fraction will recrystallize upon cooling and the
nucleation density will increase due to the nucleating ability of the silica/silicone additive,
The combination of these two effects should result in improved bonding of the iPP fibers.
Furthermore, the morphology in the wransition region between the bond point and fibers
should be more homogeneous which would reduce the likelihood of failure occurring at
this interface and improve the elongation-to-break properties of the fabric.

5.3.5 Annealing and Melting Behavior of iPP Spunbonded Fabrics

As discussed in previous sections, the additon of the silica/silicone additive
influences the crystalline phase in both the PP fibers and in the bong points by reducing
the size of the crystalline entities. These morphological changes are expected to induce a
change in the melting and annealing behavior of these spunbonded fabrics compared to
those prepared from PP34.

DSC thermograms are presented in Figure 5.16 for the heating, at a rate of
20 °C/min, of iPP spunbonded fabrics prepared from PP34 and A60/40. The double
melting endotherm of the spunbonded fabrics prepared from PP34 was discussed
previously in Chapter 4. The addition of the silica/silicone additive to the blend of iPP
resins affects the melting behavior of the resulting spunbonded fabrics. Unlike the fabrics
prepared from PP34, the fabrics that were modified by the additive melt with a single
endotherm. As seen from Figure 5.16, the melting endotherm appears almost coincident
with the high temperature peak of the double melting endotherm prepared from PP34.
This change in melting behavior must reflect morphological changes (i.e., smaller crystal
sizes and higher nucleation density) that occurred within the iPP fibers and bond points.

In the previous chapter, the double melting endotherm of spunbonded fabrics
prepared from PP34 was investigated by monitoring the changes induced in the crystalline
phase of iPP by annealing weatments. In particular, a sudden change in the rate of:
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Figure 5.16 DSC thermograms for the heating, at a rate of 20 °C/min, of spunbonded
iPP fabrics prepared from (a) PP34 and (b) a 60%/40% blend of PP5/PP34 with the
silica/silicone additive.

increase of the long component of the spin-lartce relaxation time, Ty (1H), was noted at
a temperature coincident with the low temperature melting endotherm. This acceleration
in the rate of increase was shown to be due to a reorganization within the o-monoclinic
crystalline phase of iPP which produced crystals of higher order, i.e., due to the &} to 0
conversion. The effect of thermal anneal on the long component of Ty, (1H) was also
monitored for the A60/40 spunbondeq fabric which melts with a single endotherm. This
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spin-latdce relaxation tme is presented as an average of the individual Ty, ('H) values in
Figure 5.17 for samples that were annealed for O minutes. The long component of the
spin-lattice relaxatdon dmes of the spunbonded fabric prepared from PP34 is also
presented in Figure 5.17 for purposes of comparison. It should be noted that identical
behavior in the values of the short component of Tip (1H) as well as the percent of this
short component were observed for both of these spunbonded fabrics.

An increase in the long component of Ty, ('H) when annealed at progressively
higher temperature is noted for the A60/40 spunbonded fabrics. However, unlike the
spunbonded fabric prepared from PP34, a change is not observed in the rate of increase.
For this spunbonded fabric, a smooth increase in Ty, (*H) is observed over the
investigated temperature region. The lack of any abrupt change in Ty, (1H) values is
consistent with the observation of a single melting endotherm by DSC.

The relaxaton times at all anneal temperatures for the A60/40 spunbonded fabrics
are always longer than the ones for the fabrics prepared from only PP34. Thercfore, for
the crystalline phase of the fabric prepared with the silica/silicone additive, at all anneal
temperatures, the motions are more hindered than those of a fabric prepared from only
PP34. This suggests that its crystalline phase is more ordered compared to PP34 fabrics.

The values of the long component of the Ty, (1H) for the above samples prior to
any annealing treatment are listed in Table 5.5. Indeed, for both the as-spun fibers and
spunbonded fabrics, a consistently longer relaxation time is measured when the system
contains the silica/silicone additive. A longer relaxation time implies more hindered
motions in the crystalline phase, which suggests that on the average the crystalline phase is
more ordered. The Ty, (*H) values indicate a morphology that is more consistent with a
higher order a-monoclinic crystal form than with a quench-cooled phase.

The double endothermic transition of the spunbonded fabrics prepared from PP34

was found to be due to a restriction of the conversion from the &; to the & monoclinic
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Figure 5.17 The effect of a 0 minute sample anneat on the long component of the spin-
lartice relaxation time, Ty, (*H) of spunbonded iPP fabrics prepared from PP34 (Open
Circles) and a 60%/40% blend of PP5/PP34 with the silica/silicone additive (Filled
Circles).

crystal form during the heating of the sample. This restriction is thought to be due, in
part, to the orientation that is present in the iPP fibers. Conversion from the @, to the &,
monoclinic crystal form follows the softening and, thus, loss of orientation in the iPP
fibers. The spunbonded fabrics prepared from the blend of iPP resins with the
silica/silicone additive are also composed of fibers that have a definite orientation (Figure
5.12). However, the a-monoclinic crystalline phase of the A60/40 spunbonded fabrics
have been shown to be of higher order at all anneal temperatures until final melting. This
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order is consistent with a greater fracton of the o crystal form within the overall
crystalline morphology. A higher melting temperature is expected for this crystal form. In
addition, the amount of high temperature reorganization, i.e., at T 2 156 °C, should be
reduced. The combination of these two effects is consistent with the observadon of a
single mdﬁﬁg endotherm. However, it may be possible that at lower heating rates a

double melting endotherm would also be observed for this spunbonded fabric.

Table 5.5: The Long Component of the Proton Spin-Lattice Relaxation Times, Tip (1),
Obtained at Room Temperature, for iPP Spun Fibers and Spunbonded Fabrics.

Sample Description Relaxation Times (ms)

CH, CH CHy

Fabrics - PP34 29 29 27

Fabrics - 60%/40% blend with silica/silicone 34 34 33

Fibers - PP34 25 25 25

Fibers - 60%/40% blend with silica/silicone 31 30 30
5.4 Summary

In this chapter the effects of a silica/silicone additive on the tensile properties and
morphology of iPP fibers and spunbonded fabrics were evaluated. The additive consisted
of a poly(dimethylsiloxane) surface modified silica that was reduced in size to the sub-
micron range. The silica particles were dispersed in a silicone fluid which is composed of
a polydimethyisiloxane polymer onto which alkyl side-chains of varying molecular weight
(i.e., 2 to 11 methylene carbons) were randomly incorporated. The silica/silicone additive
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was dispersed in a 34 MFI resin as well as in blends of this polymer with a 5 MFI resin.
The effect of decreasing the MFI of the iPP resin, achieved through the blending
procedure, was also considered.

The effect of the silica/silicone additive on the quiescent crystallization kinetics of
iPP was investigated to establish a possible influence on the crystalline morphology of the
iPP fibers during their formation. It was shown that, under isothermal conditions, the
silica/silicone additive increases the overall rate of crystallization of iPP by acting as a
nucleating agent for iPP spherulites. The number of primary nuclei was found to increase
while the radial growth rate of individual spherulites was not affected by the silica/silicone
additdve. This nucleating ability also increased the onset temperature to crystallization,
obtained by DSC, under non-isothermal conditions.

The addition of the silica/silicone additive to the blend of iPP resins resulted in
increased tensile properties in both the PP fibers and spunbonded fabrics. At the highest
concentration of the low MFI resin in the blend, i.e., 60%, an increase of §2, 210 and 81
% in peak load, peak energy and elongation-to-break, respectively, was achieved in the
spunbonded fabrics compared to fabrics prepared from PP34. Similarly, in the iPP fibers,
an increase of 123, 77 and 221 % was achieved in the initial modulus, tensile strength and
elongation-to-break, respectively, relative to fibers prepared from PP34. In addition,
while the tensile deformation of the fibers prepared from PP34 indicates brittle fracture,
the fibers prepared from A60/40 are consistent with the stress-strain behavior of a good
clastomer. A yield point with no indication of necking was observed, at low strains, in the
tensile deformation of A60/40 fibers. This yield point is followed by a region of plasic
flow and strain induced crystallization.

The morphology of the iPP fibers and tond points was investigated by STEM.
Due to the nuclearing effect of the silica/silicone additive, a substantially smaller crystallite
size and higher nucleation density was found in both the fibers and bond points compared
to samples that were prepared with only PP34. In additon, through the measurement of
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NMR relaxadon dmes, it was found that the crystalline phase in the A60/40 fibers and
fabrics is more ordered than in samples prepared from only PP34. This change in the
crystalline morphology was also noted in the meltng behavior of the spunbonded fabrics.
Indeed, the A60/40 spunbonded fabrics were found to melt with a single melting
endotherm. This is in contrast to the behavior of PP34 spunbonded fabrics which melit
with a double melting endotherm as discussed previously in Chapter 4. The maximum
melting temperature of the A60/40 spunbonded fabrics correlates with the hgh
temperature peak of the PP34 fabrics.

The improved tensile properties of both the iPP fibers and spunbonded fabrics
were found to be due to a combinaton of the nucleating ability of the silica/silicone
additive and the lower MFI and broader MWD that wer= achieved in the iPP resin from
the blending of two resins with different MFI. The smaller crystal sizes in the fibers and
bond points induce¢ a more homogeneously distributed crystalline phase within the
amorphous phase. The combination of the smaller crystal sizes and the higher molecular
weight should be favorable for the development of a greater number and better
distribution of load-bearing "de"” molecules. This morphological change reflects in an
increase in tensile strength, modulus and elongation-to-break. It was also suggested that
the silica particles, due to the poly(dimethylsiloxane) surface modification, may be acting

as a reinforcing agent and coutributing to the improved properties.
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CHAPTER SIX

Contributions to Original Knowledge
and Suggestions for Future Work

6.1 Contributions to Original Knowledge

The research described in this thesis investigates three major topics: 1. The room
temperature morphology of quench-cooled iPP films as well as the mechanism of its
development from the glassy state; 2. The morphological changes that occur within the
purely crystalline phase of iPP during thermal annealing of quench-cooled iPP films and
" spunbonded fabrics, as observed by solid state NMR spectroscopy; and 3. The use of a
silica/silicone additive for the improvement of the tensile properties of iPP fibers and
spunbonded fabrics with.

6.1.1 Morphology of Quench-cooled iPP Films and its Development

The scanning transmittance electron microscopy (STEM) investigation of the room
temperature morphology of quench-cooled iPP films resulted in the first direct observation
of this morphology. Using the micro-micro electron diffraction techrique, the observed
crystalline phase was successfully identified and found to be coruposed of three phases: 1.
Microcrystalline regions that range in size between 100 and 200 A having the a-
monoclinic crystal form; 2. Regions of lower crystalline order that are also composed of 2
ronoclinic crystal form but whjch have a substantially longer b crystallographic axis
compared to the a-monoclinic crystal form of the microcrysulline region; 3..An
amorphous phase. o

The development of the room temperature morphology of quench-cooled iPP films
was investigated by a series of detailed DSC studies. This study was the first to report on



234

the development of crystallinity during the quench-cooling process and on re-headng to
room temperature. The DSC swdies indicate that during quench-cooling to the glassy
state iPP samples artain a low degree of arystalline order to an extent that is dependent on
sample mass. An amorphous glass is obtained in samples Jf low mass while a low degree
of crystallinity (i.e., up to 18 %) is observed in samples of higher mass. Furthermore,
upon heating from the glassy state, an exothermic transidon is observed fellowing the

glass wransition temperature. It corresponds te the formation of the room temperawre
morphology.

6.1.2 NMR Studies of Morphological Changes During Annealing

Previous investigations have used solid state NMR spectroscopy to characterize
the various polymorphs of iPP. This investigation is the first to employ this
characterization technique to monitor morphological changes that are occurring within the
crystalline phase of iPP during thermal annealing. Consequently, all observations that are
reported in this NMR investigation contribute to original knowledge. The characterization
of these morphological changes was performed through the use of a modified cross
polanization (CP) pulse sequence that allows the crystalline phase to be observed
exclusively. This modified CP pulse sequence incorporates a delay period with a reduced
spin locking field prior to cross polarization which allows the elimination Jf the
magnetization associated with the faster relaxing components of iPP This is not only the
first investigation that made use of such a pulss sequence but also the first to sm:wssmlly
separate the spectra of the crystailine and more mobile phases of iFP by a subtraction

The NMR spectra reported in this study are the first unambiguous identification of
a splitting partern (0.2 ppm) in the methine carbon resonance. In addition, a third peak
was identified in the methyl carbon resonance. NMR spectra of the purely crystaliine
phase of iPP indicate that, upon annealing, a redistribution of intensity is observed in all
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carbon resonances which produces doublets at the highest anneal temperature. The
redistribution of intensity, for the methylene and methine carbon resonances, involves an
increase in the intensity of the downfield peak with a concomitant decrease in intensity of
the upfield peak. In the methyl resonance, the redistribution of intensity occurs through an
increase in intensity of the midfield methyl peak with a concomitant decrease in intensity
of the upficld methyl peak. The downfield methyl resonance shows the behavior of an
intermediate environment which is formed during the initial stages of crystal
reorganizarion and disappears when the final crystalline state is artained. In addidon, 2
narrowing of the various NMR peaks was observed, consistent with a convergence to
more singularly defined positions within the crystal soucture. These changes in the NMR
spectra of iPP outline the morphological changes that are occurring in the crystal structure
of iPP.

This investgation permitted several conclusions in regard to the solid state NMR
spectrum of the a-phase of iPP. The development of the splitting patterns in the NMR
spectrum of iPP was found to characterize the conversion of the crystalline phase from the
disordered ¢¢; modification to the more ordered &, modification. In particular, the
midfield methyl peak was found to closely follow this conversion. This splitting pattern is
due to inequivalent packing geometries that form in the 0»-phase due to the association of
right- and left-handed helices that generate a bilayer with the same methyl orientation (i.e.,
up or down). This bilayer is characterized by a smaller interlayer separation and a higher
methyl packing density than is observed for the interlayer between helices of opposite
methyl orientation. This distance and density variation generates two different
environments at the interlayers yielding two peaks in the solid state NMR spectrum of the
ot form.

In the analysis of the double endothermic transiion that is observed for
spunbonded iPP fabﬁcs, an apparent transition temperature of 156 °C was identified by
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solid state NMR and DSC. The CP/MAS NMR spectra of the purely crystalline phase of
iPP indicated a rapid re-distribution of peak intensity and a decrease in the width of the
various peaks at temperatures above this apparent transitional temperature. These NMR
observations are consistent with a rapid conversion from the «; to the oy modificaton
which is occurring in the temperature region between 156 and 163 °C, i.e., the area
between the tw¢ peaks observed by DSC. In this temperature region, the meltng
endotherm is being modified by the exothermicity that is associated with this conversion.
The orientagon present in the iPP fibers is thought to restrict the reorganization in the

crystalline phase until a temperature that is associated with the softening of the fiber form.

6.1.3 Tensile Properties of Spunbonded Fabrics

The improvement of the tensile properties of iPP fibers and spunbonded fabrics
was achieved with a silica/silicone additive and by changing the iPP resin charactenistcs.
The consequence of the addition of this additive to iPP was investigated not only on the
morphology of the resultant fibers and bond points but also on the overall crystallization
kinetics of iPP. To the knowledge of the author, this is the first study that investigates the
effect of a surface modified silica on the iPP crystallization kinetics and on the tensile
properties and morphology of iPP fibers and spunbonded fabrics.

Under isothermal conditions, the silica/silicone additive influences the overall rate
of crystallization of iPP by acting as a mucleating agent for iPP spherulites. This
nucleating ability also increases the onset temperature to crystallization, obtained by DSC,
under non-isothermal conditions. Due to the nucleatng effect of the silica/silicone
additive, a substantially smaller crystailite size and higher nucleation density was found in
both the iPP fibers and bond points. In addition, the crystalline phase of these fibers and
fabrics is more ordered than in samples that do not contain the silica/silicone. This change
in the crystalline morphology affects the melting behavior of the spunbonded fabrics in that |
a single melting endotherm is observed by DSC.
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The addidon of the silica/silicone additve to the blend of PP resins results in
increased tensile properties in both the iPP fibers and spunbonded fabrics. At the highest
concentration of the low MFI resin in the blend, i.e., 60%, an increase of 82, 210 and 81
% in peak load, peak energy and clongation-to-break, respectively, was achieved in the
spunbonded fabrics compared to fabrics prepared from PP34. Similarly, in the iPP fibers,
an increase of 123, 77 and 221 % was achieved in the initial modulus, tensile srength and
elongaton-to-break, respectively, relatve to fibers prepared from PP34. The improved
tensile properties of both the iPP fibers and spunbonded fabrics are atributed to the
smaller crystal sizes that were achieved due to the nucleating ability of the silica/silicone
additive and to the lower MFI and broader MWD that were induced in the iPP resin from
the blending of two MFI resins. In addition, it was also suggested that the silica particles,
due to the poly(dimethylsiloxane) surface modification, may be acting as a reinforcing

agent and contributing to the improved propertizs.
6.2 Suggestions for Future Work

Although the experiments described in this thesis were designed to produce a
systematic study, this does not mean that the research is exhausted. Suggestions for some
_ further research follows:

(1) The room temperature morphology of quench-cooled iPP films has been
shown to be composed of microcrystalline region that range in size between 100 and 200
A. This should be confirmed by atomic force microscopy (AFM). The quench-cooled
films can be embedded in epoxy resin and cryo-microtomed as described in this thesis.
Using transmittance electron microscopy with the minimum dosage device, the thin
section of the film can be located on 2 copper grid and then imaged with AFM to confirm
the existence of the microcrystailine regions and possibly the intercrystalline region of

lower order.
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(2) In the investigation of the annealing and meldng behavior of quench-cooled
iPP films and spunbonded fabrics by solid state NMR spectroscopy, excellent correlations
were noted with observation made by DSC and WAXD analysis. An investigation should
be undertaken which duplicates this analysis with iPP resins of different molecular weights
and isotactcities. The iPP samples should be isothermally crystallized and their melting
behavior properly characterized. The correlation that will be achieved with the solid state
NMR analysis will contribute to the understanding of the relatdonship between the level of
order in the crystalline phase and the melting behavior of the sample. The effect of
isotacticity and molecular weight on this relatonship will also be realized.

(3) The effect of the silica/silicone additive on the overall crystallization kinedcs of
1PP and tensile properdes of iPP fibers and spunbonded fabrics was investigated. This
research should be continued to develop a better understanding of the role of each of the
components of the additive. iPP fibers and spunbonded fabrics that contain only silica and
only silicone should be prepared and their tensile properties and morphology evaluated to
ascertain the effect that each has on the overall performance of the fiber. In addition, the
effect of each of the components on the overall iPP crystallization kinetics should be
addressed.

(4) The concentration of the silica in the silicope fluid as well as thé silica/silicone
additive in the iPP was maintained constant in this investigation. These concentrations
should be varied and the effect on the tensile propertes of the fibers and fabrics as well as
on the overall iPP crystallization kinetics should be evaluated. ,

(5) The importance of the poly(dimethyisiloxane) surface mocification of the silica
should also be considered with respect to effects on the crystallization kinetics of iPP as
well as on the tensile properties of iPP fibers and spunbonded fabrics. A hydrophobic
silica whose surface silanol groups were replaced with only methyl groups would bc a
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good candidate. This surface modified silica is available from Cabot Corporadon (Cab-O-
Sil TS-610). '
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Appendix A

Program #1

This Fortran computer program was obtained from Dr. Brisse of the University of
Montreal. Through a least squares analysis, this program determines the unit cell
dimension of the iPP crystals by entering the measured reflection spacings (i.e., in
diffraction angles) and suggested Miller indices.

X=H, Y=K, Z=L, TT=THETA

NAXE =1 POUR MONOCLINIQUE (AXE-B UNIQUE)
NAXE =2 POUR MONOCLINIQUE (AXE-C UNIQUE)
ALPHAY = Longeur d'onde en angstrom de la rie K alpha moyen
AIPHA] = Longeur d'onde en angstrom de la raie K alpha 1
ALPHA? =Longeur d'onde en angstrom de la raie K alpha 2
BETA =Longeur d'onde en angstrom de la raie K beta

O0O0O0O0O0O0O0

DIMENSION TT(100),INDEXE(100},A(5,5),B(5)
DIMENSION SINT(100),SINC(100),DS(100),NOM(20),RADIA(S)

O

CHARACTER TITL*80
INTEGER IN,OUT,X(100),Y(100),Z(100)
REAL RAD

IN=5
OUT=6
RAD=0.01745329277

WRITE(OUT,6005)

WRITE(OUT.6010)

READ(IN,5005) TITL

WRITE(OUT,6015) TITL

READ(IN,5010) NAXE,ALPHAV,ALPHA1, ALPHA2,BETA
WRITE(OUT,6020) NAXE, ALPHAV, ALPHA 1, ALPHA2,BETA
WRITE(OUT,6025)

DO 51=1,5
BM=0.0
DO 3J=1,5
AQD=0.0
3 CONTINUE



5 CONTINUE
I=1
NREF=0
10 CONTINUE
READ(IN,S015,END=99) X(I),Y(T),Z(I),TT(I), INDEXE()
IND=INDEXE()+1

C

C

GOTO (25,26,28,29),IND

25 CONTINUE
WAV=ALPHAV
GOTO 30

26 CONTINUE
WAV=ALPHAIL
GOTO 30

28 CONTINUE
WAV=ALPHA2
GOTO 30

29 CONTINUE
WAV=BETA
GOTO 30

30 CONTINUE

SINT(D=(SIN(TT(D*RAD)*ALPHAL/WAV)**2
SNTT=(SIN2*TT([)*RADY*ALPHA1/WAV)**2
WRITE(OUT,6030) X(D),Y ([D,ZD,TT (@), INDEXEQ),SINT(T)

ALF=X()*X(D
BET=YD*Y(D)
GAM=Z()*Z()
DEL=SNTT*SNTT
XBT=X*Z()
XGM=X®*Y()
A(L,1)=A(1,1)+ALF*ALF
AQ1,2)=A(12)+ALF*BET
A(1,3)=A(1,3)}+ALF*GAM
A(1,5)=A(1,5)+ALF*DEL
A(2,2)=A(22)+BET*BET
A(2,3)=A(2,3)+BET*GAM
A(2,5)=A(2,5)+BET*DEL
AQ3.3)=A(3,3)+GAM*GAM
AQ3,5)=A(3,5)+GAM*DEL
A(5,5)=A(5,5)+DEL*DEL
B(1)=B(1)}+SINT(D)*ALF

' B(2)=B(Q)+SINT(*BET
B(3)=B(3)+SINT()*GAM



B(5)=B(5)+SINT(I)*DEL

IF(NAXE.EQ.1) THEN
A(1,3)=A(1, H)+ALF*XBT
AQH=AQH+BET*XBT
AGH=AG4)+GAM*XBT
A4 9)=A(#4)+XBT*XBT
A(4,5)=A#,5)+XBT*DEL
B(4)=B@)+SINT(I)*XBT

ELSE
A(1,4)=A(1,4)+ALF*XGM
A(2,4)=A2,4)+BET*XGM
AGH=A(3.4)+GAM*XGM
A@,4)=A(4,4)+XCGM*XGM
A4.5)=A(4,5+XGM*DEL
B(4)=B4)+SINT(D)*XGM

ENDIF

I=I+1

NREF=NREF+1

GOTO 10

99 CONTINUE

WRITE(OUT,6035) NREF
A(2,1)=A(1,2)
A(3,1)=A(1,3)
A(4,1)=A(1,49)
A(5,1=A(L,5)
AG,2)=A(2,3)
A@4,2)=A2,4)
A(4,3)=A(3,4)
AGS,2)=A2,5)
A(5,3)=A(3,5)
A(5,4)=A(4,5)

Mi=1
CALL MATINV(A.4,BM1 DETERM,ID)

IF(NAXE.EQ.1) THEN
COSB=-B(4)/(2.*SQRT(B(1)*B(3)))

ELSE
COSB=-B(4)/(2.*SQRT(B(1)*B(2)))

ENDIF

SNSQB=1.-COSB*COSB

SINB=SQRT(SNSQB)

IF(COSB.EQ.0.0) THEN



BETA=90.0
ELSE
BETA=ATAN(SINB/COSB)/RAD
[F(BETA.LT.0.0) THEN
BETA=180.0+BETA
ENDIF
ENDIF

IF(NAXE.EQ.1) THEN
Al=ALPHA1/(2.*SINB*SQRT(ABS(B(1))))
B1=ALPHA1/(2.*SQRT(ABS(B(2))))
Cl=ALPHA1/(2.*SINB*SQRT(ABS(B(3))))
WRITE(OUT,6040) A1,B1,C1,BETA

ELSE
Al=ALPHA1/(2.*SINB*SQRT(ABS(B(1))))
B1=ALPHA1/(2.*SINB*SQRT(ABS(B(2))))
C1=ALPHA1/(2.*SQRT(ABS(B(3))))
WRITE(OUT,6045) A1,B1,C1,BETA

ENDIF

WRITE(OUT,5050)
SDS=0.0
DO 70 I=1,NREF
IFNAXE.EQ.1) THEN
SINC(D=0.25*ALPHA 1*ALPHA I*(X(*X (D)/(A1*A1*SNSQB)+
& Y@*Y@)/B1*B1)+ZD*ZM/AC1*C1*SNSQB)-
& 2 *X(M*Z{)*COSB/(A1*C1*SNSQB))
ELSE
SINC(D)=0.25*ALPHA1*ALPHA 1*(X(D*X()/(A1*A1*SNSQB)+
& Y(D*YD/B1*B1*SNSQB)+ZD*ZM/(C1*C1)-
& 2.*X([D*Y(D)*COSB/(A1*B1*SNSQB))
ENDIF
DS(D=ABS(SINT()-SINC(I))
SDS=SDS+DS()
WRITE(OUT,6055) X(D), YD), Z(D),SINT(T),SINC(T),DS()
70 CONTINUE
R=SQRT(SDS/(NREF-1))
WRITE(OUT,6060) R
WRITE(OUT.6065)
STOP
C
5005 FORMAT(AS0)
5010 FORMAT(S5,4F10.6)
5015 FORMAT(3I5 F10.5,15)
C
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AS

6005 FORMAT(1X, PROGRAMME CR09_NEW, REF> S.RAYMOND, AVRIL 95'/)
6010 FORMAT(3X, AFFINEMENT D"UNE MAILLE MONOCLINIQUE",
& PAR MOINDRES CARRES'"//)
6015 FORMAT(3X,A80.,)
6020 FORMAT(3X, NAXE=15,, RADIATIONS="4F10.5//)
6025 FORMAT(7X, H'4X.K'4X, L' 6X. THETA' 4X, INDEXE',2X,
&'SIN SQ THETA")
6030 FORMAT(3X,315,2X.F10.3,2X,15,4X,F10.6./)
6035 FORMAT(3X,NOMBRE DE REFLECTIONS'15//)
6040 FORMAT(3X,'A="F10.62X, B="F10.6,2X,'C="F10.6,2X,
&BETA="F10.3,3X,'AXE-B UNIQUE"//)
6045 FORMAT(3X, A="F10.62X,B="F10.6,2X,'C="F10.6 2X,
&GAMMA="F10.3,3X,' AXE-C UNIQUE"//)
6050 FORMAT(7X, H',4X,K',4X, 1,1 1X,'SIN 2 T 11X,'SIN 2 T",10X,
&DIFFERENCE'/31X,/0BS',14X,/CAL"/)
6055 FORMAT(3X.315 ,8X,3(F10.6,8X))
6060 FORMAT(//,3X, FACTEUR D ACCORD'F10.4,//)
6065 FORMAT(1X, FIN DES CALCULS)
END
C
C
C
SUBROUTINE MATINV(A,N1,B.M1,DETERM.ID}
C
C MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR
EQUATIONS
C GENERAL FORM OF DIMENSION STATEMENT
C DIMENSION A( , ),B( , ),INDEX( ,3)
C
DIMENSION A( S, 5),B( 5, 1),INDEX( 5.3)
EQUIVALENCE (IROW,JROW),(ICOLUM,JCOLUM),(AMAX,T,SWAP)

INITIALIZATION

Q00

M=M1
N=N1
DETERM=1.0
DO 20 J=1,N
INDEX(J,3)=0
20 CONTINUE

DO 5501=1,N

SEARCH FOR PIVOT ELEMENT

OO0 0O



AMAX=0.0
DO 105 J=1,N
[F(INDEX(J,3)-1.NE.O) THEN
DO 100 K=1,N
[F(INDEX(K.3)-1) 80,100,735
80 IF(AMAX-ABS(A(J,K)).LT.0) THEN
IROW=]
ICOLUM=K
AMAX=ABS(A(J,K))
ENDIF
100 CONTINUE
ENDIF
105 CONTINUE
INDEX(ICOLUM,3)=INDEX(ICOLUM,3)+1
INDEX(I,1)=IROW
INDEX(,2)=ICOLUM

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

noon

IFAROW-ICOLUM.NE.O) THEN
DETERM=-DETERM
DO 200L=1,N
SWAP=A(IROW,L)
A(IROW,L)=A(ICOLUM,L)
A(CULUM,L)=SWAP
200 CONTINUE
IF(M.GT.0) THEN
DO 250L=1M
SWAP=B(IROW,L)
B(IROW,L)=BACOLUM,L)
BACOLUM,L)=SWAP
250 CONTINUE
ENDIF
ENDIF

C
C  DIVIDE PIVOT ROW BY PIVOT ELEMENT
C

FIVOT=A(COLUM,ICOLUM)
DETERM=DETERM*PIVOT
A(ICOLUM,ICOLUM)=1.0
DO 350 L=1,N
A(ICOLUM,L)=A(QCOLUM,L)/PIVOT
350 CONTINUE
[FM.GT.0) THEN
DO370L=1M
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B(ICOLUM,L)=B(ICOLUM.L)/PIVOT
370 CONTINUE

ENDIF

C

C REDUCE NON-PIVOT ROWS
DO 510 Li=1.N

IF(L1-ICOLUM.NE.Q) THEN
T=AL1,ICOLUM)
ALLICOLUM)=0.0
DO 450L=1N

ALLL=ALLL)-A(ICOLUM,L)*T
450 CONTINUE
IFM.GT.0) THEN
DO 500 L=1 M

B(@L1,L)=B@L1,L)-BUCOLUML)*T

500 CONTINUE
ENDIF
ENDIF
510 CONTINUE
550 CONTINUE
C
C INTERCHANGE COLUMNS
C
DO710I=1,N
L=N+1-I
IFONDEX(L,1)-INDEX(,2).NE.0) THEN

JROW=INDEX(L,1)

JCOLUM=INDEX(L,2)

DO 705 K=1,N
SWAP=A(K,JROW)
AKJROW)=AK,JCOLUM)
AKJCOLUM}=SWAP

705 CONTINUE
ENDIF
710 CONTINUE
DO 730 K=1,N
IFANDEX(K,3)-1.NE.0) THEN
D=2
GOTO 740
ENDIF
730 CONTINUE
735 D=1
740 RETURN
END
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Program #2
This Turbo Pascal computer program was written o Lst possible Miller indices for
a given d-spacing based on an assumed unit cell dimension.

uses crt,printer;

var
a,b,c,beta,d : real;
h.Xk,Li : integer;
decalc : real:
P : integer;
n,0,q.r,s :real;
redo : chan;

begin
clrser;
writeln ('Please enter Unit Cell dimension:”);
write a=";
readin (a);
write (' b=);
readln (b);
write ( c=";
readln (c);
write (‘beta angle=";
readin (beta);

repeat

writeln (Please specify d-spacing to be tested’);
write (' d=";
readin (d);
p=0;
clrscr; writeln (Ist);
writeln (‘a="a:4:2, b='0b:42,' c=',c:4:2,' beta="beta:5:2,  d-spacing: ',d:6:3).
wrteln (Ist'a= ',a:4:2' b="b:4:2; c¢='c:4:2, beta="beta:5:2, d-spacing:
',d:6:3);
writeln; writeln; writeln (LST); writeln (LST); writeln (LST); writeln (LST);
writeln (h k 1 (d-spacing) h k 1 (d-spacing) k k 1 (d-spacing)");
writeln (Ist,h k 1 (d-spacing) k k 1 (d-spacing) b k 1 (d-spacing));
writeln (Ist,’ %
writeln; writeln; writeln (Ist); writeln (Ist);
" for hi=0 10 16 do '

begin
for k=0'to 16 do
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begin
fori:=0 10 16 do
begin
if (h=0) and (k=0) and (i=0) then
I=1
else
l:=i;
‘n:=(h*h)/(a*a);
o:=(1*1)/(c*c);
q:=(2*h*1)/(a*c)*cos(beta*3.141592654/180);
r:=sin(beta*3.141592654/180)*sin{beta*3.141592654/180);
s:==(k*k)/(b*b);
dcale:=1/sqri(\(n+0-Q)/r)+s);
if (d>=dcalc-0.3) and (d<=dcalc+).3) then
begin
if (h+k) in [0,2,4,6,8,10,12,14,16,18,20,22 24] then
begin
p:=p+l;
if p=3 then
begin
p:=0;
writeln (h,. k,."],’ (decalc:5:3, T abs(dcalc-d):4:3,]) %
writeln (Isth,’." k,".\],’ (,deale:5:3,' abs(dcalc-d):4:3,") %
writeln; writeln (Ist);

write (h,"."k,.\1,’ (',dcale:5:3, ", abs(dcale-d):4:3,) "
write (Ist.h,." k. "1, (',dcale:5:3, ' ,abs(dcalc-d):4:3,]) %
end
end
end
end
end
end;
writeln; writeln; writeln;
write { These are all the possible indices’);
readln;
clrser;
write (Do you wish to enter another d-spacing (y/n): );
readln (redo);
clrser;
until redo="n";
end.e
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Program #3
This Turbo Pascal computer program was written to suggest a possible unit cell

dimension based on a given set of Miller indices and observed d-spacings.

uses cri,printer;

var
beta : real;
a : array [1..200] of real;
b : array [1..800] of real;
c : array [1..100] of real;
hk,l : array [1..6] of integer;
d : array [1..6] of real;
dcalc : array [1..6] of real;
diff : armay [1..6] of real;
new_sum : real;

min_sum, dealel_min,dcalc?_min.dcale3_min,dcalc4_min,
dealcS_min,dcalc6_min,diff1_min, diff2_min, diff3_min, diff4_min,

diffS_min, diff6_min,a_min,b_min,c_min : array [1..10] of real;
n,0,q,1,S : real;

ij.ef.gzy :integer;

print_ok : char;

begin
clrscr;
writeln ('Calculating...... Please wait!!!");
writeln; writeln;
for e:=1 t0 200 do
begin
if e=1 then
a[e] :=6.0
else
a[e] := a[e-1] + 0.01;
end;
for f:=1 10 400 do
begin
if f=1 then
b[f] :=19.5
else
b[f] :=b[f-1] +0.01;
~ end;
for g:=1 10 100 do
" besgin



if g=1 then
cl{g} :=6.45
else
c[g] :=c[g-1] + 0.01;
end;
beta:=9%.0;

h[1]:=1; k{1]:=1; 1[1]:=1 ; d[1]:=4.163;
hi21:=2; k[2]:=2; 1{2]:=2 ; d[2]):=2.080;
h13]:=0; k[3]:=4; 1[3]:=1 ; d[3]:=4.147;
h{4]:=0; k[4]:=8; 1{4]:=2 ; d[4]:=2.080;
h{5}:=1; k{5]):=3; 1[5):=2 ; d[5]:=2.522:
h[6):=1; k[6]:=5; 1[6]:=0 ; d[6):=3.707;
fori:=1to 10do
min_sum(i] := 10000;
fore :=110200do
begin
for f:=1t0 400 do
begin
for g :=1t0 100 do
begin
fori:=1to 6 do
begin
n:=(h{i]*hi])/(ale]*ale]);
o:=Q[i]*1i])/(c[g]*c[g]);
q:=(2*h(i]*1[i})/(a[e]*c[g])*cos{beta*3.141592654/180);
r:=sin(beta*3.141592654/180)*sin(beta*3.141592654/180);
si=(k[i]*k[i])/(b[3*bif]);
dealc[i]:==1/sqrt(({(n+o-qQ)/1)+s);
diff[i):=abs(dcalcfi]-di]);
end;
writeln (e, £’ '.g);
new_sum := diff] 1]1+diff] 2]+diff] 3] +diffT41+diff{ S]+Aiff] 63;
if ((e=1) and (f=1) and (g=1)) then
begin
for i:=1 to 10 do
min_sum(i] := new_sum;
end;
fori:=1to 10do
begin
ifi=1then
begin
if new_sum < min_sum(i] then
begin
y:=10;
repeat

All



min_sum[y]:=min_sum{y-1];
y:i=y-1
untl y=i;
min_sum(i] := new_sum;
dcalc1_min[i] := dcale[1];
dcalc2_min[i] := dcalc[2];
dcalc3_min[i] := dcalc[3];
dcalc4_min[i] := dcalc[4];
dcale5_min(i] := deale[5];
dcalc6_min{i] := dcalc[6];
diff1_minfi] := diff[1];
diff2_minf{i] := diff[2];
diff3_min(i] := diff[3]);
diff4_min{i] := diff[4];
diff5_minfi] = diff{5];
diff6_min[i] := diff[6];
a_min{i] := a[e]; b_min[i] := b{f]; c_min[i] :=c[g];
writeln (i, ',min_sum[i]:10:8);
end;
end
else
begin
if ((new_sum > min_sum(i-1]) and (new_sum < min_sum(i})) then
begin
y:=10;
repeat
min_sum({y]:=min_sum[y-1];
if i<10 then
y:=y-1
until y=i;
min_sum(i] := new_sum;
dealel_minfi] := dealcf11;
dcalc2_min[i] := dealcf2];
dcale3_min[i] ;= dealc{3];
dcalc4_min(i] := dcalc[4];
dcalcS_min{i] := dealc[5];
dcalc6_min[i] := dcalc[6];
diff1_min[i] := diff[1];
diff2_min(i] := diff{2);
diff3_min[i] := diff[3];
diff4_min(i] := diff{4];
diffS_min[i] = diff]5];
diff6_min(i} := diff[6];
a_minfi] := a[e]; b_minfi] = b{f}; c_min[i] :=c{g];
writeln (i, ',min_sumfi]:10:8);
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end:
end:
end:
end;
end:

end;
repeat
forz:=1t0 10do
begin

writeln (Ist, Unit Cell Dimension : ',z); writeln (Ist);

writeln (Ist,’ Index Obs. d-spacing Calc. d-spacing Difference’):

writeln (Ist,’ )

writeln (Ist,’ “h{1].k[1],1[1], 'd[1):7:4, 'dcalc]l_minf[z]:7:4, 'diffl_min[z]:9:7);

writeln (Ist,’ 'h[2].k[2],1[2]," 'd[2]:7:4, 'dcalc2_min[z]:7:4, 'diff2_min[z]:9:7);

writeln (=2, "h(3].k[31.1[3]},! 'd[3]:7:4, 'dcalc3_min[z]:7:4, 'diff3_min[2]:9:7);

writeln (Ist,’ 'h[4]k[4],1[4], 'd[4]:7:4, 'dcalc4d min[z]:7:4, 'diff4_min[2]:9:7);

writeln (Ist,’ *h[S).k[51,1[5], 'd[5):7:4, 'dcalc5_min[z]:7:4,' 'diff5_min[z]:9:7);

writeln (Ist,” °,h{6]1,k[6],}[6]), 'd[6]:7:4, 'dcalc6_min[z]:7:4, 'diff6_min[z]:9:7);

writeln (Ist); writeln (Ist);

writeln (Ist,'a = ',a_min[z]:6:3);

writeln (Ist,’b =',b_min[z]:6:3);

writeln (Ist,'c = ",¢c_min[z]:6:3);

writeln (Ist,'beta =',beta:4:1);

writeln (Ist);

writeln (Ist,'Sum of the differences =',min_sum(z]:10:8);

writeln (Ist); writeln (Ist); writeln(lst); writeln (Ist);
end;
clrscr;
write ('Ts this a good printout (y/n)? %;
readln (print_ok);
undl print_ok='y";
writeln (Ist); writeln (Ist); writeln(Ist); writeln (Ist);
end.
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Appendix B
Data for Figures
Chapter 2
Fig. 2.3
I LTP G I Exo. Mini
30 42.24 30 098.2
40 47.74 40 08.2
50 53.75 50 98.7
60 63.24 60 984
70 71.65 70 101.4
80 82.23 80 107.7
90 89.67
100 104.01
110 114.64
120 124.88
27.2 40.99
Fig. 2.5
_SampleWeight  ExcessEnergy ~ SampleWejght  AC
092 0.20 0.86 0.53
1.30 1.65 0.92 0.61
1.96 10.67 1.36 0.50
2.80 19.61 1.96 0.50
422 29.60 2.80 0.36
5.25 29.32 3.30 0.31
7.85 30.84 422 0.27
3.25 0.24
7.85 0.22
Chapter 3

Fig. 3.6

88880

3.45
3.50
4.07
5.13
8.8

0.35
0.75

48.57
47.66
46.51
41.96

0.007
0.018



AlS

100 11.21 2.06 37.52 0.055
115 12.22 4.99 33.35 0.149
130 10.11 10.37 30.21 0.343
140 7.95 14.61 28.09 0.520
150 3.58 24.22 23.66 1.024
155 2.28 27.42 21.55 1.272
157 222 27.70 21.54 1.286
Fig. 3.7
_Temperature _ Downfield ~ Midfield  Upfield
25 0.983 1.773
40 0.968 1.777
60 1.034 1.756
80 0.8398 1.597
S0 0.946 1.422
100 0.947 0.43% 1.240
115 0.910 0.467 1.069
130 0.783 0.453 0.914
140 0.721 0.469 0.836
150 0.519 0.391 0.551
155 0.516 0.346 0.451
157 0.518 0.328 0.436
Chapter 4
Fig. 4.8

120 156.78 163:10 156.76 164.36
130 157.60 163.47 157.40 164.55
140 157.13 164.22 157.07 164.18
150 157.69 163.85 159.49 163.43
152 158.79 163.85 161.41
154 159.32 163.85 162.81
156 161.19 164.40
157 162.37 165.83
158 163.00 166.13

161 171.92



Fig. 4.9
0 - e AH/6Omi
120 99.52 120 98.01
130 101.63 130 99.57
140 103.55 140 104.58
150 106.75 150 107.06
152 108.08 152 107.83
154 108.39 154 114.33
156 105.33 156 116.33
157 110.80 161 118.27
158 112.26
159 112.79
Fig. 4.11
For the 0 minute annealed samples
—Temperawre  Long Ty (M) Shon Ty ,(XH) %Short Component
120 38.70 7.13 19.83
130 40.32 6.01 17.65
140 45.64 6.16 17.73
142 48.48 6.73 18.28
145 50.42 7.32 20.54
148 54.34 7.29 18.89
151 57.23 7.43 19.80
150 56.85 6.34 18.74
152 60.30 6.92 18.95
154 63.63 8.22 19.76
153 62.01 7.55 19.16
155 65.26 7.71 20.29
156 68.31 9.59 21.53
157 73.73 8.87 22.48
158 76.32 9.80 23.53
159 79.38 10.17 25.97
159.5 80.12 9.84 25.32
161 80.98 11.47 28.29
163 78.51 12.20 28.95
165 73.43 12.28 29.78
Fig. 4.11 (Continued)
For the 60 minute annealed samples
Temperature ~ Long Tyo(IH)  Short T),(XH) %Short Component
120 41.70 6.38 18.31
125 44.95 6.85 19.23

Al6



130
132
135
138
140
145
148
150
151
152
153
154
155
156
157
158
159
161
163
165

Fig.4.14

120
130
140
150
152
154
156
158
159
159.5
161

Fig. 4.15

120
130
140
145
148
150

45.33
47.26
48.04
51.80
53.43
60.03
62.99
68.67
68.63
70.82
74.47
75.17
78.19
80.78
88.16
90.76
100.68
109.06
114.96
83.48

14.82
12.98
12.14
11.80
9.78
9.93
8.84
6.55
6.29
5.89
5.33

12.49
12.94
11.18
10.42
9.33
8.31

2.94
4.14
6.38
9.31
11.00
11.32
13.42
17.15
19.28
19.57
21.16

3.21
5.09
7.57
9.40
11.53
13.20

5.75
5.68
4.55
6.85
7.24
7.37
7.22
8.48
8.40
8.52
8.17
8.28
%.11
9.12
9.84
11.27
10.24
11.06
13.03
12.53

33.05
34.20
32.47
29.60
30.11
29.53
29.06
27.54
25.27
25.45
24.53

35.60
33.64
32.60
31.03
30.13
29.70

18.27
17.43
15.82
20.01
18.91
18.75
19.16
19.71
21.22
2092
20.48
20.94
21.41
23.26
2271
25.86
25.59
2773
30.00
34.65

0.089
0.121
0.196
0.315
0.365
0.3¢3
0.462
0.623
0.763
0.769
0.862

0.090

0.151

0.232
0.303
0.382
0.444
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152
154
156
157
159
161
163

Fig. 4.16a

Temperawre  Downfield  Midfield  Upfield

120
130
140
150
152
154
156
158
159
159.5
161

Fig. 4.16b

—JTemperature  Downfield ~ Midfield  Upfield

120
130
140
145
148
150
152
154
156
157
159
161
163

Fig.4.18

120
130

8.50
7.34
6.99
5.09
2.38
2.39
1.79

1.02
0.93
0.89
0.91
0.81
0.84
0.81
0.71
0.69
0.69
0.65

0.94
0.94
0.85
0.86
0.81
0.79
0.78
0.74
0.73
0.64
0.50
0.56
0.51

29.0
23.0

13.32
15.36
16.13
19.86
25.34
26.92
27.97

0.483
0.508
0.557
0.542
0.529
0.523
0.522
0.486
0.438
0.449
0.427

0.562
0.554
0.556
0.558
0.539
0.558
0.553
0.549
0.506
0.460
0.383
0.360
0.370

70.0
57.5

29.36
28.50
28.01
26.40
2342
2197
21.86

1.102
1.102
1.050
0.956
0.942
0.932
0.899
0.807
0.728
0.724
0.682

1.153
1.101
1.036
1.006
0.960
0.927
0.914
0.878
0.842
0.731
0.539
0.481
0478

- 470
450

0.454
0.539
0.576
0.752
1.082
1.225
1.279

AlB



Meline T O Meltine T Area/60m;

140 25.0
150 26.0
154 30.0
156 30.5
159 37.0
161 45.0
163 47.0
Fig. 4.21
157.69 9.31
158.79 11.00
159.32 11.32
161.19 13.42
163.00 17.15
165.70 19.28
Tig. 4.24
— Temperature  Size
140.00 21.00
141.00 21.00
142.00 21.00
143.00 21.00
144.00 21.00
145.00 21.00
146.00 21.00
147.00 21.00
148.00 21.00
149.00 21.00
150.00 20.90
151.00 20.70
152.00 20.50
153.00 20.25
154.00 20.00
155.00 19.70
156.00 19.40
157.00 19.00
158.00 18.00
159.00 17.00
160.00 14.00
160.17 13.00
160.33 210

638.7
68.0
77.0
82.0
102.0
120.0
131.0

157.07
159.49
161.41
162.81
164.40
165.83
171.92

46.0
42.0
46.0
18.0
60.0
69.3
720

1.57
13.20
13.32
15.36
16.13
19.86
26.92
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160.50 11.20

160.66 9.50
160.83 8.00
161.00 6.00
161.17 4.00
161.33 2.50
Chapter 5
Fig. 5.8
120°C 22 °
Log(1) Log!-Lal1-g(D1} Log(t) Log{-Ln[1-c]l}
-0.173 -1.315 -0.397 -2.176
0.222 -0.536 0.146 -1.087
0.426 -0.163 0.380 -0.631
0.564 0.097 0.531 -0.340
0.669 0.320 0.643 -0.122
0.753 0.508 0.732 0.053
0.824 0.678 0.806 0.204
0.884 0.811 0.869 0.336
0.938 0.892 0.924 0.454
0.973 0.565
124 °C 126 °C
Log(t) Log{-Lofl-c()]} Log(t) Log{-Lnll-a(tH]
0.0456 -1.722 0.008 -2.161
0.324 -1.173 0.305 -1.549
0.493 -0.831 0.480 -1210
0.614 -0.598 J.700 -0.756
0.708 -0.407 0.846 -0.464
0.786 -0.256 0.955 -0.245
0.852 -0.127 1.042 -0.062
0.909 -0.008 1.114 0.087
0.959 0.094 1.176 0.220
1.004 0.194 1.231 0.340
1.045 0.280 1279 0.445
1.083 0.365 1322 0.541
1.117 0.441

1.149 0.515



Temperature pPpP3a PPS AG0/30
120 0.375 0.388 0.640
121 0.305 0.322 0.498
122 0.238 0.245 0.402
123 0.200 0.209 0.335
124 0.151 0.171 0.278
126 0.099 0.108 0.164
Fig. 5.10
Rate Constant, K Growth Rage
Temp.. PP34 _ PPS A0/40 Temp, PPS PPS/Silica/Silicone
120 0102 0.116 0.235 120 0.802 0.799
121 0.08C¢ 0.086 0.135 122 0.599 0.584
122 0.042 0.047 0.084 124 0.443 0.414
123 0.040 0.033 0.055 128 0.171 0.201
124 0.016 0.024 0.036 132 0.075 0.082
126 0.008 0.008 0.012 136 0.033 0.035
Fig. 5.17
—Temperature  PP34 ~  Temperare — AGD/40
120 36.25 120 39.83
140 46.21 140 43.51
150 54.94 150 58.63
154 59.17 155 66.16
156 65.93 160 771.58
158 71.57 163 78.02
159 75.45 165 70.82
161 76.12
163 73.98
165 69.01





