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Abstract

The room temperature morphology of quench-cooled isotactic polypropylene

(iPP) films and its development were investigated by scanning transmittance electron

microscopy (STEM) and differential scanning calorimetry (OSC). STEM dark field

images revealed that within an amorphous malrix there exist microcrystalline regions, 160

A in size on the average, having the a-tllC:1oc1inic crystal fonn. Regions of lower

crystaIline orcier were also observed which have an a-monoc1inic~ form that bas a

substantially longer b crystallographic axis. DSC studies indica.te that during quench­

cooling 10 th~ glassy state iFI>samples attain a low degree of crystaIline order tO an extent

that depends on sa~le mass. Upon heating from the glassy state, ar. exothermic

transition is observed following the glass transition temperature which corresponds to the

formation of the room temperature morphology.

Cross polarizatioll/magic angle SJHD11Ï11g (CPIMAS) nuclear magnetic

resonance (NMR) spectroscOpy was used te monitor morphological changes in the purely

crystaIline phase of quencb-cooled. iPP films and spunbonded fabrics during anneaIing.

The specaa were obtained using a pulse sequence that incorporates a delay period with a

reduced spin locking field prior to cross polarization. Morphological changes OCCUIIing

within the pureiy aystalline phase of iPP were related ta observations made by DSC.

Upon annealing, the CPIMAS NMR spectrum of the pureiy crystaIline phase of both iPP

samples changed by a redistribution in the intensity of the various peaks within a given .

carbon resonance. This redistribution of intensity was found ta reflect the conversion
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from the al to the a: rnonoclinic cry~t:ù form~. It i~ ~hown that the double rnelting

endothenn observed by DSe for the spunbonded fabrics is due to the exothermicity which

is associated with this conversion. It is concentrated in the temperaru:e region between

156 and 163 oc.
The !ensile propenies of the spunbonded iP? fabries and fibers were enhanced

by the dispersion of a silicalsilicone additive and by changing the resin charaeteristics.

TIùs additive acts as a nucleating agent for iP? under isothermal crystaIlization conditions.

TIùs nucleating ability manifests itself in smaller crystal sizes and higher nucleation

densities in the iP? fibers and bond points. The improved !ensile propenies are attributed

tO the smaller crystal sizes wlùch fonn a more homogeneously dispeISed crystalline phase

in the amorphous phase as well as 10 increase me number of load-bearing tie molecules.
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Résumé

La motphologie à la température ambiante des films de polypropylène

isotaetique (iPP) trempé et leur développement ont été étudié par microscopie

électronique à balayage et aansmission (SlEM) ainsi que par calorimétrie différentielle à

balayage (OSC). Les images obtenues par SlEM à champ obscur indiquent que dans une

matrice ametphe, il existe des régions microcrystallines de 160 Â en moyenne ayant la

forme a-monoclinique. Des régions de etyStallinité inférieUI'e, possédant également une

forme monoclinique tI".ais où l'axe crystallographique b est plus long, ont aussi été

observées. L'étude de la calorimétrie dïiférentielle à balayage indique que l'iPP soumis à

un refroidissement rapide jusqu'à l'état vitreux aneint un bas degré de etyStallinité qui

dépend de lamasse de l'échantillon. En réchauffant l'échantillon à partir de l'état vitreux,

une transition exothermique est observée suivant la température de transition vitreuse, ce

qui cOl1e,;pond au développement de la morphologie de l'iPP à température ambiante.

La résonance magnétique nucléaire (RMN), par la technique de polarisation

croisée et rotation à angle magique (CPIMAS), a été utilisée dans le but d'observer les

changements morphologiques des films d'iPP trempés et des tissus à liaison de fibres dans

la région purement crystalline. Les spectres ont été obtenus en utilisant une séquence de

pulse où un délai au champ de découplage réduit est Ï!'JCOtporé avant la polarisation

croisée. Les changements morphologiques se produisant dans la région pmement

crystalline ont été reliés à des observaIions faites parOSe. En observant le spectre obtenu
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par CPIMAS R.\.D; pour les deux échantillons. il est possible de remarquer une

redistribution de l'intensité des signaux pour chaque résonance. Cette redistribution de

l'intensité indique la conversion de la phase monocliniqe (II à la phase (I~. Il est montré

que la dùuble tr:lnsition endothermique observée par DSC pour les tissus à liaison de

fibres e:.t due à l'exothermicité associée à cene conversion. L'exothermicité est pn:sente à

des températures variant entre 156 et 163 oC.

Les propriétés d'étirement des fibres d'iPP et des tissus à liaison de fibres ont

été améliorées par la dispersion d'un additif silice/silicone et en changeant les

caractéristiques de la résine. Cet additif agit comme agent de nucléation pour l'iPP sous

des conditions de cristallisation isothermalle. Cene habileté de nucléation se manifeste

dans l'obse!vation de plus petits cristaux et d'une plus haute densité de nucléats dans le

fibres d'iPP et dans les points de liaison. Ces propriétés accrues d'étirement sont attribuées

à la réduction de la dimension des cristaux, fonnant une phase aystalline de meilleure

homogénéité dans la phase amorphe, ainsi qu'à l'accroissement du nombre de points

d'anachements moléculaires.
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CHAPTERONE

Introduction

Crystalline polypropylene (PP) is a polymorphie thermoplastie that bas been the

source of innumerable investigations which, in the main, coneentrate on the many aspectS

of its structural organization in the solid state. While this enormous intetest in these

fundamen!al issues is based partly on the fact that PP is one of the simplest of the

nonlrivially steteOrCgu!ar polyme:rs, it results primarily from the commercial Vetsatility and

viability of PP. This Vetsatility arises from the fact that the structure and propertÏcs of PP

can be tailored to meet specifie requirements. PP can be modified during the

polymerization of the resin by the copolymetization with different co-monomers or by the

production of a syndiotactie homopolymer, during compounding by the manufacturing of

filled or teinforced resins, or in subsequent processing steps. This variety bas been

demonstrated in a three volume compilation that desctibes many aspects of the structure­

perfonnance relationships Ie1evant to polypropylene homopolymets, copolymets, blends

and composites.1

Many fundamental studies have been performed on PP in various areas of research

that ïnclude aystaIlizarion, Duc1eation, melting, :morphology, tranSformations between

aysta1line phases and supermolecular structures which have conlributed to the pxesent

State of knowledge in polymer science. Some of these investigations will be discussed Dot

only in this Inttoduction but also in other sections throughout this thesis. However,

before discussing tapics that pertain specifically ta PP, a gencral background OD

semictySta1line polymers is pxesenœd.
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1.1 Background on Semicrystalline Polymers

1.1.1 Requirements for CrystalIization

The development of crystallinity in polymers depends on the regularity of structure

along the polymer backbone, i.e., the C"nfiguration of the polymer chain as produced

during polymerization. A polymer will crysta1lize if its structure allows packing of its

chains in a parallel array. This requires nearly complete chemical and sœreochemical

regularity.

Chemical regularity is achieved during polymerization when the monomer units

anach themselves in an orderly head-to-tail fashion. Occasionally a head-to-head or tùl­

to-tail anachment will occur that presents a flaw in the ciuIin regularity. If in sufficient

quantity, these iIregularities cao jeopardize crystallization. Other chemical imperfections

arise from the production of branching or side chains in an otherwise linear polymer. In

the synthesis ofpolyethylene, for example, the introd'Iction ofparaffin 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 addition to chemical regularity, polymerie chains that have asymmetrical side

groups also require stereochemical regularity to crystam:ze Pendent groups cao be

arranged in different ways along the chain of the polymer, giving rise to three different

stereoisomers; namely, isotaetie (i.e., same side of the vinyl backbone when the chain is in

a planar zig-zag conformation), syndiotaetie (i.e., alternate sides) and ataetie (i.e., random

arrangement). Isotaetie and syndiotaetic polymers will crystallize provided the side chain

is not too bulky.

Complete chemical and slEœochemical regularity is an idealizo:j situation since

polymerie cIulins include various types of dïsorder. Therefore, for a large number of

reasons, polymelS are geneœlly not completely crystallizable and a conglomerate is
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obtained of crystalline and amorphous regions.3,4 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's, indicared 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 molecular weight of the polymerie ehains

and the small size of the crystalline entities, if was established that the chains passed in and

out of m:my crysta1Ii.res. These findings led to the fringed micelle mode! that was

proposed by Hemnann, et aI.Sand is illustrated schemalically in Figure 1.1.

This mode! suggests that the aystalline regions, 50 tO 500 A in size, consist of

polymer chains that are crystallographically aligned and are embedded in an amorphous

matrix. A single polymerie ehain can then extend through a aystalline region, out through

a more or less diffuse boundary to an amorphous network and possibly back: inro another

erystalline region. 11ùs 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 ac.eumulation of main is expected at the ends of the crystal. 11ùs

effectively limits the final crystal size. In addition. the observation of the spherulitie

morphology by Bunn and Alc0ck6 and Bryant7 could not be accounted for by the

traditional mode!

DepllItUIe froID the fringed micelle mode! came about in the mid 195O's with the

successful preparation of polyethylene single crystals by KeIler.8 Eectron diffraction'.

analysis of these 100 ta 140 A thick diamond-shaped crystab :ndicated that the polymer

chain axes in the crystal body were essentially perpendicular ta the f1at face of the crystal.

Since the polyethylene cbains were known ta he thousands of 3l'lgstloms long and the

thickness of the crystals were in the vicinity of 100 ta 140 A, KelIcS concluded that, in



•

•

Figure 1.1 Schematic representation ofthe fringed micelle modcl showing crysœ1line and

amorphous regions.

the aysta1s, the polymer chains had to !le folded back upon themselves and thus traVetSC

the lameDae many times. These observations were coDfiImed by Fischer9 and Till10 It is

of interest that the possibility of chain folding was first invoked in 1938 by Storksll who

suggested that the maaomolecules of gutta percha were Jolded back and forth upon

themselves. The zeport of Storks remained unnoticed for almost 20 yeatS, posstoly due to

the generai acceptance, at that time, of the fringed micelle model.
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The experimental evidence obtained from solution-grown crysrals supports the

concept of chain folding which is now universally accepted. However, conttoversy exists

about exaetly how the polymeric chains fold in the 1amellae. The first model that was

proposed is based on adjacent re-entry which was suggested by KeIler8 and Flscher.9 As

illustrated in FIgure 1.2a, the chains that exit from a crystal surface re-enter, or fold back,

inm the crystal at the next possible position in the growth plane by a haiIpin turn. This

leads tO the development ofa very smooth and ordered surface, with no amotphous phase.

However. it should be noted that although crystaIlizati.on is essentially complete, the

crystal must accommodate certain defects, such as a smal1 degree of ataeticity in the

molecular body or ends.12

At the other extreme is the model that was proposed by Flory13 in whicb 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 illustrated in FIgure l.2b. Increasing the number of these loops results

in a surface that resembles an oId telephone swilChboaId with its entangled and over­

lapping leads. For this zeason. this model bas been termed the "switehboaId" mode!.

Hybrid mode1s, illustrated in Figure l.2b. have been suggested previouslyl4.1S in whicb

adjacent re-entry pIedominates with the occurrence of non-adjacent re-entry and dangling

cbainends.

Many investigatOrS have used a variety of techniques in an attempt to conclusively

demoostrate the true nature of the formation of the fold surface in both single crystals and

in buIk aysœlli= samples. Seme of the techniques used in these investigations includcd

infrared !>pecIMCOpy,l6-19 carbon-13 NMR20-22 and smal1 angle neutron scanering.23-26

Infrared and carbon-13 NMR investigations of single crystals indicaœ
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a

b

•

Figure 1.2 (a) lliustration ofa regularly chain-folded aystal with adjacent re-entry. (b)

lliustration showing possible depanures from the suietly regular folding of adjacent re­

entry; namcly, ci1ia, non-adjacent=try loop and IOugh fold surfaces.

that the foId smface of the lamellae is more consistent with the OCCUI1'CDCC of adjacent re­

entry.27 However, sma1l angle neutron scattering investigations of deuterated and

protonated polyethylene single aystals suggest the OCCUI1'CDCC of bath adjacent and non­

adjacent re-entry where the latœr occurs after skipping one or twO nearest neighbor
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sires.2S In melt crystallized samples, the lame1Jae are found to be organized differently.

Expcriments by Sadler and Keller23-26 indieated that nearly random stem re-entry was

mOSllikely, i.e., similar to the SwilChboard model that was proposed by Flory.13 Adjacent

re-entry would occur but only infrequently.

1.1.3 Spberulitic Structure

Crystallization of polymers from dilute solution resu1ts in the fotIDation of iamellar­

shaped single crystaIs that, as discussed in the previous section, exhibit a folded chain

habit and are of the order of 100 to 200 Â thick. When polymers are crystallized from

more concentrated solutions, various branched mnltilayered structUres are obse:rved with a

tree-like morphology in which the overal1 shape of the single crystal is often retained (i.e.,

dendritic morphology). Finally, when a polymcr is crystallized from the moIten state or

bulk. in the absence of significant flow or stress, the dominant structure that is obse:rved is

the spheruIite (Figure l.3a).

SpheruIites, as the naIne suggestS, are sphere·shaped crystalline structures.

However, this spherical sy111I1ltttj is maintained oniy in the initial stages of crystallization

from the bulle due tO the impingement that occurs in the latter stages. In addition, when

spheruIites are grown from thin films, the thickness is usually substantially smallcr than the

diameter of the spherulite such that a cross-section along the diameter of the spherulite is

usually being studied. The si=ofthe spheruIites generally ranges from 0.5 to 100 IUD and

is known to decrease as the unde:n:ooling is inaeased. In addition. when vicwed on a

microscope with crossed polars, each spherulite exhibits an extinction cross, i.e., a

Malœse cross, with llIIXIS oriented parallel to the vibration directions of the analyzcr and

polarizerof the microscope.

As illustrated in Figure l.3b, spherulites are composed of mays of fibn1Jar

structural units that radiale 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) illustration of the spherulitic structure and the orientation of the chain

folded surface with respect tO the fibtil1ar habit. (c) Simplified representation of the

ctysta1line, interfacial and amorphous regions that constitute the fibril morphology of

spherulires.
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development proceeds by low-angle branching which generates a uniform space filling of

the spherulitic structure. These fibrils may also exhibit twisting during the development of

the spherulite.

Electron microscopy investigations of the spherulitic structure indicates that the

fibrillar structural units of the spherulites are composed of individual lamellar crystalline

plates of equal thiclcness.28 FUIther examination by x-ray29 and electron30 diffraction

indieates that the chain axis of polymer molecules is oriented tangentially to the radial

direction of the spherulite (Figure l.3b). This molecular axis is perpendicular tO the fiat

surface of me 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 staeIcs of elongated lamellae where the molecular chains are oriented at

right angles ID the long axis of the fibrils (Figure l.3b).

While the lamellar structure in spherulites is very similar to that of single crystals.

the folding of the chains is much more iIIegular, as discussed in the previous section. As

defined by Yoon,31 there are thrce regions of imponance wlùch constimte the fibrillar

morphology: the crystalline lameliar region wlùch is approximately 100 A thick, an

interfacial region about 5 ID 15 At1ùck and an amotphous region about 50 A t1ùck. These

thrce regions are illustrated in Figure l.3c. A nearby re-etlay model constrains the chain

within the interfacial layer during the iIIegular folding process. In between the lamellar

structures lies amotphous material. This region is composed primarily of less

slC1WIegular polymer chain, low molecular weight materi.al and/or impurities of various

kinds.27 The properties of Ibis region are very sirnilar ID those ofthe molIen state.

The individual lamel1ae in the fibrils that make up the spherulite are bonded

together by "tie" molecules w1ùch reside partly in more than one crystalline regioD. These

long, Ihread-like structures serve to tie the entire structure together by passing tbroUgh
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many crystalline regions and are thought 10 be important in the development of grealer

toughness in semicrystalline polymers.

1.1.4 Structure and Morpbology of Fibers

The crystallization 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 ta be formed under the influence of stress or flow.

The morphology of fibers that are produced from linear flexible-<:hain polymers is

segregated bta regions with cliff=t degrees of order.32 These semicrystalline fibers are

mostly viewed as IWO phase structures consisting of crystalline and non-crysta\line

regions. This is consistent with their widc angle X-tay scanering which shows discrete

reflections assigned to the crystalline material as weil as diffuse scattering that is due to a

non-aystalline phase. In addition, the physical structure of the fibers is 2lso characterized

by a certain degree ofchain exœnsion.33,34

The structure of the crystalline phase is also thought to be far from perfect. The

conformation of the chains as weil as their packing differs from that which is expected

when the specimen is crystallized under optimum conditions.35 In addition. in some fibers,

the structure is further complieated by polymorphism, where stable and metastable crystal

modifications may exist simultaneouSiy.36-38

The fine strUCtIlIe ofmost fibers is a complex combination of long<hain molecules

in crystalline and non-aystalline regions which may be aggregared inm fibrils or other

supennolecular structures.39 A polymeric chain in the non-aystalline phase may be

anchored in IWO different crystallitP.s thus forming a "tic" molecule. It may re-enœr the

same crystallite al an adjacent or non-adjacent position thus fottning a àJ.ain 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 structural fea= of the crystalline and non-crystalline

phases of a given tiller is difficulL The diversity of models in the literature., as reviewed by

Hearle,4O suggests the lack of precise knowledge about the tiller struetuIe.

Early modeJs41-43 of the struetuIe of the fibers resembled very c10sely the fringed

micellar model that is illustta~ in Figure 1.1. The struetuIe was viewed as a network of

crystalline regions in an amorphous matrix with the molecuIar axes of the polymerie chains

essentially aligned with the filler axis. Subsequently, various Jamellar models have becn

suggested that describe the filler struetuIe as altemating Iayers of crystalline and non­

crystal1ine marerial.40

The tiller struetuIe bas also been described in terms of a microfibrillar

morphology.44-49 The microfibrils, as described by Prevorsek, et al.,44 are composed of a

series of crystalline and intrafibrillar disotdered regions while the areas between these

microfibrils are noncrystalline and consist primarily of extended cbains Hearle and

Greene49 suggested a similar mode! but describe this fibrillar morphology as a modified

fringed micelle structure, containing pseudo-fibrils due to the staeking of micelles. FinaIly,

Dees and SpnrlellSO suggested that the morphology of fibers may be due to the formation

of row nucleation dming the development of the aysœlJine phase. I.amellar aystals are

nucleated by, and grown epiIaxially on, iibril nuclei that are generated from the

elongalÏonaI straining ofthe melt during processing.

1.2 Polymorphism in Isotactic Polypropylene
Isotaetic polypropylene (iPP) bas been the source of innumc:rable investigations

since the late 1950's, concenttating on the many aspects of ils organizarion in the solid

state. The polymorpbism in iPP bas been reviewed at the supermolecuIar level (i.e.,

spherulitic, etc.) by VargaS! while Brückner and co-workersS2 reviewed the many aspects
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of ilS crystal structures and morphologies. An overview of this diversity in morphology

will !le presented with panicular emphasis on the (X-monoclinic crystal structure since it is

the moS[ pertinent to the remainder of this thesïs.

1.2.1 Spherulitic Morphologies

Through the use of an optical microscope that is equipped with crossed polari=.

severa! types of spherulitic structures can !le distinguished in iPP. Depending on the

features of the fibrils, these spherulites can !le cither radial or banded and possess different

optical characteristics. Radial spherulites are obtained when the fibriIs I1Idiate straight

from the nucleus as illustratcd in Figure 1.3b. Banded spherulites, on the other band.

occur due to periodic twists in the longitudinal direction of the fibril which appear as dark

concenttic rings whose spacing cotlesponds te the pitch of the twist.

The optical characteristics of a spherulite are characterized by ilS birefringence

which is defined as the difference between the refraetive index, ân. that is observed in the

radial, nr • and in the tangentiaI, nt. directions of the spherulite.

ân=~-~ (1.1)

The structure of a spherulire, as discussed previously. is composed of molecular chains

that are folded inte fibrils. The chains in these :fibriIs are oriented essenlially perpendicular

to the longimdinal direction of the fibril or to the radius of the spherulite. Since the

refraetive index is higher in the chain direction than in the perpendicular direction, :fibriIs

have a negative birefringence.SI Therefore, polymer spherulites are expected to !le only

optically negative.

The different types of spherulites that are observed in iPP were :first reported by

Padden and KeithS3 in 1959 and were classifiee! as Types 1 to IV. These spherulites were

found not only tO differ in the crystal structure (i.e•• a-monoclinic or (>hexagonal) but

also in their optical characterislics and architecture (i.e•• radial or banded spherulites). In
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addition, the observation of each of these spherulitic morphologies was found to be

dependent on the cry5rnlli73tion tempetatUI'e.

The occurrence of three different types of spherulites that are composed of the

same tt-monoclinic modification but differ in their optical charactetistics was

demonstrated by Padden and Keith53 (i.e., Types 1, II and mixed). Positive and negative

radial tt-monoclinic spherulites were observed at crystallization temperatures below 134

and above 137 oc, tespeetively. In the intellnediate temperature range, a thiId type of

radial tt-monoclinic spherulites was observed and found to have a mixed birefringence,

i.e., the spherulite has no certain optical charaeter (Figure 1.3a).

In certain temperature regions twO types of ~hexagonalspherulites were found to

form sporadically among the cx-monoclinic modification (i.e., Types m and IV).53

Negative radial (Type III) and negative banded (Type IV) ~hexagonal spherulites are

observed at crystallization temperlUlIIe below 128 and between 128 and 132 oc,

respective1y. When viewed under the optical microscope, these spherulites appear highly

birefringent compared to the tt-monoclinic modification. The observations ofPadden and

Keith53 were supponed in subsequent investigationsS4,5S but other temperature ranges

were suggested for the formation ofthe various types of spherulites.

The optical charactcristics of the tt-monoclinic spherulites (i.e., positive and mixed

birefringence) appear to contradiet the negatÏve birefringence that is expected to be

produced in polyme:r spherulites. However, it was demonstrated by e1ectron

mia0sc0pyS4.56 that the fibrlls of.the tt-monoclinic spherulites are branched with angles

as large as BOO to the I3dius of the spherulitc. Therefore, the radial growth is accompanied

by a great number of tangential growth fomling a "cross-hatched" strueture.S4,56,S7 The

optical charactcristics of the spherulite are, thus, conlIOlled by the ratio of radial to

tangential fibriIs. This ratio increases as the crysœJ!j",,;on temperature is increased and
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this causes, at higher crystallization temper:uures, a transition from positive to negative

birefringence in the spherulite.54

1.2.2 Crystal Structures

The various crystal structures of iPP are based on the deveiopment, during

crystalli22tion, of two enantiomorphic chain confotmaoons, i.e., right- and \eft-handed

three-fold helices with a periodicity of 6.5 A.58,59 In addition, the right- and \eft-handed

helices are further distinguished, in an abso\ute reference frame, by the orientation of the

methyl groups. The covalent bc>nd that joins the methine and methyl carbon atoms will

have cither an "up" or a "down" orientation with respect to the chain axis.52 It should be

noted that the "up" and "down" orientations differ ooly by a 1800 rotation about an axis

perpendicular to the chain direction. Therefore, the combination of these possibilities

leads to four distinguishable chain confOtmations which pack in different geometries to

give cise tO the four well-known crystal forms of iPP; namely, the lX-monoclinic,59 the 1>

hexagonal,S9-62 the y-triclinicS9,60,63 and the quench-cooled (smectic) form.S9 The

quench-cooled morphology of iPP is discussed in Chapter 2. The I>hexagonal and y­

triclinic aystalline modification of iPP are not considered in this Introduction.

The structural characterization of the lX-monoclinic aystalline phase of iPP was

perfoxmed by Natta and co-workers in the years 1955 to 1960.58,59,64 Basee! on the x-ray

diffraction pattern of an orientee! iPP fiber, a tDOIloclinic unit cell was proposee! with

constants a = 6.65(5), b = 20.96, C = 6.50 A. and ~.3o.S9 The unit cell was found tO

contain four tbIee-fold helices for a total of 12 monomer units PeI' unit cell and a density

of0.936 g/cm3• According tO the analysis of Natta and co-workers,S9 the unit cell of this

modification contains both left- and right-handed helices that are arranged as depieted

graphically in Figme 1.4. In addition, systematic absences of all odd h+lc Ieflections
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Figure L4 illustraàon of the packing of the right-and left-handed helices, R and L,

respectively, in the a-monoclinic unit cell of iPP.

were noted which suggested a centeted etyStlÙ lattice. The ClIc space group was

suggested with the assumption that a random distribution of ·up" and "down" chains

OCCIIIS (i.e., with equal frequency) 50 that the average chain has no preferred direction.

Following the tepOtt of Natta and co-workers,S9 MenciJt6S observed 50me odd

h+k reflections in the x-ray diffraction pattern of cettain iPP samples and proposcd that

the a-monoclinic aystalline phase is consistent with P21/c symmetty. SimiIarly, Turner­

Jones, et aI.60 observed odd h+k reflections in unoriented and annealed iPP samples.

However, these reflections were not observed in oriented a-phase fibcrs. The authors

suggestcG that the space group of oriented and unoriented iPP samples in the a-phase

might be different. Mencik,66 in a subsequent investigation, attempted to describe the

etyStlÙ structure of the a-modification of iPP by assuming P21/c synnnetty. This space

group does not impose a random distribution in the .up. and "down" orientation of the

chains., as does the ClIc synnnetty, but it requires that bilayc:rs of an "up" orientation be
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followed by a "down" orientation (i.e.• the Rup-Lup-Rmi-Ldn sequence in Figure lA).

The odd h+k reflections were found to he substantially weaker than expected for a

perfect1y ordered nlfc symmetry and, therefore. Mencik66 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.67 The authors investigated two oriented fibers that were annealed for

2 hours at 140 and 171 oc, respectiveIy. The sample annealed at the Iower temperature

did not show any odd h+k reflections while these were present in the samp1e annealed at

the higher tetnperature. The intensities of the odd reflections were found tO he lower than

expected for nIfe symmetry and the authors, in agreement with Mencik,66 proposed

partial upfdown order. It was suggested that regions of ordered nIfe symmetry co­

existed with disordered regions of C}Je symmetry similar to "ordered islands floating in a

disordered sea."

Hikosaka and Seto67 also investigated the influence of annealing conditions on the

level of order in the crystalline phase of oriented and unorien1Cd iPP queneh-cooled

samples. It was found that the odd h+lc reflections, wlùch are associated with nIfe

sytnmetry, are absent in the samples annealed at lower temperature but are observed and

increase in intensity as the anneal temperature is IlIised. This behavior was found to begin

at Iower temperatures for unorien1Cd sampIes. A structural transition from a disordered

C}Je state to an ordered nlfe state was suggested. The a-phase for wlùch the odd h+k

reflections are exrlnet (ClIc) was designated al while the limiting Iùgher order form that

is <lssociared with P2l fe symmetry was named <X:z.

Comdini. et 01.68 suggested an alternative mode! 10 the one proposed by

Hikosaka and Se1O.67 A bilayer was defined as being composed of two ordered QC layes

of isoclined enantiOlDOIphic helices (i.e., both left- and right-banded bc1ices have the same

up/down orientation). In each bilayer, the belices are aIl isocJinrrl while the belices that



•

•

17

belong to IWO different bilayers may be isoclined or antielined. The bilayers of

enantiomorphie helices are illusttated in Figure 1.5. It was suggested that the disorder in

the upfdown orientation is limited to the b crystallographie direction, sinee it is the most

likely to show irregularities66 in the ideal nIfe sequence of upfdown ordering. When a

bilayer is juxtaposed to a bilayer of antielined helices (Figure 1.5), nIfe symmetty is

observed. Irregularities oceur when a bilayer is juxtaposed to a bilayer of isoclined helices

which is consistent with Cc symmetty. According to this mode!, the (Xl and CX2 crystal

forms are easily generaled as well as any intermediate beIWeen these IWO forms.

The analysis of Mencïk66 and Hikosaka and Seto67 c1early showed that the (X­

phase crystalline structure of iPP shows various levels of order in the "up" and "down"

positioning of chains. This behavior is diIectly related to the thermal and mechanical

history of the sample.

1.3 The Present Study
In this introductory chapter, the motphology that is observed in iPP samples under

controlled crystallization conditions bas been discussed in an effort to show the diversity

of iPP IDOtphology. Previous investigations that are pertinent to the =h of a

particular chapter are presented in the Introduction ofeach chapter.

This thesis is composed of five chapters: Olapter One is an introduetOIy chapter

on the IDO!phology of semicrystalline polymers. Olapter Two describes an investigation

of the room temperature IDO!phology of quench-cooled iPP films. In addition, the

development of this IDO!phology following the samp1e quench is also considered. 'Ibis

work bas been published in Polymer69 (Reprinted with permission !rom Butterworth­

Heinemann joumals, Elsevier Science Ltli, UK). O1apter ThIee describes a solid state

NMR investigation of the annealing behavior of.quench-coo1ed iPP films. In particular, a

new NMR pulse sequence is introduced that allows the exclusive observation of the
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Figure 1.5 mustratioo of the packing of the left- and rigbt-handed beJiees of iPP in

bilayers of isoc!iDed beJices. A given bllayer is followed by a bilayer of anticlined beljees

as in the P21fe space group•
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crystalline phase of iPP and it is used to monitor morphological changes within the

crystalline phase of iPP during thermal annealing. This srudy appeared as an "Invited

Paper" in a special issue of the Journal of Magnetic Resonance in O1emistry70 (Reprinted

with permission from John Wl1ey and Sons Ltd.). Chapter Four describes an investigation

of the melting behavior of spunbonded iPP fabries, with the same NMR characterization

method that was used for the work in Chapter Three. In panicular, the double me1ting

endotherm of spunbonded iPP fabries is investigated. Two manuscripts that describe this

work have been submined for publication in the Journal of Po1ymer Science, Po1ymer

Physies Edition. Chapter Pive describes the improvement of the tensile properties of

spunbonded iPP fabries by the dispersion of a surface modified silicalsilicone additive. In

addition, the melt f10w index and m01ecular weight distribution of the iPP resin is modified

by the blending of two iPP rcsins.

Finally, in Chapter Six, the Contributions to Original Knowledgc of this research

arc summarized and Suggestions for FutuIe Work arc outlinecI.
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CHAPTER TWO

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

2.1 Introduction
Since the initial disclosure by Nana1 that propylene could be polymerized to yicld

bigh molecular wcight, iso:actic semi-crystalline polymer.; there have been numerous

studies on :he structure, morphology, mechanical properties and their inter-telat:ionsbips.

Within this large body of literatuIe there is particular emphasis on the effects of thermal

bistOty and mechanical defonnations on the crystalline morphologies of polypropylene

(PP). The morphology of a partially ordeted phase that is attained as a re~;ult of quench

cooling an isotactic polypropylene (!PP) sample is the focus of this study.

2.1.1 Proposed Levels of Order Within the Quencbed Phase

As discussed previously, when crystaUjzeè cither from the melt or from solution,

iPP adopts a 31 helical confomwion. Depending on the crystalli'llllÏon conditions,2-8

these helices pack in different geometries giving rise to the tIuee weIl known polymorphs

ofiPP,9 namely the a-monoclinic, the J>hexagonaI. and the y-lriclinic crystal forrns, wbich

exist in conjunction with an amorphous phase. It was pointed out rnany yeaIS agoUH3

that a phase posscssing arder interwediare between the amorphous (atactic) and crysta1line

stateS can be obtained by quench cooling. Although the x-ray scattering curve for the

quench-cooled sampleis very similar to that for atactic polypropylene, the presence of a

second scattering maximum at 22.20 (i.e., 29) suggest5 the existence of a somewhat

grearer degree oforder. In1iaIed studies reponcd by Natta. et aI.IO revealed that, in this

quenched phase, for a large fraction of their length the individnal chains of iPP maintain
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the same 31 helical conformation that is present in all of the other three polymOtphs. In

addition. the wide angle x-zay diffraction (WAXD) pattern of a quench-eooled iPP sample

that was higlùy oriented indicated a well-defined identity period of 6.5 A. It was

concluded that the helices have a paralIel orientation and the packing perpendicular to

their axes is more disordered !han along the axes. Since the packing of the helices did not

appear to be completely random. Natta, et al. 10 referred to this partially ordered phase as

a "smectic" form. indicating a degree oforoer higher!han molecular parallelism found in a

nemarie liquid crystalline phase.

Following the initial description of the quench-eooled phase of iPP as being a

"smectic" modification. much work gave evidence that it possesses higher levels of oroer.

Miller.13 having confirmed the results of Natta, et al.,10 described the quench-eooled iPP

morphology as paracrystalline in the sense of Hosemann,14 i.e., having statistical

variations of the edges of the unit cell in both length and direction. Sorne years later,

Zannetti15 also described the quench-eooled morphology as paracrystalline. Wyckoff12

performed x-zay analysis on cold drawn quench-eooled samples and pointed out that in the

x-zay pattern of this oriented sample the peak belonging to the first layer line was much

sharper !han expected for an isolated three-fold helix. It was concluded that a certain

degree of COIIClation exists between the positions of adjacent be1ices suggesting, in

additiÔl1 to chain parallelism, short-range three-dimensional oroer of a limited~

Wyckoff did not elucidaœ the nature of the short-range oroer but indicated that it must

resemble, on a local scale, the arder existing in the cx-monoclinic phase.

After the ~hexagonal crystal form had been recogniml, Gailey and Ralston16

suggested that the partially ordered phase of iPP is composed of sman hexagonal crystals

that are 50-100 A in size. This ptoposal was based so1e1y on the observalion that the two

, diffraction maxima obtained for the quench-eooled phase coïncide with the two most

intensediffraction maxima of the hexagonal phase. Farrow17 agrecd with the concept of
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fine crystals but did not make reference to a hexagonal morphology. Electron microscopy

studies on the morphology of the quench-cooled phase, by Gezovich and Geil,18 revealed

"ball-like" stIUc~ures about 125 À in size and they suggested that these are defective

hexagonal crystals. On the other hand, Bodor, et al. 19 assum~;; the quenched phase te be

composed of sma11 crystals of the monoclinic form and suggested that the charaetetistic x­

ray scatteting pattern is due te crystal size line broadening. Final1y, McAllister, Carter and

Hinde20 proposed that the jlOlymer chains in the quenched phase are arranged in a square

symmeuyand estimated a crystal size of approximareJy 30 À.. This was disputed by

Guerra, et al.21 who 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 attempt a theoretical elucidation of the structure of the partially oroered phase

of iPP, Corradini, et al.Z2,23 compared. the expetimentally determined x-ray diffraction

intensities for this phase with ca1cu1ated Fourier transforms for various models of chain

aggregates packed in the <x-monOl'.!illic and I>hexagonal crystal forms as weil as for

disordered modeIs possessing character of both phases. The!ocal correlation between

ch:lins was found te more c10sely resemb1e the crystal structure of the <x-monoclinic

crystal form than the I>hexagonal, although 30y com:lation between chains appeared to be

lest at distances of the oroer of30-40 À..

Although the degree or type of oroer in the quenched phase of iPP bas not·been

fully determined, through lt-ray diffraction and electron microscopy studies Hsu, et al.24

have found that the "smectic" morphology cievelops as the quench-cooled sample is heated

between -20 and 0 oc. i.e., it results due to crystallization from the gIassy state. DSe

studies confitmed thatupon heating a quench-cooled sample of iPP crysW1ization occurs

in the same temperatuIe regiOD where the morphological changes were observed by
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electron microscopy. Infrared speCtra obtained by G1otin, et ai.,25 also present evidence

mat quench-cooled iP? crystallizes from me glassy state.

2.1.2 The Present Study

As can be deduced from the above discussion, the level of order that exists within

me quenched morphology of iP? is still in dispute. The goal of this work was to anempt a

fuller description of the level of order that exists within me morphology of the quenched

phase of iP? To this end. electron microscopy techniques that offer bigher resolution

!han have been used previously were employed to probe me local order, i.e., areas less

!han 100 Â2. A funher goal of this study was to investigate the development of order

(i.e., aystaIlinity) during and/or following the sample quench. Detai1ed DSC studies are

presented, wbich confiIm and yield a fuller description on the fonnation 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 f10w index.

= 34; Pm=O.93, as obtained by NMR). Its weight- and number-average molecular

weights, as obtained by gel permeation chrotnatography analysis, were 144 600 and 50

000, Ieferenced to nBIIOW molecular weight polypropylene standards in 1,2,4­

uiclùŒObenzene at 145 oc. Samples of the mesomorphic form were prepared by melting

the iPP sample between microscope slides at a œmperanu:e of 22S OC for 15 minutes

followed by quench cooling in a cold medium, namely a dry icelacetone slush (-78 OC) or a

pentane slush (-130 OC). An aluminum spacer of 14 J.LID between the microscope slides

controlled the sample thickness. The mesomorpbic phase was characterizcd by electron

microscopy, solid state nuclear magnetic resonance (NMR) spectrOscopy with cross

polarization/magic angle spinning (CPIMAS), and differential scanning calorimetty (DSC).
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2.2.1 Electron Microscopy

2.2.1.1 Dark Field Imaging

The previously quench-eooled iPP films were prepared for electron microscopy in

the following manner: The film was eut into a square, about 5 mm X 5 mm. and imbedded

in Spurr epoxy resin. The epoxy was cured at room temperamre for one week. after

which the sample was triITlJlll'Xl in preparation for microtoming using the FC4 Reichen­

Jung cxyo-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 cxyo specimen holder and observed with a JEOL lOOcx

scanning transmission electron microscope. During the observations the samples were

kept at liquid nitrogen temperature to minimj-n: electron beam damage.

To avoid damage to the enlÏre grid sample, the scanning electron beam was

controlled using the microscope electron optics to view only specific areas. The scan

generator reduced the incident beam ta a minimal spot size of 15 Abefore the specimen

plane, thus allowing the scan width and length on the grid to be controlled by the operator.

By using the beam stol? below the specimen plane, dark field images (n-beam) of selected

specimen areas were obtained using the electrons scattered by the microcrystalline areas.

High speed photographic film (400 ASA) was used ta record the images. In addition. a

beatn b1anlàng device, located in the condenser lens beam tilt circuiay. and a minimum

dose device (MOD) were used ta minimize electron beam damage. The blanking device

allows rapid tilting of the beam off and on the optical axis thus accomplishing very fast

exposIIIe limes. By use of the MDD the beam can be focused on an adjacent area after

which it is exposed on a selected new area which bas not yet been damaged. :In this study.

imaging was done near the copper grid bars sa that much of the electron beam heating was

conducted away froID the area of inœrest. Separate expetiIœnts using a thermocouple
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revealed heating to temperarures no higher than 50 OC in the time required to record the

clark-field image.

2.2.1.2 Micro Electron Diffraction

Micro electron diffraction patterns were aIso obtained using the JEOL l00cx

scanning transmission electron microscope, which made it possible to record diffraction

patterns of aystalli'le areas much smallc:r than could be viewed by conventional

transmission e1ectron microscopy (CTEM). Making use of the "spot" mode (15 Â) in

selected area scanning, mic:rodiffr"..ction patterns were obta:ned fI": selected areas of the

quench-cooled film. The condenser and intermediate lenses were controlled manually thus

al10wing for different camera lengths. To minimize sample beam damage and co-operative

molecular rearrangement due to the e1ectron bombardment, Kronex X-ray film was used

to record the diffraction patterns which decreased c"posure times to the order of 2

seconds. Microdiffraction patterns probing areas less than 100 Â2 were recorded as a tilt

series from 0 to 30°.

In the calculation of the unit cell dimension, the spacings of the various teflections

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 measuretnents were performed

under magnificalion using a 10X magnificalion eye piece. Three measuretnents were

performed per reflection and averaged.

Calibration of the microscope to obtain the camera length was performed using the

polyaystalline ring pattern of a gold standard. The inner-most ring of the gold diffraction

pattern, whicb is the sharpest and most intense. was used for this pmpose. This ring is the

111 teflection and is associated with a d-spacing of 2.3545 A. The camera length, L, was

obtained through the use ofthe following geometric relat:ionship:

L
r

tan(28)
(2.1)



•
30

where r is the radius of the ring measured from the x-ray film. in mm. and 8 is the

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

(2.2)or2d sin(8) =1.. 8=sin-1(~)
2d

where À. is the incident electron wavelength (i.e., 1..=0.0375 À at a voltage of 100 KV) and

dis the d-spacing, in À, of the measured ref1ection. Upon obtaining the camera length, the

measured radü of the iPP ref1ections can he converted to d-spacings by a simple

reorganization of eqn. (2.1) to obtain the diffraction angle followed by the use of Bragg's

•

Law (i.e., eqn. (22».

The derivation of the unit ce11 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 1east squares analysis, the program derives a unit ce11

dimension based on proposed Miller indices for each of the observed reflections. It should

he noted that this program requiIed the location of a given ref1ection to he entered as a

diffraction angle that is based on Cu Ka (i.e., 1..=1.54178 À) as the incident radiation.

Therefore, an measuIed d-spacings were converted to x-ray diffraction angles by use of

Bragg's Law and substimting the electron wavelength with that for Cu Ka.
The assignment of a Miller index to each of the observed ref1ections was aided by

!wo 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 ce11 dimension while

the second program proposed a unit ce11 dimension based on a set of observed d-spacings

with possible Miller indices. However, it should he noted that these !wo programs were

only applied ID obtain a listing ofpossible indices for each of the reflections. The final unit

ce11 dimension was obtained with the least squares deviation Fortran program obtained

from Dr. Brisse under the constraint that, for a set ofgiven d-spacings and Miller indices,
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a minimum deviation was observed between ealeulated and observed diffraction angles.

This deviation. ç. is reponed by the Fortran program, in terms of the following relation:

(2.3)

•

where N is the number of observed reflecrions.

2.2.2 Solid State NMR Experiments

CP/MAS 13C NMR speetra were recorded at room temperature with a

Chemagnetics CMX-300 speetrometer operating at a starie 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

(00) zirconia rotor. A contact rime of 1 ms was used in the cross po1arization, with a

pulse deIay of 3 seconds. A 62.5 kHz rf decoupling field was used with a decoupling

period of 200 ms. AIl speetra were referenced to tetramethylsilane (l'MS) in a spectral

window of 30 kHz by setting the methyl resonance of hexamethyl benzene to 17.40 ppm.

Prior to Fourier transformation, the Fm was zero-filled to 4K. Spin-lanice Ie1axation

rimes in a rotating frame, Tlp (1H), were measured for the methylene, methine and methyl

carbons by varying an interVa1, 't, prior to cross polarization. The Ie1axation rimes were

obtained by fitting the intensity data on a double exponential decay CllIVe using a

computer program (Peak.fit, obtained from Jandel Scientifie).

2.2.3 Differentiai Sc:anning Calorimetry

Thermal analysis was pexfOtmed with a Perlcin Elmer OSC-7C by heating ~

sample at 20 0CJmin from -60 ID 220 OC under a nitrogen flow. Calibration of the OSC for

temperature and enthalpy was accomplished by running nvo high purity standards, natneIy

indium and octadecane. AIl of the annealing experlments were pe:tformed by heating the

sample to the appropriate temperatUIe, at a rate of 20 OC/min, and maintaining this
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temperarure for the desired time. The sample was then cooled at 100 0CJmin (nominal) to

-45 OC and allowed to come to thermal equilibrium prior to thermal analysis.

To describe the crysta11ization process from the giassy state, the iPP sample in the

aluminum ose pan must be quench-eooled and maintained cold until thermal anaiysis.

This was accomplished by the following technique: The ose pan containing the iPP

sample was heated to 220 OC and maintained for 15 minutes. It was then ttansferred into a

Dewar flask containing a pentane (HPLe grade) slush, thus quench cooling the sample to

-130 oc. The sample pan was then transferred to a small flat-bottomed glass vessel

containing a small amount of pentane kept at -78 OC by immersing the glass vessel in a dry

ice/acetone slush. The vessel, which was maintained at -78 oc. was then attaehed to a

vacuum 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 nilIOgen, removed from the

vacuum line, and the clean ose pan was quickly transferred into a Dewar flask containing

fi:esh liquid nilIOgen. The sample were then transferred to the ose sample holder, that

was maintained at -60 OC by the Perkin-Elmer intraeooler aceessory, allowed to come to

thermal equilibrium and subsequently analyzed as described above.

2.3 Rp.stl1ts and Discussion

2.3.1 Differentiai Scanning Calorimetry

2.3.ll Quench~ledsamples maintained al room temperature

The ose thennogram for the heating of an iPP sample at a heating rate of 20

OC/min which bas been allowed to warm to room temperature after it was quench-eooled

in a dry icelacetone slush at -78 OC is shown in Figure 2.1. In addition to the large

endotherm between 120 and 165 oc. which corresponds to the melting of the developed

aystalline morphology, : '10 distinct regions charaeterize the thermal behavior of this

quench-eoo1ed phase. The first is a small endotherm, of area corresponding to 4.4 J/g, in
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Figure 2.1 Dse thermogram of an iPP sample quench-cooled in a dry ice/acelOne slush

at -78 OC and allowed to retum to room temperature. (The dashed line represents the

base1ine used in the separation ofendothermic and exothermic regions.)

•

the interval between 30 and 75 OC that is very similar to that observed previously by

Fichera and zannetti26 for quench-cooled iPP samples subjected to a low temperature

anneal. They asaibed it to the melting of small aystals formed during annealing.

Grebowicz, et al.27 confumed the existence of this endothermic transition in annealed

quench-cooled samples but demonsttated that it also occurs for a quench-cooled sample

that bas not been annealed. They also attributed it to the melting of small aystals fOImed
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during the quenching process. The nature of this endotherm will be discussed funher once

the morphology of this phase has been described.

As reported previously26-29, the low lemperature endotherm is followed by an

exoth=ic transition in the inteIV3l be!Ween 80 and 120 OC thal bas been attribuled 10 a

transition from a quenched phase morphology 10 the stable a-monoclinic crystalline phase.

This interpretation was based on x-ray evidence30 which showed a transformation from

!wo broad diffraction maxima, the characteristic diffraction pattern of the quench-eooled

phase., 10 the usual diffraction pattern of the crystalline a-monoclinic phase that becomes

evidenl for samples annealed at temperatuI'eS~ oc. The heat of conversion is -8.8 J/g

(-2.1 ca1Ig), or approximate1y 50% that reported by Fichera and Z2nnetti.26 It is similar,

bUl s1ighüy grealer !han that obtained by Grebowiez, et al.27 who reported a val\l~ 25­

33% !hat reported by Fichera and Z3nnetti. The disaepancy with the value of Grebowiez,

et al. may reflect different quenching techniques, which could result in differences in the

morphology. In the work of Fichera and Z2nnetti, the thermograms begin at 50 OC which,

as seen in Figure 2.1, is weil inlO the low temperature endotherm and consequenüy results

in a misplaced baseline. This exotherm will also be discussed further in light of new

electron miCIOSCOPY results as weil as DSe experiments presented below.

The DSe thermograms for various quench-eooled iPP samples which have been

annealed subsequenüy for 40 minutes at different temperatures are shown in Figure 2.2.

The low temperature endotherm (LTE) that begins near 40 OC for the unannealed quench­

cooled sample shifts to higher tempeIature with increasing anneal temperature, as shown

in Figure 2.3. Although previous studies26-27 reported !hat the onse! of titis endotherm

corresponds ta the anneal temperature, deviations from such a linear Idalionship are

observed at anneal temperatures below 60 OC and again at the higher temperatures, i.e.,
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Figure 2.2 DSe thermogram of iPP samples quench-cooled in a dry ice/acetone sIush

and subsequently anneaIed for 40 minutes at a) 120 b) 110 c) 90 d) 80 e) 70 f) 50 g)

30 oc. (The dashed line represents the baseIine used in the separation of endothermic and

exothermic regions.)

above 100 oc. For the quench-cooled sample which bas not been anneaied the onset

temperatme of the endothenn (indieared by the inverted open ttiangle in Figure 2.3)

0CC1lIS at 42 oc. In lœeping with the non-Iinear relationship represented in Figure 2.3, this

onset temperatme for the LTE COIlb-ponds ta 1\D anneal œmpexatuxe of 27 oc. Therefoxe,

the quencl1-cooled sample which was allowed ta retum to xoom temperatme bas a
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Figure 2.3 Effect of anneal temperatuIe on the onset of the low lemperatuIe endothenn

(L'lE) as weil as on the exothennic tmlSition. (The dashed line teflectS the relationship

TOooct=T_.)

aystaIlinemmphology which is consistent with that expected for a sample anlll:ll]ex! at

room temperalUIe. If this endotherm represents the me1ting of an impelfect aystaIIine

morphology, as suggested previously, such C1)'St8ls must develop al a lower tempetature

during the quenching process, as concluded by Hsu, etal.Z4

This endothenn Icii1àlm..:.approximately constant in area, varyilIg randomly between

3.6 to 5.2 J/g, for anneal temperatUIeS betweêI130and 80 oc. It is cljffiailt ta accuratcly
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delerrnine the Mi for sampIes annealed at temperatures above 100 oc. because the LTE

coaiesces into the onset of the main meIting endoth=. Fichera and Zllnnetti26 reported

an increase in the size of this Iow tempera= endotherm with increase in temperarure.

between 70 and 120 oc. as well as with anneal time. However, as described above, those

areas are in doubt because of the misp1aced baseline.

The exothertnic transition at about 100 OC can be discerned only for sampIes that

have received thermal trea\IIlen:s at 90 OC or Iower, as seen in Figure 2.2. The minimum

of this peak remains at 98 OC for anneal temperatureS :560 OC (Figure 2.3) and the

magnitude of its area remains constant at about -8.0 J/g. Higher anneal temperatures

result in a small shift to higher tempera= as well as a rapid decrease in its magnitude

until it disappears at anneal temperatures ~ 90 oc..

2.3.1.2 Quench-cooled samples maintained at low temperature

DSC thermogmns of "as-quenched" iPP samples, i.e., sampIes which have been

quench-coo1ed and maintained at 10w tempera= until anaiysîs, are shown in Figure 2.4.

In each case the baseHne represented by a dashed line, used in the separation of

exothermic and endothertnic regions, is an extension of the iJl!seHo<: obtained for the meIt

back: to the point where it inteICepts the thermogram at about -16 oc. i.e., at the end of the

glass trlII1SÏtion. Upon heating the samp1es exhibit a glass trlII1SÏtion at -19±1 OC followed

by an exothertnic peak, with an onset at about -14 oc. due to crystallization from the

glassy state. The thermogram rernains exothertnic up to 120 OC in keeping with the

OCCUIIeIIce of crystallization or reaystal1ization processes. Although Hsu, et aI.24 also

deœcted a crysœllization peak upon heating the quench-coo1ed ;pp samp1e, the exothermic

region of the thermogram between room temperature and 120 OC was not detected,

possib1y due to baseljne CUIVlltlIre !bat is evident in their thennogram.
•

The weight JlOm!lIljzed DSC thermogmns shown in Figure 2.4 for the IWO
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and b) 4.22 mg quench-coo\ed in a pentane sIush (-130 OC) and maintained cold until

thermal analysis. (The dashed line repieSents the bascline used in the separation of

enclothermic and exothermic regions.)

•

samples of iPP weighing 1.96 and 4.22 mg have jdentica\ glass transition, crysmlliZlltion,

and final melting temperatures as well as final heats of fusion. However. the samp1e of

\ower mass bas a Sl!bstantial\y \arger change in heu capacity at the glass transition as weil

as a latger heat ofcrystallizaIion as measured in the region between -15 and 120 oc.
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The degree of crystallinity that develops during quench cooling can be estimated

from the excess energy (defined as the difference between the heat of fusion in the region

between 120 and 170 OC and the heat of crystallization measured between about -15 and

120 OC) as weil as from the change in heat capacity at the glass transition using the

relationship

t:.c.:
w =1---"

< ~.

"
(2.4)

•

where t:.C" is the measured change in heat capacity at the glass transition, t:.C; is the

corresponding change in heat capacity of the pme amorphous glass (tlC; = 0.559 J/g"C)31

and Wc is the weight fraction crystallinity. The degrees of crystallinity derived by these

two methods as weil as some of the transition temperatures are given in Table 2.1 for iPP

samples ofweights 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 fonnation of about 18%

crystallinity during sample quenching, bascd on 165 J/g as the heat of fusion for a 100%

crystalline iPP sample.32 As the sample weight is red.uced the excess endothermic energy

decreases and approaches zero for sample weights <1 mg. Similarly, the tlC. for samples

of low mass approaches the accepted value for a 100% amotphous glass (represented by a

clash line in Figure2.S) but decreases with an increase in sample weight, in kceping with

higher crystallinity for the larger sample weights. These observations suggest that quench

cooling iPP samples of low mass at rates accessible to these expc:riments results in

essentially amotp,hons g1asses. while samples with higher weights develop seme

crystallinity. The total sample crysmUinity. as judged from the final melting peak, at 15S±

1 oc. is constant st 76±2 J/g. which conesponds to a sample crysllI1linity of 46±2 %. This

tot:ù developed crystallinity is consisrent with the tesults of Fichera and zannetti.26 who
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also reponed an ultimate heat of fusion of 75 J/g but slightly higher than a crystallinity of

38+')% reponed by Grebowicz. et al.2?

Table 2.1: Transition tempc:ratUreS and percent crysta11inity as obtained from c:xcess

endothermic energy and chalge in heat capacity from DSe thermograms for "as­

quenched" iPP samples ofvarious weights

Transition TemperatUreS (OC) % Ctystallinity

Weight Excess % t::.C. %

(mg) Tm Tc Til: Energy CrysL (J/gOC) CrySL

(J/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

4.22 157.5 -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 -7.5 -19.0 11 6.5 0.50 11

1.30 157.3 -8.4 -20.4 1.6 1.0 0.50 11

0.92 158.8 -7.2 -20.3 0.2 0.1 0.61 -

As developed above, samples of higher mass show significandy larger c:xcess

energies with a concomitant decrease in t::.C,. reflecting the dcvelopment of sorne

aystallinity in these samp1es during quench cooling. while those of low mass show

essenrially no excess energy and c:xhibit the t::.C, expected for a 100% aIDOlpho!1S sample.
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However, as seen in Table 2.1, the degree of crystallinity obtained from liCp fer samples

of higher mass is significantly larger!han that derived from the excess energy. ln face. 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!;,·;r mass, appreciable crystallinity is

developed and, as predieted by equation (2.1), this diminishes the measured âCp •

However, not a11 of the non-crysta1line portion experiences this low temperature glass

transition and as a result the degree ofcrystallinity is overestimated. Indeed, there is much

evidenee33-36 from thermal expansion, specifie heat, and mechanica1 loss data for two

glass-like transitions in bulle crystallized iPP. For iPP samples possessing very low

crysta1linity, the first or lower glass transition, Tg(L), was reported to lie between -20 and

-12 oc, while a second or upper glass transition, TgM, bas been reported to occur from

20 OC up to temperatures as high as 100 OC. It was suggested that the Tg(L) is associated

with amorphous material rejected by the crystallites as well as cilia while loose loops from

chain-folded crystals as well as tie molecules exhibit TgM. The IJIII'C:Ilistic crystallinities

inferred from âCp at Tg(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 simultaneously. A similar

observation was also made by Grebowicz et al,27 who reported that only 10-20% of the

amorphous content shows an identifiable Tg in the vicinity of the lower glass transition

region.

The second plausible explanation for the discrepancies observed in the estimated

crysta1linities obtained on quench cooling is based on the n'lture of the crysta11ine order

obtained when the sample is quench-cooled to the glassy state. Ifquench cooling resu1lS

in the formation of a state of poor crysta11ine order, the eventual melting of this
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morphology may require less energy than that for a perfect CL-monoclinic crystal (i.e., <

165 J/g). Such a situation would result in an underestimation of the crystalIinity on

quench cooling as measurecl from the excess energy. S1EM dark field and electron

diffraction results presented below reveal the existence of such a poor crystalline fraction.

2.3.2 Solid State NMR

The 13C CP/MAS NMR spectra and relaxation data presented in tIùs section are

incJuded to establish thai the quench-eooled 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-eooled phase of iPP that

bas 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•39 In annealed or

isothermaIIy crystallizecl iPP (i.e., at high temperature), the methylene and methyl

resonances show a double peak separated by about 1 ppm, as seen in Figure 2.6a for a

quench-eooled sample which was annealed at 161 OC for one hour. It bas been postulattd

that tIùs resooance splitting· is a coItsequence of inequivalent distances within the CL­

monoclinic unit cell whi~.h results from regular packing ofright and left handed helices. In

the case of the queoch-eooled iPP, neither the methyleoe oor the methyl resooance show

the type of spIitting that is observed for the CL-monocIinic crystalline phase. This sugge5tS

that the quench-eooled morphology either is oot comprised of the a-monocIinic crystal

form or it is composed of an a-moooclinic phase where the inequivalent distances within

the unit celll10 oot exist. The latter explanatioo requires tbat the inter-helical distances in

the unit cell be iarger than in the stable a-monoclinic crystal form l>O tbat inequivalent

local sites are oot observed.
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Figure 2.6 Solid state l3C CP/MAS specttum for a quench-cooled iPP sample which was

a) annea1edat 161 OC for one hourand b) allowed toretum loroom temperature.

The measured l3C spin-lattice relaxation limes in a rotating frame, Tlp (1H), of the

quench-cooled lDOIphology 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 componenL This is in keeping with previous repoits by Tanaka39



•

•

45

who araibuted the long component to the relaxations in the crystalline phase while the

shon component was assigned ,0 the amorphous regions. By comparison, the relaxation

rimes for an et.-monoclinic Ctystalline phase annealed at 161 OC for one hour consist of a

long component relaxation time of 126. 121, and 123 ms and a shen component of 19. 18,

18 ms. It is we11 known37.40 that T1p (IH) is dominated by iow frequency motions and

that the shorter relaxation rimes can be ascribed to the more mobile phase. The shorter

relaxation rimes measured for the quench-coo1ed phase indieate that it possesses higber

mobility, hence much 10wer crystallinity, tban the stable et.-monoclinic crystalline phase. It

is rather interesting that the short relaxation rimes of the annealed et.-monoclinic crysta1s

are rather similar to the long relaxation rimes for the quench-cooled samp1e.

The solid state NMR data for this phase, as we11 as its thermal behavior, are

consistent with previous reportS and indieate that the samp1es used in this study possess

the same morpho10gy as those studied previously b}' other authors. In addition, it bas

been shown that the metastah1e morpho10gy deve10ps on heating quench-coo1ed iPP to

room temperature, as evidenced by the exothetmic nature of the "as-quenched"

thermogram that results on further heating (Fig. 4). New infOlmation about the nature of

this morphology, obtained througb the use of e1cetron microscopy techniques offcring

higherresolution than used previously, will DOW he presented.

2.3.3 Electron Microscopy

2.3.3.1 STEM Dark Field lmagjDg

The STEM dark field image of n-beam reflcctions of the quench-cooled iPP

samp1e which bas been rcturned to room œmpcratUIe is shown in Figure 2.7. In this

micrograph thcre appeaIS to he threc distinctIy diffcrent phases. As indieated by the btigbt

white regions, a microaystalline phase consisting of aystalline entities that range in sizc

from 100 tO 200 A. with an average of approximately 160 A. is clcar1y cvident. Thesc·
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0.1 J..lrn

Figure 2.7 STEM dark field image of n-beam reflections of a quench-cooled iPP sample.

Magnitication: IOO,OOOX
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crystal sizcs were detennineè. through direct measurement on the negative as weil as by

the ScheITer method4t 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 wlùch is due to amorphous material between the bright

microctystals. 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 microctystals and suggests the existence of a poorly developed crystalline phase

(i.e., regions of a low levcl 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

tilted away from the Bragg angle. However, through micro electron diffraction, it will be

possible to ascertain whether these regions are indeed indicative of the presence of a third

phase witlùn the morphology of quench-cooled iPP. For the remainder of this chapter,

this region will be referred to as intcraySt3lline.

In previous transmission electrOn microscopy studies, Gezovich and Geil18

observed large spherulite-like structures, about 1 lJ.Il1 in diameter, in smface replicas of

thick quench-cooled films, wlùle noclular structures about 125 Ain diamCter were seen in

very tIùn quench-cooled films. The latter morpho!ogy was interpreted as being the

"smectic" structure and it was suggested that the nodules are dcfective hexagonal crystals.

Similar noclular structures 75-100 Ain size, were reported for the smectic morphology by

Hsu. et al.24 although they did not deteet the spherulitic structures. They suggested that

the main reason for the discrepancy with the previous study was the difference in the iPP.

To determiDe if these nodular structures are small etySta1s, daIk-field images were

attempted; however, the authors were unsuccessful in obtaining such images, which was

taken as a confirmation of the smaJl and imperfect namre of the quench-cooled

morphology. Using transminance electrOn microscopy, Gmbb and Yooa42 aJso observed

a noclular morphology, about 200 Ain diameter, in per.nanganate-etched surfaces of
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quench-cooled iPP films. 11üs nodular morphology was found to become belter defined.

with clearer limits and boundaries. when the samples were annealed at 60 OC. The

microcrystalline regions evident in Figure 2.7 are consistent in size with the nodular

structures that were observed previously in these investigations and identified as the

"smectic" morphology.

Although it is evident that the iPP queDch-cooled morphology is composed of

small crystals, it is still Dot known if these entities are small crystal~ of a hexagonal phase

as proposed by Gezovich and Geil18 or of a moDoclinic phase. Micro electroD diffraction

was performed on bath the microcrystalline and inte:rerystalline regions tO identify the type

and level oforder existing within these phases.

2.3.3.2 Micro Electron Diffraction

Typical micro elec:ron diffraction patterns probing areas less than 100 À2 in size..
are presented in Figure 2.8 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 ref1ections are

characterized by arcs rather than diffraction spots or rings indicating that the diffraction

area is composed of severa! 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 he observed. Therefore, from the diffraction patterns 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,varions ref1ections in each of the diffraction patterns were

measured and their coaesponcling d-spacings as well as diffraction angles are presented in

Table 2.2. To assess a possible crystallographic fonn for this phase, the d-spacings

coaesponding 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 microcrysmlline phase of quench­

cooled iPP at (a) 0°. (b) 10° and (c) 25° tilt angles.
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Table 2.2 Observee! spacings for the microcrystalline and intercrystalline reg.ons of

quench-eoolee! iPP as obtainee! through micro electton diffraction.

Microcrysta1l.ine Region Intererystalline Region

d-spacing Diffraction Diffraction d-spacing Diffraction Diffraction

CÀ) Angle, e Angle, e CÀ) Angle, e Angle, e
~.0375À) (1.;=1.5418 À) ~.0375À) (1.;=1.5418 À)

6.10 0.176 7.26 4.16 0.258 10.671

5.14 0.209 8.63 4.15 0.259 10.712

4.71 0.228 9.42 '>. 7" 0.290 12.004."... L

4.17 0.258 10.65 3.19 0.337 13.983

4.07 0.264 10.96 2.52 0.426 17.797

3.64 0.295 12.23 2.47 0.435 18.171

3.47 0.310 12.85 2.39 0.449 18.794

3.23 0.333 13.83 2.21 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 0517 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 thIee predominant morphologies of iPP; namely, the a-mot'ociinie, /3-hexagonal and "(­

triclinic aystal fonDs. The published hkO e1ectron diffraction patterns43•44 and the

availab1e x-ray spectra44-47 of the /3-hexagonal Cl)'Stlllline form are an chaIacterized by a

very intense reflection at a d-spacing of 6.36 Â. In addition, a very strOng reflection is
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observed at 5.50 Â. Neither of these reflections is observed in the diffraction pattern of

the microcrystalline region (Table 2.2) indicating that this phase is not cornposed of the 13­

hexagonal fonn. The y-fonn is chazacterized45 by five strong ,,-ray reflections at d­

spacings of 6.37, 5.29, 4.42, 4.19, and 4.05 À. Four of these five d-spacings are very

close to four of the five most intense reflections of iPP in the a-monoclinic form,48 i.e.,

6.24, 5.20, 4.76, 4.16, and 4.06 À. The reflection at a d-spacing of 4.76 Â in the a­

monoclinic crystalline fonn is completcly absent in the y-fonn and is replaced by the

reflection at 4.42 À. A comparison of the four d-spacings that are common to both of

these phases with the ones presented in Table 2.2 indieates a greater similarity between the

observed reflections and those ,Jf the a-monoclinic phase. In addition, a reflection with a

d-spacing of 4.71 A is also noted in Table 2.2 corroboratïng that the d-spacings are in

agreement with the a-monoclinic aystalline fnIm. Therefore, the diffraction patterns

obtained for the miCIlJCI)'Stllllie region appear tO be consistent with the a-monoclinic

crystal form.

Analysis of the electron diffraction patterns obtained for the microaystalline

region was based on the a-monoclinic crystal structure under the assumption that the iPP

helices are arranged with ClIc symmetry. TIùs assumplion is justified by severa!

investigations9 wbich indicated that fast growth of a-monoclinic iPP aystals (i.e., 1aIge

unden:oolings) lead to a crystalline phase with C2/c symmetry. -;'lith such 5ylIlillCtlj
~

systematic absences of severa! Ief1ections are noted. All refiection in wbich (h+k) are odd

are absenL In addition, the Oka and hOl refIections Iequire the non-zero index (i.e., h, k or

1) to be even. TriQè:ÙlSeI1ces were applied in indexing the weaker refiections to yield the

assignmeDts reported in Table 2.3. It should be noted that three refiections in this table

were assigned two c:liffeR:nt Miller indices TIùs 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 a, b, c, and 13 equal to 6.62, 20.69, 6.51 A. and 98.7° were
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obtaincd for this phase with an agreement factor. ç, of 0.0217 (c:qn. (2.3». These unit cell

constant'; are in very good agreement with previously reponcd values9.IIA9 for the ex­

monoclinic crystal fonn. Basai on 12 monomer units per unit cell. the density of this

phase corresponds to 0.95 g/cm3• which is also consistent with previously reponcd

values.42 Therefore. the bright spots that are observed in the STEM clark field image are

primarily due 10 smaI1lX-monoclinic cryslals that are between 100 and 200 Â in size.

Table 2.3 Observed and calculated diffraction angles Q..=1.54178 Â) as well as

corresponding Miller indices for the various reflections of the diffraction pattern obtained

for the microcrystal1ine region of quench-cooled iPP.

Miller Indices Diffraction 102 sin2 e 102 sin2 e 1()3 DiffeIence
(h,k,l) Angle (Observed) (Calculated)

1.1.0 7.26 1.594 1.524 0.70

0.4.0 8.63 2.246 2.218 0.28

1.3.0 9.42 2.676 2.633 0.43

1.1.1 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 4.851, 4.991 0.85,0.55

0.0.2 13.83 5.705 5.738 0.33

220 14.18 5.995 6.094 0.99

0.4.2 16.34 7.904 7.9S7 0.53

0.6.2 19.08 10.671 10.729 0.58

3.1.0, 1.9.0 20.83 12.624 12.603, 12.615 0.21,0.09

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 presen:ed typical micro electrOn diffraction patterns probing

areas less than 100 ÂZ in size for the intererystalline 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

diffra..-tion panems for the intererystalline region are composed of a regular array of

diffrdClion spots suggesting that each diffraction pattern is due to one or possibly two

crystals. The cliffraction patternS are composed of four high intensity refIections and as

many as twelve very weak refIections detected throughout the tilt series.

The positions of the various refIections in each of the cliffraction panems were

measured and their coxresponding d-spacings as weIl as cliffraction angles are also

presented in Table 2.2. The assessment of a possible crysrallographic fatm for this phase

is more difficult than for the microcrysralline phase since the most intense refIections

associated with each of the three polymorphs of iPP are not observed in the cliffraction

pa.'tem of this intereIyStalline region (l'able 2.2). However, amidst the more intense

refIecticns that are observed for the inteIayStalline region, the two refIections OCCUIring at

d-spacings cf 4.16 and 4.15 Â almost superimpose onto the cliffraction panem for the

microcrysralline region. In the cliffraction panem of the ~hexagonal phase, only one and

net two :ntense refIections are observed in the above region (i.e., at a d-spacing of4.20 Â)

suggesting that the intereIyStalline region is not consistent with this motphology. In the

cliffraction panems of both the IX and y-forms, twO intense reflections are noted in this

region which suggestS that the intereIyStalline region may he composed of either of these

foxms. The intensity ratio of the two refIections is reversed between the two

crysrallographic forms. The intensity ratio of the two refIections observed for the

intereIyStalline phase (i.e., 4.16 is less intense than 4.15 Â) is consistent with the intensity

ratio observed for the IX-monoclinic phase. In addition, the thermal analysis investigation

of the quench-cooled motphology, which was discnssed in the previens section, does not
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Figure 2.9 Micro electron diffraction patterns for the intercrysta1line phase of quench­

cooled iPP at (al 0°. (b) 10° :lnd (c) 20° tilt angles,
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give evidence of any melting endoth=s in the lemperature range belWeen 120 and 145 0

C. that would be expected for the existenoe of either the f3-hexagonal or y-triclinic crystal

fotmS. Therefore. the diffraction patterns for the intc:retystalline phase appear to be more

consistent with the (t-monoclinic crystal form and will be analyzed under this assumptiOI'_

In addition. the same assumptions that were III >plied to the interpretation of the diffraction

patternS of the miCI'OCIyStalline region (i.e., C2/c symIDetry) will be used in this analysis.

To index the various refIections of the intc:retystalline diffraction pattern, the most

intense refIections (i.e., larger d-spacings) were given the same index as for the

r:acrocrystalline phase. Using the third computer program that is listed in Appendix A, the

d-spacing of each of these refIections with their respective Miller incIioes were used to

obtain a starting unit oeil dimension. This unit oeil dimension, in conjunction with the

second program listed in Appendix A, was used to obtain snggested incIioes for aIl of the

other refIections. The least squares program was then used to obtain the finaI unit cell

dimension. The analysis indieated that this phase possesses the following unit oeil

dimension: a = 6.71, b =22.28, c=6.36 Aand ~ =99.1°. An agreement factor, 1;, belWeen

observed and ca1culated diffraction angles of 0.0160 (eqn. (23» was obtained for this

phase. The Miller index assignment for each refIection as weil as the observed and

l;aIculated diffraction angles are presented in Table 24.

These results indieate that the packing of the helioes in the b aystaI10graphic

direction is snbstantially larger !han for the microcrystalline region. However, aIl other

unit oeil constants remain essentially uncbanged. Based on 12 monomer units per unit ce1l,

a snbstantially lower density of0.89 gjcm3is ca1culated fur this phase. It should be noted

that the caIculated density of the intc:retystalline phase lies midway between the densities

of the crystalline and amorphous phases. Therefore, an appxupriate linear combination of

the density of the three phase nc,:ed in the quench-cooled iPP moxphology can easily yield

the observed bulk density of0.883gjcm3•2::
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• Table 2.4 Observed and calculated diffraction angles (À.=1.54178 À) as weil as

corresponding Miller indices for the various reflections of the diffraction pattern obtained

for the intereIystaIline region of quench-cooled iPP.

Miller Indices DiffIaction 1()2 sin1 e 1()2 sin1 e 1()3 Difference
(h,k,l) Angle (Observed) (Calcu1ated)

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 4.319 4.299 0.20

0.6.1 13.983 5.830 5.802 0.28

1.3.2 17.797 9.327 9.356 0.29

2.6.0 18.171 9.710 9.721 0.11

0.6.2 18.794 10.363 10.311 0.52

2.6.1 20.427 12.162 12.138 0.24

1.9.1 21.123 12.966 12.989 0.23

0.8.2 21.695 13.644 13.655 0.11

2.2.2 21.758 13.719 13.740 0.21

0.12.0 24.524 17.201 17.197 0.04

2.0.3 27.820 21.746 21.691 0.55

2.2.3 28.087 22.131 22.169 0.38

0.10.3 30.323 25.450 25.468 0.18

•

Thus, the quench-coo1ed iPP morphology is composed of cx-monoclinic

microaystals and the intelCIySllllline component embedded in an amorpbous matrix. The

typical diffraction patternS obtained by widc-angle x-ray scattering (WAXS) and by

conventional ttansmission e1ectron microscopy (CTEM) therefOie Ieflect a combination of

contributions from the tbree phases of the quench-cooled morpbo1ogy. Calculations by
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previous authors,16.20 based on the half-width of the mos! intense wide-angle x-ray

diffraction (WAXD) peak, indicaIed th::.! the "smectic" morphology contains ctystals

ranging in size betwccn 30 10 100 Â. This smdy shows. by direct measurement, :arger

ctystals having dimensions of the arder of 160 A. Since the ctySta1s are nOl as small as

reponed previously, il must be concluded that the sample possesses a great deal of

disorder which is causing further WAXD line broadening. The intetetystal1ine regions

which give rise 10 a different diffraction pattern with a substantially longer b

crystallographic axis can further broaden the WAXD reflections. A typical WAXD

pattem9 for the quench-cooled morphology is presented in Figure 2.10. Superïmposed

onlO this diffraction pattern are the observed reflections from bath the microcrysta11ine

(fulllines) and intetetystalline (dashed lines) phases. The intensity of each reflection was

evaluated by visual inspection. The intetetystalline region yields different d-spacings from

those of the microerystals primarily due to different unit ce11 constants in this region.

Convolution of the diffraction patterns from the intetetystalline and microcrystalline

regions as well as line broadening effects due to small crystal sizes can account for the

observed WAXD pattern. Annealing at~ greater than approximate1y 60 OC

perfects bath crystalline regions. Eventually a sufficient level of arder is attained 50 that

the line broadening effects are negligiole and a transformation from the quench-cooled

phase WAXD pattern to that of the a-monoclïnic crystal form is observed.

2.3.4 Re-evaluation ofObserved 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 arder during the quenching process. It is probably of the

type seen in the intc:n:Iystalline regions in Figure 2.9. This proposaI is in accord with the
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Figure 2.10 Typical WAXD panem9 for the quench-eooIed iPP morphology with a

sUpeIpOsition of the various ref1ections arising from the microcrystalline (solid lines) and

interCl)'Sta11ine (dashed lines) phases as obtained from micro elec:ron diffraction.

results of Ze::bi, et aI.50 who, on the basis of eviden,;e from infrared studies, reportcd the

presence in iPP me1ts of segments at least five repeat units in length having a helical

conformation. Such strueture would be "frozen in" with some adcljrional ordcring during

the quench-c:ooling of the samp1e, and would result in some low 1evel structure such as is

obsetved in the intc:rcrysta11ie xegiOl1S (Fig. 9). Heating the sample to room !eD1pe1'lItUI'e

is accompanied by aystallization from the glassy S1llte. This crystallization which teleases
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about 18 J/g hetween -15 and 25 oc. reflects the formation of additional tnicrocrystals

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 smalI crystals formed during

the quenching or subsequent annealing of the iPP sample, as proposed previously by

others. The thermogram of the as-quenched sample (Fig. 4) reveals that about 18 J/g of

crystallinity has developed as thetem~ of the sample is raised to room temperature,

ignoring any crystallinity that develops during quench-eooling. By comparison, the area of

the low temperarure endotherm in Figure 2.1 corresponds to 4.4 J/g. or :>nly 23% that

required to melt the microerystals. Therefore, the total heat of melting is insufficient to

account for the crystallinity wlùcb bas been developed. It seems more reasonable that the

low temperature endotherm refIects seme form of pre-melting tranSition that occurs prier

10 recrystallization. Sucb a transition may involve expansion in one or both dimensions of

the crystal lattice in a direction perpendicuIar to the molecuIar chain direction. Such an

expansion may he a requirement prior to sample recrystallization, wlùcb occurs at sligh:~y

Iùgher lemperarores and results in an increase in such factors as chain-fold length and

crystal perfection. It is of interest that tIùs tranSition is not detected in the thermogram of

the "as-quenched" sample.

The partially ordered phase ofiPP bas been shown to he composed of

microcrystalline as well as intera)'Sta1line regions possessing an a-monoclinic crystal

form. Consequently. the small exotherm observed in Figure 2.1 certainly does not

represent the transfonnalÎon from !l qucncb-eooled phase tnOIphology to the more stable

a-monoclinic crystal form. Rather. it must he regarded as peIfection of the existing a­

monoclinic crystal form lO Iùgher l(.ve1s ofarder.

In a Iùgh resolution selid state 1Je NMR study of iPP polymmphs, Gomez, et

al.•38 inferred the local chain pack:ing structure of the smectic form through comparisons
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with the speetra of the well known ex and f3 crystal forms. The ehemic:!l shifts. as well as

the spin-lanice relaxation rimes. for the smectic for:n were found to he similar to those of

the ~phase. TIùs similarity led to the suggestion that the paeking of :he helices in the

queneh-eooled phase, at least on a very local scaIe, is similar to the packing in the ~f=

In this smdy, it was shown that the queneh-cooled iPP morphology ineludes a small

portion of smaIl crystals of the ex-phase wlùeh possess the same unit cell dimensions as

usually reported in the literature. However. the NMR spectrum of the quenel:-cooled

phase does not show the expected eharacteristics of the well-<ieveloped ex-phase (Fig. 6).

It is Iikely that due to the presence of the inte:rerysta1line phase which possesses a

substantially longer b crystal10graplùe axis, the inequivalent distances are Ilot being

resolved in the NMR experiment. Substantially longer interl1elical distances in the

intercrysta1line phase would obscure the inequivalent distances wlùch are found in the

microcrystalline regions. Through annealing, and thus. perfection of both phases, it

becomes possible to resolve these smaIl differenees in interl1elical distances and the

resonances begin to show the expected splitting observed for an a-phase.

2.4 Summary

A detailed DSC and electrol1 microscopy investigation is presented in this ehapter

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 bas been demonstrated. that the IIlOIphology of a

previously quench-cooled iPP sample that bas been heated to room temperature is

composed of ÛlIee phases. (1) Microcrystalline regions that range in size between 100

and 200 Abaving the ex-monoclinic crystal form. (2) Regions of lower crystalline order

also composed of the a-monoclinic crystal form. The belical packing in tbis region was

found to he much less compact !han in the microcrystalline region as evidenced by a

significsmtly longer b crystallographic axis. (3) An amorphous phase.
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The bulk x-ray or electron diffraction patterns that are genera11y obtained for this

morphology are consistent with the occurrence of line broadening effects primarily due to

the sma11 nature of the crystalline phase (i.e., (X-monoclinic crystals approximatcly 160 Â

in size). However. additional broadening effects arise from the convolution of the

diffraction pattern of the microcrystalline region with that of the intererystalline regions.

Annealing samples with tIùs morphology at temperatures above room temperature perfects

the crystalline structure in the microCIystalline as we11 as in the intererystalline regions. 50

that the (X·monoclinic form is deteetable by conventional diffraction techniques due to

suppression of the line broadening effects.

The formation of regions of lower aystal1ine order of the type observed in the

intercrystalline regions of the room temperature annealed sample, occurs during the

quench cooling of the iPP sample. This is evidenced by the difference in Mi between the

exothermic and endothermic transitions as we11 as by the changes in /jCp observed in

Figure 2.5. Quench cooling of an iPP sample of low mass appears to yieJd an atnorphous

glass, whüe larger masses form a glass possessing a low degree of aystallinity (i.e., up to

18%). Raising the temperature of the quench-cooled iPP sample results in crystallization

from the glassy state, where the kinetics of crystallization are controlled by chain

transport. This aystallization results in the formation of the microaystals observed in the

S~-::Iarlcfield image. The resultant morphology is metastallle, as evidenced by the fully
--'

exothermic DSC thermogram in the region between ·15 and 120 oc, such that Illising the

temperature within tIùs region results in the generation of a new aystal1ine morphology

havi,," igher level oforder.
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CHAPTER THREE

13C CPIMAS NMR Studies of Morphological Changes
During Annealing of Quenched Isotactic Polypropylene

Films

3.1 Introduction

The development of muItinuclear Fourier ttanSform nuclear IIll.gnetic resonance

(NMR) spectrometers as well as line Il3IIOwing and sensitivity enhancement teChniques

has led to high resolution NMR approaches that make possible the study of polymer

morphology in the solid sute at the molecular level. It shouId. however, be noted that the

definition of ''high resolution" in reference tO the solid state must differ from that for the

hqlÙd state. ln NMR studies of liqlÙd samples, high resolution is attained when the

magnitude of the (J) spin-spin coupling constants are larger than the natura/line widths of

resonance lines. However, in the solid state these J couplings are obscurecl by the line

widths that are attainable with available solid state teChniques. Thus.. high n:solution in

the solid state must be defined as the ability to distingWsh resonances with reasonably

differeùt chemical shifts.

The techniques presently avai1able to obtain high reso1ution spectra in the solid

state were devcloped to CJI'CUII1Vent adverse line broadening effects. NMR spectra for

randomly oriented aystal1ine solids are genera11y broad and feature1ess as a resuIt of four

possible int=tions: dipo1ar coupling, chemical shift anisotropy, e1ectric field gradients in

nuclei with quadrupole moments, and scalar anisotropy. The e1ectric quadrupole

interaction is a manifestation of the fact !bat nuclei with spin ~ 1 possess an e1ectric charge

distribution that is not spheriœlly symmetric. Therefore, the nuclear spin bas an

orientation dcpendence with its local e1ectronic enviIonment 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 l'e

nucleus. which possesses a spin of ~. the quadrupo1& line broadening effect is not

considered funher. These solid state interactions as well as the line narrowing techniql:es

to obtain high resolution speetra in the solid state have been previously discussed by many

authors. 1-9 A brief overview is given below specifically centered around semicrystalline

polymers with particular emphasis on dilute nuclei. such as l3e.

3.1.1 Solid State Interactions and Line Narrowing Techniques

The interactions that broaden NMR lines in the solid state are also operative in

nonviscous liquids but due to the rapid. random., isotropie reorientational and translational

motions of molecules in liquids they are being averaged to zero or tO a single non-zero

value that is representative of the average interaction. As will become evident. the internaI

dipolar fields possess a spacial orientational dependence that. in the liquid state. molecular

motions are able to modulate efficiently sueh that any reference spin "sees" ooly the

average of the dipolar fields of its ncighbors. This phenomenon of "motional averaging" is

mueh less effective for polymers in the solid state for which the chain mobilities vary over

many oIders of magnitude in time. Therefore. averaging must he induced by artificial

means to minimi7C: the line broadening effectS and ID obtain high resolution spectra.

3.1.1.1 Dipolar eoupling

The dipolar interaction between nuclear spins is the dominant broadening

mecbanism in solid state NMR speetra (for spins I=~) of crystalline or glassy polymers.

The major source of line broadening in a natuIa1 abundance 13e specttum is the dipolar

interaction between C31'bons and protons which results in a single. broad. featureless \ine.

Carbon-13 atotns are sufficiently dilute to render the 13eYe dipolar interactions

negligible. For protons, the major portion of this dipolar interaction occurs among the

protons thetnselves.
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The: local magnetic fic:ld produced at a nucleus i. h;. by a magnetic nucleus j ",ith

an intemuclear s'""'-',."tion r .. is <riven bv 10-r-- Il'" •

3cosOa,,-l
h'-+II( )1--"" 3. r

'J

(3.1)

•

where Ilj is the dipole moment of nucleus j and aij is the angle of the vc:ctor rij relative to

the extemal magnetic fic:ld, Bo' The magnitude of the local magnetic fic:ld is seen to be

strongly dependent on the inœrnuclear separation and the angle between this separation

and the applied magnetic field but independent of the strength of the applied fic:ld.

Whether the local magnetic field augments or detraets from the external applied fic:ld.

indieated by the plus and minus sign in equation (3.1), depends on the orientation of the

dipole moment. Il.;. that is, the spin state of nucleus j. Therefore, dipolar coupling of a set

of magnetically isolated 13C-IH pair at a given angle tO the applied field results in a

splitting (i.e., a Palee doublet) of the 13C resonance ee;.uivalent to ±ml (= Il.h\) from the

resonance frequency, 0>0' that is obtained when the dipolar interaction is zero. Each

dipolar interaction in a solid sample produces such a characteristic splitting. However, in

an unorienteci crystilline or glassy polymer, a nucleus does not experience an isoiated

dipolar interaction. Neighboring nuclei at different inœrnuclear distarœs, rip and angular

relationships to the exœmal magnetic field yield many such interactions (and splittings) to

produce a so-caIled inhomogeneously broadened line which tends 10wards a Qanssian line

shape. Such a spectrum is termed inhomogeneousiy broadened due 10 the fact the various

parts of the broad line are composed of shaIp resonances arising independentiy from the

diffeR:nt nuclear separations and angles. Carbon-13 dipolar interactions with protons,

therefore, result in 13C NMR.line widths in organic solids of the 0Iderof 20 kHz.

3.L~ Dipolar Decoupling

To obtain high resolulÎon spectll:. in the solid state, it is necessary 10 IemOVe the

effects of these dipolar interactions. In principle, this cao Ile achieved by imparling a
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suitable average such as that observed in nonviscous liquids. As can be deduced from

c:quation (3.1). the local magnetic field produ;;ed al a given nucleus. h~. is due la the

prodUCl of a spacial with a spin tertn. Therefore. approprîate action on either of these

tenns can result in averaging the dipolar inleraction la zero. One possibility is ta reduce

the (3 cos~ e,j -1) t= la zero by physically spinning the sample al 54°44'. the tnaglc

angle. However. la remove prolan-prolan and prolOn-earbon dipolar interactions.

spinning speeds belWeen 10 10 50 kHz are rcquired (i.e.• the spinning speed musl exceed

the dipolar linewidth). Although the lower limit can be achieved. the upper limil is

imptaCtical. Therefore. magic angle spinning is of limited utility in the removal of such

strong interactions. The physical spinning of a sample aboul the magic angle will be

discussed funher below in connection with the removal of another broadening interaction

operative in the solid StalC.

The alternative approach operateS on the spin = and is panicularly effective in

the removal of the 13C_IH dipolar interaction. The n:chnique, which is analogous 10 the

decoupling of l3C_lH scalar spin-spin interactions (J coupling) in solution. involves high

power radiofIequency (If) irIadiation at the prolOn frequency and is teferred 10 as

"dipolar decoupling". Il Irradiation modulates the orientation of the proton spins with

respect 10 the main magnetic field, i.e., it forces the spins 10 change states. If the rate of

exchange is large compared to the frequency of the interaction, the effective field from the

prolOn !hat is seen by the 13C nucleus is averaged and the dipolar interaction is

decoupled.12 However, it should be noted !hat a decoupling field of 40 kHz or greater is

rcquired 10 remove the 10-40 kHz dipolar coupling which exists in the solid State.

Because of the heating !bat zesults from rf fields of this magnitude, they are generally not

left on continuously for more !han 200 ms.

3.1.1.3 Cbemical Sbift Anisotropy

The IeSOnanCC frequency of a panicular nucleus is not only dependent on the type

of nucleus but also on its magnelic environment. The chemical shift is produced by the
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eleetrons that shield the nucleus from the applied magnetie field. ln general. the electron

distribution "'ill have a definite direetional eharaeter (i.e.• the distribution ",ill not be

spherical or cubical) whieh will infer a directional dependenee on the ehemical shift ln

solution. the directional dependenee is averaged due to the random isotropie motions of

molecules to yield single-valued ehemical shifts from anisotropie shieldings. Due tO the

laek of motional freedom in the solid State. the nucleus experienœs differcnt levels of

shielding in different directions with respect to the external magnetie field and hence has a

different chemical shift in different directions. Therefore. a 13C nucleus oriented at a given

angle to the external field will give a sharp signal at a specifie ehemical shift whieh is

eharaetetistic of that particular orientation. ln an unoriented ctySt3lline or glassy polymer.

all orientations with respect to the external field are possible. Therefore. the NMR

spectrum of such a matetial will consist of a superposition of sharp lines encompassing the

frequency range between the maximum and minimum values of the shie1ding. Such a

spectrum is a result of the line broadening mechanism known as chemical shift anisotropy

(CSA) and is referted to as the CSA powder pattern. The isotropie 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 dcscribed13 by three ptÏnciple values

of the chemical shift tensor (G
II

,G
22

,G
33

) which contain infonnation about the asyannetrj

of the electronic distribution around a given nucleus. Many different types of powder

pattern line shapes have been observed although the most general shape can be dcscribed3

as "œntlike" where G
II

and G
33

define the extremes of the tent while G
22

defines the apex

of the tent that is generally located off center. Therefore. a typical solid with a variety of

different carbons will yield a 13C spectrum that is the sum of different CSA patterns having

somewhat different line shapes and isotropic centers. Over1apping CSA patternS desttoy

the resolution which was hoped to be gained from dipolar decoupling. Therefore. tO



•

•

iD

perfonn high resolution :"."MR spectroscopy in the solid SLîte. a technique is required that

rcduces this anisotropy to the isotropic chemical shift observed in solution.

3.1.l.4 Magie Angle Spinning

The directional dependence of the chemical shift in solid state ~1v1R. which arises

from restrictions placed on molecular motion. must be appropriaœly averaged to remove

this line-broadening effect. The required averaging cao be induced by operating on ilS

spatial dependence by utilizing the magie angle spinning (MAS) technique (introduced in

connection with the dipolar interaction) independently introduced by Lowel4 and Andrew,

el a/. IS

The magie angle spinning technique involves physically spinning the sample :u an

angle of 540 44' to the exremal magnetie field with a rotation rate that is fast compareei

with the CSA_ Under these conditions, the spacial dependence (i.e.• (3 cos2 9 jj -1) is

averaged to zero. Therefore, overlapping CSA patterns reduce to their isotropie 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 compareei to the anisotropy. i.e.• to the frequency

range eneompassed by the powder pattern since otherwise peaks known as spinning side

bands will appear in the spectrum. For 13C NMR of sollils at typical magnetie fieldS,

rotation rates between 1 and 6 kHz are required to reduce the CSA pattern to its isotropie

value. Since the nuelear shielding is field-dependent, the width of the CSA pattern

increases with the starie 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 specd on both sides of the isotropie chemical shift. The number,

intensity and position of the side bands is Strongly dependent on the CSA and the spinning
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It shoulj be noted that. in principle. MAS removes any solid stat:: interaction that

possesses a (3 cos: 6'J -!) dependence. As mentioned previously. strong interactions

such as tH-tH dipolar coupling are not efficiently eliminated due to the imprnetical

spinning speeds (i.e.• 10 to 50 kHz) th"t must be achieved. However. weaker interactions

such as eSA. narural abundance 13eY e dipolar coupling and long-range l3e ·I H

interactions are totally eliminated by MAS.

3.1.2 Signal Generation and Sensitivity Enhancement

Although Iùgh power dipolar decoupling and MAS reduce NMR line widths to

acceptable levels. Iùgh resclution J3e NMR of solid polymers still suffers from the

problem of low sensitivity. This is due to the small magnetic moment of the J3e nucleus

that is, in addition, dilute in the system (LI% narural abundance). The magnetic moment

of the 13e spin is about 1/4 as large as the proton moment, wlùch resuIlS in a net

magnetization that is 1/4 that of the protons in the same staric field for an equaI number of

nuclei. Furthermore, the time requiIed for the carbon spin system to recover from the

perturbation necessary to make the measurement can be 10 to 100 times longer than for

the proton spin system in the same molecule. This resuIlS in substantially longer rimes

between acquisitions. This sensitivity problem has been overcome through the use of a

technique known as cross po1arization (CP) wlùch invo1ves an enhancement of the

magnetization of the rare spins (e.g., t3C) by transfer from the abundant spins (e.g., IH).

This CP experiment was introduced by Hartmann and Hahn16 in 1962, and was fust

applied to the 13e nucleus by Pines and co-workers17-19 some twenty years ago. To

properly introduce the cross polarization technique, it is l1ecessary to fust discuss the

concept of an isolated spin system and ilS spin temperatun:. In addition, a brief discussion

on spin Ieiaxation times is warranted. This discussion will consider a mo1ecule possessing

ooly IH and 13e nuclei.
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3.1.2.1 Spin Temperature

In ","MR speC!I"oscopy, it is useful to view an experimental sample as consisting of

two parts. i.e., the spin sYStem and the lattice. The spin system is the ensemble of nuclear

magnets (i.e., tH, DC) that was discussed in the previous section in connection with

various line broadening mechanisms. The Iattice consists of the molecules that constitute

the sample (cither in solid, liquid or gascous fonn) characterized by a Iattice temperature,

Tr which is the quantity measured by the operator. Similar to the lattice. the spin system

is also characterized by a temperature. However, this temperature is a consequence of the

distribution of the spin population among the enetgy states available to the magnetic

nuclei ln a magnetic field, Ba. nuclcar spins (I=~) will populate their Z=an enetgy

levels according to the Boltzmann distribution:

n -~....!l=exp(_}
ni kTs

where n. and ni are the populations of the upper and lower states, ~="}bB. is the
2lt

enetgy separation of these twO states (1 is the magnetOgyric ratio of the nucleus in

question and h is P1anck's constant), k is BoltzlI!3Illl's constant, and Ts is the temperature

of the spin system (i.e., the spin tempcrature). Equation (3.2) states that a given

population distribution (YI) is characterized by a spin teIDperatt:Ie (Ts) where a change

in this population distribution (e.g., by applying an rf 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 COIresponds to a low spin temperature and to a large polarization.

Therefore, to induce a large polarization within a spin system it is necessal y to lower the

spin temperature or, in other words, generate a large population difference.

An organic solid that only contains 1H and 13C spin nuclei (I~) bas two spin

systems. Under equilibrium conditions the spin system temperaEIlIe. TS' is equal to the

lattice temperatuIe. Tl' However, upon resonant iIradiation with an rf pulse, a non-
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equilibriurn Stale is induced and the lemperarure of the spin system is raised while thal of

the lanice remains constant. Through the process of spin diffusion. abundant. nonisolated

nuclei such as prolons equilibrale in a very shon rime «100 IlS) al a single Ts' Il should

!le oentioned that the process of spin diffusion is defined as the tr'..nspon of spin energy

within the spin system by mutual energy-conserving flips (i.e.• a simultaneous change in

orientation of IWO adjacent protons with antiparallel orientation coupled by a dipolar

interaction which again yields an antiparallel orientation). After a much longer rime the

single spin temperarure of the proton spin system thermally c:quilibrates with the lanice on

a lime scale defined by the spin-lanice re1axalion lime.

A diIute spin system such as 13e also c:quilibrates with a single spin temperarure

over a rime scale which is much longer than that for the abundant nuclei due to larger

inœmuclear distances and different relaxation processes It should also be noted that the

separation of their energy leveIs is onIy about 1/4 the separation of the proton leveIs at the

same temperature (YB =4yc) thus yielding a different resonance frequency. This

difference means that the IWO sets of nuclei cannot eotnmunieate efficienüy and are

isolated from each other. Therefore. the IWO sets of nuclei fonn isolated spin systemS

which also allows them ta have different relaxation rimes.

3.1.2.2 Relaxation Times

In both 1iquid Slllte and high resolution solid state NMR spectloscopy, the must

fundamental and imponant relaxation times are the spin-lanice. TI' and spin-spin. T2'

relaxation limes. The spin-lattioe lime constant describes the return of the magnetizaJion

of a particular nucleus back tO a state of c:quilibrium which collbponds to an orientation

parallel ta the static fie;d, i.e., aIong the z-<lirection. The retum of the magnerization from

a perturbed state involves the release of excess energy to the lattice. This occurs through

the modulation of local magnetic fields by molecuIar motions of the apptOpriate frequency.

In addition, since spin-lattioe relaxation involves transitions between different nuclear
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magnetic energy levels. it is most efficient at or ncar the resonant frequency, 00. =yB•.

Therefore, this rime constant yields information regarding chain mobility.

The spin-spin rime constant describes the loss of observable magnetization, i.e., the

component of the magnetization in the x,y-directions or perpendicular to the staric field.

The observed nuclcar signal is the frce induction decay (FID) described by T~. This rime

constant describes the loss of phase coherence arising from the diStribution of Larmor

frequencies associated with the diStribution of local magnetic fields. hl (Eqn. 1). This

equilibration does not involve energy exchange and is. therefore, purcly entropie. For a

Lorentzian line, the linewidth ofa particularresonance, v;p., is related to T2 by

1
v =-­

1{2 ltT
2

(3.3)

•

A relative1y efficient interaetion among the spin energies resulting from low molecular

mobility (i.e., the essentially starie !atIice possessing a broad diStribution in local magnetie

fields) results in a short T~ and, consequently, a broad resonance line. When molecular

motion develops. these couplings among nuclei diminish and T2 becomes longer (i.e., of

the orcier of tens ofmilliSH'.Onds) with a concomitant decrease in the resonance linewidth.

Different relaxation times are observed for isotopical1y different nuclei due to

differences in Larmor ftequencies. motions and avai1able relaxation nxx:banisms

However, relaxation limes are seldom indcpendent since diffc::lc1t sets of nuclei are

generally coupled to other magnetie nuclei by various interaetions. This is particularly

true for abundant nuclei, such as protons. for wbich the process of spin diffusion averages

the relaxation times ofdifferent ehemical types.

In the investigation of polymer motional characteristics by NMR, it is necessary tO

probe a multitude of motional frequencies. In the solid state, polymers typical1y possess

motions with charactcristic fequencies I3I1ging from a few kHz to a few hundIed MHz.

As mentioned previously, the spin-lattice relaxation time, TI' is most effe..."tive when the

frequencies:Of these motions are ncar the Larmor frequency, i.e., 5-500 MHz. These
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effecrive frequencies are determined by the size of the staric field. To probe motional

characterisrics in the kHz range. TI measurements can b: performed in a very small Staric

field where the Larmor frequency would correspond to a few kHz. Howeva. in such a

small staric field the NMR sensirivity is very low. This problem has been overcome by

performing the spin-lanice relaxation measu=nents in il rotating frame20 using a "spin­

locking" sequence.

The applicarion of a 90° rf pulse in the y-direction with a field strength of BI' tips

the magnetizalion. initially directed along the staric direction (z-direction). tO the x­

direction. The phase of the rf pulse is then shifted by 900 to coincide with the

magnetizarion aligned in the x-directïon. This procedure is known as "spin locking". In

the rotating frame, the magnetizalion is then under the influence of ooly the BI field.

typically 50 kHz in sttength. thus probing low frequency molecular morions (i.e.• the kHz

region). It should be noted that the size of the magnetizalion is determined by the larger

static field thus maintaining the sensitivity. The decay of the magnetizalion in this Iowa

field is characterized by another time constant. T Ip' the spin-lanice relaxation time in a

rotating frame.

ITTITTl...lime1y afœr the spin locking sequence, the magnetization of nucleus l, M~,

in the rotating frame, is proportional tO exp(2J!rS:). A dependence on the rf field is
kT,

clearly evident. At equilibrium (i.e., under the influence of the staric field), the observed

magnerizarion is ptoportional to exp(2J!,B~). Since B: = 1O-3B~, TS' must be 1O-3T, for
kT,

the condition to hold. Therefore, spin locking in the rotating frame results in a cooling of

the 1 spins (e.g., protons) to near 0 K. The subseqUe:lt observed decay in the

magnetization through spin-lanice relaxation in the rotating ftame therefole stans from a

flow ofenergy from the lattice Il) the cooler spin system.
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3.1.2.3 Cross Polarization

The cross polarization technique involves the tl'ansfer of polarization from an

abundant species. sueh as protons, to a dilute system, sueh as carbons. to enhanee the

signal of the dilute spin system. As has been developed above. in the Statie field an

organie molecule whose only spin-possessing nuclei arc IH and 13e has twO essentially

isolated spin systems. This is most1y due to the large difference in resonance frequency

between the twO species. If this resonance frequency mismatch could be eliminaterl ,

communication between the previously isoIated spin systeIIIS would be possible through

enetgy-conservil'lg flips between the protons and carbons and transfer of polarization

wollld be reaHzed The coupling of the spin systeIIIS was first =gnized by Hartmann

and Hahn and involves the application of twO resonant altemating rf fields, i.e.,

B~ and B~ ' sueh that

YHB~ =Ye~ (3.4)

where YH and Ye arc the proton and carbon magnetogyric ratios. The Hartmann-Hahn

condition is central to the cross polatization technique. The twO resonant rf 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 Eqn. (3.4) is reaUzcd, fotces a match of

the Zeeman enetgy level splitting in the rotating frame. Therefote, both spin systems arc

in frames rotating at the same rate. the enetgy levels arc mate:ied ar..1 enetgy transfer is

thus allowed.

The carbon-proton cross polatization (CP) pulse sequence utilizing proton spin

locking is depicted graphically in Figure 3.1a. The protons arc initially ptepated in a state

of low spin temperatute by spin locking them in a rotating frame. As discussed previously,

this is accowplished using a 90" Ifpulse followed by a 900 phase sbift. The small carbon

system, initially aI the lattice temperature is brought into contact with the calder proton

rescrvoir by use of the double resonance method that sariSJÏes the Hartmann-Hahn
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Figure 3.1 a) The carbon-proton cross-polarizaIion pulse sequence wilizing proton l.,m
locking with high power proton decoupling during acquisition of the FID.

b) Reduced field, cIelayed contact cross-polarization pulse sequence nnljzing proton :;pin

locking with bigh power proton decoupling during acquisition of the FIO.
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condition. ln Figure 3.1a. this is depicted by the simultaneous pulses on the proton and

carbon channels. This simultaneous irradiation is maintained for a time inœrva1. !co

necessary tO build up the carbon magnetizaIion. Assuming that the th=a.l connection

between the protons and carbons is much be= !han the connection of =h with the

lattice. the carbon temperarore decreases while that of the protons increases only slighdy.

thereby establishing a commen equilibrium spin temperarore. From the definition of spin

tempera=. a low temperatUre implies a large polarization of the magnetic moments.

The build up of magnetizaIion is represented. grapbically by the dashed line within the rf

pulse of the carbon spin system. Mer CP the contact between the proton and carbon spin

system is broken by temOval of the B~ field and the FID of the carbons is then observed.

High power dipolar dccoupling at the proton Larmor frequency is used tO temOve

heœronuclear dipolar int=tions between the carbons and neighboring protons thus

obtaining bigh resolution 13C spectra. The cross polarization technique can also be used

in combination with MAS for the removal ofchemical sbift anisottopy.

The transfer of po\arization from the proton to the carbon spin system is controlled

by a cross-relaxation rime, Tœ. The rate at which the !WO spin systems reach thermal

equilibrium in the êIoubly rotating frame, (Tœrl,is determined by the effective sttength

of the dipolar int=tion between protons and eatbons wbich is greatly affeeted by

molecu\ar motions and interatomic C-R distances. Different types of carbon spins will

also cross polarize ar diffetent rares depending on the number of diIectly attaehed protons.

In addition. the initial polarization of the proton reservoir and the degree to wbich the

Hartmann-Hahn condition is fnlfjl1ed alter the cross-relaxation timc.

The buildup of carbon magnetizatîon is Ieduced after somc time due to a decay of

the proton magnetization in the spin-locked. state, i.e., through T Ip (1H). The buildup of

substantial carbon magnetizarion requiIes !bat the proton spin-la:tice relaxation time in a

rotating frame be substanrial1y longer !han the contact rime, te' between the carbons and
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protons_ In addition. the contact rime must he longer !han the cross-rela.'<ation time. TQI­

Therefore. for proper polarization transfer to CCCUl". T:~ > \ > TCH-

The cross polarization technique yields a substantial in= in sensitiviry in the

observation of dilule spins. However. a second advantage is :ùso noteworthy_ The

repetition rate of the cross polarization process is now limited by the proton TI rather than

the carbon TI as would he the case in a single pulse experiment. This is a definite

advantage since the proton TI is usually less !han 1s for polymers while the carbon TI is

substantially longer. i.e.• lQ-4()()() s. The net result is an in= in the signal-t~noise

ratio within a given time inrerval since it is possible to acquire a larger number of FIDs

compared tO what can he obtained in the standard one-pulse experiment.

The simple cross-polarization technique described above was developed by Pines,

Waugh and co-workers and is currenùy the mo5t commonly used technique for the

observation of dilure spin systems. The first illustrations that a combinaIion of dipolar

decoupling/cross polarization/magic angle spinning (DDICPIMAS) could he used to

obtain high resolution 13C spectra of solids are due to Schaefer. Stejskal and

Buchdalù21-23 who reported a series of results on glassy polymers. High resolution

DD/CPIMAS spectra have since been obtained on a variety of polymers, including

polypropylene, which will now he introduced.

3.1.3 Oc CP/MAS NMR Studies in Polypropylene

The combined techniques of heteronuclear dipolar dccoupling. cross polarization

and magic angle spinning yieJd high resolution spectra in polypropylene that reveal fine

details about its phase stIUCtUIe. The observations rcgmling the phase structure of both

isotaetic and syndiotaetic polypropylene (!PP and SPP. respective1y) as olxaincd from solid

state spectra will be discusscd.

The phase struetuIe of solid sPP was first investigaœd by Bunn. el al.'1A This was

one of the carly examples of the application of these NMR techniques te polymcs. More



•

•

80

=ntly sPP with various thermal and mechanical hiStories has been StUdied by Sozzani

and co-workers.2S-26 The chemical shifts of all three carbon resonances as reponed by

both Bunn, et al.24 and Sozzani, et al.26 are listed in Table 3.1 for SPP samplcs that were

either annealed (i.e., labeled 1Jelix') or cold drawn (i.e., labeled 'strelChed'). The chemical

shifts of the annealed samplcs given in these rwo repens are in good agreement, with the

exception mat a double methyl carbon resonance was observed by Sozzani and co­

workers.26 This splitting of the methyl resonance will be discussed funher beIow.

Table 3.1 The 13C Chemical Shifts of Syndiotaetic Polypropylene in the Solid State.

Sample ChemicaI Shift (ppm)

Methylene Methine Methyl

24
helix 39.6 and 48.3 26.8 21.0Bunn, et al.

Sozzani, etal.'2Jj helix 402 and 49.0 27.4 219 and 22.1

Sozzani, et al.'2Jj Stretched 502 28.9 20.8

As seen from the data in Table 3.1, the CPIMAS specttum of SPP reveals the

existence of twO methylene IeSOIIlIIlCCS with a 1:1 intenSity distribution separa%Cd by -8.7

ppm. This resonance splitling suggestS the existence of twO distinctly different melhylene

chemical environments in the aystal structure of SPP. Although the level of otder within

the UDit cell (i.e., the space group de6ning the aystal structure) is still dispuœd,27-33

dming aysœIJizarion sPP is known34 to adopt a (ttg~ helical conformation that packs

inta an onhorhombic UDit een. This helical conformation supports the existence of twO

distinct and cquaIly probable sites for methylene groups, i.e., one on the helix axis and the

other on either side of this axis. The double methylene œsonance was explained by
~ :-
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conside:ring the y-gauche shielding effect35 which. for polypropylene is predicted36 to

result in a splitting of -8 ppm between the two resonances. This is close to the obsetVed

value of 8.7 ppm. If the y-effect is the cause of the difference in the chemical shift then the

upfield resonance cao be assigned to the internaI methylene carbons. Therefore. this

resonance splitting is due to intramolecular effects. In addition to the above feature. the

iùgher frequency peak showed additional brl-adening which may be due to interehain

effects. However. the atoms on the periphery of the helix should be much more

susceptible to perturbations due to interhelical effects, i.e.. the padang of helices in a

regular anay.

The higher struetllI'a1 purity of the SPP samples used by Sozzani and

co-workers25-26 under appropriate thermal and mechanical1ùstories yielded changes in the

NMR speetta of SPP which re1ate di=tly to the structure of the crystalline 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 Ille CP/MAS spectrUm of!hat sample.25 This study

dearly demonstrated that the CP/MAS experiment is sensitive to inaamolecular

conformations in SPP since the difference between the helix and the all-trans conformation

was c1early observable. In addition. tbrough an annealing tteannent on a previous1y

quench-cooled SPP sample interehain effects associared with helical packing were

observed and discussed in a subsequent communication.26 Details regaIding the crystal

packing arrangement in sPP were obtained from the observation of a 1:1 methyl split in

the so1id state spectrUm (Table 3.1). The split in the methyl resonance of the anOC!lcd

sample was înlelpleted as probing the association of right- and left-hancled helices in the

crystal struetuIe of this morphology. Thetefore, the solid state spectrUm is capable of

probing not ooly structure within the helix but also the arrangement of these helices wilhin

the aystalline phase ofSPP•
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The solid state organization of the various morphologies associated with the

crystalline phase of iFP bas also been investigateJ by NMR spectI'OSCOpy.37-45 As

discussed previously, during crystalIization iFP develops both right- and left-handed 31

helices that are present in the three distincùy different polymorphs; namely the a­

monoclinic, (3-hexagol'al and the y-triclinic crystalline forms. In addition to these

polymorphs, the quench-eooled morphology described in the first chapter bas also been

considered in NMR studies.

In the 13C CP/MAS spectrom of iFP, both the quench-eooled (Figure 2.6) and J3­

hexagonal phases show a single resonance for each of the three carbons. However, for

both annealed and isothermally crystallized iFP samples, the methylene and methyl

resonances in the a-monoclinic phase show a double peak, separated by ca. 1 ppm (Figure

2.6). It bas been postulated that this resonance splitting is a consequence of the

inequivalent distances within the a·monoclinic unit ceil which result from regular packing

of right- a:ld left-handed helices. The inteDsity distribution within these doublets is

suggested, from visual observation, to be approximately 2:1, conesponding to a 2:1

carbon ratio at each inequiva1ent position. The absence of this splitting for the methylene

and methyl resonance in quench-eooled iFP suggestS that this morphology is either Dot

composed of the a-monoclinic phr.se or that it is composed of an lX-monoclinic pllase

where inequiva1ent distances within the unit cell do not exist. The latter explanaric.n,

which bas also been suggested by Buno, et al.,36 requires that the inter-helical distances in

the unit cell be large:r than in the stable lX-monoclinic CIyStlÙ fotm, which conesponds tO

the second phase observed by electton diffraction described in the first chapter.

The solid state spectrum ofthe y-triclinic crystalline modificati"n was first reported

by Brückner, et al." As for the lX-monoclinic CIyStlÙ fotm, the spectrom of the y-f'om1

also reveals the existence of a splitting in the methyl carbon resonance. However, the

intensity distribution observeci for this phase is opposite to that obtained for the lX­

monoclinic aystalline phase (FIgUre 2.6). A reversai 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 bas also been discussed in terms of the padang of helices in the

crystal snucture of y-iPP.

High resolution solid state NMR speetroscopy 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 complementuy toolto

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 direcùy by scanning transmission electron miaoscopy

(STEM). It was found to be composed of three phases: 1. Microcrystalline regions that

range in size between 100 and 200 Â having the a-monoclïnic crystal form; 2. Regions of

lower crystalline arder also composed of the a-monoclïnic crystal form. The helical

packing in this region was found to be much less compact !han in the microcrystalline

region, as evidenced by a larger b crystaIlographic axis; 3. An amorphous phase. The

formation of regions of low crystaIline arder (i.e., phase #2) was found to occur during

the quench-cooling of the iPP from the mell The extent of this crystaIlization depended

on sample mass; samples of low mass yielded an amorphous glass wbüe those with larger

masses formed a glass possessing a low degree of crystallinity (i.e., st8%). As the

temperatute of the quench-cooled iPP sample was raised. fmther crystallization from the

gIassy state occurred (observed as an exotherm on the ose thermogram) which resulted

in the formation of the microcrystals that could be observed in the STEM darlc field image.

The resultant morphology was found to be metastable as evidenced by the ose
thermogram which was fully exothermic in the region between -15 and 120 oc.

The morphology of quench-cooled iPP, although stable at r:>om temperatute,

transforms to the normal a-monoclinic crysta1 form upon annealing at temperatures above
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60-70 oc. This transfonnation bas been characterized tIJOSÙy by x-ray diffraction at room

lemperature of samples previously thermally trealed.46-47484950 Other methods used in

the charaetCIÏzation of this transfonnation include small angle x-ray scanering (SAXS),51

infrared (IR) and Raman spectroscopy,52,53 transpon properties.54,55 calorimetIy,56,57

and transmission electron microscopy.58 IR measurements reveal that the helix

conformation begins to form at temperatures as low as -18 °e (i.e., near the Tg)

consistent with the DSe findings described in Chapter 2. However, appreciable changes

in the WAXS and electron diffraction panern olÙY appear for samples annealed at

temperatures higher man 60 oc. The description of the quenched morphology in Chapter

2 as obtained by scanning transmission electton microscopy, allows for the above apparent

discrcpancy.

The transfonnation from the quench-cooled phase morphology to that of the

normal a-phase, to date, bas Dot been considered by solid state NMR speclI'Oscopy. As

discussed previously, high resolution NMR in iPP reveals fine details reganiing the

arrangement of helices in the various aystalline forms of iPP. The purpose of Ibis study

was to investigate the anneaIing behavior of samples with Ibis quen.:h-cooled morphology

by monitoring changes within the l3e CP/MAS spectra as a function of anneaIing

temperature and thus obtain a fuller understanding of the solid spectrUm of the a­

monoclinic aystalline phase. A further goal was 10 develop correlations between these

morphological changes, the thermal behavior observed by DSe and the observations made

byWAXS.

3.2 Experimental

3.2.1 Sample Preparations

To obtain samples of the mesomorphic form, -10 mg of iPP was me1ted between

microscope glass slides at a temperature of 240 OC for 5 minutes 10 fonn thin fihm (-25 Il

m). These melted samples were immediately quench-cooled by immersion in a chy
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icelacetone slush (-78 oC). Some of these samples were annealed under a nitrogen flow

with a Menler FP52 hOl stage previously calibrated for temperature using high purity

standards. The lemperature was maintained by a Menler FP5 lemperarure controller. The

samples were healed tO the desired annealtemperarure al a heating rate of 20 0C/min and

maintained isothemally for the desired rime intervaL Afrer the annealing treatment, the

samples were removed from the hOl stage and allowed 10 cecite room temperature.

3.2.2 Solid State NMR Experiments

The CP/MAS 13(: NMR spectIa were recorded at room t:mperature 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 ca. 4.1 kHz in a 7.5 mm OD zin:onia rotor.

A contact rime of 1 ms was used in the cross polarization with a pulse delay of 3 seconds.

A 62 kHz rf spin locking field was used with an acquisition lime of 68 ms. AlI of the

speetta 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 speetta 1024 lI'ansients were

accumulated and Fourier transformation was pezformed with no line broadeœng on an FID

which was zero-filIed te 8K te obtain sufficient points for peak deconvolution.

The CPIMAS 13(: NMR spectIa of the purely crystaIline phase of iPP were

obtained in a delayed contact lime experimcnt by reducing the IH spin locking field to 39

kHz for a rime interVa1, '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 froID

the malCrial with the highest crystalline order. which possesses the longest rela~atiol1

times, was accumulated. AlI of the other spectrometer settings remainecf as given above.

The spectra of the more mobile phases, with the shorrer relaxation times, were also

obtained by subtraeting the above mentioned spectla from those having contributions froID
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al! phases. obtained with 't = io).l.S. Subtraetion of the speetra was performed

interactively using the software of a Varia'l Unity 500 specaometer.

The tH spin-lanice relaxation rimes in a rotating frame. TIP (IH), were measured

at room temperature for the methylene, methine and methyl carbons on a Chemagnetics

M-100 spectrom= operating with a starie field of 2.35 T by spin locking the protons for

various intervals, 't, before cross poIarization. It should he noted that a spin locking fieId

of 50 kHz was used in the measuretnents of the T lp (IH). The T lp (1H) values were

obtained by fitting the intensity data (a total of at least 16 't values) on a double

exponential decay CIlIVe using a computer program (peakfit, obtained from Jande!

Scientific).

3.2.3 Peak Deœnvolution

In the analysis of the solid state speetra of iPP, it became evident that the various

peaks could not he represented adequately by either purely Qanssian or LoIe11tzian line

shapes. A close representation of each of the resonances in the overa1l solid swe

spec:trUIn, required the use of a Voigt line shape that is a convolution of a LoIe11tzian with

a Gaussian.S9 Peak deconvolution was perfOlmed using the computer program, Peakfit.

Since the convolution integral dcsaibing the Voigt function cannot he evaluated

analytically, Peakfit uses the appro~marionofPuerta and Martin,60,61 in wlüch the Voigt

function is approximaTPrl by four genera1ized LoIe11tzians using an asymptotical Pad6

method. Deconvolution of the iPP solid state specaa using the Voigt function a1ways

yieIded fits with COII'Ciation coefficients, r ~ 0.999. To minimize the number of fitting

variables, deconvolution was perfOlmed by foIcing the various peaks within a given

carbon resonanc:e to shaIe the fitting variable that conaols the amount of peak tailing.

This procedure essentia1ly forces the same peak shape (i.e., degree of tailing) for a1l peaks

within a given carbon resonance that is being deconvoluted (e.g., methyl resonance)•
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3.3 Results and Discussion

In the DSC thermograrn for the heating of an iFP sample which was quench­

cooled in a dry ice/acelOne slush at -78 oC, an exoth=ic transition is clearly evident in

the region between 80 and 120 oC (Figure 2.1). Originally this typical exotherm was

atttibuted56 to a transition from a quench-cooled phase morphology to the more stable CI­

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 CI-monoclinic

crystalline phase that formed dming quench-cooling. In addition to the exothermic

transition. two endoth=ic peaks are clearly evident; a small peak between 30 and 75 oC

as well as a large peak between 120 and 165 oc. As indicated by the exothermic

transition. the latter endotherm does not coxrespond tO the melting of the original

morphology but rather of a crystalline phase that bas developed dming sample heating.

To develop a fulIer understanding of the changes that occur in the c:rystalline phase of

quench-cooled iFP samples dming heating from room temperatuIe. a detailed solid state

13C NMR morphological investigation is presented.

3.3.1 13C CPIMAS and T1P (lH) Analysis

Figure 3.2 shows the 13C CP/MAS NMR spectra of iFP samples which have been

quench-cooled in a dry ice/acetone slush before and after high temperature ammding. The

spectrum of the sample that bas been annealed al 161°C for one hour (Figure 3.2a) shows

methylene (- 44 ppm) and methyl (-22 ppm) carbon resonances which are split by <1

ppm. in kceping with previously reported spectra.37,39 In addition. the rnetbine (-26.6

ppm) carbon teSOI1lU1CC bas a spIitting of 0.2 ppm. with an intensity distribution simi1ar tO

that of t1:Ie mcthylene and methyl resonances. as shown in the inset in Figure 3.2. An

asynnœuicalline shape for the mcthine peak was observed by Bonn. et aI.37 and tbey

suggested that it indicated the presence ofan umesolved splitting. However. the spectruIl1
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Figure 3.2 13C CPIMAS NMR. spectla of two 1DOIphologies of iPP: (a) annea1cd cx­

monoclinic and (b) quench-cooled.
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given in Figure 3.2 is the first unambiguous ideuti::ica:ion of the splitting. It should be

noted that special conditions are required to detect ù;e splitting of the methine peak; L a

sufficiently long acquisition rime of the FID mus: be used (hcre 68 ms), ü. no line

broadening should be applied, and üi. the FID must be =o-filled to a sufficiently 1:lrge

number (hcre 8 K).

The 13C CPIMAS NMR spectrum of an unannealed iPP sample, shown in Figure

32b, is identical to pteviously reported spectra for samples having this morphology. The

splitting observed for the th= resonances of the annealed sample is no longer evident and

the peaks appear tO be symmetrical, giving no indication of any unresolved splitting.

While the chemical shifts of the methyl and methine resonances coïncide exactly with those

of the most upfield resonances of the spectrum of the annealed sample (Table 3.2), the

methylene peak appears at a chemical sIùft inœlU~iaœ beIWeen the IWO peaks of the

annealed sample, This is consistent with the observations of Gomez, et aJ.39 but differs

from the repon by Bonn, et aI.;T that aIl of the carbon resonances of the quenched sample

are coincident with the most upfiel.d peaks of the anneaIed sample.

For both samples the fit of the relaxation data œquiIed IWO T.p (IH) components

(Table 3.2), in keeping with the existence of at least [WO phases within the iPP samples as

observed by Tanaka.41 The shon relaxation limes, which are indicative of the existence of

a poorly defined aystalIine component, can be asaibed to a mote mobile inœrfacial phase

while the long limes arise from the highly aystalIine portion. As with aIl semi-aystaIline

polymers, undoubœdly a thiId phase must also be present that possesses the mobility of a

compleœly atnorphous phase. As pointed out by Tanaka,41 in this phase essentially aIl of

the magnetizalion Ielaxes during cross polarlzation. i.e., the relaxation rime is toc shon tO

be measumi. Oearly local spin diffusion within the repeat unit is operating effecliveIy in

these samples since each of the tbIee carbon resonances of a given samplc bas the satne

long and shon reJaYabon times. 80th the long and shon relaxation rimes inaease
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significamly with annealing. as expected for the development of a more rigid matrix with

larger crystalJine regions.

Table 3.2: t3e NMR O1emicaJ Shifts and tH Spin Lanice Relaxation TUIleS i:l a Rowing

Frame for iPP at Ambient Temperature.

O1emicaJ Shifts (a) Ttp(lH) (b)

Samole (DDm from extemal TMS) (ms)

Methylene Methine Methyl Methylene Methine Methvl
Quenched 44.6 26.6 22.0 19.9 19.9 19.3

5.4 4.6 3.4
Annealed 45.0 26.8 22.7 109.8 109.7 108.0
1610C11hr 43.9 26.6 22.0 14.7 14.2 12.7

Interfacial 44.5 26.7 22.3

(a) Obtained at 75.3 MHz.

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

As pointed out above. the 13e CPIMAS spectrum of an iPP sample obtained tmder

conditions such that the magnetization ttansfer 0CC1lIS tmder optimal conditions, i.e.. 1 tus,

is composed of contributions from at least {wo phases within the samples: the higbly

crystalline phase as well as a more mobile phase that possesses more arder !han the

compleœly amorphous phase, which will !le tefCIIed to as the intl:dàcial component. In

addition. although not rept=tative of the total atnOunt of the atllOIphous componenr,

seme magnetization resulting from this phase is observed. Due to the short IH TIp of tbis

phase, the majority of the magnetiZlllion relaxes dming cross polarization and only a sman

fraction is observed in the CPIMAS spectrUtI1.
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To describe the annealing behavior of this quench-eooled morphology. it is

desirable that the contributions from the faster relaxing components bè: e1iminated from the

solid state spectra so that only that of the purely crystalline component reroains. This can

be accomplished by allowing the magnetization associated with the fast re1axing

components to decay prior to the onset of the acquisition of the FID. which can be

accomplished by using the pulse sequence described previousIy in the Experimental

section.

3.3.2 l3C CPIMAS Analysis of the Purely Crystalline Phase of iPP

The 13e CP/MAS NMR spectra of a quench-eooled iPP sample annealed at 161 ce

for one hour shown in Figures 3.3a and 3.3b were obtained with periods of reduced spin

locking field before cross polarization of 10 IJS and 15 ms, respective!y. The use of a

short 10 IJS delay period prior to cross polarization resuIts in the usual 13e CPIMAS

spectrum (Figure 3.3a) that bas contributions from an 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 reflect:s the

suppression of the signal arising from the shorter relaxing components associated with the

more mobile phases. As is described later, the subtraetion of these twO spectra clearly

yields the spectrum of the shorter relaxing component. This method of subtraetion was

also used in the detemlina1ion of the value of 't, i.e., the time prior to cross poIarization

that is required to obtain spectra for which the contributions from the more mobile phases

are eliminaœd. The use of inaeasingly longer 't values prior to cross poIarization

eventually resu1ted in two 't values yieIding identical spectra of different inœnsities which,

when subtracted from each other, yielded a nun spectrUID. In this way, the 't value

necessary ta eliminare the fasrer Ie!axing component from the spectrum was identified.

The t3Ç CPIMAS NMR spectra of the pme!y crystalline pbase of iPP, oblained in
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Figure 3.3 l3C CPIMAS NMR speca:a of the pm:cly aystalline phase of a quench-cooled

iPP S3IIlple annealed at 161 OC for one hour. The specaa were oblaiDed by Ieducing the

IH spin locking field for a time inœmù, 't, prior ta cross polariZlllïon. (a) 1: =10 Ils and

(b) 1:= 15 ms.
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the delayed contact lime e.'cperiment. for a quench·cooled sample subjeeted 10 various

anneal lemperarures be!Ween room lemperarure and 157 oC are shown in Figure 3.~.

There is a graduai progression from an apparent single resonance. in the spe= of the

samples annealed at low lemperarures. 10 the split resonances in the speetra of those

annealed at high temperarures. These changes are marked by an in=se in the intensity

of the downfield peak associated with eacb resonance (e.g•• the mctbyl resonance al 22.6

ppm) as well as what appears to be a sbaIpening of the most upfield peak witbin each

resonance (e.g.• the metbyl resonance at 21.9 ppm). In addition, in the spectra of samples

annealed at temperarures between 115 and 140 oC it is clear!bat the me:hyl resonance of

the crystalline phase is composed of three resolved peaks, raIher than !Wo. The thiId peak

is located at ca. 23 ppm or on the downfield sicle of the metbyl resonance. Careful

inspection of the downfield side of the methylene resonance for the sample annealed at

130 oC also gives evidence of an unresolved splitting. As shown in the inset in Figure 3.4.

the metbine resonance is also split and the intensity distribution follows the same panern

as !bat for the metbyl and metbylene resonances. These speetra describe the effi:ct of the

annealing trealment on the purely crysœlline l'base of the iPP qucnch-cooled morphology.

It indieates a change from a state of low crysœlline otder to one with a degIee of

perfection sufficient to cause the local resonance environments to differ. as evidenœd by

diffcrent chemical shifts witbin a given carbon signal.

A dcconvolution ptocedure was applied to the various 13C CPIMAS specua of the

aystalline component which, as desaibed in the ExpeiÏ II 'Cnta1 section. used a Voigt 1iDe

shape to oblain the Ie1aIive areas of the individualliDes. Typical peak deconvolutions for

the II!Crliille lOM medtyl resonances of the speetra of as-qJlC!!Cbcod aDd IWO an"",Jcd

samples (130 and 157 oC for one hour) are shown in Figure 3.5. The Voigt 1iDe shape

cleady yie1ds an excellent deconvoIntiOll of the solid state spearum, with com:1aIion
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Figure 3.4 13C CP/MAS NMR spectla of the purely aystalline phase of a quench-cooled

iPP sample anlY"\led at various tempe:ratureS for one hour. The spectra were obtained by

teducing the 1H spin locking field for a time in=val, 't, prier ta aoss po1arizarion. (a)

157 oc, 1: =15 ms; (b) 150 oc, 1: =15 ms; (c) 140 oc, 1: =15 ms; (d) 130 oc, 1: =15 ms;

(e) 115 oc, 1: =10 ms; (f) 100 oc, 1:=10 ms; (g) no anneaI. 1: =5 ms.
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Figure 3.5 Deconvo1utioDS obtained for the rnethine and lDClhy1 resonances of the 13C

CP/MAS NMR spectra of quench-coo1ed and anllC"1ed ;pp samp1es. (a) 157 ·C for 1

hour, (b) 13O·C for 1 hour, (c) no anneal.
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coefficients bener than 0.999.

It is appare:lt in the spectrum of the sample annealed at the int=ediate

temperature of 130 oC (Fig 3.5b), that the fit of the methyl resonance intensity requires

three peaks that are due to inequivaient local environments. The most downfield methyl

peak is aIso present in the resonance of the unannealed sample (Fig 3.5c) but with

substantiaIly reduced intensity. In addition, the midfield methyl resonance line is clearly

absent Annealing at a higher temperature (i.e., 157 oC) results in an increase in the

intensity of the midfield methyl line with a concomitant decrease in the most downfield

component As shown in Figure 3.5, the intensity distributions of the methine resonance

show similar panerns with the downfield peak increasing in intensity while the upfield

decreases as the anneai temperature is increased. However, the most downfield methine

peak is absent (or at least umesolved) in the spectrum of the unanneaied sample. A close

inspection of the spectra shown in Figure 3.4, indieates similar trends for the methylene

resonance.

The effects of anneai temperature on the relative areas of the methyl peaks as weIl

as their corresponding 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 panerns 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 reponed in Figure 3.6 are based

on a normaliZlllion 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

aystalline component remain essentiaI1y unchanged at anneal temperatures up to

approximateJy 7S oc. Apparently the small endothennic transition detected by DSe
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Figure 3.6 (a) Peak area deconvolulion IeSults for the mcthyl carbon of quench-cooled

iPP samples annealed at various temperatuIeS; • downfield resonance; - upfield

resonance; V midfield resonance. (b) The ratio of the area of the midfiekl to that of the

upfield resonance. The aIeaS aIe expressed as a percentage of the total mcthyl plus

methine aIeaS (sec text).
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Figure 3.7 (a) Widths of the methyl peaks as determined by deconvolution of quench­

cooled iPP samplcs annealed at various temperatures; • downfield ICSOnance; • upfield

rcsonance; Vmidtield rcsonance.

•

between 30 and 75 oC (Figure 2.1) does Dot COIIespolld to a concomitant morphological

change wbich cao be detected by NMR. As the tempet'atUIe is raised further, between ca.

75 and 120 oc, an increase in the relative areas of both the downfield and mVlfield methyl

rcsonanccs is observed with a concomitant decrease in the upfield rcsonance. This

tempet'atUIe Iegion coïncides with the exothennic transition, observed by DSC, !bat was

ataibuted to the perl'cction of the existing aystalline fraction. The NMR. specaa 1'eVeal

that this crystam"'tion, or recrystallization, œsults in the development of three distinctly
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different local environments in the crystalline component. The midfield resonance

continues 10 increase in inlensity al anneal lemperatures above 120 oC even though the

DSC thermogram indicales the onsel of the final melting transition. Thus, while the

Ctystalline population is in a regime tending IOwards melting, there remains a positive

drive 10wards petfection and developmenl of the crystalline morphology, in keeping with

an equilibrium belWeen melting and recrys13lljzarion. Meanwhile, the downfield and

upfield resonances decrease in intensity for anneal temperatures >120 oc. Oearly, these

changes refIect altetations in the local environments within the iPP crystalline fraction as il

recrystallizes 10 a Iûgher degree of oroer. In addition, the most downfield resonance

appears to show the behavior of an inteilljediate environment wlûch is formed during the

initial stages of etySta1 re-organization and then essentially disappears when the final

Ctystalline state is attained.

The ratio of the areas of the midfield to the upfielè metbyl pealcs is also presented

in Figure 3.6. As mentioned above, this ratio is expected to be 2:1 based on the

inequivalent sites, hence !wo distinetly different interhelica1 distances, that arise from the

paclàng of left- and right-handed helices in the unit ce1l of the a-monoclinic etySta1 fonD,

as is currently understood. Instead, the ratio follows closely the curve ~-enting the

intensity increase of the midfield resonance and appears tO approach a limiting value of

ooly 4:3. Two explanations can be offered to account for the failun: of this ratio to auain

the predicted value: 1. The ultïmate peak ratio of 2:1 cannot be aclûeved by annealing

this quench-cooled iPP morphology. 2. The splitting of these resonances is more

complex than bas been suggested ta date and is possibly reflecting more than simply the

association ofright- and left-handed helices. The laner suggestion is supported by the fact

that three resolved peaks, varying in intensity dcpending on the anneal temperanI1'C, aIe

observed in the metbyl resonance. The ClCÏSteI1ce of the most downfield melhyl peak,

although observed for the first time in this study, was first suggested by Bunn and co­

workers37 in their original discussion of the IeSOIllIIIce splitting pattern obscrved for the ex-
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monoclinic crystalline fonn. The occurrence of this splitting in the higher intensity methyl

resonance was postulated from x-ray analysis which indieated twO minor changes in the

positioning of the methyl groups within the a-monoclinic crystalline phase. This

difference is due to the way in which the iPP helices traverse the unit ceIl, i.e., the

posiôoning of the helices depends on the Ieve1 of symmetry chat exists within the unit celI.

As discussed previously, it bas been shown by Mencïk62, as weIl as by Hikosaka

and Set063, that the crystal form of annealed a-monoclinic iPP is described by the space

group P2ic 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 bas

been suggested that during annealing at high temperatures a structural transition OCCUIS

from a disordered state (C2/c) to an ordered state (P2t!c). These space groups reflect

differences in the structural ammgements of isoclined and anticlined bilaye:rs of helices

along the b etystallographic axis.64 It is reasonable to suggest that the splittings obsetVed

in the NMR spectra of the crystalline portion of the annealed samples are not only

reflecting environmental differences that couespond to the packing of right- and left­

handed helices but that they are also probing changes that occur in the "up" and "down"

otdering of chain position as the sample is annealed. This possibility will be discussed

further in the following chapter whicb investigates the meIting behavior of iPP spun tibe:rs

and spunbonded fabrics.

The line widths of the various peaks associated with the mcthyl =nances of the

ctystalline component range from approximately 0.5 ta 1.7 ppm (Figure 3.7). A

shaIpening of the uptie1d resonance is cIearly evident for the samples annealed at the

temperatures conesponding ta the onset to etystallization, i.e., ~75 oc. Meanwhile, the

other two Iines remain approximately constant in width until anneal tempc::ratmes ~140 oc.
AlI three mcthyl =nances seem ta converge ta a single line width at the highest anneal

temperatUXeS. These trends suggest that the iPP be1ices are conve:rging ta tIlOl'e singuIarly
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defined positions relative 10 one another which results in the formation of wel1-defined

local environment clifferences and sharper resonance lines.

In a recenl slUdy65 the mclting and recrystaJJjzarion behavior of a quench-cooled

ethylene-propylene block copolymer (-7% ethylene) was investigated as a function of

anneal lemperarore by simultaneous use of small angle x-ray scatterïng and wide angle X·

ray scatterïng (SAXS/WAXS). A solid state transformation was observed at 65 oC as

indieated. by a change in the WAXS curve from the pattern characteristic of the quench­

cooled phase 10 that of the a·monoclinic. A concomitant increase in the long range ortler

was revealed by the SAXS. These observations coincide exactly with the exothermic

transition in the DSC thermogram of iPP as wel1 as the changes !hat are seen in the solid

Slale NMR spectra of the crystaIline component, as described above. The develOpmcnl of

the multiple peaks for each of the carbon resonanccs. occurring in the same temperature

range where morpholgical changes are observed by WAXS/SAXS and DSC, is indicative

of the development of the a-monoclïnic crystal structure.

3.3.3 13C CPIMAS NMR Spectra of the Amorphous and Interfacial

Phases of iPP

As described above, by subtraeting the spectra for the purely crystaIline phase of

iPP from spectra containing information for all phases (i.e., a CP/MAS spectrum), il is

possible 10 obtain the spectrUm of the more mobile phases of iPP. The specua for the

quench-cooled and annealed iPP samples that were obtained by following this subtraction

procedun: are presented in FiguIC 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 he symmenical and are located at chemical shifts interwediate between

the doublets observed for each carbon in the spectra of the purely aystalline phase of the

annealed samples. The shorter relaxing components of T1p (lH) listed in Table 3.2 are
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Figure 3.8 13C CP/MAS NMR spectra for the intelfacial and amorphous phases of iPP

obtained by subtracting the specttum of the purely crysraDjne phase of iPP from one with

conlIlbutions from aIl phases. Anneal Tempc:ratmeS: (a) 157 oC; (b) 140 OC; (c) 100 oC;

(d) 60 oC; (e) No anneal.
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associated with these resonances. They characterize a phase of increased mobility which

corresponds to the interfacial region hetween the amorphous and crystalline phases. il is

of note that a similar interfacial peak. which was also reponed by Saito et al." was

required for the proper deconvolution of the methylene region in the 13C CP/MAS NMR

speetra for the crysl31line portion of iPP. It appeared ir.raweriiate hetween 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 he a consequence of assuming a Lorentzian line shape in the deconvolution

procedure. It becomes evident from the results presented here !hat this peak does indeed

refiect the interfacial component in the iPP.

As discussed previously in connection with TIp (IH) 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 polarization. It is primarily

for this reason that only IWO TIp (IH) values are measured. However. the CP/MAS

speetra of the samples annealed al temperatureS <80 oC (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 cleu

indication of its presence. It is noteworthy !hat a similar peak on the downfield side of the

methylene resonance was observed by Saito. et al.44 in a variable tetnperatUIe NMR

investigation of isothermally aystallized iPP samples. The downfield methylene peak was

also attributed to the amorphous phase.

As seen in Figure 3.8, the broad peaks associaT!'Ai with the fully amorphous phase

appear substantially reduced in samples annealed al tempet:atuIeS of 100 oC or higber.

This trend is entiIely expected in view of the reaystalli73IÏOn that occurs in the region

between 80 and 120 oC which should substantially reduce the amorphous content. In



•

•

104

addition. the amount of interfacial material appears greater for samples annealed at

temperatures >100°C compared to those subjected to the 10w 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 spectIOscopy was employed to monitor changes

that occur within the crystalline phase of quench-cooled iPP films as the sample is

annealed at continuously higher temperature. Although previous investigations have also

used solid state NMR spectIOscopy to characterize the varions polymorphs of iPP, this

study is the first to employ this characterization technique as a means of dcsctibing the

annealing behavior of the quench-cooled iPP morphology. In addition, the

characterization of these morphological changes is perfOl1:ued through the use of a

modified CP pulse sequence that aIlows the crystaIline phase to be observed exclusively.

The modified CP pulse sequence that was used to observe only the crystaIline

phase of iPP exploited the differences in 1H TIp relaxation times between the crystaIline

and more mobile phases. The modification involved incorpotating inll) the usual CP pulse

sequence a delay period with a teduced spin locking field prior to cross polarization.

During this delay period, sufficient time was aIlocateci such that the magnetization

associated with the faster Idaxing components (i.e., the interfacial and amorphous phases)

relaxed and only the magnetization associated with the slower Idaxing component (i.e.,

crystalline phase) was available for cross polarization. This technique aIlowed a

sep3IllIÎon of the signal arising from the crystalline phase from that of the amorphous and

interfacial components. Funhermore, spectra for the more mobile phases of iPP were

obtai:ued by subtracting the spectra of the purely crystalline phase of iPP from those

containing information on an three phases (i.e., a CP/MAS specnum).
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In the NMR spectrum for the crystalline phase of iPP, a graduai 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 fuIIy developed

o:-monoc1inic phase. These split resonances reflect the inequivalent sites within the 0:­

monoc1inic unit ceIl The onset of this transformation was found to coincide with an

exothermic transition observed by DSC at an annea1 temperature of 80 oC. 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 he noted that, although suggested previously, the spectra reponed in this

study are the first unambiguous identification of a splitting panern in the methine carbon

resonance. A difference of 0.2 ppm was noted hetween the two methine peaks. In

addition, the methyl carbon resonance was found to he composed of three peaks rather

than two. The transformation as observed for this resonance occurred through an increase

in intensity of the midfield methyl peak with a 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 ofeach of the peaks in the methyl resonance were reponed

as a function of anneal temperatUI'C. In the temperature region hetween approximateIy 7S

and 120 oc, an increase in the area of the downfield and midfield methyl peaks is observed

with a concomitant decrease in the area of the upfieId peak. At annea1 temperatures

greater than 120 oc, both the downfield and upfield peaks decrease in area while the

midfield methylpeak continues to increase. The downfield resonance appears to show the

behavior of an inteImediate environment which is formed during the initial stages of

crystal reorganization and disappears when the final aystal1ine state is attained. In

addition. simu1taneously with the changes in peak area, a llllIIOwing of the various peaks

in the solid state spectrum was observed, consisten~ with a convergence tG more singularly

defined positions within the crystal strueture.



•

•

106

The ratio between the areas of the midfie1d and downfield methyl peaks was also

monilored as a function of anneal lemperatUre. This ratio is expeaed 10 be 2: 1 based on

two inequivalenl sites within the a-monoclinic phase arising from a closer association due

10 the packing of right- and left-handed helices. Instead, this ratio follows closely the

curve rcprcsenting the intellsity increasc of the midfie1d methyl peak and approaches a

limiting value of only 4:3. The observation of three peaks within the methyl resonance as

well as a much lower peak ratio !han expected suggests that the splitting observed in the

solid state spectrum of the a-monoclinic phase of iPP rcflects more !han a simple

association of right- and left-handed helices. The general behavior suggestS that the

splitting panems rcflect the level of symmetty 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 inœrfacial, phases of iPP were obtained by the

subtraetion procedure described above. A single peak was observed for each of the

carbon resonances at a chemical shift inlel! "ediale between the doublet of the crystalline

phase. These peak$, which are associated with the shan Tlp (1H) value, are due to the

presence of the more Itindered interface between the purely ammphous and crystalline

phases. In addition, the low temperature annealed samples indieate 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. downfie1d Although the

signal from the fully ammphous phase is not properly sampled in these spectra, the

characreristics of these broad peaks are consistent with an expected ammphous phase.

Upon annealing al temperatUreS of 100 oC or greater. the intensities of these broad peaks

are substantially reduced. This trend is entirely expected in view of the reaystallization

that occurs between 80 and 120 oC and supports the suggestion that these peaks are due

ta an ammphous phase. It should be noted,that an increasc in the ;ntetfacial component is

also obsem:d in this temper.tture region, ;nd;cating the formation of new

c:rystal/amorphous interfaces during recrystallization.
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eHAPTER FOUR

Be CPIMAS NMR Investigation of the Annealing and
Melting Behavioi of Spunbonded Isotactic

Polypropylene Fabrics

4.1 Introduction
In the previous two chapœrs, the morphology and annealing behavior of quench­

cooled isotactic polypropylene (iPP) fi1ms were thoroughly investigated. An

understanding of the quench-cooled state is of the utmost importance not only from a

fundamental but aIso 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 fonn. The quench-cooling of fibers is performed with room temperature air and

is, thus, considerably less rapid than the quenching medium used to fonn the quench­

cooled fi1ms described in Chapœrs 2 and 3. The quenching medium used in the formation

of the fibers is not onIy much warmer than the dry icelacetone s1ush but it aIso bas a much

lower heat capacity thus reducing the quenching efficiency. However, the substantially

reduced sizc of the sample inaeases the smface area and aIlows fo. a rapid rate of heat

Ioss. At tbis cooling rate the resu1ting 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 œchnique proved to be an excellent

method of studying morphological changes that occur at the molecular Ievel within the

crysta1line phase of iPP. The changes within this crysta1line fraction were monitored weil
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inlO the endoth=ic transition associated with crystal melting. In addition, excellent

correlations were noted with observations made by differentia1 scanning ca10rimetry

(OSC) as well as x-ray and electron diffraction analysis.

The salid sute NMR techniques used in the analysis of the annealing behavior of

the quench-eooled films will be utilized lO investigate the mOlphology of spun iPP fibers as

well as the morphologica1 changes that occur to the crysta1line phase as the sample is

annea1ed. It will be shown 'in this chapter that, unlike the quench-eooled films, a double

endoth=ic transition is observed in the DSC thermogram of iPP spun fibers. Multiple

endoth=ic transitions have been observed prcv:iously 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 thC!mal and mechanical history of the sample.

Isothermal and non-ïsothermal aystallization as well as annealing of the existing

crysta1line mOIphology of a polymer, under certain conditions, will generate multiple

melting behavior. Mechanical deformation as obtained by sample drawing is aIso known

lO drastically affect the melting behaviorof the resultant mOlphology.

The phenomenon of multiple melting endotherms bas been investigated under

various cxperimental conditions and severa! well-defined characteristics have been

observed. A sttong temperature and area dependenee of the various peaks on the

aystallization temperature bas been noted. Furthermore, annealing a sample whose

melting behavior is associated with a double me1ting endotherm affects bath the transition

temperature and the area of the peaks. The high l:emperatU3:e peak tends to increase in

area and possibly shift to higher temperature. The low temperatIItC peak will either
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decrease in area and shift to lower temperature or increase in area and shift to higher

temperature until it joins the high temperature peak.

In the analysis of multiple melting endotherms, a variety of explanations have been

proposed that eneompass a range of molecular level mechanisms.1-8 Undoubtedly for

specifie cases one particular mechanism will be favored over all others. These

explanations, however, either dcal with the amount of order existing within the crystalline

phase of the polymer or with reorganizational processes. The latter either involves

perfection of the lamel1ae during sample heating without melting or lamel1ar 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 Crysta1lization

In semicrystalline polymers, molecular motion in the temperature range between

the glass transition temperature and the melting point results in increased structUral arder

through primaIy and secondary crystallization. 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.• primaIy). refers to changes in the existing structure that

produce larger and more perfect crystal1ites. This process is thought to be the cause of

multiple melting endotherms in some polymers undercertain thermal conditions.

Mandelkem and co-workers1 investigated isothen:nally (at 130 oC) crystaIliwi

linear polyethylene that was slowly cooled to room temperature over 24 hours. Upon

heating, in addition to the main melting endotherm a smal1 peak was observed at lower

tempe:rature due to the melting of crystals formed durlng the cooling of the samples (i.e.•

secondary etyStIllJjzarion). In melt e:tySta1li=i isotaetic polystyreDC, ~ etnsua and co­

workers9•10 also observed multiple peaks and the lower tempe:rature peak was thought to

originale ftom secondary etyStIl1lizariOn. Similar observations were made by Hybart and

Plattll for dIawn and annea1ed nylon 6.6.
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In a recent investigation of the crystalline order and me1ting behavior of isotaCtic

polypropylene, samples subjected to an annealing treacnent above 160 oC followed by a

cooling at 10 0C/min to room temperature aIso melted with a double endotherm.12 By

t'C(".()rding !lIe annealing, cooling, and subsequent me1ting thermograms, Guerra, et al. 12

clearly showed that the low temperature peak arises from material crysrnlIjzed during

sample cooling. Analogous expc:rimental observations were made previously by Pae and

Sauer.!3

4.1.1.2 Crystallization in Two Different Lattice Structures

As discussed in previous chapters, in iPP severa! crystalline modifications are

known to exist. In addition, these crystalline modifications cac co-exist within a given iPP

sample, depending on the erystallization conditions and the presence of certain

heterogeneitiesl4-20, and these are known to cause multiple me1ting behavior. Four

me1ting peaks were found by DSC studies of extruded iPP.21 It was postuiated that the

low temperature endotherm was due to the melting of the I>hexagonal crystalline phase

which subsequently reaystallized and melted again, giving rise to the second endotherm.

The two remaining endotherms were assigned to the melting of the lX-monoclinic phase.

Others22.23 have also attributed the multiple melting behavior of iPP to the existence of

two different crystal forms.

The meclmnism by which l3-KX conversion 0CCllI'S in iPP was recently investigated

by Fillon and co-workers24 using thermal analysis as we1l as optical and e1ectton

microscopy. Multiple melting endotherms were interpreted in terms of melting and

reaysta1lization OCCUIIing within the I>phase as we1l as the generalion of latent lX-phase

nuclei within the I>phase from which the l3-KX conversion occurs.

4.LL3 Partial MeitiDg, RecrystaDization and Complete MeltiDg

In the analysis of multiple melting endotherms, sevetal authors have described this .

phenomenon as being due tG melting of the existing crystalline mmphoIogy followed by
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recrystallization into a more perfeet fonn that rnelts at a higher temperature. Partial

melting followed by reorganization has been invoked 10 explain the melting behavior in

polyethylene.4•2S annealed or drawn poly(ethylene terephthalate).26-29 polystyrene (i.e.•

rnelt crystallized.30 and single crysta1s31). sorne polyamides32, and isotaetie

polypropylene.33·38

Recrystalli:z",ion was shown to oceur in polyethylene single crystals by cross­

linking by -y-irradiation so as to suppress lamel1ar reorganization during sample heating.4

Indeed, irradiated samples melted with a single endotherm while uniIradiated samples had

a pronouneed multiple peaked melting pattern attributed to a lame1lar thiekening process.

It was suggested that the annealing process in the temperature range between 118 and 126

oC resulted in crystal thickening without true melting while recrystallization of melted

crysta1s occurred above 126 oc. Mandelkem and Allou2S aIso performed differential

calorimetrie studies of the fusion of single crystals of polyethylene. Upon heating an

cxvthermie 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 Todoki39 on nylon 6, nylon

6,6, poly(ethylene terephthalate), and polypropylene to show !hat crystal. IeOrganization is

responsible for the double melting endotherms observed in these samples.

High temperature. isothermally crystallized ;pp samples were investigated by

Petraeonne, et al.33 and, tbrough a nitric acid eteh40 of the amorphous phase and the fold

surface of aystals, it was shown that recrystallization is the primaIy reason for the

occmrence of a double melting endotherm. After the etehing aeatment, the mclting

endotherm presented only one narrow peak whose position was init1! i ediate between that

of the IWO peakg observed before etehing. Recrysœllizatio phenomena were conclusively

demonstrated to be the reason for the double melting endotherm for samples isod1amally

crystallized in the temperatme range between 135 and ISO oc. The 10w tempe:rlItUle peak
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was atttibuted to the fusion of the original crystals with the actual melting temperature

being determined by a competition between melting and recrystallization. The Iùgh

temperature peak was thought to be due to melting of the recrysraUjzed crystals.

The occurrence of multiple melting endotherms in systems composed of a single

distribution ofcrystal types has been simulateci41,42 under the assumption that melting and

recrystallization are occUIring as the sample is heated. By combining an initial distribution

of mclting temperatures with only one: maximum and a temperature-dependent

crystallization regime, multiple mclting endotherms were sueeessfully modeled.

Satisfactory agreement between the experimental and simuIated 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 ofCrystal Perfection

Differences in the level of order that exists within the crystalline phase of a given

polymer system bas been invoked to explain its meiting behavior. Hoashi and MachiZ11ki6

investigaœd the mclting behavior of mclt crystallized or heat treated linear polyethylene.

A double mclting endotherm was observed for these samples, the appeuance of which

depended on the crYStltllizarion temperature and on the temperature and rime of the heat

treatment. Further heat treatment on a sample whose mclting behavior indieated a double

mclting endotherm resulted in a splitting of the lower temperature peak into two peaks,

one lower and one bigher in temperature relative tO the original peak. The results were

inlClpteted in terms of dcvelopment of higher order within the crystalline fraction

associated with the lower melting endotherm that resulted in a bigher meiting temperature.

During this ptocess. partial melring occurred and on cooliJ:g less perfect crystals fOlmed

with a 10wer melting temperature.

The melting behavior of 1.4-cis-polyisoprene was investigated by Edwards44 and

the observed double melring eadotherm was assigned to two different spherulitic Jamellar
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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,4S annea1ed poly(ethylene

terephthalate).46 and isothermally crysrnmml natural rubber.47

The level of structural order that exists within the a-monoclinic crystalline phase

of iPP was aIso considered by Corradini and co-workers48 to explain the melting behavior

of isothermally crysrnmmi 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 ofthis crysta1line phase (i.e., disordered state: ClIc; ordered state: P2Ife). It was

proposed that, at low sample heating rates a double melting endotherm is observed by

DSe if the crystilline phase is associated with the less ordered crystalline form while the

mate ordered crystalline phase melts with a single peak. Reorganization from the less to

mate ordered state was postulated tO occur at low heating tates for samples with an

originally less ordered ctySta11ine phase.

The melting behavior of the a-monoclinie phase of iPP was interpreted by Celli

and co-workers49 in terms of the regime of crystallization.50 Multiple melting endotherms

were observed for samples crystallized. in regime mwhile thase c:rystallized in regime fi

melted with a single endotherm. Regime m crystallization leads to a less ordered

crystalline phase that melts and recrystallizes inlO a mate ordered phase giving rise to

multiple me1ting endotherms. Crystallization in regime fi induces a predominantly ordered

phase that melts in a single stage. Although this desaiption ofbehavior is different from

the analysis of Corradini and co-workers,48 the underlying explanation presented in both

of these studies is based on the leve1 of order that exists within the crystalline phase and

suggests a less ordered to more ordered transformation during sampIe heating as the main

cause for the double melling endotherm.
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4.1.1.5 Other Considerations

Severa! others explanations have been put forward to explain the occurrence the

multiple melting endotherms in cenain polymer systems. In a study on the mclting

behavior of i50Gctic polystyrene and nylon 6.6. Bell and Dumbleton7 suggested one

endotherm was due to the melting of extended chains while the second was due to the

melting of chain-folded crystals. A similar suggestion was made by PaIs and co-workersS1

in the analysis of stretehed polypropylene films. It was postu1ated that one endotherm was

due to the melting of "stretehed nuclei material" and the other to less oriented crystals.

Kardos and co-workersS2 observed four endotherms in the DSC thermogram of high

pressure crystalliwi polyethylene and suggested that two of these are due to melting of

chain extended structures and chain-folded crystals.

Molecular weight fractionation bas also been proposed for the occurrence of a

double melting endotherm in high density polyethylene.8 It was assumed that a

temperature dependent preferential crystallization of lower and higher molecular weight

species occurred during sample annealing which gave tise to molecular weight

fractionation. Subsequent melting resulted in the observation of a double melting

endotherm.

4.1.2 The Present Work

This brief revÏew of the various explanation that have been proposed for the

occurrence ofmultiple melting endotherms in various polymer systemS suggest5 that there

is more than one explanation for this phenomenon. More than one event can occur

simulrancously and undoubœdly different behavior exists for different polymer types and

under different thermal and mc<:banical histories within a given polymer system. For

exampl~œorganization within the aystalline phase suggest5 that different leve1s of arder

exist within the polymer crysœls 50 that on heating a disoIder ta arder tranSfotmation

could be the reorganizational process.
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The purpose of this investigation was 10 examine the double melting endoth= of

iF? by moniloring changes within the solid state NMR spectr\lm as the sample is annealed.

Il was expected thal a correlation could he made be!Weer. the morphological changes

obsetVed by NMR and by DSe. Throughoul this chapler. a comparison be!Ween the

behavior of the spun-bonded fabrics and quench-eooled films will be ma:Jllained in an

effon to galber infonnation regarding similarities and differences be!Ween these !WO

morphologies. A fuller understanding of the solid state NMR spectrUII1 of the a­

monoclinic phase of iFP will be achieved not only from the investigation of the

spunbonded fabrics but also through a comparison with the NMR behavior of the

previously analyzed quench-eooled iFP films.

4.2 Experimental

4.2.1 Sample Preparation

The spunbonded iFP fabric !hat is under investigation is a commeLCially available

produCl !hat was obtained diIectly from the manufacturer. The following infonnation was

provided regarding the manufaeturing process. The spunbonded fabrics were prepared

with iFP, obtained from Exxon (Exxon 3445), having a melt fiow index of 34. It

contained a stabilization package speeiticalJy targeted for the connnacial tiller spinning

process.

The fibers were prepared by a melt spinning process in which the molten iFP was

extruded, with either a single or twïn-screw extruder, through a die having a plurality of

orifices extending the full width of the machine. The extruded molten polymer was then

soHdifirrl by cooling in a quencbing fluid which is usually low pressure air. While the

fibers were in a partially molten or softened state, a stream of heated high velocity air

sepaIate from the quenching.fluid was used to lightly draw the fibers. The iFP fibers were

colleeted for characte:rizalion following this drawing plocedme.
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A moving porous surface. such as a continuous belt or wire sereen. coilected the

drawn fibers as a web of entangled fibers. i.e.• a nonwoven web. The nonwoven web was

then pattern bonded by the application of heat and pressure to fonn a fabric. The

entangled fibers passed between l.wO rolls. one of which is customarily embossed with a

characteristic bonding pattern. One or both of these roils is heated at a single =perature.

in the range between 80 and 180 oc, such that optimum bonding is obtained. The applied

pressure was also controlled to obtain optimum bonding quality. These bonding

conditions were chosen sc that partial fusion 0CCUII'ed and the fibers were bonded.

Patterns used in thermal bonding generally range sc as to cover between 5 to about 30%

of the surface area of the nonwoven web. The fabrics investigated in this study had a

bond point surface covexage of approximately 25%.

Annealing of the spun-bonded fabric was pe1fOlmed by cutting a strip of fabric

(appro";mately 4 X 3 cm), placing it between twO microscope slides and heating the

sarnples under a nitrogen flow in a Metùer FP52 hot stage prevïously calibrated using high

purity standaIds. The =perature was maintained using the Metùer FP5 temperature

controller. The samples were heated to the desired anneal =perature at a heating rate of

20 0C/min and maintained for the desired time interVa1. It should be noted that the

samples reponed as a "0 minute anneal" were removed from the hot stage immediately

upon anaining the anneal =Petature. Following the annealing treatment, the samples

were allowed to cool to room =perature using ambient =perature. The annealed

samples were subsequently cut inlO sma11 squares for both ::hermal analysis and sclid state

NMR specaos.:opy.

4.2.2 Sample Cbaracterization

4 2 2 J Optïcal Microscopy

A Nikon Optiphot polarizing microscope equipped with a Cohu video camera was

used to view the spunbonded fabric and fibets 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

mcnitor 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

Scientific). To monitor the shrinkage of the fabrics during heating. the fabrics were placed

between microscope slides and then heated i.'1 the Mettler hot stage. initially set at a

tempe:rature of 140 oc. at a heating rate of 2 0C/min.

PhOtomicrographs of the fibers and bond points were taken at 25X magnifiCalÎon

under cross polarized light using the N"lkon Optiphot polarizing microscope equipped with

a N"lkon 35 mm camera.

4.2.2.2 Differentiai Sc:anning Calorimetry

Thermal analysis was performed on either the Perkin Elmer OSe-2e or on the

OSe-7e by heating the sample at various scan tates in the temperature range between 0

and 200 oC under a nitrogen flow. The ose was calibrated for temperature and enthalpy

with two high purity standards, namely indium and octade..."3Ile. The samples of

unannealed spunbonded fabrics were prepared for thermal analysis by punching a hole in

the fabrics through the use of a hale puncher and placing 1 to 2 mg of sample in the ose

aluminum pans. This method allowed for excellent sample contact with the ose 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 ose pans. AlI thermograms are ptesented

in a mass norrnalized fonD.

4.2.2.3 SoIid State NMR SpectJosc:opy

The IH spin-lattice Ie1axation rimes in a rotating frame (TIp (1H»). cross

polariZlltion/magic angle spinning (CPIMAS) NMR. spectra of the pmd.y aystalIine phase

of iPP and CPIMAS NMR spectra of the interfacial phase of iPP were obrained as

described previously in Chapœr 3.
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4.3 Results and Discussion

4.3.l Optical Microscopy

The optical micrographs presented in Figure 4.1 exhibit the supermolecular

structure of the spunbonded fabries that are under investigation. An azray of libers

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~ In addition, in

these micrographs the bond points are clearly observed as the bright diamond shape amidst

the azray of libers. These bond points, represetlting z.pproximately 25% of the total area in

these fabries, were fUImed by thc:rmal bonding which is a hot calendering process. A close

inspection of the bond point in Figure 4.1b, reveals that a certain amount of liber character

is retained within the bond points. This suggests that the heat treattnent during the

bonding process is of snfficient magnitude only to soften the fibers (with possible paItîaI

melting) whereafter comprwon fuses the libers. Undoubtedly, a certain amount of

annealing of the crystalline phase of the fibers OCCIIIS during the bonding process.

4.3.2 Differentiai Scanning Calorimetry

4.3.2.1 Melting Behavior

A DSC therwograw for the heating of an iPP spunbonded fabric at a heating rate

of 20 0C/win is presented in Figure 4.2a. The-meIting behavior of !bis sampIe bas a

charactcrlstic double endothermic transition. The DSC therwograw for the heating of a

previously quench-cooIed iPP sampIe, discussed in Chapter 2, bas been inclllded in this

figure for pmposes ofcomparison. It is of note that these samples were prepared from the

same polymer, i.e., Exxon 3445. Therefore, they have the same physical properties (e.g.,

molecular weights and degree of isolacticity) but differ in thc:rmal and !l'l!"cl!anical

histories. The melting transition tewpera.tures and wnesponding heats of fusion for the
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.\

Figure 4.1 Optical phQtomicrographs of the spunbonded iPP fabrics at 25x

magnification. (a) Middle of fabric (b) Thin edgè.
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Figure 4.2 DSe thermogram, obtained at a heating rate of 20 0C/min, of (a) a

spunbonded iPP fabric and (b) an iPP SllIIIple quench-cooled in a dry ice/acelOne slush.

The horizontal dashed line ~ts the separation of endothermic and· exothermic

regions.

above mentioned samplcs as weIl as for the quench-cooled films that were mainlllined at

low temperatuxe 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

temperatuxe peak: (LTP) of the double endothermic transition coïncides with the melting
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temperature for the quench-cooled sample as indicated by the vettical dashed line.

Although there is agreement in melting temperature between these two samples. the melt

transition region for the quench-eooled film is substantially broader !han that for the

spunbonded fabric as indiCated by a somewhat lower peak onset temperature (Table 4.1).

This is possibly reflecting a broader distribution in crystal sizc for the quench-eooled films

compared to !hat of the spunbonded fubrie. In addition, there is no evidence of the Iùgh

temperature peak (Hl'P) in the thermogram of the quench-eooled film.

Table 4.1: SnIDmaxy of Endothermic Transitions and Heats of Fusion for Various

Polypropylene Samples with Varying Thermal and Mechanical Histories.

Sample Peak Onset Peak Maximum Mi

(~C) (oC) (J/g)

LTP HI'P

Quench-eooled Fùms 146-147 158-160 80-83

Quench-eooled Film - Law T 145-147 157-159 74-78

Spunbonded Fabrics 153-154 157-159 164-165 92-95

A comparison of the heats of fusion of the various samples Iisted in Table 4.1

reveals a substantially higher crystallinity of 56±1% in the spunbonded fabrics compared

to a crystallinity of49±1% in the quench-eooled films (46±2% for the quench-eooled films

maimained at low temperatuIe prior to thermal analysis). These aystallinities are based

on 165 J/g as the heat of fusion for a 100% crystalline;PP sample.S3 This bigher level of .

aystal1inity is indicative of the thermal treatment received by the samplc during the
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bonding process. In addition, a substantially higher crystallinity may exist within the iPP

fibers themselves compared to the quench-cooled films due to a significant diffcrcnce in

the ternperature of the cooling medium. The colder dry ice/acetone slush used in the

preparation of the quench-cooled films is more efficient in genetaring a quench-cooled

state.

The exothennic transition between 80 and 120 cC, 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 exothennic transition is associated with

recrysrallization pre. .:esses involving perfection of the existing Ct-monoclinic etySta1 form

to lùgher levels of orcier. Since the exothennic transition is not observed for the

spunbonded fabrie, it would appear that the room temperature etySta1 structure within the

spunbonded fabric is already of a much higher level of orcier than that of the quench­

cooled film. This observation is consistent with the observations reganiing crystallinity

discussed above.

As discussed in Chapœr 2, in the intetval between 30 and 75 ce a small endothcrm

was observed in the thermogram of the iPP quench-cooled films (Figure 4.2b). In the

DSe thermogram of the spunbonded fabrie, a much broader peak is indieated in the

intetval between room temperature and approximately 100 cc. However, upon close

inspection of the thcrmogram, it is difficult to determine whether this is simply due to

curvature in the baseljne or a very broad endothermic peak. In the quench-cooled films,

the low temperature endothcrm was found to shift to lùgher temperature upon sample

annealing where its onser coincided closely to the anneal temperatuIe. Low temperature

annealing of the spunbonded fabric can confirm the existence of this apparent broad peak.

Such anneals are leponed and discussed further in the following section.

Since the spunbonded fabrics are composed of both bond points and fibers, on fust

inspection, the double endothermic transition may be anrlbuted to the melting of different
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crystalline morphologies associated independenùy with each of these componems.

However, comparisen 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 aise

charaeterized 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 oC/min. Therefore, from the DSC

thermograms it becomes evident that the crystal morphologies of the fibers and

spunbonded fabric are very similar and that meiting of the fibers or bond points is not

reflected independenùy by eitherof 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 variation of the observed

meiting temperature with heating rate bas becn considered by Miyagi and Wunder1ichS4

for severa! poly(ethylene terephthalate) (PET) samples. In certain PET samples, an

increase in the observed meiting temperature was noted with increasing heating rate. This

behavior was exp\ained 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 hïgh meiting temperatures. However, in other PET samples a decrease in the

melting temperatUre was noted with increasing heating rate. This behavior was thought to

be consistent with the occ:unence of reorganization (i.e., partial me\ting followed by

recrystallizalion) within the crystalline phase of the PET samples during heating. Since

these iPP samples indieate a decrease in meiting temperature with increasing heating rate,

it appea1'S that reorganization in the crystalline phase is occurring within the rime sca\e of

the OSC experiment.

The double endothermïc transition observed for these samples may also be due to

separate melting oftwo different lattice StrUCtureS that co-exist within the crystalline phase
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Figure 4.3 Dse thermogram, obtained at a heating rate of 1.25 oC/min, of (a) a

spunbonded iPP fabric and (b) spun iPP fibcrs.
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spunbonded iPP fabric and (b) spun iPP fibers.
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of the iPP spunboncled fabrics. For example. crystallization during the formation of the

iPP fibers or subsequenùy during thermal bonding could result in the formation of both the

Ct-monoclinic and (>-hexagonal crystalline phases. Heating of the iFP samples could then

result in melting of the (>-hexagonal phase followed by recrystaJJjzation inlO the Ct­

monoclinic phase which melts at higher temperawre thus resulting in a double endothermic

transition. Such behavior has becn investigated by many authors24,5S-60 and the [wo

phases have been shown to have significanùy different melting temperat1lreS. However,

the ~ to Ct growth transition is known to occur at appnximately 140 °e while the LTP of

the double endothermic transition, discussed previously, occurs at a substantially higher

temperature (i.e., 157-159 oC). In addition, the melting temperature of the quench-cooled

film, which was shown to be composed of ooly the Ct-monoclinic crystalline phase,

coïncides exacdy with the LTP of the spunbonded fabries suggesting that this melting peak

is associated with the a-phase. Therefore, the double endothermic transition observed for

this sample is not a consequence ofa ~ to Ct growth transition.

4.3.2.2 Annealing Behavior

Low temperature annealing of the spunbonded fabric yields changes to the ose

thermogram that aIe very similar tO the effects that were observed for the quench-cooled

fi1ms following similar thermal treatment. The ose thermograms obtained upon heating

of the spunbonded fabric following low temperature anneals for 40 minutes, in the

temperature range between. 50 and 120 oc, aIe presented in Figure 4.5. A small

endotheanic peak whose position is almOst coincident with the anneal temperature is

clearly observed.. This behavior confiIms !bat the apparently very broad peak in the ose

thermogram of the spunbonded fabric !bat was not annealed (Figure 4.2a) is not

associated with baseline curvature but Ieflects an endotheanic transition. This smaIl peak
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Figure 4.5 DSC thermograms obtained upon heating. at a rate of 20 oC/min, of iPP

spunbonded fabrics that were previously annealed for 40 minutes at (a) 120. (b) 110. (c)

100. (d) 80. (e) 50 oc.

behaves 5Ùm1ar!y to that observed for the quench-cooled films and is clearly associated

with the annca1;ng treatment. As mentioned in Chapter 2, this endotherm probably Ieflects

some fonn ofpremeiting tr:anSition.

High temperature annealing of the spunbonded fabric was performed at

temperatUl:eS between 120 and 165 oC for lime inœrvals between 0 and 60 minuces, as
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described in the Experimental section. Representative th=ograms for samples annealed

for 0 and 60 minutes are presented in Figures 4.6 and 4.7. respectively. The former

demonstrate. to a certain extent, the changes that occur during sample heating during a

typical ose investigation. Upon annealing. a graduai conversion from a double

endoth= to a single melting peak is clearly evident for both 0 and 60 minute anneal

rimes. However. this transformation is characterized by difIerent bebavior witlùn three

difIerent temperature regions, as seen in Figure 4.8. At anneal temperatures below 140 °
C, the endotherms are unaffected, i.e., the low temperature peak (LTP) remains at ca. 157

oC while the high temperature peak (HTP) is at ca. 164 oc. Annealing at temperatures

between 150 and 156 oc, results in a shift of the LTP towards higher temperature while

the position of the IITP remains essentially unchanged at 164 oc. For the samples

annealed for the longer lime the progression of the LTP towards higher temperature

occurs at lower temperatures and at any anneal temperature witlùn this region a much

higher me!ting temperature is observed for the LTP. Consequently, the double endotherm

character petSÎSts unlÏ1 higher anneal temperatures for the samp1es annealed for 0 minutes.

As the LTP moves tO higher temperature, the IITP appears as a shoulder on the high

temperature side of the endotherm, thus making it diflicult to judge not only the aetual

transition temperature of the IITP but also possible changes in peak area. However, visuaI

inspection suggests that the annealing treatment results in a decrease in the area of the

IITP with a concomitant increase in the area of the LTP.

Annealing at temperatures greater than ca. 156 oC results in thermegrams having a

single melting endotherm. When a single endotherm is first observed, thetemperature of

this transition is very close to that of the IITP in the unannealed sample but this single

endotherm then shifts to higher temperature upon annealing. In addition, for a given

anneal temperature the melting temperature is substantially higher for the samples
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annealed for the longer lime period. To verify this, an appropriate peak deconvolution

would bave to Ile petfOlmed on these thermograms. However. since the line shape for a

DSC thermogram is unknown this task is presentiy impossible.

The measured heats of fusion (Mi) for the spunbonded fabtics anllC':ll]c:d at various

temperatureS are presented in Figme 4.9. A graduai increase in the meaa~ heat of

fusion, or sampie crysrallinity, is observed as a fuDction ofanncal temperature. Howevcr•
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at high anneal tetnperatuIeS a rapid inaease in the heat of fusion is observed to an extent

that is dependent on the anneal lime. This larger heat of fusion suggestS that

teeryStallizatin bas 0CCUIIed in the samples thus inducing higher sample aystallinities.

Indeed. the rapid inaease in heat of fusion occurs concomitantly with the observation ofa

single melting endotherm. In samples annealed for C minutes, the slIdclen change in the

heat of fusiOn begin:s at 156 oc. This~is also the last temperatUIC for which the HI'P is
- -,

discerm"ble as a shoulder on the high temperature sidc of the LTP (Figure 4.6). The

thermogram for the spunbonded fabtic annealed at 157 oC IepIeSCIlts 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

minutes. the fust temperarure at which a single endotherm is observed occurs at

approximately 154 oC, which is a1so consistent with the temperarure at which there is an

increase in the heat of fusion.

4.3.3 Solid State NMR Spectroscopy

In the previons chapter. a t3e cross polarizationlmagic angle spinning (CPIMAS)

l'.'"MR puIse sequence was introduced which incorporates a delay period with a reduced

spin locking .'ield prior to c."Oss polarization. This pulse sequence exploited the differences

in Ttp eH) between the varions phases of iPP (i.e.• crystalline. interfacial and amorphons)

for the exclusive observation of the crystalline component. In addition. appropriate

subtraction of spectra allowed for the observation of the interfacial and amorphous

components. This technique proved to be an excellent method for the study of

morphological changes mat occur within the crystalline phase of iPP as a function of

sample anneaI. This solid state NMR technique is further exploited in the following

section to investigate the crystalline phase of the iPP spunbonded fabric as weIl as possible

morphological changes that occur within this crystalline fraction as the sample is annealed.

The NMR findings will then be com:lated wiÙl the observations made by DSe to develop

an explanalion of the double endothermic transition.

4.3.3.1 Sample Morpbology

The CP/MAS NMR spectta of only the crystalline phase of boÙl iPP fibers and

spunbonded fabric were obtained using the reduced spin-Iocking field delayed contact rime

puIse sequence described in Chapter 3. The methine and mcthyl region of the CPIMAS

spectra of the crystalline phase of these iPP samples and that for the quench-cooled films

are presented in Figure 4.10. The peaIc deconvolution of the methine and mcthyl
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Figure 4.10 Deconvolutions obtained for the metbine and methyl resonances of the 13C

CPIMAS NMR spectta of the pmely crystaI1ine phase of (a) spun-bonded fabrics (b) spun

fibers (c) quench-cooled films.
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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 inclividuallines. as described in Chapter 3.

It is apparent from Figure 4.10 that the crystalline morphologies of the iPP libers

and spunbonded fabric aIe substantially belter developed than that of the quench-cooled

films. Indeed, both the methine and methyl resonances reveal splitting patterns which aIe

similar to those obtained for the quench-cooled films after they were annealed in the

temperature range be!Ween 100 and 115 oC for one hour. Three peaks were obtained in

the deconvolution of the methyl resonance while the methine reveals !wo 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 a more developed

crystalline morphology but is also in accord with the DSC thermogram for these samples.

Indeed, the exothermic transition in the temperature region be!Ween 80 and 120 oC that is

associated with the development of improved arder within the existing a-monoclinic

crystalline phase is not observed for these samples. Bath the solid state speCtra as well as

the DSe analysis concur !hat the crystalline morphology of the fibers is similar tO that of a

quench-cooled system thermally treated in the temperature region b:!Ween 100 and

115 oc.
The chemical shifts, peak widths and peak =as for each of the peaks in the methyl .

resonance as obtained by peak deconvolution for the three samples as presented in Figure

4.10 aIe listed in Table 4.2. It is clear from the results presented in Chapter 3 !hat the unit

cell env:ironment associated with the midfield methyl peak is the most sensitive to the level

of arder wbich exists within the crystalline phase of iPP. This peak increases in intensity

as bigher levels of arder aIe attained within the crystalline phase of iFP. The midfield

methy1 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 13e
CP/MAS NMR SpectIUm of the Crystalline Phase of iPP Fibers, Spunbonded Fabrics and

Quenc;,-eooled Films.

Sample and Peak Description Chemical PeakWidth %Area

Shift (ppm) (ppm)

Spunbonded Fabric

Downfield Methyl Peak 23.10 0.92 10.5

Midficld Methyl Peak 22.59 0.56 3.8

Upfield Methyl Peak 21.93 1.21 37.2

Fibers

Downfield Methyl Peak 23.11 0.94 12.6

Midfield Methyl Peak 22.56 0.46 2.2

Upfield Methyl Peak 21.99 1.19 36.1

Quench-eooled Films

Downfield Methyl Peak 23.12 0.99 3.4

Midfield Methyl Peak

Upfield Methyl Peak 21.99 1.78 48.8

clearly absent in the quencb.-eooled films. The percent area of this peak is consis"..ent with

the results obtained for the quench-eooled films that were annealed at appro,omarely

100°C. In addition. the midtield methyl n:sonance for the spunbonded fabric is larger

than for the fibets suggesting that. on average, a higher level of arder exists within the

aystalline phase of the spunbonded fabric. Since the formation of the bond. points

involves, in part, a themu.l treatment of the fibcrs, higher order is expected and is Ieflected

in the midtield methyl resonance. AIl of the other parameters listed in Table 4.2 are
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consislent with previously observed values (i.e.. the annealed quench-cooled fihns

wscussed in ehapler 3) as weil as with the deconvolution results obtained for annealed iPP

spunbonded fabrics 10 be presented in the foilowing section.

The IH spin-lanice relaxation limes in a rotating frame (TIP (1H) for the iPP

fibers, spunbonded fabrics and quench-cooled films measured al ambienl temperature are

presenled in Table 4.3. As discussed previously. the fit of the relaxation data requires t-....o

T1p (IH) 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 motion (i.e., the

crystalline) phase while the short componenl can be ascribed to a more mobile phase, the

inlerfacial component. A comparison of the long 1H T1p component of the va.;ous

samples 1;=Vea!s a substantially longer relaxation lime for the iPP fibers and spunbonded

f:1brics compared 10 that of the quench-cooled films. This suggests !hat the crystalline

phase of these samples is more rigid and restrieted 10 molecular motion. A more rigid

crystalline phase suggests that a higher leveI of arder exists within these samples. In

addition, the relaxation data suggest that the crystalline phase of the spunbonded fabrics is

more restrieted !han that of the fibers ooly as evidenced by longer relaxation limes.

However, the difference in mobility within the crystalline phast: between these two

samples is small These results are consistent with previous DSe and CP/MAS

observations.

The NMR analysis of the crystalline IIlOlphology of both the iPP fibers and

spunbonded fabrics reveals !hat, on average, the spunbonded fabrics possess a sIigbtly

bener deveIoped crystalline phase. However, the differences between these two samples

is miner. Therefore, the analysis reganling the morphological changes !hat occur during

sample annealing were perl'OImed ooly for the spunbonded fabrics.- Ail Of the

morphological data suggest !bat the iPP fibers should behave in the same manner as the

spunbonded fabrics. In addition, since the DSe observations are similar for these samples.
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the conclusions regarding the double endothermic transition that are reached from the

NMR analysis can a1so be extended to the iPP fibers.

Table 4.3: IH Spin-Lattice Relaxation TlIDes in a Rotating Frame for iPP Fibers.

Spunbonded Fabries and Queneh-cooled Films at Ambient Temperature.

Sample TI. eH) (ms)

Methylene Metbine Methyl

Long Shon Long Shon Long Shon

Bonded Fabrie 28.7 6.5 28.6 5.2 27.4 3.9

Fibers 25.9 6.0 24.9 4.4 24.6 3.6

Queneh-cooled 19.0 4.3 19.2 3.9 18.6 2.9

Films

4.3.3.2 Annealing Behavior by Tlp (lH) Analysis

The IH spin-lattice relaxation times in a rotating frame (TIP (tH» for iPP

spunbonded fabrics thc:rmally annealed at temperaturcs between 120 and 165 oC for both

oand 60 minutes (filled and open circles, respectively) are presented in Figure 4.11. The

values presented in this figure represent the average of the individual relaxation times

measured for the methy1ene, methine, and methy1 resonance since TIp (1H) values in solids

usual1y represent an average value of the relaxation behavior over the ensemble of

protons. This is due to the strong dipolar eoupling between the protons that gives rise to

efficient spin diffusion thus crealing a mechanism ta average nonequilibrium magnetization

in any part of the proton spin system. Indeed, essentially the same relaxation time was
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obtained for each carbon. As was found with previous relaXation data, two relaxation

components were measured. The limes for both components arc presenled in Figure 4.11.

In addition, the percemages of the phase associaled with the shon relaxing componem in

the annealed samples as derived from the ampliOlde associated with the double exponential

decay curve used. in fitting the measured intensity, arc also prcsented (Figure 4.11c).

The limes associated with the long rclaxing component, which is associated with

the crystalline phase of iPP, werc found to incrcase with incrcasing anneal temperaOIre for

bath anneal limes (Figure 4.11a). For the samples annealed for 0 minutes, to a certain

extent this incrcase corresponds to the changes that occur within the CtyStalline phase

when this sample is heated during a typical DSe experiment. Morphological changes

occur within the CtyStalline phase of iPP in the lime interval defined by a 20 cC/min

heating rate since the sample was cooled innncdiateiy after it attained the anneal

temperaOIre. as is evident from the relaxation data. It is of noIe that in certain

lemperaOIre ranges changes to the CtyStalline phase occur within the lime elapsed in

simply raising the temperaOIre by as Iittle as 1 cc. Since the relaxation limes measured for

this component incrcase with incrcasing anneal temperaOIre. it must Ile concluded that a

re-organization occurs within the crystalline phase that results in an increased perfection

and. consequenùy. a more hindered mobility. In addition, for aIl of the anneal

temperamres investigated, the limes for the long rclaxing component werc found to Ile

substantially longer for the samples annealed for 60 minutes !han for those annealed for

shorter limes. Therefore, the re-organization that occurs within the crystalline phase is not

only dependent on the anneal temperaOIre but also on the anneal lime. This suggests that

the re-organîzation that occurs dming a typical DSe experiment should Ile dependent on

the sample heating rate, since sIower heating rates aIlow more lime between "anneal"

temperatureS.
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Al me highesl annea1 tempetatures. a decrease is observed in the values of the long

relaxing componen!. 11ùs decrease in the relaxation time suggeslS thal a significanl

portion of the crystalline phase bas melted during the sample annea1. As the sample is

rerurned 10 room lemperature :bis molten fraction crystallizes non-isoth=al1y and adoplS

a less perfect form. This resullS 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 IH spin lattice relaxation lime. While a plateau is observed al

lemperarores hetween 159 and 163 °e in the values of the long relaxing componenl for the

samples annea1ed for 0 minutes, those for the samples annea1ed for 60 minules continue 10

increase. However, at annea1 lemperarores greater!han 163 oc, a very rapid decrease in

T lp eH) is observed for the samples annea1ed for 60 minutes. This anneal temperature

coincides with the HTP observed bY ose, i.e.• with temperarores a<;sociated with the

complete melting of the crystal1ine fraction.

A closer inspection of the in=ases in the times of the long relaxing component as

the sample is annea1ed at continuously higher temperature reveals an apparent change in

the rate of increase at anneal temperarores greater !han approximately 156 oc. The values

of the long T 1p (IH) increase more rapidly at the higher anneal temperarores. This is

particularly evident for the samples that were annealed for 60 minutes. It should he noted

that the temperature at which this apparent change in rate occurs coincides exactly with

the temperature for which a single meiting endotherm is first observed bY ose in the

annealed spunbonded fabrics. In addition, the rate discontinuity occurs at a temperature

(156 oC) which is very close to the maximum meiting temperature of the LTP as observed

by ose for the spunbonded fabrics !bat Were not annealed. A faster in=se in the values

of the long T Ip (1H) suggests !bat the crystal1ine fraction within this sample changes more

rapidly to a leveI of higher orde:' al these anneal temperatureS.
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The variation in the short relaxing component with annealtemperarure is presented

in Figure 4.11 b. As with the long relaxing componenl, the values reported for these

relaxation rimes are also an average of the individual relaxation rimes obtained for the

methylene, methine, and methyl carbons. Although a substantial uncenainty, ranging from

lOto 20%, is associated with the measured values of this short relaxing componenl, there

is no doubt about the increase in this relaxation rime at anneal temperarures greater than

152 oc. This increase in relaxation rimes occurs concomitantly with the changes observed

for the long relaxing component discussed above. The mobility of the interfacial phase,

which is described by the short relaxing componenl, is reduced at the higher anneal

temperarures. 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

percenmge of the short relaxing component also increases at high temperarore (Figure

4.l1c). These results indieate 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 aystallinity is

noted by DSC for samples annealed in this temperatt;re 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.

4.3.3.3 AnnealiDg Behaviol' or the Purely Crystalline Phase oriPP

The 13C CP/MAS NMR spectra of the purely crystalline phase of the iPP

spunbonded fabrics annealed at temperatureS between 120 and 163 oC 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 m: intensity of the upfield peak. As

observed for the quench-cooled films, three peaks are cleatiy observed within the mcthyl
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Figure 4.12 13C CP/MAS NMR spectra of the pureIy crystalline phase of the

spunbonded iPP Cabries annealed for 0 minUles al various temperatures. The spectra were

obtained by reducing the IH spin locking field for a lime interVa!, 't=15 ms, prior 10 cross

polarization. (a)159 oC, (b)158 oC, (c)157 oC, (d)154 oC, (e)150 oC, (0140 oC, (g)130 ~

C.
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Figure 4.13 13C CPIMAS NMR spectra of the purely crystalline phase of the

spunbonded iPP fabrics annealed for 60 minuteS at various tempetatures. The spectra

were obtained by teducing the IR spin locking field for a time interval, 't=IS ms, prior to

cross polarization. (a)l63 oc, (b)161 oc, (c)lS8 oc, d)lS4 oc, (e)IS0 oc, (f)I40 oc,

(g)130 oc.
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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 v:uies in a manner very

similar to what was described for the quench-cooled films a.,d tends towards the expected

splitting pattern indicative of the cx-monoclinic crystalline phase.

As seen in Figure 4.12, morphologica1 changes to the crystaIline phase of the

spunbonded fabric even occur readily in samples during the rime interVal required to attain

the indiCated annea1 temperature, i.e., in the samples labe1ed "0 minutes". Changes within

the crystalline phase, as evidenced by multiple peaks within a given carbon rescnance,

occur simply during the heating of the sample to the desired annealing temperature (i.e., at

20 °Clmin). Therefore, changes to the crystaIline phase occur within the rime elapsed in

raising the temperature by as little as 1 oc. Since the annealed samples are developing

multiple peaks within a given resonance, which is characteristic of a more developed

crystalline phase, it cao he concluded that some re-organi.zation is occurring within the

crystalline phase which results in increased perfection within this phase while the sample is

heated. The changes in the CPIMAS spectIa coneur with the increased values for T1P (IH)

discussed previ.ously.

Deconvolution was perfonned on the methyl and methine rescnances of the

spectra of the various annea1ed spunbonded fabrics in the same manner as was desaibed

for the spectra of the quench-cooled films. The changes in the area of the three peaks

within the methyl resonance for the samples annea1ed for 0 and 60 minutes are presented

in Figures 4.14 and 4.15, respectively. lndeed, an increase in the area of the midfield

methyl resonance is c1early observed with a concomitant decrease in the areas of bath the
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Figure 4.14 (a) Results for the peak area deconvolution of the methyl carbon resonance

of the purdy crystal1ine phase ofspunbonded iPP fabrics annea1ed for 0 minuteS al various

temperamres; (SquaIe), downfield peak; (CiIcle), upfield peak; (Inverted Triangle),

midfield peak. The areas lIIC expressed as a percentage of the total methyl plus methine

areas. (b) The ratio t'fthe area of the mïd{;.eld to the upfield resonance.
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Figure 4.15 (a) Results for the peak area deconvolution of the methyl carbon resonance

of the pmely crystalline phase of spunbonded iPP fabrics annealed for 60 minutes at

various tempetatures; (Square). downfield peak; (Citcle), upfield peak; (lnvetted

Triangle), midficld 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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downfield and upfield methyl resonances. However. urJike the pattern observed for the

quench-eooled films, the redistribution of inœnsities within the methyl resonance does not

increase smootlùy as the sample is annealed at progressivcly higher temperarure. A sharp

increase in the area of the midfie1d methyl resonance is observed at temperaturCS greater

!han 156 °e while a sharp decrease in area is observed for both the cIownfie1d and upfie1d

Dl(,thyl resonances. This is particularly evident for the samples !hat were annealed for 60

minures. This discontinuity in the increase of resonance intensity begins at an annea!

temperature that coincides with !hat for which a faster rate of increase in the values of the

tH Ttp was observed. This appan:nt transition temperature is also the first point at which

a single endothetmic transition was observed by OSe. The maximum of the L1P on the

ose thermogram of the spunbonded sample that was not annealed also coincides with this

anneal temperature. Thus, there is a strong correlation between the observations made by

NMR and the ose investigations.

The ratio of the areas of the midficid to the upficid methyl peak is presented for

both 0 and 60 minures annealed samples in Figures 4.l4b and 4.15b, respectivciy. An

ultimate peak ratio of 4:3 is obtained for the samples !hat were annealed for 60 minures

while the peak ratio for the samples annealed for 0 minutes only attains an ultimate value

of9:10. This difference in the ultimate ratio confirms that the reorganization which occurs

at high tempe:ratuIe is annea1 time dependent. According to the modcl which suggests that

inequivalenr distances exist in the unit cell of the cx-monoclinic phase of iPP due to the

packing ofright- and left-handcd helices, this peak ratio should attain an ultimate value of

2:1. However, as with the quench-eooled films, the peak ratio does Dot attain this

expected value. It is ofinterest that exactlY,the same ultimate peak ratio was obtained for

the quench-cooled films when annealed for the same amoum of time, i.e., 60 minutes.

This diffaence between the measured peak ratio and the expected ultimate peak ratio is

discussed funher in 2. subsequent section.
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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 essentially

constant until approximately 156 oc. However. for anneals above this ttansition

cemperature a definice decrease in peak width is observed for a11 three peaks within L'le

methy1 resonance. Consistent with prior arguments, this change in peak width suggests

that muetural reorganiZlltion is occurring within the existing crystalline phase. The local

environments described by each of the three peaks are converging to more singularly

ddined positions within the crystalline phase. As with prior observations, this change not

only occurs within a few degrees (i.e.• 156 to 160 oC) but also occurs very rapid1y since

the samples annea1ed for 0 minutes also present evidence of xe-organization above the

transition temperature.

4.3.3.4 Annealing Behavior within the Interfacial Phase of iPP

Through an appropriate subtraetion. such as that which was performed for the

spectra of the quench-coo1ed films, the spectra of the interfacial component were obtained

(Figure 4.17) for the spunbonded fabrics that were annea1ed for 1 hour. For each of the

carbon resonances a single peak is observed at a chemical shift Ï1'JteunedialC between the

doublet observed for the aystalIine phase. This is in accord with the values reported for

the quench-coo1ed iPP films (fable 3.2). The chemical shifts of each carbon resonance

remain unchanged as the sample is annea1ed at successive1y higher temperatuIeS.

However. upon closer inspection, the intensity of each of the three carbon resonances

appears 10 inaease with increasing anneal temperature. The peak intensity for each of the

carbon resonances is p10tted as a function of the anneal temperature in Figure 4.18.

Indeed, a sudden inaease in peak intensity is observed for samples annealed at

temperatuIeS greater man apptQ1i jlll'cely 154 oc. This inaease 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 mcthyl IeSOnance for spunbonded iPP fabrics annealed for (a) 0 and

(b) 60 minutes at varions temperatUIeS; (Sq=), downfield peak; (Circle), upfield peak;

(Inverted Triangle), midfield peak.
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Figure 4.17 13C CPIMAS NMR spectra for the intelfacial phase of iPP obtained from a

subttaction of the spectrum of the purely aystalline phase from one with contributions

from an phases. (a) 163 oc, (b) 161°C, (c) 159 oc, (d) 156 oc, (e) 154 oc, (f) ISO oc,

(g) 140 oc, (h) 130 oc, (i) 120 oC for one hour•
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Figure 4.18 Methylene (CiIcle), metbine (lnverted Triangle) and methyl (Square) peak

intensity of the interl'acial phase of the spunbonded iPP fabrics that were annealed fur one

hour at various teD1peratUIeS.

•

interfaciaJ. maœrial OCCUIS concomitantly with the observed changes in the spectra of the

aysœlline component discussed previously. No change in the amount of intcrfacial

componem is detected at anneal temperatllIeS lower than 154 oc. This increase in

- intensity of all carbon resonances within the specna of the Ù'terfaciaJ component is

consistent with the results obtained from the T1p eH) analysîs, as discussed previously.
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4.3.4 Re-evaluation of the CPIMAS NMR Spectrum of a-phase iPP

As has been discussed previously and presenled in this study, the CPIMAS NMR

spectrum of the a-monoclinic phase of iPP contains spectral splittings thal are

intemlolecular in origin. The model, originally proposed by Bunn and co-workers61 and

subsequently acCepled by others,62 proposes thal this fine splitting is due 10 the

association of right- and left-handed he1ices within the monoclinic unit cell of iPP. Helices

of opposite handedness ~ able to enmesh more closely thus allowing for a closer

association. As a result of this association, there exist IWO distinc'Jy different

environments for the monomer unit. This gives tise 10 the fine splitting observed in the

solid state NMR spectrum.

An illustration of the packing environment within the crystal structure of the (l­

phase of iPP as viewed down the c crystallographic axis (P2Ifc space group) presenled in

Figure 4.19, shows the different environments that are referred 10 above. The vertical

direction in this illustration is the a sin(~) a.J.Stall0graphic axis while the horizontal

direction is the b crystallographîc axis. Successive verticallayers of left (L) and right (R)

handed he1ices are illustrated. Each Ieftlright association (i.e., those of close proximity)

forms a bilayer with respect to 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 configuration represents the limiting higher order

form, lXz. of the a-monoclinic phase (i.e.. the P2Ifc space group) while a similar

configuration possessing disorder in the 'up' and 'down' ordering of the chains forms the

Iimiting Iower arder form, al (i.e., the ClIc space group). Depending on the

crystallization conditions, the aystalline morphology of iPP. in the a-monoclinic

modification is composed ofvarious relative amounts ofeach form.64.65

The discussion reganling the inequivalent environments presented by Buno and co­

workers61 is best understood by looking at the IWO leftlright handed helices for which all
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three rnethyl groups are fulJy labeled (i.e., environments A and B, at the tOp, right hand

side of Figure 4.19). Il was posrolated that these right- and left-handed helices fotm a

doser association at the A labeled rnethyl sites while the third methyl site for each helix.

labeled B. is in an environmem characterized by a greater separation from any other helix.

These IWO distinct environments for the monomer unit are characterized by four methyl

groups at the A labeled site and IWO methyl groups at the B labeled site, thus forming a

2:1 ratio beIWeen sites. Thèse IWO different sites were postulated to he the cause of the

2:1 peak inœnsity ratio that bas been idenIified by visual inspection of the NMR spectrum

of iPP. Although this discussion bas been centered around the methyl eatbon, it should he

noted that the inequivalent site mode! also applies to the metbine and methylene carbons

since the ŒI-CHz bond is almost paraIlel with the c crystalIographic axis.66

The peak deconvolution performed on the metbyl resonance in this srody made

possible a mOle precise evaluation of the peak area ratio of the IWO more intense metbyi

peaks tban was achieved from the visual inspection61,62 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 temperarore and was found to increase until it reached an ultimate peak ratio of

001y4:3.

In Chapœr 3, it was suggested that it is possible that the theoretical peak ratio of

2:1 cannot he attained for quench-cooled samples simply by sample annealing. However,

based on the presence of another peak èownfield from the most intense metbyl peak and

the fact that the peak area ratio attains an ulti:mœ value of oo1y 4:3 it seems more likely

that the mode! desaibing the fine splitting does not account adeqUate1y for the details of

the solid smte spectrum. In addition, tiùs mode! does not account for the reduced peak

ratio observed in the speetra of iPP samples that were annealed at lower temperatUIes or
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Figure 4.19 illustration of me crystal structure of the cx-monoclinie fonn of iPP under

P2I fe symmetry as vicwed down the c crystallographie axis. This illustration is based on

the packing diagram presented by Brückner and eo-workers.63

the single peak observed for quench-cooled films. Thus, this mode!, which describes the

inequivalent environments in terms of distances between lielical centers, may be

insufficient in describing the fine details regaIding the splitting patterns observed in the

solid state :;pectra of iPP•
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Recemly, Brtickner and co-workers63 inveslÎgated the CP/MAS NMR spectrum of

the Il-!riclinic crystalline modificalÎon of iPP. This crystal form was fust described by

Turner-Jones, et al. 14 but has more recently been re-examined and refined by Bruckner

and Meille.67 In the 'Y-phase of iPP, the arrangement of 31 helices was found to violate the

requirement of chain axis parallelism in that bilayers (i.e., parallel helices rwo chains wide)

present a chain axis orientation with an 80° tilt with respect to the adjacent bilayer. The

CPIMAS NMR specmun of this modification also reveals fine splitting patterns associated

with intermolecular phenomena. sirnilar 10 that obtained fur the Cl-phase. Hoo,;·ever. 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 Cl-phase. Brtickner

and co-workers63 also considered this splitting pattern to be due to inequivalent distances

berween hellcaI axes. However, due to the chain axis nonparalleüstn that exists within the

'Y-phase. distances berween 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 alOmie

position.

The a and b interlayer distances reported by Brückner and co-workers63 for both

the Cl- and 'Y-phases of iPP are presented in Table 4.4. It should be noted that the various

interlayer distances reported for the Cl-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 Cl-phase reported by Nana and Corradini (i.e., ClIc space

group) whiIe the following interlayer distances consider subsequent models that anempted

a refinement of the original mode! (i.e., P2Ife space group). In their analysis of the 'Y­

phase solid State spectt'UIII, Brückner and co-workers63 avt:raged an of the Cl-phase

interlayer distan~ reported in Table 4.4 to obtain a =5.13 and b = 5.34. They compared .

these to the interlayer distance reported for the 'Y-phase in attempting to develop an
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explanation for the observed. reversal in the inlensities of the !WO methyl peaks. An

inversion of the !WO inlerlayer distances was nOled.; a being longer !han b for the "y-phase.

Il was suggesled. that this inversion is related. to the corresponding inversion of the methyl

inlensities in the solid State NMR spectrum.

Table 4.4: Interlayer distances a and b as reponed by Bruckner and co-workers63 for

both the a- and -y-phases of iPP.

Description of Crystal Structure Interlayer Distances

a CÀ) b CÀ)

a-phase (Nana and Corradini)66 5.30 5.17

a-phase (Mencik)6S 5-07 5.41

a-phase(Hikosaka and Seto)64 5.10 5.33

a-phase (Immirzi)68 5.03 5.45

-y-phase (Brückner and Meille)67 5.34 5.24

The interlayer distance reported by Brückner and co-workers,63 which was based

on the x-ray evidence of Nana and Corradini (Table 4.4), refers to an a-phase with C2/c

symn~y (i.e., a 1imiting disordered structure) while all of the ether

interlayer distances given in Table 4.4 are associated with a CIyStal form that is eloser to

?2lfc symmerry. It is of note that an inversion be!Ween the a and b interlayer distances

does not ooly occur as a result of ehange in structure, i.e., from the a to the 1 phase, but

also on perfection of the~-phasefrom the space group C2/e ta Pllfe. Interlayer distances

ofa = 5.30 and b = 5.17 À are reported for the a-phase in the disordered form (i.e., C2/e)

while a = 5.07 and b = 5.40 À are reported for the ordered Pllfe form. It might be
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expeclt:d that this inversion in interlayer distances is also related, at least in pan. to the

corresponding reversal in peak ratio that is observed in lower temperarure annealed

samples as weil as the single peak that 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) bas been examined, in pan. by LoIZ and

Wimnann69-71 in their consideration of the contact faces of epitaxially crystaJ1jzed iPP in

the a-monoclinic and y-triclinic foImS. In agteeIDent with the layer structure description

of the a-monoclinic phase of iPP, they identified two possible packing modes in tlùs

crystalline phase under P2 ifc symmelIy. One type of packing is noted at the contact faces

of the interlaycr labeIed 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 labeIed A

and B in Figure 4.19. When the A labeIed contact face is vicwed from cither the +b or -b

crystallographic direction (i.e., perpendicular to the ac crystallographic plane), two methyl

groups are exposed at the contact face, for both the right- and leCt-handed heliccs, while

the third methyl group is burled behind the helix and is in the b interlaycr. The reverse is

observed at the B labeIed contact face, i.e., one methyl group is e.'qlOsed while two are

burled.

If a helix of at least three monomer units vicwed along the c crystallographic

direction is associated with another helix of the same handedncss (i.e., along the a

crystallographic direction), two duterent 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 graphïcally in

Figure 4.20. The filled ciIcles repIeSCllt exposed methyl groups while the empty circles

indieates a methyl group buried behind the helix. In the a interlaycr contact face (Figure

4.20a), the methyl groups are amlIlged in a face-centcred geomelIy or as the "five" face of
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Figure 4.20 lliustration71 of the positioning of the methyl groups aI the conlllCt face (a)

aI the a interlayer and (b) at the b interiayer. The sbaded ciIcles represent exposcd methyl

groups while the hollow methyl groups reprcsent metbyl groups that are buried behind the

helix. The (a) five and (b) four patterns of dice (i.e., simple ci face centcred) are easily
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a dice while at the b interlayer contact face (Figure ~,20b), the geometry can be illustrated

as the "four" face of a dice.70 Therefore. at the A labeled sites (Figure ~.19). a

considerably hi~er density of exposed methyl groups is noted compared tO the B labe1ed

site.

Basee! on the above considerations. the fine splitting observed in the CP/MAS

l'o"MR spectrUm of the CI-phase of iPP results from the doser association of right- and left­

handed helices in the interlayer lllbeled a (Figure 4.19) as well as from a suiking difference

in density of exposed methyl groups at this contact face. However, these differences are

associated with the CI-phase possessing higher order. i.e.• that packed according tO P2lfc

symmeuy. As discussed above, the CI-pha.<e possessing lower order (i.e., C21e space

group) bas a substantially greate:r separation at this inte:rlayer, while the interlayer defined

by the B sites is substantially smaller. However, it should be noted that the density of

exposed methyls aI the contact face of inte:rlayer B is much smaller. Consequently, for the

unit cell of lower order the methyl groups of the A and B inte:rlayers are observed in the

NMR spectrUm essentially as a single upfield resonance. For the higher order crystal

form, large differences in helical packing and inte:rlayer distances generate inequivalent

distances within the unit cell that result in the observation of fine splitting for aIl of the

carbon resonances A cxystal of inlCImediate order, i.e., one composed of relative

at1Y.)\II1ts of both limiting st."UetuIeS. 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 observe::H:.me solid state NMR spectrum of iPP characterize the transformation

of a crystalline phase existing in a state of low order (i.e., C21e sy1D1lJCl1y or CIl form) tl> a

limiting higher order form (i.e., P2lfe syannary or az form). The midfie!d methyl

resonance reponed. in Figmes 4.14, 4.15 and 3.6 appears to follow the struetural

transformation frotn the CIl to the az modificaàon.
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The existence of such a structural transfonnarion was also suggeSled by Hikosaka

and Selo64 based on x-ray diffraction analysis. In their analysis. the co-existence of both

levels of structural order was posrulaled and. from the x-ray diffraction intensity data. it

was shown that the volume fraction of the higher order form in a highly elongated and

high ternperature annealed sample was 66%. In this ~"MR srudy. the area of the midfield

methyl resonance, which is now thought to rcflea the amount of higher arder within the

crystalline phase. anains an ultimate value of 56% (Figures 4.15 and 3.6). Considering the

different !hermal and mechanical histories of these samples, this is in good agreement wiÙl

the value rcported by Hikosaka and Seto.64 It should be noted that, although anained at

different anneal temperatureS. both the quench-cooled films and the spunbonded fabrics

attain the same ultimate value of 56%.

In prcvious studies, it was generally agreed that the peak intensity ratio between

the downfield and upfield methyl resonances should attain an ultimate ratio of 2:1 due to

inequivalent distances within the unit cell Based on the interlayer arguments presented

above, it is prcdieted that the methy1 peak area ratio should attain <!. value of 4:3,

consistent with four methy1 carbons at interlayer a and th:rce at interlayer b generating the

inequivalent distances in the ~ modification. As noted from Figures 4.15 and 3.6, the

methyl peak area ratio does indeed attain this ultimate value of 4:3. Thercforc, the

inequivalent distances present in the unit cell of a-phase iPP that arc generating the fine

splitring patterns observed in its solid state spectrum should be intelp1eted in ter1IIS of

interlayer spacing and the packing dcnsity at the contact faces ofeach interlayer.

As noted for the annealed quench-cooled films (Figme 3.6), the downfie1d metbyl

resonance appears to bebave as an intawediatr: environment since it forms during the

initial stages of rcorganizaliOll and essenriaUy disappears when the final aystalline statr: is

attained. In the spunbonded fabrics, this melhyl peak is observed in the spectra for the

samples with the originallIlOIphology, i.e., prior to the annealing trcannent. Its prcsence
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suggeslS that there exis!S an even doser association of helices than that observed in the

final state of higher order. It should he noted that a shoner separation hetween helices

corresponds tO a downfield shift of the methyl resonance.63 In the investigation of the CI~

form of iP? MenciJ<65 calculated the interatomic distances at the interface hetween a

reguIar region, built with P21/c symmetry. and a disordered region. i.e.• a chain with the

wrong up/down orientation. AlI shOrtest distances hetween reguIar and defeet chains were

found to he equaI to or Iarger than 4.04 Â. with the exception of one methyl group for

which a separation of 3.67 Â. was calculated with its counterpan on the defeet chain. This

smaller separation hetween methyl groups may give rise to the downfield methyl peak.

Mencik pointed out that this short distance cao he relieved by a rotation and a small shift

of the defeet chain in the c crystallographic axis. With this small shift. the distance that

was previously too short increases to 3.90 Â... Therefore. the environment generated by

this too small distance (i.e., downfield methyl peak) would he lost following a shift of the

helix along the c ctystallographic axis. In the solid Slate NMR spectrum. the downfield

peak formed due to a doser association of helices would decreasc in intensity as more

defeet chains are integrated inlO the a2 modification. The presence of this peak in the

highest oroer samples (i.e., highest anneal temperatUIes) is in accord with x-ray evidence

which indieated that pure P2lfc symmeay cannot be obl3ined in iPP.

4.3.5 The Double Endothennic Transition in iPP Spunbonded Fabrics

As discussed in the previous section, the solid state NMR spectIUI11 of the CI-phase

of iPP provides information tegaIding the level of order that exists within the a)'stalline

phase. This in tum refleets its thermal and mechanical history. Thus. the NMR speetra

cao be used to monitor the conversion of the crystaIline morphology from a state of low

oroer to that of a higher level of order (i.e., al to the az crystal form). The area of the

midfield methyl resonance appears to be reIated to the amount of the higher order phase

that is present in the sample.
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The melting behavior of a given poljmer sample refleclS the level of order existing

within the CI)'stalline phase of the original morphology. In addition. enthalpic

contributions associated with any reorganization that occurs within the sample as the

temperarure is raised will contribute tO its melting behavior. In the case of iP? in the CL­

phase. the reorganization that occurs during sample heating involves ccnversion to the

P2lfc space group. The melting behavior of various iP? samples possessing different

thermal and mechanical histories bas been investigated12.48.72 in != of the level of

str".lcrural order that exists within the crystalline fraction of these samples. DSC a.,d x-ray

diffraction data were =fully compared for varions unoriented and oriented iP? samples

with specifie thermal histories.

In these investigations, an order parameter, R, was defined which yields semi­

quantitative estimares of the degree of order existing within a given sample. This

parameter was taken equal to the ratio 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 ratio

reaehes nearly 2 for the most ordered samples (i.e., P21fe space group) while a value of

0.5 is obtained for the disordered state (i.e., C2/e space group). The following

observationsl2,48,72 were made conceming the effects of strucrural order on the melting

behavior of the samples: (1) Unoriented iPP samples with a thermal history defined by a

10 0C/min cooling from the melt to room temperarure and subsequently annealed at

125 oC have a disordered foIm with R = 0.8. They melt with a single peak at fast heating

rates wbile at slow heating rates a double melting peak is observed (i.e., single peak at

heating rates > 10 0C/min; double peak at rates < 2.5 0C/min). Upon annealing at 155 oC

they =ganize to a mon: ordered form with R=1.6 and a single melting peak is observed

at aIl heating rates. It was postulated that when a sample in the disordered foIm is heated

at a slow heating rate it bas sufficient rime to reorganize into the mon: ordered foIm that

melts al a higher temperatme thereby generating a double melting peak. (2) Upon sample
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annealing. an increase in the order par..rneter is obsc:rved ;;onsislent with the

rransformation from the disordered tO the ordered stue. This increase is observeJ for all

samples independent of prior thc:rma.l history. However. the onset temper:lture for this

rransformation varies between samples and depends on thc:rma.l hislory. The lemperature

range associaled with this rransfonnation was shown tO be related to the position and

shape of the melting endotherm of the original sample (i.e.• prior to annealing rreatment).

(3) The increase in the order parameter al the Ctl 10 Ct2 rransition occurs concomitantly

with an increase in the melting =perarure of the annealed samples. A linear relationship

was observed between the order parameter and the melting temper:lture 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 fonn. the Ct­

phase of iPP is in a disordered state (i.e.• C21c space group) and its melting behavior is

always characterized by a double melting peak. even for heating rates as high as

40 cC/min.

The above evidence suggests a StIOng correlation berNeen the level of structuIa1

order that exists within the Ct-phase of iPP and the melting and annealing behavior of the

sample. In Figure 4.21. the area of the midfield methyl resonance is ploned a~ a function

of the melting temperature. for all of the annealed spunbonded iPP samples. Above a

certain anneal temperatUl'e. a linear relationship is obtained for both the 0 and 60 minute
,

annealed samples. This linearity is similar to the linear relationship observed previously by

De Rosa and co-workers72 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 =perature indieates further that

the solid state 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 methy1 resonance and the

sample melting tempcrature obtained by OSC. Open circles represent the 60 minute

anneals while the filled circles represent the 0 minute anneals.

state to an otdered one. It should be noted that this linear relationship is only observed for

anneal temperatures ~ 150 oc, wbich is consistent with the fact that no change in the OSC

thermogram is observed below this anneal tempenuure.

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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fabrics (solid lines) and the quench-cooled films (dashed lines). Data previously illllSlI'ated

in Figme 4.15 and 3.6•
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~xpected. distinetly diff~rent behavior is ob~rv~ for th~se N,'O systems. At the anneal

[~mperature of 156 oC the quench-cool~ films have anained their final intensity

disoibution. consistent with reorganization to the higher order a-ph= while. by

comparison. :he spunbonded fabries have spectra 'W'ith a much reduced i.1'~nsity

disoibution. The fastest redisoibution of intensity for the ~punbonded fabries occurs at

anneal ternperatures greater!han 156 oC, i.e., the ternperature that is also as:;ociated with

significant changes in the spectI'UIIl of the interfacial ph= as weil as in the ose
thermogram, i.e., melting with a single endotherm. However, it should be noted that both

samples anain exactly the same intensity disoibution at anneal ternperarures associated

with the maximum melting ternperature measured bY ose. The quench-cooled films melt

with a broad single endotherm with the ternperature of the peak maximum that is

consistent with the final state observed bY NMR. In the case of the spunbonded fabrics,

this ternperature is associated with the LTP while the final state observed bY NMR, for

samples annea1ed al 163 oC, is coincident with the HIP observed bY OSe.

Since the NMR spectI'UIIl reflects the atnount of higher order within the a-phase

crystals, it is cleu that although the melting behavior of these samples is drastically

different the ultimate levels of order !hat develop within the crystalline phase are iclentical.

However, the paths bY which the final state is attained are strikingly different and this is

reflected in the melting behavior of these samples. A gradual conversion from the NMR

spectrUm with the intensity distribution assocïated with the disordered state to !hat of the

ordered state is noted for the quench-coo1ed films (Figure 4.22). In faet, this conversion

appears to begin with anneaIs at approrimate1y 80 °e (Figure 3.6), coinciding with the

exothCItIlÎc transition observed bY OSe. The gradual conversion may. in part. be reflected

in the broadness of the ose thermogram for this system (Table 4.1). In the case of the

spunbonded fabries, the extent of conversion is largest for annealing in the temperature

range between 156 and 163 oC, i.e•• the area between the IWO DSe endotherms. It is of
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note !hat the twO peaks in the DSC thennogr.un for the spunbonded fabrics are

comp:lI'3.tively sharp ",~th very lime low temperature t:riling (Fig=: ~.2).

:-;apolit:lIlo and co-workers73 have perforrnc:d i'~cking er..:rgy ("o!cu1:ltions for both

the space groups C2/c and P2 j lc using the values of the axes of the unit cells

experimentally obt:rined at various temper:ltures. The calculations consistenùy indicate

lower energies for the crystals with P2/c symmetIy compared tO those ",~th C2/c.

suggesting that the higher order form is thermodynamically more stable :lIld that the lower

order phase forms due tO kinetic constraints (i.e.. r.lpid cooling). During the

tr:lIlSformation to the form wim higher oroer. this energy difference must be prevailingly of

enmalpic character. In me case of me quench-eooled films. ÙlÎS enÙla1pic contribution to

me tr:lIlsformation from me disordered to me ordered state occurs over a large

temper:lture range. as indieated by me graduaI conversion mat is observed by NMR

(Figure 4.""). However, in me case of me spunbonded fabries.. me enmalpic contribution

associated wim ÙlÎS tr:lIlsformation would be 10C3lized in me temper:lture region between

156 :lIld 163 oc, i.e., me temper:lture range where a r.lpid redistribution of intensity is

observed in me NMR spectrUID. This temper:lture range coincides exactly wim me region

between me two mclting endomerms suggesting mat me main mclting transition bas been

modified by an exomerm. Thcrefore, for me spunbonded fabries.. me exothermicity

associated wim me Ctl to lX2 transition is concentrated widlin a small temperdture range

mat is superimposed on me mclting endomerm 50 me overall process is observed by ose
as a double endomerm. For me quench-eooled films, ÙlÎS exomermicity occurs over a

large temperature range and is not detected by ose. However, it may be possible mat at

low heating rates, me temperature transition region may be reduced and me exothermicity

detected by ose yie1ding once again a double endomerm.

From me above argumentS, it appears that me mclting behavior of iPP in me Ct­

phase is dependent on two variables. The first is me 1eve1 of order that exists widlin me
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original crystalline morphology of the sample. This levd of order defines the degree oi

reorganization that can occur during sample heating. The second variable is !ne path by

which the crystalline fraction reorganizes. i.e.• over a small or large temperarure range and

the rate of transformation within this temperarure range. It must be noted that the second

variable must be dependent on the conditions of the thermal analysis experiment (e.g .•

=pIe heating rate. restrained versus unrestrained thermal analysis).

4.3.6 Crystal Orientation and Sample Sbrinkage

In the analysis of the melting and annea1ing behavior of the spunbonded iPP

fabries. comparisons were made throughout this ,:hapter with the melting and annea1ing

behavior of the quench-eooled iPP films. The double melting endoth= that is observed

for the spunbonded fabrics \Vas found to be due to a combination of an originally poorly

developed crystalline phase (i.e.. ClIc symmetry) and to a transformation of this

disordered crystalline ph= tO an ordered phase (i.e.• P2Ifc sytnOetry) within a small

temperarure region. By comparison. the quench-eooled 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 temperamre span.

This difference in the temperarure region where the transformation from a disordered to an

ordered crystalline fmm occurs must be related to a difference in the gross morphology of

the samples.

A scanning transmittance elecuon microscopy (STEM) dark field image of n-beam

reflections of a longimdinaJ section of the iPP fibers is presented in Figure 4.23. This

image was obtained as described in the Experimental section in Chapter 2. ContraI)' to the

quench-eooled films (Figure 2.7). the crystalline phase of the iPP fibers is highly oriented

in the fiber direction, as 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
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Figure ~.23 STEM dark tidd image of n-œam n:llections of a longitudinal section of the

iPP tih<:rs at IO.OOOX magnitication. The tib<:r was cut 10nb'Ïtudinally close to the fib<:r

surface.
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disordered ro the ordered CI-monoclinic crystalline form occurs (Figure ~.22) must be

related to the level of orientation that is present in the sampie. It is possible that in the

oriented fibers. reorganization is restricted due to the OIientation in the crystalline phase

and occurs only once the fibers begin to soften. 11ûs is expected tO require the

spunbonded fabries to shrink in the temperarnre region associated with this

transformation.

The heating of the spunbonded iPP fabric was perfcrmed at a rate of 2 0C/min

under an optical microscope to monitor any changes in the size of the fabric as the

ternperarnre was raised. The size of the spunbonded fabric as measured within the

microscope viewing area is ploned as a function of temperarnre in Figure 4.24. Indeed, at

a temperarnre of ca. 152 oC, the spunbonded fabric begins to contraet. It is of interest

that at this temperarnre changes to the interfacial phase were observed by NMR. A very

rapid contraction of the sample is noted in lIe temperarnre region between 157 and 163 °

C, 11ûs temperarnre 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 transformation within the crystalline phase of iPP follows the softening

and. thUS, loss oforientation in the crystalline phase of the iPP fibers.

4.4 Summary

The melting and annealing behavior of iPP spunbonded fabries 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 characteristic of a more ordered

crystalline fotm. The methylene and methine carbons revealed split resonances whose

intensity distribution depended on the sample anneal temperature. The methyl resonance,
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as observed for the quench-cooled films, was split inte tbree peaks. It was shown that the

development of the splitting patterns is consistent with the generation of bigber order

within the Ct-monoclinic c:rystalline phase. In particular. the mjdfjeld methyl ICSOnance

maps the convemon of the c:rystalline phase from a disordered state described by ClIc

symmetty te a mon: ordered state that is desaibed by P2l fc S)unnetty.

The bighest c:rystalline order attained in this study (i.e•• closcst ta P2l fe 5yi1llllCtIy)

results in a split within the methyl rcsonance chaIactetized by an iD!Cl!sity ratio of 4:3. as
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was also observed for the annealed queneh-eooled films. This splitting panern is due tO

inequivalent padang geometries in the P2lfe symmetry Ct-phase due to the association of

right- and left-handed helices that generate a bilayer. Within a given bilayer that is

eharacterized by the same methyl orientation (i.e., up or down), a smalIer interlayer

separation and a higher methyl paclàng density exists than for the interlayer defined by the

padang be[Ween bilayers of opposite orientation. This distance and density variation

generates [WO different environments at the interlayers yielding IWO 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 nature of the double endothermie transition in the spunbonded

iPP fabries, the samples were annealed at high temperatUIe and the changes occuning to

the crystal.line phase were characterized by ose and solid state NMR spectroscopy. An

apparent transition temperature of 156 ce was identified by both of these eharacterization

methods. ose analysis indieated a sudden change in crystallinity in samples annealed at

temperatures higher than this transition temperatUIe. In addition, the thermograms of

these annealed samples did not indieate a double endothermie transition but ramer a single

peak. NMR eharacterization of the leveI oforder existing within the aystalline fraction as

weIl as the overall mobility ofthe polymerchains also indieated a sudden change occurring

within the aystalline phase at a temperatUIe of 156 ce. This change was identified as a

transition from a disordeIed phase with respect to the "up/down" orientation of helices

within the unit ceIl to an ordered phase. Proton spin-lattice reIaxalion rimes in a rotating

frame indieated that above 156 cc, chain mobility decreased mOle rapidly than below this

temperature, which is consistent with the aystallinity observation made by OSe. The

CPIMAS NMR spectra of the pmeJ.y aystalline phase of iPP indieated a rapid re­

distribution of peak intensi.ty at temperatures above this apparent transition temperatuIe.

The width of the various peaks within a given carbon resonance decteased suggesting that
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the helices are located at more singularly defined positions, which is consistent .....ith a

crystal of higher order. In addition, changes were aIso noted within the interfacial

component. The amount of interfacial component in these samples increased with a

concomitant decrease in chain mobility suggesting, respectively. possible crystallization of

previously extended chains and/or amorphous material and segregation of polymer chams

previously in the crystalline ~hase to the interfacial component. These observations were

confirmed byTIP (1H).

The transition temperamre of 156 oC is consistent with the peaic maximum of the

L1P observed by DSC for the spunbonded fabrics and the melting temperamre of the

quench-cooled films. In addition, the temperamre range between the (wo melting

endotherms coincides exactly with the range where drastic changes OCCllI' to the crystalline

phase of iPP as determined by 50lid state NMR spectrOSCOpy. Conversion from a state of

10w to higher order is noted in this region. Therefore, at temperature above 156 oc, the

melting endothetm is being modified by exothermic processes from this transformation.

The effect of this transformation on the melting behavior is also thought to be path

dependent. The quench-cooled films attain the same level of order as the spunbonded

fabrics but melt with a single endotherm. However, the transformation is gradual in

comparison to the spunbonded fabrics, and occurs over a large temperatUIe range.

Therefore, the exothermicity associated with this conversion occurs over a large

temperatUIe range. In the spunbonded fabrics, the conversion is vety tapid and is

concentrated within a much waller temperatUIe range and, thus, 50 is the exothetmicity

that is modifying the endothermic transition and generaIing 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 restriets reorganization in the aystalline phase until a

temperatUIe associated with softening of the fiber form. Shrinkage of the spunbonded
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fabric is observed in the temperarure region where the morphological changes within the

crystalline phase are observed through DSe and l'o"MR 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 hehavior of a spunbonded iPP

fabtic that was prepared from a 34 melt flow index iPP teSin was investigated. Through a

comparison with Ùle melting and annealing behavior of quench-cooled iPP films. it was

found that these physica! properties are StIOngly dependent on the structure and

morphology of the sample. The degree of orientation that is present in the iPP fibets as

weil as the level of structural arder in the crystalline phase drastically affect its melting

hehavior which manifests itse1f as a double endothermic transition in the DSC

thermogram. Similarly to the effects on the physical properties. the physical structure of a

given fiber influences its mechanical performance.1.2

The enhancement of the mecbanical properties of spunbonded iPP fabrics is the

focus of this investigation. Invatiably the evaluation of the mecbanical properties of a

given fabrie stans with the evaluation of its ter.sile properties. The tensile performance of

a spunbonded fabric will he dependent on the tensile properties of the individual fi.bets as

weil as on the quality of the bond points. In addition. considetation must he given to the

bond point interface..3-6 To improve the !ensile properties of the spunbonded fabrics. the

performance of individual fi.bets is of principal impottance. Since the tensile ploperties of

fibets are diIectly related to their physical structure., the enhancement of their tensile

performance requiIes appropriate modification of the physical SlIUCtUIe.

The physical structure of a given polymerie fi.ber is govemed by several features

which also influence its mecbanical pe1fOtmance.1.2 The most imponant featme5 that are
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associaled v..ith the crystalline phase are the degree of order. the orienlationa! order of the

crystallires. crystalliniry and the distribution of this crystalline phase in the liber. ln the

amorphous phase. the degree of chain extension is the most important faclor. The

modulus of a liber is known to increase with structural factors such as crystalliniry. degree

of orientation (amorphous and crystalline). chain sriffness and the level of order in the

crystalline phase.2 Similarly. the tensile strength of a liber is influenced by factors such as

molecular weight. amorphous and crystalline orientation. length and distribution of "tie"

molecules and uniformiry in thickness and orientation.2 Therefore. 10 improve the tensile

properlies of a fiber. its physical structuIe must be affected in a manner that promOles

beneficial changes in liber morphology. It should be noted that some of the above features

are a consequence of the choice ofpolymer (e.g., chain sriffness), the characteristics of the

resi., (e.g., molecular weight) and the processing conditions (e.g., amorphous and

crystalline orientation due to sample drawing). However, some of the features 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.7

Sîlica particles have been added to severa! polymers8-12 and shown to affect their

crystallization kinetics under quiescent conditions. The addition of a hydrophilic silica to

isotaetic poly(propylene oxide) and poly(ethylene oxide) was found to inetease the number

of pri:maty nuclei during isothermal crystallization.ll,12 Surface modification of the silica

particles through a trimethylsilation of its surface silanol groups resulted in a reduction in

the number of pri:maty nuclei that fotmed in both polymers compared to the untreated

silica. However, the numl= of nuclei in the composites prepared with the surface

modified silica still c:xceeded that obtained in the unfilled system.

. The influence of the surface treated and untreated silica particles on the

crystal!ization behavior of poly(ethylene terephthalate) and isotaetic polystyrene was
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investigated by Tunurro. et al.~-1O An increase in nucleation density was observed in both

polymers with the addition of a low concentration of the silica particles. In addition.

Tunurro8,10 investigated the effect of silica particle size on the Ctystallization kinetics of

isolactic polysryrene. The concentration of the untreated silica particles in the polymer

was maintained constant but its surface area was increased from 50 to 380 rrll/g.

Increasing the surface area, by d=asing the size of the silica particles, caused the

number ofpolymer-nucleant interaction sites to increase within a given volume. A greater

nucleation c!ensity was found in the samples containing the higher surface area, i.e.•

smaller size, silica particles.

Turturrol! 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 c:rystallization 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-Pierre12 on heterogeneous nucleation of isotactic poly(propylene

oxide). It was suggested by Tunurro8 that individual silica particles group together into

clusters. by hydrogen bonding, and this reduces the number of particles that can become

effective nucleating sites. Therefore, the efficiency of the silica partic1es as nuc1eating

agents was found to he dependent not only on the surface characœristics and the particle

size, but also on the level ofdispersion that can he achieved in the polymer.

The rdationship between the quiescent c:rystallization kinetics of iPP and the

strueture and properties of the =u1ting spun filaments was investigated by Lu and

Spruiell.7 The rate of the quiescent crystallization of the homopolymer was increased by

the addition of a nucleating agent while slower c:rystallization was obtained by using a

tesin that was randomly copolymerized with a small amount of ethylene. It should he

noted that the melt flow index (MFI=35) of the iPP tesins was maintained constant.

Inaeasing the rate of the quiescent crystallization cansed c:rystallization to occur c10ser to

the spinneret during processiog and, thus, at a higher temperatUIe. A filament of lower
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tenaciry and higher elongation-to-break was produced. In addition. the effccts were found

to be most significant under conditions of low levels of stress (i.e.• low "take up"

velocities). Similarly. slower quiescent CI)'Stallization produced a filament of lower

elongation-to-break but higher tenaciry. A direct relationship was obscrved between the

quiescent crystallization kinetics and the properties of the spun filaments.

The role of molecular weight distribution (MWD) and MF! of an iPP resin on the

structure and properties of melt spun iPP fibers was investigated in detail by Misra and co­

workers13 although their importance had been suggested previously.l4-1S16 Three sets of

resins lhat varied in MF! were investigated where within eacb of these sets, each

containing three resins, the MWD of the individual resins was also varied from a narrow

(M.JMn=2.8-3.1) to a broad (M.JMn=3.8-4.8) distribution. The MF! of the first set of

resins ranged from 19 to 22 while the other!Wo ranged from 40 te 45 and 85 to 95. Melt­

spun filaments, ca. 35 to 45 J.IIIl in diameter, were prepared froID each of the resins and

their tensile propenies were evaluated. The foUowing effects were noted on the tensile

elastic modulus. tensile strength and elongation-to-break in changing the resin

characteristics:13 Under similar spinning conditions, increasing the weigbt average

molecu1ar weight, i.e., decreasing the MF!. while maintaining the MWD approrimate1y

constant produced a filament of higher modulus. tensile strength and elongation-to-break.

Similarly, within a given set of MF! resins increasing th~ MWD produced a filament of

higher modulus and elongation-to-break but of Iowa tensile strengtb. 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 faet, 5tUdies canïed out by DIs. Nohr and

MacDonald and other scientists at Kirnberly-C1ark 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 diflicu1t at best and on occasion

plugged die orifices te an extent sufficient te prevent fibers formation.
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The purpose of this smdy was to understand the improvements in the tensile

properties of spunbonded iPP fabrics discovered by Ors. Nohr and MacDonald, who used

IWO different approaches. (l) The first method was to specifically target the overall

crystailization kinetics of iPP. The nucleating ability. in iPP, of a silica whose surface is

modified with polydimethylsiJoxane was investigated under quiescent conditions.

Particular emphasis was placed on the particle size and levcl of dispersion. The size of the

silica particles was reduced by a ball-milling procedure and anempts were made to

generate a bener dispersion of the silica particles in the polymer. This was accomplished

by dispersing the silica particles in a silicone fluid prior to its incorporation into the iPP.

This pre-dispersed. fine-particle surface-modified silica was tested for its ability to erthance

nucleation in iPP. It was hoped that a higher nucleation density, under quiescent

conditions. would be realjzed 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 conjunction with the first, was to change the MF! 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 cbaracteristics

were changed by blending a 5 melt flow index (MF!) resin with the 34 MF! resin that was

used previously in Chapter 4 (i.e., Exxon 1052 and 3445, respectivcly). The degree of

isotaeticity for the Exxon 1052 resin, as obtained by NMR, is 94%. In the blend systems.

the concentration of the lower MF! 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-~ilTS-720), that was rendered hydrophobie by treatmeIlt of

the silanol SUIface with a poly(dimethylsiloxane) fluid. Th~ molecular weight of the
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poly(dimethylsiloxane) chains on the surface of the silica particles is nOl known. These

silica particles were dispersed in an alkyl poly(dimethylsiloxane) silicone oil. The alkyl

substirotion on the poly(dimethylsiloxane) backbone was random. ranging from 2 10 11

methylene units.

The silicalsilicone additive that was dispersed in the iFP was preparee! in the

following manner: The size of the SUIface modified silica particles was reduced by bail

milling for three hours pa 100 g of silica at room ternperarore. Sleel balls were used in

this procedure. 11ùs fine particle sUIface modified silica was then dispersed in the alkyl

silicone in an Eiger Mill Mixing was performed for 15 minutes pa liter of silicone in the

temperarore range between room lemperarore and 80 oC. The concentration of the silica

in the silicone fluid was maintained constant at 5 %.

Twin screw extrusion was used to disperse the silicalsilicone additive inlO the iFP.

Extrusion was performed at 70 rpm with severa! polymer melt zones that ranged in

temperarore from 190 to 200 oC and a feed rate of 140 kg pa hour. The exttuded iPP

containing the silicalsilicone additive was cooled and eut inlO pellets. These pellets were

subsequenüy used 10 produce the iPP fibers and spunbonded fabries. The concentration of

the silica/silicone additive in the iPP was maintained constant at 0.3 %.

In addition to the samples that contain the silicalsilicone additive, twO control

samples were considered in this investigation. The first control sample was prepared from

only the 34 MF! IeSÏI1 while the second was a 60%/40% blend of a 5 and 34 MF! resins,

respective1y, neither containing any silicalsilicone additive. In subsequent sections, these

samples as weil as those prepared with the silicalsilicone additive will be referred to as

desaibed in Table 5.1.

S.2.2 Sample Cbaracterizatîon

5.2.2.1 Tensile Properties

To investigate the œnsile pzopenies of single fibers of iPP, they were mounted

individually on a previously eut C3Idboard test pieces. The mounting was performed by
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gluing the ends of the fibc:rs onto a cardboard form as shown in Figure 5.1. The

cardboard moum. containing the single fiber. was clamped onto the Instron !ensile tester

with a one gr:Jll1load cell using pneumatic clamps. Once clamped. the cardboard was eut

leaving only the single fiber tO !Je leSIed. The !ensile defonnation of the single fibc:rs was

performed al room lemperarure using an 8 cm fiber length and a 25 cmImin raIe of pull

The reponed initial modulus. !ensile strength and elongation-lo-break are the averages of

25 lensile measuremems.

Table 5.1: A Description of the Various Samples lhal were InvestigalCd.

Sample Description

•

Polymer SilicalSilicone Additive

PP34 Exxon 3445 none

PP5 Exxon 1052 none

C6O/40 60%/40% Blend of PPS/PP34 none

A0I100 Exxon3445 0.3% (5% Silica in Silicone)

A45/55 45%/55% Blend of PPS/PP34 0.3% (5% Silica in Silicone)

ASO/SO 50%/50% Blend of PPS/PP34 0.3% (5% Silica in Silicone)

A55/45 55%/45% Blend of PPS/PP34 0.3% (5% Silica in Silicone)

A6O/40 60%/40% Blend ofPPS/PP34 0.3% (5% Silica in Silicone)

The grab œnsile properties of the spunbonded fabrics were investigated using an

Instron with a 50 kg load œil. The fabric was cut inm a 4 X 6 inch test piece, with the 6

inch length cut in either the machine or in the cross direction. A 25 cmImin rate ofpull at
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Figure 5.1 Representation of the experimentll method uscd in the analysis of the tensile

properties of single libers. The dashed line represents the cutting of the cardboard piece

prior to analysis.

room tempexature was also uscd in these tensile measu=ents. The reported peak load.

peak energy and elongation-to-break are the avetages of 10 tensile measurements.

5.2.2.2 Optical Microscopy

A N"lkon Optiphot optical po1arizing microscope fitted with a 1jnJcam

1HMS 600 hot stage and a Cehu video camera was uscd tO observe isothennal

crystallizalion at 100 x magnificalion. The hot stage could Ile held at constant

temperatUJ:e to witlùn ±O.l OC of the desired crystallizalion temperatUJ:e using the Tinkam

'!MS 91 temperatUJ:e control unit. Thin slices of the sample were sandwiched between

NO thin, round glass slides and meJted on a hot plate at a temperatUJ:e of 220 OC wbile
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applying pressure. The thickness of the melted film was fuced by a 14 ~ aluminum

spacer between the glass slides. Films of the order of 15 tO 20 ~ in thickness were

obtained and used to view isothermal CtyStallization.

The samples were melted in the hot stage at 220 oC for 15 minutes to remove

crystallinity. The hot stage was then set to the desired CtyStaJljZlltion temperatUre and

cooled at a rate of 130 0C/min. Temperarore equilibrium was attained quickly and the

growing spherulites were monitored until impingemenL The photomicroscopy images of

the isothermal crystalIization process, as vicwed under cross polars, were recorded on a

Mitsubishi USO VeR. The video image was displayed on a secondaIy monitor by means

of a frame grabber board (pcvision Plus) 10cated on an AT computer which tIlIDslated the

video signal to digital format by defining light intensity intervaIs on a 256 gray level scale

through the use of a software program (Java, purchased from Jandel Scientific). The

software allowed measuretnent of the area of any object within a selected region of a

frozen image. Arca calibration was performed using a pre-recorded scaIe ofknown 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 funetion of time, the radial

growth rate of the spherulite was determined as the siope of the resulting straight line.

For each sampie and aystaJljzariQn temperatuIe. the average radial growth rate was

determined from at least four radial growth rate measuretnents. The experimental error in

these growth rates was determined to be 1ess than 5%.

S.2.2.3 Difl'erential Scanning Calorimetry

The crystalIization behavior of the various iPP samples was investigated on the

PerIàn EmerDSC-7C under isothermal and non-isothermal conditions. The SllIIIples were

prepared for thermal analysis by cutting thin slices from iPP peIlets. Isothermal

aystaJljzariQn was petfœmed by meIting 3 to 4 mg of the iPP sampie at 220 oC for IS
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minutes and quenching the sample at a nominal rate of 300 0C/min to the desired

Ctysrn11jzarion temperature. Data acquisition was initiated following temperature

equilibration. Non-isoth=a.l crystallization of the various iFP samples was perfonned by

fust heating the iFP tO ""0 oC and maintaining this temperature for 15 minutes to destroy

ail signs of crystallinity and then lowering the temperature al a constant rate of 20 0C/min.

The melting behavior of the spunbonded iFP 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 al room temperature with a Chemagnetics CMX-3oo 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 = OD zirconia rotor. A 62.5 kHz rf decoupling field

was used in obtaining these spectra wbich were zero.filled to 4K prior to Fourier

transformation. The 13C and 29Si spectra were obtained with a 2 ms and 5 ms contact

lime, respectively. A 3 second pulse de1ay was used in obtaining both of the above

specua. 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 de1ay. AIl

spectra were referenced to teuamethylsilane (TMS) by setting the methyl resonance of

hexamethyl benzen'e to 17.40 ppm. In obtaining the 13C, 29Si and proton spectra of the

surface mocIified silica, 736. 16000 and 56 free induction decays (RD) were collei:ted.

The 29Si CPIMAS NMR spectrum of the virgin silica, CalH>-Sil MS. was obtained under

the conditions that were desaibed for the surface modified silica and represents the co­

addition of9500 Fm.

The measurements of the proton spin-lattice relaxation rimes in a rotating frame

for the spunbonded iPP fabrics and fibers were ped"ormed as desaibed in Clapter 3. The

thermal annealing of the spunbonded fabrics was ped"onned as described in Chapter 4•
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5.2.2.5 Infrared Spectroscopy

The surface modification of the silica panicles was identified by infrared (IR)

speetroscopy using the Perkin Elmer 1600PC by collecting 128 scans at a resolution of 4

cm-1• The silica particles were dispersed in carbon tetrael-Joride (<:<:4) to produce a

slurry which was placed in a liquid sample hoider.

5.2.2.6 Electron Microscopy

The size distribution of the silica particies as well as their dispersion in the silicone

fluid and in iPP were investigated by bright field scanning transmittance eleetron

microscopy (STEM) using a Jeo1100cx STEM microscope. The fine panicle silica was

dispersed in methanoi at a concentration of approximately 0.1 %. A drop of the silica

slurry was placed onto the surface ofcarbon coated TEM hexagonal grids. The methano1

was allowed to evaporate and the silica particies were observed in bright field. Bright field

imaging was performed by placing an apertUIe in the back of the focal plane of the

objective Iens to stop all eleetrons wbich are scattercd above a certain angle. Regions of

the specimen that are thicker or of bigher density scatter more strongly and appear darker

in the image. The absence of a specimen in the path of the eleetrons produces a bright

image.

The dispersion of the silica partic!es in the alkyi silicone was investigated by ayo­

microtoming thin sections of the mixtuIe. A drop of the silica/silicone mixtuIe was placed

on a sample hoIder that was maintained at liquid nitrogen tempetlltUIC. The liquid

solidified iil.i1eiiate1y on cotning into contact with the holder. The sample hoider

containing the frozen sample was then mounted on the FC4 Reichert-Jung ayo­

ultIamicrotome set at liquid nitrogen temperatUIe. Thin slices of approximately 500 Ain

thicIa1ess were collected and placed under vacuum (10-7 torr) at Iiquid nitIOgen

temperature. Gold was evaporated onto the SUIface of the thin section at an angle of 300.

The sample was then transferIed10 the STEM and observed in bright field.
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The dispersion of the silica in the iPP was investigated by cryo-microtoming the

iPP fibers into thin sections (400 À) and observing the silica particles in bright field. The

method usee! to microtome thin sections of the iPP fibers was the same as that described in

Chapter 2 for the study of queneh-eooled 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 queneh-eooled

films.

5.3 Results and Discussion

In the Introduction, it was noted that particular emphasis would be placed on the

size of the silica partieles as well as on the level of dispersion that could be achieved in the

polymerie matrix. Therefore, prior to the evaluation of the effect of this additive on the

crystll1lization kinetics and on the œnsile properties of spunbonded fames, the surface

modification of the silica as well as the size and dispersion in the silicone fluid and iPP

were investigated.

5.3.1 CharacterizatioD of the ChemicaIly Modified Silica

5.3.LI Surface Modification

The SUIface modification of the bail milled silica was charactc:rized by solid state

NMR spectroSCOpy to confiIm the type and extent of surface modification produeed on

the virgin silica. The 29Si and 13C CP/MAS NMR spectra as well as a IH single -pulse

NMR spectrum of the bail milled surface modified silica are presented in Figure 5.2. In

addition, a 29Si CP/MAS NMR spectrum of CAB-O-Sil M-5, the unmodified silica, is

presented in Figure 5.2 as a xefaence malCrial. The 29Si CP/MAS NMR specuum of
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Figure S.2 (a) 29Si CPIMAS NMR spectrum of Cab-O-Sil MS hydrophilic silica (b) 29Si

CPIMAS NMR spectrum of polydimethylsiloxane surface modified silica (c) 13C CP/MAS

NMR spectrum of polydimerhylsiloxane surface modified silica (d) IH single puIse NMR

spectrum ofpolydimethylsiloxane surface modified silica.
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virgin silica gel is chaIacterized by three NMR resonances: 17 geminal silanol groups (-91

ppm), silanol groups (-100 ppm) and siloxane groups (-109 ppm) referenced to TMS. The

29Si 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 speCtl'Oscopy, NMR

chaIaeterization c" a silica gel allows the differentiation between free and geminal silanol

groups. However, due to drastically different optimum contact times between the three

NMR resonances,17 signal quantification is a major drawback of this char.l.cterization

method. This large difference in the optimum contact time for each of these 29Si

resonances is due to large differences in relaxation rimes.

Modification of the silica surface, as discussed by Albert and Bayer,17 results in

additional resonances whose chemical slùfts are dependent on the functionality of the

added silanes. These surface moieties can be distinguished by 29Si 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. SimiIarly, the chemical shift of the surface species obtained upon derivatization of

virgin silica gel with a difunctional silane is between -4 and -22 ppm while a silica gel that

is derivatized with a ttifunctional silane will sbow 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 29Si CP/MAS NMR spectrum of the surface modified silica gel (Figure 5.2b)

reveals IWO large peaks, at -19 and -23 ppm, consistent with the polydimethylsiloxane

surface modification reponed by the manufacturer. In addition, IWO small peaks at

chemical shifts of -57 and -66 ppm are present in the region that is characteristic of a silica

modification with a ttifunctional silane. It should be noted that these IWO small peaks

correspond to OlÙy approximately 5% of the total intensity observed for this sample.

Finally, the resonances due to the native silica cao be seen in the chemiC"l shift regio!1

between -100 and -110 ppm. This region no longer sbows a resonance for geminal silanol
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groups at -90 ppm and shows a greatly diminished silano! peak at -!OO ppm. In face. the

intensity in this region corresponds mainly to the siloxane groups at a chemica1 slùft of

-! 09 ppm. Therefore, the 29Si solid state NMR spectrum of the surface modified silica

indicates that the surface modification of the silica partic1es is incomp!ete. However, as

discussed previously, signal quantification is a major drawback of this characterization

method due to drastically different optimum contact times between the silano! and siloxane

groups. While the optimum contact time of the silano! groups is 5 to 8 ms, in the case of

the siloxane groups it is 22 to 25 ms.l7 Since a contact time of 5 ms was used in this

investigation. the peak that is due to tbe silano! group (-100 ppm) appears intense witb

respect to that of the siloxane group which suggests that a large number of surface silano!

groups remain on the surface. However, this apparent large intensity for tbe silano! peak

is simply due to a mismarch in optimum contact time for the two groups. Altbough the

surface modification is incomplete, the number of remaining smface silanol groups is not

nearly as large as suggested from a vîsual in!'pection of tbe intensity of these two peak$.

In tbe l3e CP/MAS NMR spectrum of the surface modified silica, presented in

Figure 5.2c, only a single sharp resonance is observed at 1 ppm, referenced to TMS,

consistent with the OCCUIIellce of only metbyl substituents in tbe sample. The 1H

spectrum of tbe modified silica (Figure 5.2d) also only shows one very sharp resonance at

oppm which confirms the existence ofonly metbyl modification on the silica surface. The

two small peaks on either side of this main resonance are spinning ~. : bands

corresponding to a spinning speed of 4500 Hz. Together with the 29Si spectrIllD. of the

stnface modified silica, tbese specaa confirm a polydimethylsiloxane smface modification.

The smface modification of tbe silica particles was also characterized by infrared

(IR) spectIOscopy (Figure 5.3). The IR spectrum of the virgin silica shows two bands in

the frequency range between 2900 and 3900 cm-1 due to hydrogen bonded hydroxyl

groups (3674 cm-1) and molecular water that is weakly physisorbed omo the silica surface
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Figure 5.3 Infrared spectrum of (a) CalH>-Sil TS-720 surface modified silica and (b)

CalH>-Sil MS virgin silica.

(3400 cm-1 centered broad band). The same bands are observed in the spectrUIl1 of the

surface modified silica wbich confirm the incomplete removal of surface hydroxyl groups.

In addition, sevetal bands are observed in the frequency range belWeen 2800 and

3000 cm-l wbich are the symmetric and asymmenic af"llelCbing frequencies associated

with the polydimethylsiloxane substimtion on the silica surface.24

•
5.3.1.2 Dispersion orthe Surface Modified Silic:a in iPP

The size of the silica particles was monitored from the initial bal! milling procedure

to its dispersion in the silicone copolymer and finally inlO the iPP. A bigh magnificarion
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transmission electrOn micrograph of the surface modified silica particles obtained after the

bail milling procedure is presented in Figure 5.4. As is apparent from this elecrron

micrograph. the silica powder is composed of small primary particles. These particles

appear fused 10 each other forming larger aggregales thal range in size from less than 0.1

J.UD 10 as large as 1 lJ.tn. Since the shape of the parricles varies throughout the sample, an

accurale delermination of the distribution in size of the silica particles is nOl possible.

However. il is clear from the electrOn micrograph thal the silica powder thal is 10 be

dispersed in the iPP is composed of sub-micron particles with a distribution in size.

A high magnificalion electrOn micrograph of the silica particles dispersed in the

alkyl silicone is presenled in Figure 5.5. In addition 10 a very good dispersion of the silica

particles within the silicone oil, the size of the silica parricles rernains oochanged from thal

observed in Figure 5.4. A distribution in the size of the silica parricles is nOled with some

indication of the existence of primary particles dispersed throughoul the silicone. In

addition, the boodles of parricles that are observed in certain regions are consistent in size

with the aggregates that were observed for the silica after it had been bail milled (Figure

5.4).

The level of dispersion of the silica particles thal is obtained in the spoo iPP fibers

was aIso 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 rernains in the sub-micron IaIlge. Therefore, an important gœl was J'I"!lUzed

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.

5.3.2 Crystallizatioo Kioetics

The effect of the silicalsilicone additive on the aystallization kinetics of

polypropylene was investigated by DSe and optical microscopy, both non-isothermal1y
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0.5 f.lm

Figure 5.4 Electron micrograph of the silica particles al IOO.OOOX magnification afler

bail milling for 3 hours al room lemperalure.
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0.1 J.Ull

Figure 5.5 Electron microgl':lph of the silica particles dispersed in the a1kyl silicone

•
copolymer:ll a magnitication of 300,OOOX. The silica particles were dispersed in an Eiger

mill ior 1 hour between mom tempel':llUre and 80 oC.
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Figure 5.6 Bright field electron microgr.lph at a magnification of 20,OOOX of the silica
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and isothermally. The DSe thennogram for the cooling from 230 oC 10 room

lemperalUre. al a raIe of 20 oC/min. is presemed in Figure 5.7 for both PP34 and A60/4û.

The thermograms demonstrale a shift 10 higher lemperature of both the onsel lemperarure

for crystallization and peak minimnm A 3 oC shift in lemperature were recorded. The

measured crystallinities of these samples were found 10 be essenlially equal al ca. 68%.

The Cl)'SrnlJjzation kineties of the various !pp samples was also investigated by

DSe under isothc:rmal conditions and analyzed using the Avr.mri25-27 treatment that was

simplified by Evans28 and put inlO polymer conlext by Meares29 and Hay,30 In general

the progress of isothc:rmal crystallization is expressed by

In (l-X,) =_KID (5.1)

or

log[ -In (1- X,) ] = log K + n log t (5.2)

where X, is the volume fraction of crystalline material or degree of crystallinity, K, is the

overall rate constant containing the nucleation and growlh parameters, n, is an integer !hat

depends on the III<'rlJanism of nucleation and on the fOIm of crystal growlh and, t, is rime.

The Avrami parameter, n, generally assumes values between 1 and 4 and describes the

crystallization mechanism. The fotm of the crystal growlh (i.e., rods, dises, or spheres) as

well as the type of nucleation (i.e., predetermined or sporadic) aIe described by this

Avrami parameter. The fotm of the overall rate constant, K, is dependent on the type of

nucleation as well as on the fotm of the crystal growth due ta different xepresentations of

the voll.!IIlC fraction of the crystalline phase.30 However, in general, this rate constant is a

combination of a nucleation density tenn and the growth rate of the crystalline entities.

The Avrami parameters, n and K, aIe obtained from the slope and intereept, respectiveiy,

of the straight line!hat is generallyobtained from plotting log[-In (1-X,)] against logt.

It should be noted that linearity is frequently limited 10 low degrees ofcrystallinity•
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Figure 5.7 DSC thermograms for the cooling. at a rate of 20 0C/min. of (a) PP34 and (b)

a 60%/40% blend ofPPS/PP34 with the silicalsilicone additive.

The crystallization kinetics of iPP with and without the silicalsilicone additive were

investigated under isothermal conditions in the temperature range between 120 and

126 oc. A typical DSC thermogram for the isothermal crysta!ljZl!rion of PP34 is shown in

the inset in Figure 5.8. Sïmilar thermograms were obtained for all of the iPP samples that

were investigated. To monitor the elttent of conversion as a function of time. the
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Figure 5.8 Plot of Log{-Ln[l-a(t)]} as a function of the Logarithmic of lime for

isothermally crysrallized PP34 at (CiIcle) 120, (Sq=) 122, (lIiangle) 124, (Inverted

Triangle) 126 oc. The inset is a typical DSC thennogram obtained upon isothcrmally

crystalIizing iPP.

•

exotherm was sIiced at various time inœ:rvals and the increase in MI, norma1jzed to the

total Mi for complete isothermal crystalljzarion, was plotted as a function of time.

Sigmoid_shaped CIIIVCS that ranged between 0 and 1 were oblained for ail samples at ail
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To obtain the Avrami parameters. K and n. the log [-ln (1- Xt)1 was ploned

against log t. as demonstrated in Figure 5.8. As is c1early evident from equation (5.2). the

slope of the resultllllt straight line yields n wlùle the intereept is equal to log K. These

parameters were obtained for various iPP samples and at crystallization temperamres in

the range between 120 and 126 oc. (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 PP5 as weil as samples containing the silicalsilicone

additive for aIl ofthe investigated crystal1ization temperatures. For iPP, the Avrami index,

n, bas been reported in the range between 2.0 and 4.1.8,31 The indices that were obtained

in this stUdy are in the Iower portion of this range and are non-integral. As discussed by

Meares,29 a non-integral value for the Avrami index n suggests that more !han a single

nucleation process or form of aystal growth is occurring simultaneously. Since iPP is a

poIymœphic material and heterogeneous and homogeneous nucleation can occur

simultaneously, the value of this index is umeliable in evaluating the nucleation and/or

growth mechanism

The overall rate of crystal1ization can be evaluated by noting the time for half of

the crystallization ta be completed, i.e., the point of50% conversion. By substituting X.=
0.5 inta equation (5.1), the following relation is obtained for the half-lime of

crystal1ization:

tl/2 .[ln2/K]I/D (5.3)

Using thepreviously dcrivedAvrami parameters, K and Il. the halflime ofaysn,)ljZlltion is

easilyevaluated. The overall rates ofaystallization, (rw-1, are presented in Figure 5.9 for

the isothermal aystallization. in the temperature range between 120 and 126 oc, of PP34,

PPS, and A60/40. As expec:ted, the rate of crystallizaIion increases with an inaease in the

degree of supen:ooling. At aIl tempe:ratures, essentiaUy the same rates of crystallization

are oOtained for PP34 and PPS. However, the addition of the silicaIsilicone additive to
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Figure 5.9 The inverse of the half-tïme of aystallization as a function of temperatUre for

(Circle) PP34. (Square) PP5. and (Triangle) a 60%/40% blend of PP5/PP34 with the

silicaIsilicone additive.

the 60%/40% blend of these two .resïns (i.e., AOO/4O) incxeases dramatically the rate of

aystaIli7ation at ail aystallization temperatUreS. Identical behavior was also noted in the

overall rate constant, K, obtained!rom the oouble logarithmic plot (Figme 5.10). Indeed,

this rate constant is substantially larger for the polymer system containing the

silicaIsilicone additive. Since this rate constant contains infotmation conceming both

nucIeation and growth, the inaeased rate may be due to eitherof these paI3IIlerers.
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Figure 5.10 (a) Rate constant, K. obtained from the Avrami analysis of isothennally

crystallized (CiIcle) PP34, (Square) PPS, and (Triangle) a 60%/40$ blend of PPS/PP34

with the silicaIsilicone additive. (b) TemperatuIe varialion of the growth Rate of iPP

spherulites of isothenna11y crystallized (Cin:le) PPS, and (Square) PPS with the

silicaIsilicone additive.
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Radial growth rate measurements of individual spherulites were perfonned by

optical microscopy in the temperature range belWeen 120 and 136 oC for PP5 with and

without the silicalsilicone additive. The radial growth rates are presented as a function of

the crystallization temperature in Figure 5.10. It is clear from t1ùs figure that the addition

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 weil as in (ty.yl must be

due to an increase in the pri.maIy nucleation density. Thus, there is unequivocal evidence

that under isothermal conditions the silicalsilicone additive is acting as a nucleating agent

for iPP spherulites.

53.3 Isotactie Polypropylene Fibers

5.3.3.1 Tensile Properties

In tIùs investigation, the evidence for enhancement in the tensile properties of iPP

single fibers is based on a comparison with the tensile properties of fibers prepared from

PP34. However, the resin characteristics were changed in some samples by blending tIùs

resin with a low MFI resin (i.e., PP5). The MFI as weil as MWD data for P?34 and PP5

as weil as a 60% / 40% blend of these !WO resins are presented in Table 5.2. As can be

seen, the blending of the PP34 and PP5 resins results in an intetmediate MFI, MWD and

average molecular weigbts. Since the tensile properties of the fibers are compared to

those prepared from PP34, a comparison be!Ween the resin characteristics of PP34 and

C60/4O indieateS a decrease in the MFI and an increase in the resin MWD througb a

decrease in Mn and an increase in Mw-
The tensile plopertïes of iPP single fibers, 20 J.I.1I1 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 fibets; namely, PP34, C60/4O and A60/4O. The first IWO

samples examine the effect of changing the resin characteristics. Indeed, decreasing the

MFI and simultaneously increasing the MWD within the range reported in Table 5.2 does
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not affect the tensile properties of the resultant fibers. The initial modulus. tensile strength

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

Table 5.2: MF! and Average Molecular Weights for PP34. PP5 and C60/40.

Sample

PP34

PP5

C60/40

MF!

34

5

18-20

50.000

45,200

46,200

144,600

212,200

158.800

300.000

562,000

404.600

Mw'Mn

2.9

4.7

3.4

•

Table 5.3: Tensile Propenies of iFP Single Fibers.

Tensile
Sample Diameœr Modulus Strength Elongation

<t.un) (GPa) (MPa) (%)

PP34 20.3±O.6 2.1±O.2 192±38 198±34

C60/40 19.2±O.1 2.0±0.2 162±18 184±22

A60/40 21±1 4.7±O.3 340±23 636±26

As discussed prevïously, the role of MWD and MF! of an iFP resin on the

strUcture and propenies of melt spun iFP fibers was investigated by Misra and co­

workers.13 They reported increases in the tensile propenies of spun fibers upon

decreasing the MF! while maintaining the MWD approximarely CODStant and vise versa.

However, those trends were noted as a result of large variatiODS in the MF! and MWD•

i.e., 19 to 95 in the foImer and 2.8 tO 4.8 in the laner. These ranges are substantially



•

•

211

larger man 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,13 two resins have characteristics (i.e., MF! and

MWD) that are very similar to the ones investigated in this study. When the tensile

properties of fibers prepared from those two resins are compared, a small increase of 60%

is observed in the elongation-to-break while the modulus and tensile strength remained

essentially unchanged.13 The 60 % increase in e1ongation-to-break that was reported by

Misra and co-workers13 was not observed in this study, possibly due to differences in

processing conditions. Therefore, within the MF! and MWD range listed in Table 5.2,

decreasing the MF! and broadening the MWD does not appear to influence the tensile

properties ofiPP fibers.

As seen from Table 5.3, addition of the silicalsilicone additive to the blend

produces a significant increase in tensile properties. The initial modulus. tensile strength

and e1ongation-to-break increase by 123, 77 and 221 %, respectivcly, compared to libers

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 libers prepared from PP34 and

AOO/40 are presented in Figure 5.11. These curves clearly demOI1strate a significant

difference in tensile deformation propenies of these IwO fibers. The stress-5traÏn curve for

PP34 shows a steady, almost linear increase in stress with e1ongation and does not pass

through a maximum, nor does it attain a plateau. The generai pattern indieates brittle

fractuIe. The A60/40 fibers show an initial region of linear increase, a plateau region that

persists for a period of time and finaIly an increase in the stress at high e1ongation prior to

fractuIe. Following the initial region of linear increase, a yie1d point is observed at

approximately 120 % e1ongation with no indication of "necking". The plateau region

corresponds to permanent deformation at constant volmne, or cold drawing. The increase
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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. erysta1lization, i.e., it involves

the alignment of elongated mains 32 The general pattern of this sample is very much

sirnilar to !bat ofa good elastomer. Therefore, the dispersion of the silicalsilicone additive

system as well as possible concomitant effects from the addition of a low MFI resin

modifies the tensile plopenies of the resultant fibers from behavior characteristic of brittle

fracture to !bat ofa good elastomer. This change in mechaniCllI behavior must be relatcd

to changes in the motphology of the fibers due to the addition of the silica/silicone

additive, a nucleating agent for iPP•



•

•

213

5.3.3.2 Morphology of iPP Fibers

The crystalline phase of the spun iPP fibers was invesôgatod by scanning

transminance electron microscopy (STEM) in cryo-microtomed secôons that were s1icod

in bath the longitudinal and cross-secôonal direcÔons. This invesôgaôon was perfotmod

on fibers prepared from PP34 as weil as A60/40. which gave excellent tensile propel"Ôes.

STEM dark field images that present the crystalline phase of the iPP fibers in the

longitudinal and cross-secôonal directions are shown in Figure 5.12. A STEM dark field

image of the crystalline morphology in the longitudinal direcôon of iPP fibers that were

prepared from PP34 was presentod previously in Figure 4.24. As can be seen from these

micrographs, in the longitudinal direction the crystalline phase is orientod in the fiber

direcôon, as is c1early seen by the long white regions. In the cross-secôonal direcôon,

small crystaIline regions are notod 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

direcôon appears to be higher for fibers prepared from A(fJ/4O !han PP34. The

combinaôon of the longitudinal and cross-secôonal micrographs suggests that the

crystalline morphology is consistent with a fibrillar or cylindritic type of supetmOlecular

structure. A cylindritic morphol0gy33 is generally formed by crystallization of a melt

under meehanical stress, as is the case in the fiber spinning prooess. The process involves

ordering of extended chains inlO bands that cao aet as a nucleus for crystallization, the

formation ofrow nucleaôon and the development of the cylindritic morphology.

The size of the crystals that are observod in the cross-sectional direction were

measured at the surface, mid-radius and core of the fiber for both of the above mentionod

samples. The crystaIline entities in the fibers prepared from PP34 were found to be

essentially constant in size from the surface to the core of the fiber. C1ystal sizes rangod

between 120 and 170 A. with an average of 140 Â. However, in fibers prepared from

AOO/4O, the crystal sizes were found to vary from the smface tO the core of the fiber. At
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Figure 5.12 STEM dark field image of n-beam reflecrions of an iPP fiber prepared from

a 60%/40% blend of PP5/PP34 with the silicalsilicone additive. (a) Cross-sectional cut at

a magnification of 300,OOOX. (b) Longitudinal fiber section that was cut close to the fiber

surface at a magnification of IO,OOOX.
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the surface, the size of the iPP crystals was found to be substantially smaller, ranging in

size from 2S to 70 A, with an average of 40 A. The average crystal size increased from

the 40 Asurface crystal size to 70 Aat 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

silicalsilicone additive are compar.ible 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 silicalsilicone additive that was presented previously. This

additive induces a definite sk:in to core variation in morphology that is not apparent in

PP34.

In an investigation of spider dragline elasticity, Termonia34 introduced a

comprehensive molecular mode! that incorporates most of the infotmation known to date

about the structure of these fibers. This mode! is based on previous analyses of the factors

controlling the deformation of semicrystalline polyethylene fibcrs.35-38 In this mode!, the

fibers are viewed as a semicrystalline material that are composed of amorphous flCXlble

chains reinforced by strong and stiff Ctystals. The crystalline phase is made of hydrogen­

bonded j3-pleated sheets which nm paralle! to the fiber axis while, in the amorphous

region, the lengths of the chains are assigned a value compaIable to the entanglement

spacing in synthetic polyethylene. In addition, in this mode! a third region is described

which is similar to the interfacial region in semicrystalline polymers. A thin layer

smrounding the j3-sheets is formed in the amorphous phase with a modulus of elasticity

higher !han in the bulle. Although hindered, the chains in this region do not lose their

extenS1bility.

Among other discussions, Termonia34 investigated the raIe of the size of the

CtyStalline phase on the tensile stteDgth of the fibers and on the formation of this thin, high

modulus layer that surrounds the crystalliœs. A dramatic effect was noted on the tensile

stteDgth of the fibers due ta changes in the size of the CtyStalline phase. Decreasing the

size of the crystalliœs, while mainllljnjng a constant volume fraction. leads ta a substantial
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increase in !ensile srrength of the fibers. This increase in !ensile strength resulting from a

reduction in crystal size was found 10 he due 10 the concomitanl in= in the volume

fraction of the thin. high modulus layer surrounding the crystals. i.e.• the inlerfacial region.

An increase in ilS volume fraction effectively reinforces the filler and increases ilS !ensile

srrength. This inlerfacial region generaœs a reinforcing effect similar 10 the thin interface

of constrained mobility that is generated in the carbon black reinforcement of rubbers.39

The improved tensile properties thal were obl3Îned in this investigation appear 10

be due 10 a similar reduction in the size of the crystalline entities. The silicalsilicone

additive nuclea!es the iPP and effectively reduces the size of the crystals al 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 sttength 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 generation of a

greater number and a more even distribution of "tie" molecules in the fiber. This will al50

enhance ilS tensile srrength. Therefore, the lower MF! and broader MWD distribution. for

the fibers that also contain the silicalsilicone additive, may be playing a l'Ole in the

enhancement of the tensile sttength of the fibers.

In addition to the impact of these morphological changes on the tensile properties

of the iPP fibers. reinfOIcement by the silica panicles must also be considered. The

surface of the silica particles was made hydrophobie by a derivatization of the surface

silanol groups with poly(dimethylsiloxane) chaîns of unknown molecular weighL The

poly(dimethylsiloxane) chains on the surface of the silica particles, when dispersed in the

alkyl silicone, should extend off the silica surface and inlO the silicone oïl. When this

mixture is dispœed in iPP. the poly(dimethylsiloxane) chains should remain exterided 50

that they can interaet with the iPP through entanglements. Such dispersion inlO 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.
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5.3.4 Spunbonded Fabrics

5.3.4.1 Tensile Properties

The !ensile properties of various spunbonded iFP fabrics are presented in Table

5.4. It should be noted that the properties of the spunbonded fabrics are gready

dependent on the processing and th=a.l bonding conditions. In the course of this

investigation. sevetal10ts of fibers and spunbonded ':'abrics were prepared with PP34. The

!ensile properties of these fibers did not vary significandy and were found to always he in

the range mat is listed in Table 5.3. However, the tensile ptoperties of the spunbonded

fabrics were found to differ significandy from one sample to the next. This variation is

due to the th=a.l bonding conditions which affect the quality of the bond points. This is

clearly evident from a comparison of the tensile properties of the IWO PP34 spunbonded

fabrics listed in Table 5.4. Consequendy, a comparison of the fabr::: tensile properties

must be performed with fabrics mat were processed and thermally bonded under similar

conditions. Therefore, the IWO sets of data mat 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 systeIllS results

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 (l"able 5.3). In

addition. a graduaI improvement in all properties is noted as the concentration of the lower

MF! resin, PPS, is increased from 45% to 60%. It shou1d be noted mat it was not possible

to fiber spin resins with higher concentrations of the lower MF! resin in the blend due to

viscosity constraints. Increases as high as 82, 210 and 81 % in the peak load, peak energy

and elongation-to-break, respectively, are noted for the AfIJ/40 spunbonded fabrics. The

addition of the silica/silicone additive to the iPP blend systeIllS results in spunbonded

fabrics ofsubstantially higher tenaeity•
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Table 5.4: Tensile Properties of the Spunbonded iFP Fabrics.

SampJe Peak Load (kg) Peak Energy (kg'm) % Elongation

M.D.a C.D.b M.D. C.D. M.D. C.D.

PP34 J4±1 11±O.7 0.36±O.06 0.29±O.OS 58±4 62±ti

A45/55 18:!:0.9 16±0.6 0.S5±O.OS 0.72:!:O.09 96±7 98±7

A50/50 19±15 16±O.S 0.Sg±O.1 0.71±O.09 97±4 101±8

A55/45 2O±1.4 18:!:0.9 0.9O±O.09 0.79±O.OS 99±8 102:1:8

AffJ/4O 21±15 2O±O.S 0.99±O.09 0.9O±O.07 1OS±8 108±9

PP34 10±0.6 8:!:0.3 0.26±O.03 0.29±O.02 44±4 44:1.4

AO/lOO 13±05 11±O.4 0.34±O.O2 O.28:!:O.04 45±3 46±4

CffJ/4O 15±O.S 12±1 O.30±0.O2 O.29±O.O1 45±3 47±4

a Machine Din:ction.

b Cross Din:ction.

As seen from the second set of data in Table 5.3. the dispersion of the

silicalsilicone additive in PP34 (i.e•• AO/lOO) results in a moderate increase in the œnsile

propenies of the resultant spunbonded fabric compaIed to fabrics prepan:d from OIÙY

PP34. Increases of 30 to 40 % are notcd in the peak Joad and peak energy while the

elongation-to-break rernains essentially constant. Similarly. a comparison of the œnsile

propenies of spunbonded fabrics that were prepan:d from C(fJf4O and PP34 indicates a

moderate inaease in peak Joad while the peak energy and elongation-to-break =in

essentially constant (Table 5.3).

In the spunbonded fabrics prepan:d with PP34. the silica/silicooe additive induces a .

moderate inaease in its tensile peâOlmaace. The increases in peak Joad and energy for
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these samples are substantially smaller !han what is observed for the blend systems that

contain the silicalsilicone additive. Similarly, spunbonded fabrics prepared from C60/40

ooly indicate a small increase in peak load. This is consistent with the observations that

were made for the C60/40 and PP34 single fibers. However, when the silicalsilicone

additive is dispersed in the blend of iPP resins, a dramatic increase in tensile properties is

observed. In addition, these tensile properties are dependent on the concentration of the

low melt flow index resin. It appears mat the improvement in the tensile properties of the

spunbonded fabrics are a consequence of the nuc1ealing ability of the silicalsilicone

additive and the decrease in MF! and broadening of the MWD mat 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 ciiff=t rimes during the tensile deformation and are presented in Figure 5.13.

The spunbonded fabric on the left-hand side ofeach photograph is PP34 while the one on

the right-hand side is AfJJ/40. These photographs clearly demonsttate the enhancement in

elongation-to-break mat was achieved in the A60f40 fabrics. When faùme bas occw:red in

the PP34 spunbondedfabric (Figure 5.13C), extension conlÏ!1ues in the A6Of40 fabric.

A close inspection of the faùme zone of the PP34 ~llunbonded fabric (Figure

5.13C) reveals that the bond pointS, seen as the small squares, remain intact during fàilme

in the fabric. Therefore, the failme in the fabric must he accounted for by cither faùme in

the fibers or at the bond point-5.ber inteIface. However, the PP34 fabric fàils at an

elongation-to-break of approximately 60% (Table 5.4) which is SlJbstanrialJy smaIler than

the 200% mat is l1lCllSUIed for iPP single fibers (Table 5.3). The deformation mat bas

been induced in the fibers mat are present in the spunbonded fabrics is not at an extent
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Figure 5.13 PhOtOgrdphs of the spunbonded fabrics at different limes during tensile

deformation. Left-hand side sample: PP34; Right-hand side sample: A60/40.
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where fallure is expected. Therefore, fallure must be occurring at the bond point-fiber

interface. This has been suggestcd previously3-456 and appears ID 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 locaôon

on the fabric and most susceptible ID fallure. This is considered funher in the nen section.

5.3.4.2 Morphology of Spunbonded Fabrics

The etystaIIine phase of the bond points in the spunbondcd iPP fabrics was

invesôgatcd by scanning transmittance e1ectron microscopy (SlEM) in cryo-microlOmcd

sections that were slioed in the cross-sectional direction. This invcsôgalion was also

performed on spunbondcd fabrics preparcd from PP34 and AfIJ/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 presented for

positions locatcd at every 200 Abeginning from the bond point cdge.

As for the iPP fibers, the addition of the silicalsilicone additive to the blend of iPP

resins results in a reduction in size of the etystaIIine cotities that are observcd within the

bond points with a concomitant increase in the nucleation density. It should be notcd that

the size and density of the crystallites in both of these samples appears to œmain

essentially constant thIoughout the bond point. The reduction in crystal size and inaease

in nucleation density is consistent with the nucleaIing ability of the silicalsilicone 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 smalIer crystal sizes that are present at the SUIface of the A(IJ/40 libers

should favor the bonding process. At a given bonding temperaEUIe, a greater fraction of

these crystals will melt, due to the smalIer sizes of the crystals that are locatcd on the
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Figure 5.14 STEM dark field image of n-beam ref1ections, at a magnification of

100,OOOX, of a cross-secùonal eut of the bond point of a spunbonded fabric prepared from

PP34. The following locaùons are presented: Ca) Edge of the bond point (b) 200 Cc) 400

(d) 600 À from the edge of the bond point.
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Figure 5.15 STEM dark field image of n-beam reflections. at a magnification of

1OO.OOOX. 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 Afrom the edge of the bond point.
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surface of the fibers. This melted fraction will recrystallize upon cooling and the

nucleation densiry ....ill increase due to the nucleating abiliry of the silicalsilicone additive.

The combination of these two effects should result in improved bonding of the iPP fibers.

Furth=ore, the morphology in the transition region between the bond point and fibers

should be more homogeneous which would reduce the likeühood of failure occuning at

this interface and improve the elongation-to-break properties of the fabric.

5.3.5 Annealing and Melting Bebavior of iPP Spunbonded Fabrics

As discussed in previous sections. the addition of the silicalsilicone additive

influences the crystalline phase in both the iPP fibers and in the bond 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 th=ograms are presented in Figme 5.16 for the heating. at a rate of

20 oC/min, of iPP spunbonded fabrics prepared from PP34 and AOO/40. The double

melting endoth= of the spunbonded fabrics prepared from PP34 was discussed

previously in Chapter 4. The addition of the silicalsilicone additive to the blcnd 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

endoth=. As seen from Figme 5.16. the melting endoth= appears almost coincident

with the high temperature peak of the double melting endoth= prepared from PP34.

'Ibis change in melting behavior must Ieflect morphological changes (i.e., smaller crystal

sizes and bigher nucleation density) that œcurred within the iPP fibers and bond points.

In the previous chapter. the double melting endoth= of spunbonded fabrics

prepared from PP34 was investigated by monitoring the changes induced in the crystalline

phase of iPP by annealing treattnents. In particular. a sudden change in the rate of .
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Figure 5.16 DSe thermograms for the heating, at a rate of 20 0C/min, of spunbonded

iPP fabrics prepared from (a) PP34 and (b) a 60%/40% blend of PPS/PP34 with the

silicalsilicone additive.

increase of the long component of the spin-lattice telaxation lime, Tlp (1H), was noted at

a temperatUIe coincident with the low temperatUIe melting endotherm. This acce1eration

in the rate of increase was shown to be due (0 a reorganization within the <x-monoclinic

crystalline phase of iPP which produced aystals of higher order, i.e., due to the <Xl to <X2

conversion. The effect of thermal anneai on the long component of Tlp (1H) was also

monitoted for the A60/4O spunbonded fabric which melts with a single endotherm. This
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spin-lanice relaxation rime is presented as an average of the individual T1p (IH) values in

Figure 5.17 for samples that were annealed for 0 minutes. The long component of the

spin-lanice relaxation rimes of the spunlxlnded fabric prepared from PP34 is a1so

presented in Figure 5.17 for purposes of comparison. It should be noted that identical

behavior in the values of the shon component of Tlp (1H) as well as the percent of ùùs

shon component were observed for both of these spunbonded fabrics.

An increase in the long component of Tlp (1H) when annealed at progressively

Iùgher temperatuI'e is noted for the AfIJ/40 spunbonded fabries. However, unlike the

spunbonded fabric prepared from PP34, a change is not observed in the rate of increase.

For this spunbonded fabric, a smooth inaease in Tlp (1H) is observed over the

investigated temperature region. The lack: of any abrupt change in Tlp (1H) values is

consistent with the observation ofa single melting endotherm by DSe.

The relaxation limes at ail anneal temperatures for the AfIJ/40 spunbonded fabries

are always longer than the ones for the fabries prepared from only PP34. Thercfore, for

the CtyStal1ine phase of the fabric prepared with the silicalsilicone additive, at ail anneal

temperatures, th~ motions are more Iùndered than those of a fabric prepared from onIy

PP34. This suggests that its crystalline phase is more ordered compared ID PP34 fabrics.

The values of the long component of the Tlp (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 consistenùy longer relaxation lime is mcasured when the system

contains the silicalsilicone additive. A longer relaxation lime implies more hiJ:dered

motions in the aystalline phase, which suggests that on the average the crystalline phase is

more ordered. The Tlp (1H) values indieate 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 al tO the ~ monoclinic .
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Figure 5.17 The effect of a 0 minute sample anneal on the long component of the spin­

lanice relaxation lime, Tlp (1H) of spunbonded iPP fabrics prepared from PP34 (Open

Circles) and a 60%/40% blend of PP5/PP34 with the silicalsilicone additive (Fùled

CiIdes).

crystal form during the heating of the sample. This restriction is thought to be due, in

pan, to the orientation that is present in the iPP fibers. Conversion from the al to the <X2

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

silicalsilicone additive are :ilio composed of fibers that have a definite orientation (Figure

5.12). However, the a-monoclinic c:rystalline phase of the AOO/40 spunbonded fabrics

have been shown to be of higher arder at an anneal temperatures until final melting. This
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order is consistent with a greater fraction of the Ct2 crystal fOlm within the overall

crystalline morphology. A higher melting tempcrature is expected for this crystal fOlm. ln

addition. the amount of high temperature reorganization. i.e.• at T <!: 156 oC. should be

reducecL The combination of these two effects is consistent with the observation of a

single mclting endotherm. However, it may be possible that at lower heating rates a

double melting endothenn would alse he observed for this spunbonded fabrie.

Table 5.5: The Long Component of the Proton Spin-Lattiee Relaxation Ttmes, TIp (IH),

Obtained at Room Temperature, for iPP Spun Fibers and Spunbonded Fabrics.

Sample Description Relaxation Ttmes (ms)

Œ2 Œ Œ3

Fabrics - PP34 29 29 27

Fabrics - 60%/40% blend with silicalsilicone 34 34 33

Fibers - PP34 25 25 25

Fibers - 60%/40% blend with silicalsilicone 31 30 30

5.4 Summary

In this ehapter the effects of a silicalsilicone additive on the œnsile properties and

morphology of iPP fibers and spunbonded fabrics were evaluaœcL The additive consisted

of a poly(climethyIsiloxane) surface modified silica that was reduced in size to the sub­

micron range. The silica particIes were dispersed in a silicone fluid which is comPosed of

a polydimethyIsiloxane polymer onto which alkyl side-<:hains of varying molecular weight

(i.e., 2 te Il methylene carbons) were ranilomly incorporated. The silicaIsilicone additive



•

•

229

was dispersed in a 34 MF! resin as weil as in blends of this polymer ·.vith a 5 MF! resin.

The effect of decreasing the MF! of the iPP resin. achieved through the blending

procedure. was also consideree!.

The effect of the silicalsilicone additive on the quiescent ctystallization kineties of

iPP was investigated to establish a possible influence on the ctystalline morphology of the

iPP fibers during their fOnDation. It was shown that, under isothermal conditions, the

silicalsilicone 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 spherulires was not affected by the silicalsilicone

additive. This nucleating ability also increased the onset temperatuIe to ctyStallization,

obtained by DSe. under non-isothermal conditions.

The addition of the silicalsilicone additive to the blend of iPP resins resulted in

increased tensile properties in both :il..: :pp fibers and spunbonded fabrics. At the highest

concentration of the 10w MF! resin in the blend, i.e., 60%, an increase of 82, 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 modulns, tensile StreDgth and

elongation· to-break, respectively, relative to fibers prepared from PP34. In addition,

while the tensile defonnation of the fibers prepared from PP34 indicares brittle fracture,

the fibers prepared from A6O/40 are consistent with the stress-Strain behavior of a good

elastomer. A yield point with no indication of necking was observed, at 10w strains, in the

tensile defotmation of A6O/40 fibers. This yield point is followed by a region of plastic

flow and Strain induced crystalljzation.

The morphology of the iPP fibers and tond points was investigated by STEM.

Due to the nUcleating effect of the silicalsilicone additive, a substantially smaller ctyStal1ite

size and higher nucleation density was found in both the fibers and bond points compared

to samples that were prepared with only PP34. In addition, through the measmetnent of
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NMR relaxation times. 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 melting iJehavior 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 melt

with a double melting endotherm as cIiscussed previously in Chapter 4. The maximum

melting temperarore of the A60/40 spunbonded fabrics correlates with the lugh

temperarure peak of the PP34 fabrics.

The improved tensile properties of both the iPP fibers and spunbonded fabrics

were found to be due to a combinalion of the nucleating ability of the silicalsilicone

additive and the lower MFI and broader MWD that were achieved in the iPP resin from

the blending of rwo 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 combinalion of the smaller crystal sizes and the higher molecular

weight should be favorable for the development of a greater number and belter

distribution of load-bearing "lie" molecules. This morphological change reflects in an

increase in tensile strength, modulus and elongalion-to-break. It was aIso suggested thal

lhe silica particles, due to the poly(dimethylsiloxane) surface modification, may be acting

as a reinforcing agent and contributing to the improved properties.
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CHAPTERSIX

Contributions to Original Knowledge
and Suggestions for Future Work

6.1 Contributions to Original Knowledge

The resean:h desaibed in this thesis investigaœs three major tapies: 1. The room

temperature moxphology of quench-eooled iPP films as well as the lTIl'rlJanism 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-eooled iPP films and

spunbonded fabrics, as obsetved by solid state NMR 5p";CtIOscopy; and 3. The use of a

silica/silicone additive for the improvement of the tensile propertics of iPP fibers and

spunbonded fabries with.

6.1.1 Morpbology ofQuencb-cooled iPP Films and its Development

The scanning ttansmïttance electron microscopy (STEM) investigation ofthe room

temperature moxphology ofquench-eooled iPP films ICSUlted in the first diIect observation

of this moxphology. Using the micro-micro electron diffraction technique, the obsetved

crystalline phase was successfully identified and found to be composed of three phases: 1.

Microcrystalline regions that range in size between 100 and 200 A having the â­

monrclinic crystal form; 2. Regions of lower crystalline order that are also composed of a

UlOl'rclinic crystal fOIm but which have a subslllnria!1y longer b crystallograpbic axis

compared ta the a-monrclinic crystal fOIm of the mictocryslall.ine region; 3•• An
-.'

amorphous phase.

The devclopment of the room temperatme moxphoiogy ofquench-eooled iPP films

was investigated by a series ofdetailed DSe studies. This smdy was the first ta report on
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the developmeüt of crystallinity during the quench-cooling process and on re-healing to

room temperarure. The DSC studies indicate that during quench-eooling tO the glassy

state iPP samples attain a low degree ofcystalline order to an extent that is dependent on

sample IDaSS. An amorphous glass is obtained in samples ,Jf low rnass while a low degree

of crystallinity (i.e., up to 18 %) is observed in samples of higher rnass. Furthermore,

upon heating from the glassy State, an exothermic transition is observed fcllowing the

glass transition temperature. It corresponds te.> the formation of the room temperarure

morphology.

6.1.2 NMR Studies of Morpbological Changes During AnneaIing

Previous investigations have used solid state NMR spectl'Oscopy to cha-aeterize

the various po1ymorphs of iPP. This investigation is the first to emp10y this

characterization ~hnique to monitor morphological changes that are occuning within the

crystal1ine phase of iPP during thermal annealing. Consequently, ail observations that are

reported in this NMR investigation contribuIe to original knowledge, The characterization

of these morphological changes was perl"Otmed through the use of a modified cross

polarization (CP) pulse sequence that aIlows the crystal1ine phase to be observed

exclusively. This modified CP pulse sequence incorporates a delay period with a reduced

spin lock:ing field prior to cross polarization which aIlows the eliminarion.;r the

magnetization associated with the !aster Ie1axing components of iPP This is not only the

first investigation that made use of such ap~ sequence but also the first to succ:essiully

separate the spectra of the crystal1ine and more mobile phases of iPP by a subtraction

procedure.

The NMR spectra reported in this study are the first unambiguous identification of

a splitting pattern (0.2 ppm) in the metbine carbon resonance. In addition, a thiId pealc

was identified in the methyl carbon resonance. NMR spectla of the pmely crystalline

phase of iPP indicate that, upon annealjng, a Iedistributicn of intensity is observed in an
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carbon resonances which produces doublets at the highest anneal temil=ture. 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

me upfield peak. In me 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 upfield methyl peak. The downfield methyl resonance shows the behavior of an

intermediate environment whicb is formed during the iIlitial stages of crystal

reorganization and disappears when the final crystalIine state is anained. In addition, a

narrowing of the various NMR peaks was observed, consistent with a convergence to

more singularly defined positions within the crystal struCture. These changes in the NMR

spectra of iPP outline the morphological changes that are OCCUIring in the crystal struCture

ofiPP.

This investigation permitted severa! 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 ofiPP was found to characterize the conversion of tbe crystalIine phase from the

disordered al modification to the more ordered a:a 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 a:a-phase due to the association of

right- and left-handed helices that generate a bilayer with the same methylorientation (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 helioes 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

a:a fonn.

In the analysis of the double endothermic transition that is observed for

spunbonded iPP fabrics, an apparent transition temperature of 156 oC was identified by
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solid state NMR and OSC. The CP/MAS !,;"MR spectra of the purely crystalline phase of

iP? 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 al to the a2 modification

which is occurring in the temperature region between 156 and 163 oC, i.e., the area

between the IWO peaks obsetVed by OSC. In this temperature region, the melting

endothenn is being modified by the exothetmicity that is associated with this conversion.

The orientation present in the iP? fibers is thought to restriet 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 !ensile properties of iP? fibers and spunbonded fabrics

was achieved with a silicalsilicone additive and by changing the iPP resin charactcristiC'i.

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

effeet of a surface modified silica on the iP? etySlIlllizarion kinetics and on the !ensile

properties and morphology of iP? fibers and spunbonded fabrics.

Under isothermal conditions, the silicaIsilicone additive influences the overall rate

of crystallization of iPP by acting as a nucleating agent for iPP spherulites. This

nucleating ability also increases the onset temperature to etySlllllizatiOn, obtained by OSe,

under non-isothermal conditions. Due to the nucleating effect of the silicaIsilicone

additive, a substantially smaller crystallite size and higher nueleation density was found in

both the iPP fibers and bond points. In addition, the crystalline phase of these fibers and

fabries is more ordered than in samples that do not contain the silicaIsilicone. This change

in the etystalline morphology affects the melting behaviorof the spunbonded fabrics in that .

a single melting endothetm is obsetVed by DSC.
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The addition of the silicalsilicone additive 10 the blend of iPP resins results in

increased tensile properties in both the iPP libers and spunbonded fabrics. Al the highesl

concentration of the low MF! resin in the blend, i.e., 60%, an increase of 82. 210 and 81

% in peak load, peak energy and elongation-lo-break, respectively, was achieved in the

spunbonded fabrics compared 10 fabrics prepared from PP34. SimiIarly, in the iPP libers,

an increase of 123, 77 and 221 % was achieved in me initial modulus, tensile Slrength and

elongation-to-break, respectively, relative 10 libers prepared from PP34. The improved

tensile properties of both the iPP libers and spunbonded fabrics are attributed 10 the

smaller crystal sizes that were achieved due 10 the nucleating ability of the silicalsilicone

additive and 10 the lower MF! and mader MWD that were induced in the iPP resin from

the blending of twO MF! resins. In addition, it was a1so suggested !hat the silica particles,

due 10 the poly(dimethylsiloxane) surface modification, may be acting as a reinforcing

agent and conttibuting 10 the improved properti:s.

6.2 Suggestions for Future Work

Although the experiments described in this thesis were designed to produce a

systematic study, this does not mean !hat the resean:h is exhaustecl. Suggestions for some

further res=h 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 shouid be confirmed by atomic force microscopy (AFM). The quench-cooled

films can be embedded in epoxy resin and ayo-microtomed as described in this thesis.

Using transtnittance electron microscopy with the miniDl1lTT! dosage device, the thin

section of the film can be located on a copper grid and then imaged with AFM to confiIm

the existence of the microcrystailine regions and possibly the intererystalline region of

lower arder.
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(2) In \he investigation of the annealing and melting behavior of quench-eooled

iPP films and spunbonded fabrics by solid state NMR spectroscopy. e;lI;cellent correlations

were noted with observation made by DSC and WAXD analysis. An investigation should

he undertaken which duplicates this analysis with iPP resins of different molecular weights

and isotacticities. The iPP samples should he isothermally crystallized and their melting

hehavior properly characterized. The correlation that will he achieved with the solid state

NMR. analysis will contribute to the understanding of the relationship hetween the level of

order in the crystalline phase and the melting behavior of the sample. The effect of

isotaeticity and molecular weight on this relationship will also he realized..

(3) The effect of the silicalsilicone additive on the overall crystallization kinetics of

iPP and tensile properties of iPP fibers and spunbonded fabrics was investigated. This

research should he continued to develop a hener 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 he prepared and their tensile properties and morphology evaluated to

ascertain the effect that each bas on the overall ~ormance of the fiber. In addition, the

effect of each of the components on the overall iPP CI')'l>1allization kinetics should he

addressed.

(4) The concentration of the silica in the silicooe fluid as weil as the silicaJsilicone

additive in the iPP was maintained constant in this investigation. These concentrations

should he varied and the effect on the tensile properties of the fibers and fabrics as weil as

on the overall iPP crysta1!jzation kinetics should he evaluated.

(5) The importance of the poly(dimethylsiloxane) surface mor'.mcation of the silica

should also he considered with respect to effects on the crystallization kinetics of iPP as

weil as on the tensile properties of iPP fibers ~ spunbonded fabrics. A hydrophobic

silica whose surface silanol groups were replaced with only methyl groups would he a
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good candidate. This surface modified silica is available from Cabot Corporation (Cab-O­

Sil TS-6l 0).
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Appendix A

Program#l

This Fortran computer program was obtained from Dr. Brisse of the University of

Montreal. Through a least squares analysis, this program detetmines the unit cell

dimension of the iPP crystals by emering the measured reflection spacings (i.e.. in

diffraction angles) and suggested Miller indices.

C X=H, Y=K. Z=L. TI=TIiETA
C NAXE = 1 POUR MONOCLINIQUE (AXE-B UNIQUE)
C NAXE = 2 POUR MONOCLINIQUE (AXE-C UNIQUE)
C ALPHAV = Longeur d'onde en angstrom de la raie K alpha moyen
C ALPHAI = Longeur d'onde en angstrom de la raie K alpha 1
C ALPHA2 = Longeur d'onde en angstrom de la raie K alpha 2
C BETA = Longeur d'onde en angstrom de la raie K beta
C

DIMENSION TI(I00),INDEXE(I00).A(5.5),B(5)
DIMENSION SINT(I00),SINC(I00),DS(I00),NOM(20),RADIA(5)

C
CHARACI'ER TITL*SO
INTEGER IN,OUT,x(I00),Y(I00),Z(I00)
REAL RAD

C
IN=5
OUT=6
RAD=O.01745329277

C
WRITE(OUT,6005)
WRITE(OUT,6010)
READ(IN,5005) TITL
WRITE(OUT,6015) mi.
READ(IN,5010) NAXE,ALPHAV.ALPHA1,ALPHA2,BETA
WRITE(OUT,6Q20) NAXE.ALPHAV,ALPHA1.ALPHA2.BETA
WRITE(OUT,6025)

C
0051=1,5

B(I)=O.O
DO 3 J=I,5

A(I,J)=O.O
3 CONTINUE
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5 CONTIJI,'tJE
1=1
NREF=O

10 CONTINUE
READ(IN,5015,END=99) X(I),Y(I),Z<n,TI(I),INDEXE(I)

IND=INDEJOE(I)+l
C

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

WAV=ALPHAV
GOT030

26 CONTINUE
WAV=ALPHAI
GOT030

28 CONTINUE
WAV=ALPHA2
GOT030

29 CONTINUE
WAV=BETA
GOT030

30 CONTINUE
C

SINT<n=(SIN(TT<n*RAD)*ALPHAI/WAV)**2
SNTr=(SIN(2.*TI(I)*RAD)*ALPHAI/WAV)**2
WRI1E(OUT,6030) X<n,Y(I),z(I),TT(I),INDEXE(I),SINT(I)

c
ALF=X(I)*X(I)
BET=Y(I)*Y(I)
GAM=Z(I)*Z(I)
DEL=SNTr*SNIT
XBT=X(I)*Z(I)
XGM=X(I)*Y(I)
A(l,l)=A(l,l)+ALF*ALF
A(l,2)=A(l,2)+ALF*BET
A(1,3)=A(1,3)+ALF*GAM
A(l,5)=A(l,S)+ALF*DEL
A(2,2)=A(2,2)+BET*BET
A(2,3)=A(2,3)+BET*GAM
A(2,S)=A(2,5)+BET*DEL
A(3,3)=A(3,3)-fGAM*GAM
A(3,S)=A(3,5)-fGAM*DEL
A(5,5)=A(5,5)+DEL*DEL
B(l)=B(l)+SINT(I)*ALF
B(2)=B(2)+SINT(I)*BET
B(3)=B(3)+SINT(I)*GAM

A2
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• B(5)=B(5)+SINT(1)*DEL
C

IF(NAXE.EQ.1) THEN
A(l,4)=A(l,4)+ALF*XBT
A(2,4)=A(2,4)+BET*XBT
A(3,4)=A(3,4)+GAM*XBT
A(4,4)=A(4,4)+XBT*XBT
A(4,5)=A(4,5)+XBT*DEL
B(4)=B(4)+SINT(l)*XBT

ELSE
A(1,4)=A(1,4)+ALF*XGM
A(2,4)=A(2,4)+BET*XGM
A(3,4)=A(3,4)+GAM*XGM
A(4,4)=A(4,4)+XGM*XGM
A(4,5)=A(4,5)+XGM*DEL
B(4)=B(4)+SINT(l)*XGM

ENDIF
C

1=1+1
NREF=NREF+1
GOT01O

99 CONTINUE
WRITE(OUT,6035) NREF
A(2,1)=A(1,2)
A(3,1)=A(I,3)
A(4,1)=A(I,4)
A(5,1)=A(I,5)
A(3,2)=A(2,3)
A(4,2)=A(2,4)
A(4,3)=A(3,4)
A(5,2)=A(2,5)
A(5,3)=A(3,5)
A(5,4)=A(4,5)

C
MI=1
CAU. MATINV(A,4,B,MI,DETERM,ID)

C
IF(NAXE.EQ.I) THEN

COSB=-B(4)/(2.*SQRT(B(I)*B(3)))
ELSE

COSB=-B(4)/(2.*SQRT(B(I)"'l:l(Z)))
ENDIF
SNSQB=l.-COSB*COSB

• SINB=SQRT(SNSQB)
IF(COSB.EQ.o.o) THEN



• BETA=90.0
ELSE

BETA=ATAN(SINB/COSB)/RAD
IF(BETA.LT.O.O) TIŒN

BETA=180.O+BETA
ENDIF

ENDIF

A4

C
IF(NAXE.EQ.l) TIŒN

Al=ALPHAl/(2.*SINB*SQRT(ABS(B(l»»
Bl=ALPHAl/(2.*SQRT(ABS(B(2»»
Cl=ALPHAl/(2.*SINB*SQRT(ABS(B(3»»
WRITE(OUT,6040) Al,Bl,Cl,BETA

ELSE
Al=ALPHAl/(2.*SINB*SQRT(ABS(B(l»»
Bl=ALPHAl/(2.*SINB*SQRT(ABS(B(2»»
Cl=ALPHAl/(2.*SQRT(ABS(B(3»»
WRITE(OUT,6045) Al,Bl,Cl,BETA

ENDIF
C

WRITE(OUT.6050)
SDS=O.O
0070I=1,NREF

IF(NAXE.EQ.l) THEN
SINC(I)=O.25*ALPHA1*ALPHAI*(X(I)*X(I)/(Al*Al*SNSQB)+

Y(I)*Y(I)/(Bl*Bl)+Z(I)*Z(I)/(C1*Cl*SNSQB)-
2.*X(I)*Z(I)*COSB/(Al*Cl*SNSQB»

&
&

ELSE
SINC(I)=O.25*ALPHAl*ALPHAl*(X(I)*X(I)/(Al*Al*SNSQB)+

& Y(I)*Y(I)/(Bl*Bl*SNSQB)+Z(I)*Z(I)/(Cl*Cl)-
& 2.*X(I)*Y(I)*COSB/(Al*B1*SNSQB»

ENDIF
OS(I)=ABS(SINT(I)-SINC(I)
SOS=SOS+OS(I)
WRITE(OUT,6055) X(I),Y(I).z<I),SINT(I),SINC(I),DS(I)

70 CONTINUE
R=SQRT(SOS/(NREF-l»
WRITE(OUT,6060) R
WRITE(OUT,6065)
STOP

C
5005 FORMAT(A80)
5010 FORMAT(I5,4FlO.6)
5015 FORMAT(3I5,FlO.5J5)
C•
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6005 FOR.I\1AT(lX,'PROGRA./vL"Œ CR09_NEW, REF> S.RAYMOND, AVRIL 9S'Jf)
6010 FORMA"T(3X,'AFFL,'ŒMENT D"U"''E MAILLE MONOCLINIQUE',

&' PAR MOINDRES CARRES'J/)
6015 FORMA"T(3X,A80J)
6020 FORMAT(3X,'NAXE=1S,', RADLA"TIONS=',4FIO.5J/)
6025 FO&\.1AT(7X,'H',4X,'K',4X,'L',6X.'1'HETA',4X,'INDEXE',2X,

&'SIN SQ TIIETA'j)
6030 FORMAT(3X,3I5,2X,FI0.3,2X,I5,4X,FIO.6J)
6035 FORMA"r(3X,'NOMBRE DE REFLECTlONS',I5J/)
6040 FORMAT(3X,'A=',FIO.6,2X,'B=',FIO.6,2X,'C=',FIO.6,2X,

&'BETA=',FIO.3,3X,'AXE-B UNIQUE'J/)
6045 FORMAT(3X,'A=',FIO.6,2X,'B=',FIO.6,2X,'C=',FIO.6,2X,

&'GAMMA=',FI0.3,3X,'AXE-C UNIQUE'J/)
6050 FORMAT(7X,'H',4X,'K',4X,1.:,llX,'SIN 2 T,llX,'SIN 2 T,lOX,

&'DIFFERENCE'J31X,'OBS',14X,'CAL'J)
6055 FORMAT(3X,3I5 ,8X,3(FIO.6,8X)
6060 FORMAT(//,3X,'FACTEUR D ACCORD',FIO,4J/)
6065 FORMAT(lX,'FIN DES CALCULS')

END
C
C
C

SUBROUTINE MATINV(A,Nl,B,Ml,DETER.c\f,ID)
C
C MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR
EQUATIONS
C GENERAL FORM OF DIMENSION STATEMENT
C DIMENSION A( , ),B( , ),INDEX( ,::l)
C

DIMENSION A( 5, 5),B( 5, l),INDEX( 5,3)
EQUIVAlENCE (IROW,JROW),(ICOLUMJCOLUM),(AMAX,T,SWAP)

C
C INTI1ALIZATION
C

M=Ml
N=Nl
DETERM=LO
D020J=1,N

lNDEX(J.3)=O
20 CONTINUE

C
DO 550 I=l,N

C
C SEARCH FOR PIVOT ELEMENT
C
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AMAX=O.O
DO 105 J=I,N

IF(INDEX(J,3)-1.1II"E.0) THEN
DO 100 K=I,N

IF(INDEX(K,3)-I) 80,100,735
80 IF(AMAX-ABS(A(J,K».LT.O) TIiEN

IROW=J
ICOLUM=K
AMAX=ABS(A(J,K»

ENDIF
100 CONTINUE

ENDIF
105 CO~'TINUE

INDEX(lCOLUM,3)=~'DEX(lCOLUM,3)+ 1
INDEX(l.l )=IROW
INDEA(l,2)=ICOLUM

C
C INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL
C

IF(lROW-ICOLUM.NE.O) THE."l
DETERM=-DETERM
D0200L=l,N

SWAP=A(IROW,L)
A(lROW,L)=A(lCOLUM,L)
A(lC(JLUM,L)=SWAP

200 CONTINUE
IF(M.GT.O) TIŒN

DO 250 L=l,M
SWAP=B(lROW,L)
B(lROW,L)=B(lCOLUM,L)
B(lCOLUM,L)=SWAP

250 CONTINUE
ENDIF

ENDIF
C
C DIVIDE PIVOT ROW BY PIVOT ELEMENT
C

i'!YOT=A(lCOLUM,ICOLUM)
DETERM=DElERM*PIVOT
A(lCOLUM,ICOLUM)=l.O
DO 350 L=1,N

A(lCOLUM,L)=A(lCOLUM,L)/PIVOT
350 CONTINUE

IF(M.GT.O) THEN
DO 370L=l,M

A6
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B(ICOLUM,L)=B(ICOLUM.L)IPIVOT
370 CONTI!'olJE

ENDIF
C
C REDUCE NON-PIVOT ROWS

DO 510 U=I,N
IF(LI-ICOLUM.NE.O) THEN

T=A(Ll,ICOLUM)
A(Ll,ICOLUM)=O.O
D0450L=I,N

A(Ll.L)=A(Ll.L)-A(ICOLUM.L)*T
450 CONTINUE

IF(M.GT.O) THEN
D05ooL=I,M

B(Ll,L)=B(Ll.L)-B(ICOLUM.L)*T
500 CONTINUE

ENDIF
ENDIF

510 CONTINUE
550 CONTINUE

C
C INTERCHANGE COLUMNS
C

D0710I=I,N
L=N+I-1
IF(lNDEX(L,1)-INDEX(L,2).NE.0) 1HEN

JROW=INDEX(L,l)
JCOLUM=INDEX(L,2)
D0705K=1,N

SWAP=A(KJROW)
A(KJROW)=A(KJCOLUM)
A(KJCOLUM)=SWAP

705 CONTINUE
ENDIF

710 CONTINUE
D0730K=1,N

IF(lNDEX(K.3)-1.NE.0) 1HEN
ID=2
GOT0740

ENDIF
730 CONTINUE
735ID=l
740RETURN

END

A7
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Program#2

This Turbo Pascal computer program was written to list possible Miller indices for

a given d-spacing based on an assumed unit œIl dimension.

uses crt,printer;

var
a.b,c,beta,d : real;
h,kJ,i : integer;
dcalc : real;
p : integer;
n,o,q,r,s : real;
redo : char,

begin
clIscr;
writein ('Please enter Unit Cell dimension:');
write C a=');
readln (a);
write C b=');
readln (b);
write C e=');
readln (c);
write ('beta angle=');
readln (beta);
writeln; writeln;

repeat
writein ('Please specify d-spacing to be tested');
write C d=');
readln (d);
p:=O;
cIrscr; writeln (!st);
writeln Ca= ',a:4:2,' b= ',b:4:2,' e= ',c:4:2,' beta= ',beta:5:2,' d-spacing: ',d:6:3);
writeln (lst,'a= ',a:4:2,' b= ',b:4:2,' e= ',c:4:2,' beta= ',beta:5:2,' d-spacing:

',d:6:3);
writeln; writeln; writeln (LST); writeln (LST); writeln (LST); writeln (LST);
writeln Ch k 1 (d-spacing) h k 1 (d-spacing) h k 1 (d-spacing)');
writeln (lst,'h k 1 (d-spacing) h k 1 (d-spacing) h k 1 (d-spacing)');
writeln (lst.' ');
writeln; writeln; writeln (!st); writeln (!st);

. for h:=O to 16 do -.

begin
for k:=Oto 16 do
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begin
for i:=O tO 16 do

begin
if (h=O) and (k=O) and (i=O) then

1:=1
e1se

1:=i;
n:=(h'"h)/(a'"a);
o:=(l'"l)/(c'"c);
q:=(2'"h'"1)/(a'"c)'"cos(beta'"3.141592654/180);
r:=sin(beta*3. 141592654/180)'"sin(beta'"3.1415926541180);
s:=(k'"k)/(b'"b);
dcalc:=1/sqn(~(n+<HVIr)+s);

if (d>--dcalc-0.3) and (d<=dcalc+O.3) then
begin
if (h+k) in [0,2,4,6,8,10,12,14,16,18,20,22,24] then

begin
p:=p+1;
ifp=3 then

begin
p:=O;
writeln (h;.',k,'.',1,' C,dcalc:5:3,'[',abs(dcalc-d):4:3,1) ');
writeln (lst,h;.',k,'.',l,' (',dcalc:5:3,'[',abs(dcalc-d):4:3,1) ');
writeln; writeln (lst);

end
e1se

begin
write (h,'.',k,'.',1,' (',dcalc:5:3,'[',abs(dcalc-d):4:3,1) ');
write (lst,h,'.',k,'.',1; (',dcalc:5:3,'[',abs(dcalc-d):4:3,1) ');

end
end

end
end

end
end;

writeln; writeln; writeln;
write (These are aIl the possible indices');
rea.d1n;
clrscr;
write (Do you wish to enter another d-spacing (YIn): ');
readln (redo);
clrscr;

until redo='n';
end.•
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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 cr..,printer;

var
beta : reaI;
a : array [1.200] of reaI;
b : array [1..800] ofreal;
c : array [1..100] ofreal;
h,k,1 : array [1..6] of integer,
d : array [1..6] ofreal;
dcalc : array [1..6] ofreal;
diff : array [1..6] of reaI;
new_sum : reaI;
min_sum, dca1cUnin,dca1c2_min.dca1c3_min.dca1c4_min.
dcalc5_min.dca1c6_min.diffCmin. diff2_min. diff3_min. diff4_min.
diff5_min. diff6_min,a..min,b_min,c_min : array [1..10] ofreal;
n,o,q,r,S : reaI;
ij,eJ,g,z,y : integer,
print_ok : char;

begin
clrscr;
writeln ('CaIculating•••••.Please wait!!! ');
writeln; writeln;
for e:=1 to 200 do

begin
ife=1 then

are] := 6.0
eIse

are] := a[e-I] + 0.01;
end;

for f:=1 to 400 do
begin

iff=1 then
b[f]:= 19.5

else
b[f] := b(f-I] -l- 0.01;

end;
for g:=1 to 100 do

begin
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if g=1 then
erg] := 6.45

else
e[g] := e[g-l] + 0.01:

end;
beta:=99.0;
h[I]:=!; k[I]:=I; 1[1]:=1; d[I]:=4.163;
h[2]:=2; k[2]:=2; 1[2]:=2 ; d[2]:=2.0S0;
h[3]:=(); k[3]:=4; 1[3]:=1 ; d[3]:=4.147;
h[4]:=O; k[4]:=8; 1[4]:=2; d[4]:=2.0SO:
h[5]:=I; k[5]:=3; 1[5]:=2 ; d[5]:=2.522:
h[6]:=l; k[6]:=5; 1[6]:=() ; d[6]:=3.707;

for i:=l to 10 do
min_sum[i] := 10000;

for e :=1 to 200 do
begin

for f :=1 to 400 do
begin

for g :=1 to 100 do
begin

for i:=l to 6 do
begin

n:=(h[i]*h[i])/(a[e]*a{e]);
o:=(l[i]*I[i])/(e[g]*e[g]);
q:=(2*h[i]*I[i])/(a{e]*e[g])*eos(beta*3.141592654/1S0);
r:=sin(beta*3.141592654/1S0)*sin(beta*3.141592654/1S0);
s:=(k[i]*k[i])/(b[f]*b[f]);
dcale[i]:=lIsqn«(n+o-q)/r)+s);
diff[i]:=abs(dcale[i]-d[i]);

end;
writeln (e,' 'of: ',g);

new_sum := diff[1]+diff[2]+diff[3]+diff[4]+diff[5]+diff[6];
if «e=1) and (f=1) and (g=1» men

begin
for i:=l to 10 do

min_sum[i] := new_sum;
end;

fori:=l to 10 do
begin

ifi = 1 then
begin
if new_sum <min_sum[i] then

begin
y:=10;
repeat

Ali
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min_sum[y]:=miJUum[y-I];
y:=y-I

until y=i;
min_sum[i] := new_sum;
dealel_min[i] := deale[l];
dcale2_min[i] := deale[2];
dcale3_min[i] := deale[3];
dcale4_min[i] := deale[4];
dcale5_min[i] := deale[S];
dcale6_min[i] := deale[6];
diffCmin[i] := diff[l];
diff2_min[i] := diff[2];
diff3_min[i] := diff[3];
diff4_min[i] := diff[4];
diff5_min[i] := diff[S];
diff6_min[i] := diff[6];
a_min[i] := are]; b_min[i] := b[f]; e_min[i] := erg];
writeln (i,' ',min_sum[i]:lO:8);

end;
end

else
begin
if «new_sum > miJuum[i-l]) and (new_sum < min...sum[i])) then

begin
y:=lO;
repeat
min_sum[y]:=mïn_sum[y-l];
ifi<lO then

y:=y-l
until y=i;
min...sum[i] := new_sum;
dealel_min[i] := deale[I];
dealc2_min[i] := deale[2];
dealc3_min[i] := deale[3];
dealc4_min[i] := deale[4];
dcalc5_min[i] := deale[S];
dealc6_min[i] := dealc[6];
diffCmin[i] := diff[l];
diff2_min[i] := diff[2];
diff3_min[i] := diff[3];
diff4_min[i] := diff[4];
diffS_min[i] := diff[S];
diff6_min[i] := diff[6];
a_min[i] := are]; b_min[i] := b[f]; c_min[i] := c[g];
writeln (i,' ',min..sum[i]:1O:8);
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end:
end:

end:
end:

end;
end;

repeat
for z :=1 to 10 do
begin

writeln (1st,Unit Ceu Dimension: ',z); writeln (lst);
writeln (1st,' Index Obs. d-spacing Calc. d-spacing Difference'):
writeln (1st,' ----- ------- ------------- --------');
writeIn (1st,' ',h[l],k[l],l[l]: ',d[1]:7:4: ',dcalcCmin[z]:7:4: ',diffl_min[z]:9:7):
writeIn (lst,' ',h[2],k[2],l[2]: ',d[2]:7:4: ',dcalc2_min[z]:7:4: ',diff2_min[z]:9:7);
writeIn (1s:: ',h[3],k[3],l[3]: ',d[3]:7:4: ',dcalc3_min[z]:7:4: ',diff3_min[z]:9:7):
writeln (lst,' ',h[4],k[4],l[4]: ',d[4]:7:4: ',dcalc4_min[z]:7:4: ',diff4_min[z]:9:7);
writeln (1st,' ',h[5],k[5],l[5]: ',d[5]:7:4: ',dca1c5_min[z]:7:4: ',diff5_min[z]:9:7);
writeln (lst,' ',h[6],k[6],l[6]: ',d[6]:7:4: ',dcalc6_min[z]:7:4: ',diff6_min[z]:9:7):
writeIn (lst): writeln (lst);
writeln (lst,'a = ',a..min[z]:6:3);
writeIn (lst,'b = ',b_min[z]:6:3);
writeln (lst,'c = ',c_min[z]:6:3);
writeIn (1st,'beta =',beta:4:1);
writeln (lst);
writeIn (1St,'Sum of the differences =',tnÏn_sum[z]:10:8);
writeln (lst); writeln (1st); writeln(1st); writeln (1st);

end;
clrscr;
write ('Ys this a good prinlOut 01/n)? ');
readIn (prinLok);
until prinLok='y';

writeIn (lst); writeIn (lst); writeln(lst); writeIn (1st);
end.
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Data for Figures
Chapter 2

Fig. 2.3

TemperanlTe LTPOnser Temperature ElIO, Minimum
30 42.24 30 98.2
40 47.74 40 98.2
50 53.75 50 98.7
60 63.24 60 98.4
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.S

Samp!e Wej~r Excess EnerQ' SampleWej~r A~
0.92 0.:0 0.86 0.53
1.30 1.65 0.92 0.61
1.96 10.67 1.30 0.50
2.80 19.61 1.96 0.50
4.22 29.60 2.80 0.36
5.25 29.32 3.30 0.31
7.85 30.84 4.22 0.27

5.25 0.24
7.85 0.22

Chapter3

Fig. 3.6

Tenmeramre Downfje!d Midfie!d Upfield Peak Ratio
25 3.45 48.77
40 3.50 48.57
60 4Jr1 47.66

• 80 5.13 0.35 46.51 0.007
90 8.38 0.75 41.96 0.018
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• 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 l4.61 28.09 0.520
150 3.58 24.22 23.66 1.024
155 2.28 27.42 21.55 1.272
157 2.22 27.70 21.54 1.286

Fig. 3.7

Temperature Downfjeld Mjc!fje!d VJlfie!d
25 0.983 1.773
40 0.968 1.777
60 1.034 1.756
80 0.898 1.597
90 0.946 1.422
100 0.947 0.439 1.240
115 0.910 0.467 1.069
130 0.783 0.458 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

Cbapter4

Fig. 4.8

Temperature LJ'PKlmjn HWOrnjn LTPJ60rnin HŒJ60mip

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

•
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• Fig. 4.9

Temperarure 4H1Omin Temperature 6H16Qmjn
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
156 109.33 156 116.33
157 110.80 161 118.27
158 112.29
159 112.79

Fig. 4.11

For the 0 minute annealed samp1es
Temperamre LQngT~lID ShonT~lID %Shon ComponeD[

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
TemJ)Ç1jlDtre LongT~l}J) ShonT~l}J) %Shon Compnnent

• 120 41.70 6.38 18.31
125 44.95 6.85 19.23
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• 130 45.33 5.73 18.27
132 47.26 5.68 17.43
135 48.04 4.55 15.82
138 51.80 6.85 20.01
140 53.43 7.24 18.91
145 60.03 7.37 18.75
148 62.99 7.22 19.16
150 68.67 8.48 19.71
151 68.63 8.40 21.22
152 70.82 8.52 20.92
153 74.47 8.17 20.48
154 75.17 8.28 20.94
155 78.19 9.11 21.41
156 80.78 9.12 23.29
157 88.16 9.84 22.71
158 90.76 11.27 25.86
159 100.68 10.24 25.59
161 109.06 11.06 27.73
163 114.96 13.03 30.00
165 83.48 12.53 34.65

Fig. 4.14

Temperamre J)ownfje!d Mjdtield l&'fie!d Peak Ratio
120 14.82 2.94 33.05 0.089
130 12.98 4.14 34.20 0.121
140 12.14 6.38 32.47 0.196
150 11.80 9.31 29.60 0.315
152 9.78 11.00 30.11 0.365
154 9.93 11.32 29.53 0.3P3
156 8.84 13.42 29.06 0.462
158 6.55 17.15 27.54 0.623
159 6.29 19.28 25.27 0.763
159.5 5.89 19.57 25.45 0.769
161 5.33 21.16 24.53 0.862

Fig. 4.15

Temperature DownfieId Mjdtie!d Upfie!d Peak RatiQ
120 12.49 3.21 35.60 0.090
130 12.94 5.09 33.64 0.151
140 11.18 7.57 32.60 0.23.l
145 lQ.42 9.40 31.03 0.303
148 9.33 11.53 30.13 0.382• 150 8.31 13.20 29.70 0.444
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• 152 8.50 13.32 29.36 0.454
154 7.34 15.36 28.50 0.539
156 6.99 16.13 28.01 0.576
157 5.09 19.86 26.40 0.752
159 2.38 25.34 23.42 1.082
161 2.39 26.92 21.97 1.225
163 1.79 27.97 21.86 1.279

Fig.4.16a

Temperature Pownfield Midfie!d ~field

120 1.02 0.483 1.102
130 0.93 0.508 1.102
140 0.89 0.557 1.050
150 0.91 0.542 0.956
152 0.81 0.529 0.942
154 0.84 0.523 0.932
156 0.81 0.522 0.899
158 0.71 0.486 0.807
159 0.69 0.438 0.728
159.5 0.69 0.449 0.724
161 0.65 0.427 0.682

Fig.4.16b

Temperature Pownfield Midfje!d IIpfield
120 0.94 0.562 1.153
130 0.94 0.554 1.101
140 0.85 0.556 1.036
145 0.86 0.558 1.006
148 0.81 0.539 0.960
150 0.79 0.558 0.927
152 0.78 0.553 0.914
154 0.74 0.549 0.878
156 0.73 0.506 0.842
157 0.64 0.460 0.731
159 0.50 0.383 0.539
161 0.56 0.360 0.481
163 0.51 0.370 0.478

Fig. 4.18

Temperature Methylene Metbjne Methyl
120 29.0 70.0 . 47.0• 130 23.0 57.5 45.0
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• 140 25.0 68.7 46.0
150 26.0 68.0 42.0
154 30.0 77.0 46.0
156 30.5 82.0 48.0
159 37.0 102.0 60.0
161 45.0 120.0 69.3
163 47.0 131.0 72.0

Fig. 4.21

Me!rin~Terop Areat!lmin Melrin~ Temp. AreaI60min
157.69 9.31 157.07 7.57
158.79 11.00 159.49 13.20
159.32 11.32 161.41 13.32
161.19 13.42 162.81 15.36
163.00 17.15 164.40 16.13
165.70 19.28 165.83 19.86

171.92 26.92

~g.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 12.10



• 160.50
160.66
160.83
161.00
161.17
161.33

ChapterS

Fig. 5.8

120 0 Ç

Lo~Ct)

-0.173
0.222
0.426
0.564
0.669
0.753
0.824
0.884
0.938

11.20
9.50
8.00
6.00
4.00
2.50

Lo~r -Lof) -<xCûJl
-1.315
-0.536
-0.163
0.097
0.320
0.508
0.678
0.811
0.892

122°Ç

Lo~Cû

-0.397
0.146
0.380
0.531
0.643
0.732
0.806
0.869
0.924
0.973

Lo~{ -Lof) -qCtl1l
-2.176
-1.087
-0.631
-0.340
-0.122
0.053
0.204
0.336
0.454
0.565

:\.20

•

124°Ç

Lo~Cû
0.046
0.324
0.493
0.614
0.708
0.786
0.852
0.909
0.959
1.004
1.045
1.083
1.117
1.149

Lo~{ .Lnf).q<ù1}
-1.722
-1.173
-0.831
-0.598
-0.407
-0.256
-0.127
-0.008
0.094
0.194
0.280
0.365
0.441
0.515

126°Ç
Lo~Ct)

0.008
0.305
0.480
J.?oo
0.846
0.955
1.042
1.114
1.176
1.231
1.279
1.322

Log! -Lnn ..grIll)
-2.161
-1.549
-1.210
-0.756
-0.464
-0.245
-0.062
0.087
0.220
0.340
0.445
0.541
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Iempernrnre
120
121
122
1 "~--'
124
126

Fig. 5.10

0.375
0.305
0.238
0.200
0.151
0.099

PP~

0.388
O

~.,.,

.-'-
0.245
0.209
0.171
0.108

A6Qf4Q
0.640
0.498
0.402
0.335
0.278
0.164

.-\2\

Rate Constant. K Growtb Rate
Temp PP34 PPS A60f4Q Temp, ppS pPS/sjJjglSjljçgne

120 0.102 0.116 0.235 120 0.802 0.799
121 0.080 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 1~" 0.Q75 0.082-'-
126 0.008 0.008 0.012 136 0.033 0.D35

Fig. 5.17

•

Temperature
120
140
150
154
156
158
159
161
163
165

PP34
36.25
46.21
54.94
59.17
65.93
71.57
75.45
76.12
73.98
69.01

TemperarnTe
120
140
150
155
160
163
165

A6OI4Q
39.83
48.51
58.63
66.16
77.58
78.02
70.82




