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• Abstract

The crystallization of poly(ethylene oxide) (PEO) in blends with amorphous

poly(vinyl chloride) (PVC). in a mixture with the PVC-selective plasticizer trïcresyl

phosphate (TCP). and in ternary mixtures with both PVC and TCP has been investigated

at seve'.ll structurallevels using the techniques of: (i) theoretica! surface interfacia!tension

calculations, (ii) thermal analysis. (üi) polarized light microscopy, and (iv) polarized

infrared microspeclroscopy.

The invariance of the glass transition temperature of the interlamellar. amorphous

PEO suggests a relatively low degree of dispersion in PEO/PVC blends. A slight

depression in the equilibrium melting temperature of PEO in blends of high PVC content

was observed. and subsequent ana!ysis of the data using the Rory-Huggins equation

revcals that, at best, PEO and PVC exhibit limited miscibility in the rnelL The rnelting

temperature depression may be accentuated by the addition of TC?, but the depression

observed in the temary mixtures lies within the experirnental uncenainry.

In general. the spherulites grown in the presence of additives are coarser and less,
birefringent than those grown in the pure melt, with the degree of coarseness increasing

with increasing additive concentration. The interpretation of the crystal1ization kinetics of

PEO using current nucleation theory clearly demonstrates that the crysœllization of PEO

in the temperarore range of interest occurs within regime III. The slight kinetic

discontinuiry at - 51°C that bas been thought to arise from a regime ll/IIl transitiori:can

he attributed to a transformation of the dominant crystal growth face from the (010)

crystal10graphic face at Iower temperatures to the (120) face at higher temperatures. The

growth rates of PEO spherulites in PEO/PVC bIendsare not affected by the presence of

PVC in the temperature range 49-55 oc, even at concentrations as high as 50% PVc.

However, the growth rates of spherulites in mixtures containing TC? are significantiy

depressed.
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Dichroic infrared microspectTOscopy was employed tO invcstigate the variations in

the crysmIline strucmre at the sub-spherulitic levcl. The dctcrnlination of the dichroic

ratios and the selected peak rntios l'rom the specml of purely crysmIline PEO (obtained by

difference spectroscopy) reveals that PVC disturbs the oricntation of the crysmIline stems

of PEO \vithin the spherulites and causes an increase in ihe crystaIlization of PEO in the

smlined, planar zig-zag conformation. PEO, in turn, appears tO induce a higher incidence

of the planar zig-zag conformation in the PVC molecules. ln the ternary mixtures, the

plasticizing effect of TCP on PVC renders the PVC rnolecules more flexible and more

mobile, thereby drastically reducing the shearing of the PEO and the resultant formation of

the planar zig-zag conformation during crystallization. ln effect, the crystaIlization

kinetics and the basic crystaIline structure of PEO can he controlled by selection of

appropriate proportions of PVC and TCP, a result of major significance and prnctical

importance to the field of polymer blends.
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Résumé

La cristallisation du poly(oxyéthylènc) (POE) a été examiné dans les mélanges de

POE el dc poly(chlorure de vinyle) (PCV). dans les mélanges de POE Cl de trilolyle

phosphate (TTP). el dans les mélanges ternaires de POE el de ces deux additifs. Les

méthodes appliquées étaient: (i) le calcul théorique des tensions interfaciales. (ü) la

calorimétrie différenùeUe à balayage, (ili) la microscopie polarisée. et {iv) la

microspectroscopie infrarouge polarisée.

L'invariabilité de la température de transition vitreuse du POE amorphe et

interlamellaire suggère un niveau de dispersion incomplet dans les mélanges POEIPCV.

Une faible dépression de la température de fusion du POE a été observée dans les

mélanges de POEIPCV d'une concentration de PCV élevée. Le traitemenl des données

par la formule Hory-Huggins indique que. au mieux. le POE et le PCV sont miscibles en

parùe dans l'état fondu. n est possible que la depression de la température de fusion soit

accentuée par le 'ITP. mais la depression observée dans le cas des mélanges ternaires

n'excède pas l'incerùtude expérimenta\e,

En général. les sphérolites qui cristallisent en presence des additifs sont plus

grossières et moins birefringentes que celles qui cristallisent de l'état fondu pur. L'étendue

de la grossièreté augmente avec l'augmentation de la concentration des additifs.

L'interprétation des cinétiques de cristallisation de POE en employant la théorie courante

montre que la cristallisaùon de POE estcaraetéristique du régime m entre les écarts de

température de cene étude. La discontinuité mole qui a lieu à-51 oC. et qui a été

attribuée auparavant à une transition de régime II/III, est en réalité le résultat d'une

transformation du plan cristallographique principal (010) à basse température au plan

(120) à haute température. La vitesse de croissance des sphérolites de POE. dans les

mélanges POEIPCV n'est pas infhrencée F le PCV de 49 à 55 oC. même à des
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concentrations de PCV éievées; mais la vitesse (te croissance des sphérolites en présence

du TIP est notamment baissée.

La microspectroscopie infrarouge dichroïque a été appliquée à l'investigation de la

variation de la structure cristalline au niveau sous-sphérolitique. La détermination de la

proponion dichroïque et de la proponion de c..'rtaines absorbances des Spt"ctre.~ du POE

pur (par la soustraction des spectres des additifs) a révélé que le PCV dérange l'orientation

des cristallites de POE dans les sphérolites et que le PCV provoque une augmentation de

la conformation trans planaire de POE. n est évident qu.: le POE. pour sa pan, provoque

une augmentation de la fréquence de la conformation trans planaire des molécules de

PCV. Dans les mélanges le1'Ilaires la plastification du PCV par le TIP n.-nd les chaînes de

PCV plus fl~bles et plus mobiles. et diminue l'effet du PCV sur le POE et la formation de

la conformation trans planaire de POE. En effet, les cinétiques de cristallisation et la

structure cristalline de POE peuvent être contrôlées par la sélection des concentration.~ de

ces deux additifs, un résultat de grande imponance pour le domaine des mélanges

polymères.

;

.~ "-' :-.~...•.~.,
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• Chapter 1

Introduction

1.1 Polymer Blends

The modification of polymers by copolymerization, filling, plasticization and, most

recently, blending has produced materials with a wide variety of properties unparaIleled by

natural systems. A polymer blend is an imimate combination of two or more polymers

that are constitutionally or configurationally different and are not bonded to one another

(1). When two polymers are mixed the most common product is an almost completely

phase-separated system due to the Iow enO'Opy of mixing of large molecules which leads

to a low driving force for miscibility. A miscible polymer blend, that is, a blend that is

homogeneous at the molecular leve1, cao result when the two constituent polymers exhibit

a negative enthalpy of mixing which leads to a negative free energy of mixing. On the

other hand, immiscible blends typically consist of polymers that Cliliibit a positive enthalpy

of mixing. The term "compan'ble" is often used to describe blends that are visually

homogeneous and that exlu'bit useful properties that are not atlllinable using either of the

individual polymers; but tbis term does not imply miscibility or homogeneity at the

molecular level (1).

The major incentive for the development of commercial blends is the economic

advantage that is derived from the use of a second, inexpensive component that reduces

the amount of a more expensive primary component that is zequired for a given end use

(1). Another highly significant advantage of blending is that the careful selection of the

blend components and the processing conditions permits the creation of high performance

materials with properties that can be taüored to a specifie application. Blending is also a, ..

' .
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very imponant process in the recycling of plastics, mainly because of the prohibitive cost

of extracting pure polymers from most of the materials thnt are received by recycling

facilities.

There are severnl approaches to the preparation of polymer blends that include: (i)

solution blending followed bY film casting, freeze drying, or precipitation by a nonsolvent:

(ii) mechanical mixing: and (iii) in sim polymerization of the components (l). Mechanical

mixing, which may involve the mix.ing of fine powders or melt mixing, is frequently

referred to as "dry blending", as opposed to the "wet" technique of solution blending. Dry

blending techniques are predominant in industrial settings because these techniques are

more economical for the processing of large quantities of materials. The dry blending

techniques do not require the vast quantities of solvent that must be recycled. Additional

compatibilizing agents can be added to dry blends to promote adhesion between the blend

components, and thereby increase the degree of dispersion within the blend. Typical

compatibilizers are either low molecular weight compounds that internct favornbly with

both of the polymers in a binary blend, or block or graft copolymers that may contain two

different kinds of b10cks that are designed to internct with each of the twO polymers (l).

Binary polymer blends may consist of: (i) !WO amorphous polymers, (ii) two

semicrystalline polymers, or (iii) a semicrystalline polymer and an amorphous polymer.

Low molecular weight additives such as plasticizers cao also be used to control the

ultimate properties of a polymer or a polymer blend. Plasticizers are a class of additives

that are commonly used to increase the flexibility of a polymer and thereby increase the

number of possible applications, or to decrease the me\t viscosity of a polymer, an

imponant consideration in polymer processing (2). Obviously, the design of new materials

demands a detailed knowledge of the interactions between the various pairs of

components in a mixture as a funetion 'of the composition of the mixture under the.

relevailt conditions for the processing and the application of the material. The most

imponant consideration in the creation of polymer blends is the miscibility of the
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components. Miscibility is a goveming factor in the morphology and the crystallization

kinetics of semicrystalline polymers that are crystallized from the melt in blends with

amorphous polymers. The following sections discuss aspects of polymer miscibility and

crystallization that are relevant to the research presented in subsequent chapters.

1.2 Polymer Miscibility

As stated in the preceding section, the entropy of mixing of twO polymers is very

small; therefore the Cree energy of rnixing is approximatelyequivalent to the enthalpy of

mixing. The Cree energy of mixing of twO polymer-... ÔGm• can be described by the

relation shown below. which was derived by F10ry and Huggins.

(1.1)

-
~~;:~,: "

F~~''<,;~·..

.• -

where R is the ideal gas constant, T is the temperamre. V is the molar volume, X12 is the

polymer-polymer interaction parameter. and 'Ui is the volume fraction of component i

(3,4). The interaction parameter is a measure of polymer miscibility and is dependent on

bath temperature and composition. The value of X12 may also depend on molecular

weight, the identity ofend-groups in the case of shan chams. and pressure (5).

For !wo polymers ta be miscible the interaction parameter must be negative. The

condition X12 < 0 is met when !wo polymers exhibit favorable specific interactions such as

hydrogen-bonding .(sec, for example references 6-10). It must be kep.t in mind that

allhough the chemical miscibility of two polymers is a requiIement for blend homogeneity

at the molecular leve1, the degree ofhomogeneity acbieved may depend on the P10cessing

conditions of a blend; that ÏS, inadequate physical mixing may lend ta an inhomogeneous

mixtute. On the other band, the very thorougb mixing of two immiscib1e polymers can
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yield a blend with a very high, albeit not molecular, level of dispersion. Polymer

miscibility will be discussed in more detail in Chapter 3.

1.2.1 Determination of Miscibility

Among the wide variery of techniques that are available for the measurement of

dispersion in polymer blends, there are several techniques that cao be used to determine

the miscibility of IWO polyrners. For example, polarized light microscopy (PLM) permilS a

f:lcile, visual inspection of sarnples for homogeneiry at the micron level; while scanning

and tunne\ling electron microscopic techniques (SEM and TEM, respectively) have a

spatial resolution that extends to the sub-nanometer scale (Il). ln addition, SEM in the

electron dispersive spectroscopy (EDS) mode can be used to map local chemiea\

variations in thin sections of sarnples (12). lnfrared spectroscopy can provide valuable

information about the nature and the degree of specific interactions in a blend (13), and

can also be employed for chemiea\ mapping, although only on the micron sca\e (14).

Thermal anaiysis is commonly used to estimate the value of the interaction

parameter, although the use of this technique provides limited information in the case of

blends that contain a crystallizing polymer. Diffraction techniques such as sma\l angle

neutron scanering (SANS) or wide and sma\l angle X-ray scanering rNAXS and SAXS,

respectively) are applicable on a sub-micron to nanometer sca\e, and provide an alternative

route for the determination of the value of the interaction parameter (sec, for examp1e,

references 15,16). These and other methods are described in detail in reference 1.

Fluorescence and solid-State nuclear magnetic resonance spectroscopy (NMR) are

IWO techniques that have been applied to the study' !lf molecular leve\ mixing in blends
~ ,-~

(1.5). The application of solid state NMR to the study of polymer miscibility will be

discussed in Chapter 3. The most common type of fluorescence that is exploited for tIüs .

purpose is excitation fluorescence (1). This type of fluorescence cao be observed iiI
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polymcrs thal conlain aromatic functional groups which are capable of forming dimers or

"cxcirncrs". whcre the aromatic groups are separaled by a distance of approximare1y :; Â

(5). In a phase-separaled blend that is composed of a fluorescent polymer. such as

polystyrene. and a non-fluorescent polymer. such as poly(vinyl methylether) (17). the

cxcirner fluorescence is expecled to he close to the value measured for the pure

fluorescenl polymer. However. when molecular level mixing occurs. the formation of

cxcimers is disrupled by the presence of the non-fluorescing polymer. and the intensity of

the excirner fluorescence can he reduced drastically. as in the case of blends of poly(vinyl

naphthalene) and poly(vinyl acetate) (18). Alternatively. the twO blended polymers may

each possess complementary groups that form excirners when the molecules of the two

differenl polymers an: in close proximity (5). Another variation of the technique involves

the addition of fluorescent labels to normally non-fluorescent polymers (19).

1.2.2 SemicrystalliDe-Amorphous Polymer Blends

The crystallization of semicrystalline polymers in blends of semicrystalline and

amorphous polymers is a topic of uemendous importance in the field of polymer science.

Semicrystalline polymers. including polyethylene and polypropylene for example. account

for the majority shan: of colIll11=ially produced polymers (1). Of this total production.

more !han half of the polymers are sold as blends.

The question of misa'bility in this type of blend is much more complex !han in the

case ofa blend consisting oftwo amorphous polymers. Two amorphous polymers may he

miscible. immisa"ble. orpartially miscible. where partial miscibility implies misct'bility under

specifie conditions of molecular weight, temperature, and concentration. In blends

contaïning a semicrystalline polymer and an amorphous polymer. the miscibility of the

amorphous phase of the semicrystalline component with the amorphous second

component must he considered separately from the misa'bility of the crystalline phase of
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the semicrystalline polymer with the second component. ln each instance. the twO

polymers may be miscible. immiscible. or partial1y miscible. although the miscibility of the

amorphous second component with the crystal1ine phase of the semicrysmlline polymer is

rare (1).

ln a completely immiscible blend, the crysmllization of the semicrystalline polymer

is general1y unpertllrbed by the presence of the second component. However. in some

systems of this type the crystalline morphology and the erystallization kinetics may be

affected due to the interfacial interactions belWeen the twO polymers. lt must be kept in

mind that in spite of the absence of miscibility, the two polymers may still be highly

dispersed. Furthennore, they may also exhibit a signifieant degree of adhesion, in

particular belWeen the amorphous phases of the semierystalline polymer and the second

component. As a result. the two components may interact in such a way as to alter the

crysml1ine structure of the crystal1izing component.

Semicrysml1ine-amorphous polymer blends that are miscible in the amorphous

phase are considered to be "miscible" blends (1). The amorphous component is observed

to be miscible with the melt of the erystallizing polymer. ln such systems, the

cryslllllization of the semierystalline polymer occurs from a one-phase melt. Because the

amorphous component acts as a diluent in :he mel!, a melting temperature depression is

frequently observed (20). During the erystallization process, portions of the amorphous

component cao be included within the crystal1ine matrix in amorphous regions that are

located belWeen the erystalline lamellae or belWeen other erystalline structures.

Obviously, this inclusion of the amorphous component can have drastic morphological and

kinetic ramifications (see, for example, references 21-26), some of which will be examined

in the appropriate sections of the thesis.
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1.3 Polymcr Crystallization

1.3.1 Pure Semicrystalline Polymer

The apparenlly simple process of the crystallization of polymers from the melt is,

in fact, a complex process that results in the orclering of long, randomly coiled polymer

ch:lÏns into specific three-dimensional chain-folded arrangements in the crystalline statc.

The orclering process involves a decrease in entropy, the magnitude of which depellds

l:lrgely on the degree of ordering in the melt; hence, according to the definition of Gibbs'

free energy,

ÂG=ÂH-TÂS (1.2)

.;,.' ... '

,;::,..-'..

•

this entropy decrease must be compensated by a negative change in enthalpy in orcier to

cause a favorable change in the free energy. As the temperature of a polymer sample is

decre.1sed from above its melting temperature to its melting temperature, the volume

available to the macromolecules decreases, restricting their rotational and translational

freedom. This restriction of movement, which is favored by the presence of substituent

groups that promote inttarnolecular attraction or rigid close-packing of chain segments,

allows neighboring segments to align in an orclered fashion in close-packed arrays known

a.~ crystallites. Variations in the density of the melt created by chain oIdering
, '
"-
(homogeneous nucleation) or an impurity (heterogeneous nucleation) cao act as a nucleus

from which a spherolite çan form (27).

A wide variety of substances, ranging from natural1y occumng minerals to

stereochemically Iegular synthetic polymers crystallize in the fonn of spherulites.

Differences in chemîcal compositionamong these materials lead to significant diffetences

in crystal packing, and therefore sphc:rulite birefringence, morphology, and growth rate.
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The growth of polymer spherulites from the melt. when viewed with a polarized

light microscope. is a phenomenon that is truly striking in its beauty and apparent

simplicity. Spherulites are regular birefringent structures with spherical symmetry in three

dimensions and circular symmetry in thin section. An example of a thin section of a

spherulite of poly(ethylene oxide) is shown in Figure 1.1. Spherulites are composed of

crystallite fibrils that grow radially outward from the nucleus as shown schematically in

Figure 1.2a (28). Low-angle branching occurs along the fibrils due to the presence of

defects in fibril structure, or material, usually residual amorphous polymer or foreign

particles, that hwe not been incorporated into the spherulite. This branching is

responsible for the space·filling geometry of spherulites. Within a fibril, polymer chain

segments or "stems" are laid down on the growth surface in an analogous manner to

bricldaying (see Figure 1.2b) (29). It is important tO note that the stems are oriented

perpendicular to the spherulite radius. The stem length, that is the fibril thickness, is

typically - 0.1 !lm and is a characteristic specific to a given polymer and set of

crystallization conditions. In general, macromolecules possess an end-to-end distance in

the crystalline conformation that is greater than the stem length and consequently must

fold to accommodate the fibril thickness (29). Depending on the relative lengths of the

stems and the chains, a given chain may fold numerous times before crystallization is

complete. Re-entty inlo the fibril after folding may be adjacent or nonadjacent. The

noncrystalline chain folds and loose chain ends constitute part of the amorphous material

found within the ~line matrix. A straïghtforwart\, detaiIed examination of spherulite

structure is given in the text by Sbarples (30)•

.::::-.

1.3.1.1 Spherulire Birefringence'

SpheruIiteS are biIefringent strUctureS that cao range in size from approximately

1 J.I11l to 1 mm in diameter, depending on the nucleation density. They are generaIIy not
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Figure 1.1 PhOlomicrogmph, taken using a polarized Iighl microscope, of a spherulite of

poly(ethylene oxide) crystallized al 45 oC.
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Figure 1.2 (a) Diagram of a polymer spherulite with radially growing aystalIite tibri1s.

(b) Enlarged oblique viewof the tip of a spherulite tibril, growtbdirection G. The
. -

aysraIIine chain segments or "stems". shown as rectangular blocIcs.. are laid down

perpendicular ta the fibrü direction.
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visible in ordinary light but can be seen readily in thin section between crossed polars using

a polarized lighl microscope. A polymer melt is amorphous and therefore optically

isotropic. and no Iight is viewed through the analyzer when the polars are crossed. On the

other hand. pol:lîÏzed light of amplitude A that is incident upon optically anisotrOpic.

doubly refracting regions such as spherulites is resolved into a fast component and a slow

component vibrating in the directions of the mutually perpendicular principal refractive

indices of the crystalline sO'Ucture, nI and n2 (see Figure 1.3a) (31). ln spheru\ites, the

principal refraetive indices are radial and tangential. Due to the difference between nI

and "2' the Iwo components of light travel through the sample at different velocities and

therefore exit the sample with a path difference or retardation. If nI > n2. then the

amplitude of the slow component is given by A cos9. and the amplitude of the fast

componenl is given by A sin9 (see Figure 1.3a); if ni < n2. then the opposite is O'Ue.

When the refractive index paralle\ to the radial direction of the spherulite is greater than

that perpendicular to t.'le radial direction, the spherulite is said to be "positive". When the

converse is 0'Ue, the spherulite is "negative". Most polymer spherulites are negative\y

birefringent.

ln the analyser, which is sel perpendicular to the polarizer, the two components are

recombined to yie\d a single component vibrating in the direction of the analyzer, with an

amplitude of (A sin9cos9 + A cos9sin9) (see Figure 1.3b). The path difference causes

conSO'Uctive and desO'Uctive interference of specific wavelengths of white light.. The

resultant wave\engths yield interference COIOIS of the samp1e, which valy in accordance

with Newton's series (32). The Maltese cross extinction pattern charaeteristic ofregularly

birefringent spherulites, that is, the black cross c\early visible on the spherulite in

Figuré 1.1,is observed due to the coincidence of the mutually pexpendicular optic.axes of

the spherulite with the respective orientations of the polarizer and the ana\yzer. The
r

regions of the sample that have optic axes paraile\ to the vibration direction of the

polarizer WIll tr'.msmit the light from thë;."'Olarizer, but this light will DOt be observed

/



• (a)

12

t
Cl) \
c

'c;; 1
<1

.J, F--'--------+
E-----t

A cos 9

(b)

Figure 1.3 (a) The resolution of plane polarized light of amplitude A into, two

çomponents along the principal refraetive indices ofa sample. nt and n2' (b) Resolution of

the light transmitted by the sample by an analyzer that is positioned at a right angles with

re.o;pect to the polanzer in (a). (After reference 31, p 89.)
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through the analyzer when the latter is perpendicular to the polarizer. The regions of the

sample with optic axes perpendicular to the vibration direction of the po1arizer will not

tnmsmit any light, so that in this case also, no light will be transmitted through the

analyzer. The regions of the sample that have optic axes that are not perpendicular to

either the polarizer or the :malyzer transmit light through the analyzer and are seen as the

bright are:ls of the spherulite in Figure 1.1.

The sign and the magnitude of the birefringence of a spherulite ean provide

information abolit the relative orientation of crystaIline substruetures within the spherulite,

providing the unit ceIl of the polymer is known. Generally, a polarized light microscope is

equipped with accessories that can be inserted be!Ween the objective and the analyzer to

obl:lin fixed or variable retardation, thereby permitting the determination of the retardation

of :1 wide mnge of s:lmples. The sign of the birefringence of a sample can be determined

using a first-order red (or sensitive tint) plate or a quarter-wave plate. The direction of

vibnllion of the slower component is usually marked by the manufacturer on these plates.

When the slow component of light transmilted by the sample is parallel to that of the

sensitive tint plate, that is, the sample is positively birefringent, then retardation is added to

the s:unple, which changes the interference color to a shade of blue. If the slow

component is perpendicular to that of the sample, that is, the sample is negatively

birefringent, then retardation is subtracted from the sample, which changes the

interference color to a shade of yellow. In the case of a quarter-wave plate, when the

slow components of the plate and the sample are paralle1, the SatDPle appears bright white

or yellow; when the !WO components areperpendicular, the sample appears dark gray or

black (33). Figure 1.4 is a series of photomicrographs of a lypical spherulite of-poly(ethylene oxide} viewed through crossed polars, without aeompensator (RgUze 1Aa),

and with sensitive tint and quarter-wave plates (Figures I.4b and 1.4c, respectively).

Comparison of the· vibration direction of the slower component of light of the

compensators with the colors observed using these plates indicaies that the given
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Figure L4 Oose'-up of a negatively birefringent spheru1ite of PEO: (a) without any

compensators; (b) with a sensitive tint plate; and (c) with a quaner-wave plate. The

vibration directions of the slow and fast components of Iight in the compensators are

indieated at the lower right.
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sphcmlite is ncgativcly birefringcnL A positivcly birefringcnt sphcrulite would exhibit

similar colors. but the pallern would be rotatcd by 90°.

Knowlcdge of the interference colors and the thickness of a sample permit

calclliation of the birefringence from the relation

(1.3)

where r is the retardation or the interfercnce color (in units of nm), t is the thickness (nm),

and (nI - n2) is the differcnce between the IWO principal refractive indices, that is, the

birefringence (32). This relation permits a very accurate determination of birefringence,

providing that the measurement of the sample thickness is accurate. Sample thickness can

be measllred with a micrometer screw gauge or the fine focusing micrometer on most

microscopes. In the laner method. the microscope is focuscd on the top surface of the

coverslip and then on the slide surface. The sample thickness is the differcnce between

these two re.1dings less the coverslip thickness. Il is important to take the average of a

nllmber of measurements of a given SlIItIple to allow for local variations in the thicknesses

of the sumple and the glnss. The details of the procedure for the accurate determination of

the interfercnce colors of differcnt classes of samples, using a quartz wcdge and the

Michel-Lévy interfercnce color chan, which provides a graphica1 relation among the tbree

pnrnmeters in equation 1.3, are given in many polarized light microscope instruction

ITIllOunls und numerous texts (seC, for example, refercnces 3J-35).

J.3.J.2 Variations in Spherulire Birefringence and Morphology

Although the basic structure of most spherulites resembles the schematic diagram

presentcd in Figure 1.2, the observation of the growth of spherulites of different polymers

at a variety of crystallization temperatures reveals that spherulite birefringence and
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morphology vary wi!h chemical idenùly. unit œIl. and crystùIizaùon Iempcralure and

pressure. Cenain polymers. such as linear poly(e!hylene) (36) and poly(ll

hydroxybutyrale) (37) (Figure 1.5) exhibil regularly spaced eXlincùon rings or hand~ in

addiùon to radial exùncùon. Slereoregular poly(epichlorohydrin) (Figure 1.6) is an

outstanding example of a 'polymer !hat forms banded spherulileS (38). ln generaL

concenttic rings are atttibuted to !he cooperaùve twisùng of radial !ibrils along !he axes of

growing crystallite fibrils. These patterns range from !he rough. herringbone bands 10

regular rings depending on !he polymer and !he crystallizaùon condiùons.

Iso!aCùc polypropylene (iPP) is a p3rÙcularly interesûng example of !he rich

morphological diversily of semicrystalline polymers because over a 20-degree temperalure

range, it crystallires in five different types of spberuliûc morphologies. classified according

to crystal structure. birefringence, banding. and crysla1lizaûon temperature (39). The

polymer cryl'ta1lires in a monoclinic unit cell in Types I. n and a "mixed" type. and in a

hexagonal unit cell in Types ID and IV. The appearance of Types 1 and n resembles !he

spherulite of PEO shown in Figure 1.1. also !he result of a monoclinic unit œII. and they

are visually indisûnguishable; but TYPe 1 (the dark spherulileS in Figure 1.7a) is posiûvely

birefringent and crystallires below - 134 oC; whereas TYPe n is negatively birefringent

and crystaIlizes above - 134 oC. The mixed type (Figure 1.7b) is posiùvely and negatively

birefringent in different regions of the spheru1ite and crystallizes below - 140 oC. TYPeS

ID « 127 OC) (the bright spherulite in Figure 1.7a) and IV (127-132 OC) appear much

brighter than the monoclinic types, and they are both negativeIy birefringent. These last

IWO types of spheru1ites aIso exhibit longer induction times. higher radial growih rates., and

lower me1ûng temperatureS than the monoclinic types. Jagged concenttic banding

disûnguisltes Type IV from Type IlL It is important to note \halo as bas been observed in

the case of iPP. spherulites \hat crystallizein different morphologies at a given .

temperature also have different radial growih rates.

•
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Figure 1.5 Spherulites of polY(l3-hydroxybutyrate) crystallized nt 50 oC showing

relntively regular extinction rings.
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Figure 1.6 Spheruliles of poly(R-epichlorohydrin) cryslallized al 80 oC.
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(a)

(b)

Figure L7 Spherulites of isotactïc polypropylene: (a) Types 1 (dark) and m (bright).

crystallized nt 122 oC; (b) "mixed" type, crystalIized at 127 oc.
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1.3.2 Spherulites in Semicrystalline-Amorphous Polymer Blends

The addition of a second, amorphous polymer or a low molecular weight

compound to a semicrystalline polymer can influence the observed spherulite morphology

(see, for example, reference 21). Sorne recent examples of studies of semicryst.llline

amorphous polymer blends are listed in Table 1.1.

Table 1.1 Selected examples of recent literature studies of semicryst.l1line-amorphous

polymer blends.

Semicrystalline Component Amorphous Component Reference

~

~ ..

•

i-poly(!3-hydroxybutyrate) a-poly(!3-hyclroxybutyrate) 40,41'

i-polypropylene ethylene-propylene rubber 42

i-poly(!3-hydroxybutyrate) poly(methyl methacrylate) 43

poly(vinylidene fluoride) poly(ethyl acrylate) 44

poly(e-caprolactone) polystyrene 4S

cis-l,4-polyisoprene poly(vinyl ethylene) 46

i-poly(l-butene) hydrogenated oligo-

cyclopentadiene 47

AlI of the blends listed are miscible or partia1ly miscible in the melt, except the.

iPP/ethylene-propylene rubber blend (42). In genera1; the presence of the second,

miscible, amorphous component bas a disruptive effea on the crystalline morphology.

The extent to which the crystalline morphology. is affected depends mainly on the degree, .

to which the additive is incorporated witbin the spherulite. The degree of incorporation

.'



•
21

depends, in tum, on the degree of adhesion or miscibility between the two components

and the molecular size and the mobility of the additive. If the additive is an amorphous

polymer that exhibits sorne I1Ùscibility with the melt of the semicrystalline polymer, then

ponions of the additive chains may be incorporated within the amorphous fold surfaces of

the crystallites. The molecular size and the amorphous, entangled nature of the polym(;l"

would generally preclude its incorporation within the unit cell. If the additive is present in

excess, then the bulk of it may be excluded to interfibrillar or interspherulitie regions of the

s:lmple. In the case of an immiscible blend, all of the additive is expected to be found in

these latter two locations. Any structural changes that evolve as the result of the inclusion

or the exclusion of additives by the spherulites are reflected by variations in the spherulite

morphology, such as a reduction in the birefringence due to the disordering of the

anisotropic spherulite structure, or an increase in the spacing between adjacent spherulite

fibrils that results from the accumulation of foreign species in these zones.

Unlike the case of a polymerie additive, a low molecular weight substance can be

included within the crystalline structure at the level of the unit cell under the necessary

conditions of miscibility or very rapid crystal1ization kinetics. On the other hand,

immiscible, small molecules can be exeluded more easiIy from the crystal\ine matrix than

entangled, long-chain polymerie additives. In this respect, a low molecular weight

material may have a more profound effect on the crystalline strueture.

Changes in spherulite morphology should also be considered in the context of the

growth rate of the spherulites examined. The growth rate of spheru1ites grown from

miscible blends is usually significanùy depressed Ie1ative to that of spheru1ites grown from

the pure meIt (sec, for example, reference 40). Spherulites grown from jmmiSt:J"b1e blends

generally grow at the same rate as thosé grown from the pure meIt; however, in some

cases a depression in the growth rate can arise due to the energy expended by the growing

.spilerulites in the·rejection,engu1fment and deformation of the· second component (26).

The occurrence of a composition-dependent crystallization rate is an· important
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consideration in the processing of blend'l. The crystallization kinetics of blends and

mixtures will be discussed in further demil in Chapter 4.

1.4 The Crystallization of Poly(ethylene Oxide) from the Melt

1.4.1 Pure Polymer

The crystal structure, crystallization kinetics and morphology, and thermal

properties of poly(ethylene oxide) (PEO) have commnnded a tremendous amount of

anention during the past three decades. Among the reasons behind this interest are the

ready availability of the polymer and its broad spectrum of applications. The rapid

crystallization, high degree of crystallinity, slight polarity, and extensive solubility of PEO

are properties that have led to its application as a thickening agent in foods, as a dispersant

in paints and coatings, as a matrix in drug delivery devices, and as a solid polyelectrolyte,

to name a few examples.

PEO is also a higbly anractive subject for the study of fundamental aspeCts of

polymer crystallization. A significant portion of the crystallization temperature range of

PEO is experimentally accessible, and crystallization from the melt yields large, distinct

spherulites (that is, > 100 J.UIl in diameter) at low to intermediate supercoolings that are

easily observed in thin section via PLM. The unit cell of PEO bas been well-characterizcd

and, under most conditions, is monoclinic with four distOrted 72 helices passing through

the cell (48). Modified unit cells have been observed in strained samples (49) and in

complexes of PEO with low molecular weigbt materials such as aromatic cornpounds (50

53), sodium thiocyanate (54), mercuric choride (55.56), and urea (57).

Earlycrystallization studies of PEOemployed industrially available polydisperse

samples (sec, for example, reference 58). As a result. a numberof these studies focused "

on the effect of the broad molecular weight distribution in the crysta\lization process (21).

" .,
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The preferential rejection of the low molecular weight rnaterial by the growing spherulites

was found tO be a determining factor in the development of spherulite morphology and

occasionally in the spherulite radial growth rate (18). as noted in later. analogous studies

of semicrystalline-amorphous polymer blends. Towards the end of the Cl)'stallization

process. that is. just prior to the impingement of the spherulites, the growth rate was

observed to be slightly retarded due to the accumulation of the rejected low molecular

weight rnaterial in the interspherulitic regions. Subsequent developments in fraetionation

techniques (59) permiued the examination and the measuremcnt of the crystallization

kineties of narrow molecular weight fractions (sec. for example, references 60-62). In

addition. the fractional crystal1ization of PEO from mixtures containing se\ected molecular

weight fractions bas been investigated (63-67). Within the past decade. such experiments

have been facilitated by the commercial availability of anionieally polymerized.

monodisperse fractions of PEO. The crystallization of PEO has generally \)cm examïned

at atmospheric pressure and under static conditions; however. high-press'Jre (68) and

dynamic. shearing experiments (69,70) have been published. The crystal1ization of PEO

from solution has been explored as well (71).
/

A recent study of low molecular weight fractions of PEO described the

observation of integral1y and nonintegral1y folded chain Cl)'stals, and confirmed that the

crystallization process involves a balance betwecn kineties and thermodynamies (72-74).

In the literarure study. initia1ly nonintegral1y-folded chain crystals were annealed to

eventually fOtm more perfect. integra11y-folded chain crystals. Another recent, important

development in the investigation of the crysta1lization of PEO bas been the repon of the

occurrence of three regimes of crystallization, or two Iegime transitions, in intermediate

. molecular weight PEO by Cheng aDd coworkers (75). However.:a subsequent study by

Point and others (76) baS qùestioned the OCCUIIence of one of. the reported regime
, :. --..::-~- .

transitions. This confiiet will be addressed.in Cliàpœrs.4:!Dd5. .

- --"
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1.4.2 Blends Containing Poly(ethylene oxide)

The erystallinity. the f1exibility and the polarity of PEO are features that govern its

intemctions with other rnaterials. The presence of the polar carbon-oxygen bond in the

repent unit provides the opponunity for dipolar intemction with other polar moieties. such

as carbon-halogen bonds. of other polymers. The f1exibility of PEO allows for the

accommodation of foreign species within the crystalline structure lInd possibly even im.ide

the unit cell, as in the case of the complexes mentioned in the preceding section; and li

high degree of crystallinity permits crystallization in the presence of these foreign

rnolecules. Because the crystalliz:uion of individual spherulites is facile to observe, PEO is

an idea1 candidate for the study of the effect of a second component on the erystallization

of a semicrystalline polymer. In facto numerous studies of the erysta1lization of PEO in

blends have becn presented in the literature, examples ofwhichare Iisted in Table 1.2.

AlI of the amorphous second components that are Iisted in Table 1.2 are miscible

or partially miscible in the mett with PEO (23,78-81,86-92), except poly(N-vinyl

carbazole) (82). The morphology of the spherulites grown from ail of the miscible blends

was disturbed by the presence of the second component; the spherulite structure gener.illy

became comer with increasing concentration of the amorphous polymer (23,78-81,86

92). A depression in the erysta1lization kinetics occurred in ail of the miscible blends

(23,78-81,86-90) except the blend containing poly(vinyl chloride) (PVC) (91).

As is evident from Table 2.1, the crystalIization ofPEO in blends with poly(methyl

methacrylate) (PMMA) bas been studied extensively. PEO and PMMA are miscible in the

mel!; that is, PMMA forms a homogeneous mixture with the amorphous phase of PEO.

SAXS and SANS experiments (93,94) have confirmed the molecuIar-level mixing

proposèd based on the meIting telnperature depression observed by thermal ana1ysis-(23),

and bave demonsttated that PMMA is present in the amorphous. interIarne\lartegiODS of

erystallized PEO.

. ."
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Tllbl!! 1.2 Examples of lileralure sludies of Ihe crystallization of PEO in blends. (The

nolmion c or a dcnolcs Ihe cryslalline or amorphous nalure of the second componem,

respeclivcly.)

Second Component cora Reference

poly(j3-hydroxybulyrale) c 77

poly(vinyl alcohol) a 78

poly(vinyl acelale) a 79

poly(elhylene-co-vinyl acelale) c/a 80

poly(bisphenol-A hydroxyether) a 81

poly(N-vinyl carbazole) a 82

poly(vinylidene fluoride) c 83

poly(L-lactic acid) c 84,85

poly(methyl methacryiale) a 23,86-88

i-poly(methyl methacrylate) c 86

poly(ethyl methacryiate) a 89

poly(butyl methacrylate) (I) li 90

poly(vinyl chloride) a 91,92

(1) modified with poly(dimethyl siloxane)

The morphology of PEO spherulites is influenced substantially byP~ (86-88). An

-increa.o;e in the collISeness of the spherulite teXture is observ_ed with increasing PMMA

content. In addition, the sph~te growth rateat a given ternJlCIa!UIC decreases

lo"Ubstanti:111y with increasing PMMA content (86-88):
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Blencls of PEO <lnd pve have been chnracterized to a lesser extent. even though

pve would constitute one of the simplest possible polymeric additives. pve is a mainly

amorpholls, linear polymer that possesses weakly acidic ;x-protons which can be expected

to intel",\ct with the proton-accepting PEO. Most of the exisùng literature concemed with

blends of PEO or other polyethers with chlorinated polymers has focused on the

application of polyethers as additives to systems containing chlorinated polymers. as

evidenced by the large nllmber of patent applications pertaining to this type of mixture.

Polyethers have been shown to improve the impact strength and the thermal stnbility. and

to decrease the melt viscosity of such ~)'stems (95).

PEO/PVe blends have been described as being partially miscible in the melt at lùgh

concentrations of pve (91,92,96). This descripùon is contradictory in that it implies that

low concentrations of pve are immiscible with molten PEO. a situation that is highly

improbable. The condition of miscibility when large amounts of the pve are mixed with

the amorphous PEO phase dictates that a finite proponion of the pve must be miscible

when sm:ù1 amoums of the amorphous polymer are mixed with PEO. Funhermore.

PEO/PVe blends are the only reponed, partially miscible blends of PEO and an

amorphous polymer that do not exhibit any depression in the spherulite growth kinetics of

pEO (91), crystn1lizanon behavior that is cllarncteristic of an imnùscible blend (26).
~

However, changes in spherulite morphology that resemble the typ'"..s of changes observed

in other miscible blends~ve been reponed (91). The questions that arise form the

avnilable information are: 1. .~ PEO and pve partially misClble or immisClble? What is
:: - ~/

the nature of the morphological changes observe(} in .th~~? 3. Is complete,

molecular-Ievel ~bility a requirement for the occumnce of the morphological. or

strùcturnl changes that ,~are, gël)eraily induced: in semïcrystn1line-lIIiiorphous'.polymer
. ~ .

blends? ,Oearly, blends ofPEO Md pv'e bearfurther1~vestigation.·' •

,-' .

. ~'.'

.;
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1.5 This Study

ln spite of the tremendous potential of plasticizers as additionaI tools for the

control of the crystallizmion of semicrystalline polymers from the melt in semicrystaIline

amorphous polymer blends, no study published to date has compared the crystaIlization

behavior of a binary semicrystaIline-amorphous polymer blend with that of a temary

mixture also containing a low molecular weight plasticizer that acts specifica1ly on the

amorphous polymer. The specific plasticization and the resultant modification of the

physic:11 propenies of the amorphous polymer that can be expected to occur in this type of

temary mixture would aIter the nature of the interaction between the two polymeric

components :md therefore modify the crystallization process of the semicrystaIline

component relative tO that observed in the binary blend. Thus, the use of specific

plasticization could potentially broaden the spectrum of applications of a given

semicrystaIline polymer.

Although PVC consists of a relatively simple structure, the bulky chlorine atoms

that are att:lched to the backbone lead to a material that is rigid and that requïres the

addition of plasticizers to improve its flexibility and processability (2). Tricresyl phophate

is a plasticizer that is frequendy used in combination with PVC, and that fulfills another

importantrole as a flame-retardant (2). Although TCP has the potential to exhibit some

affinity for P~O, the use of an excess of the plasticizer relative to the PVC content in

temnry mixtures with PEO and PVC ensures its overwhelming influence on the physical

properties of PVc.

The research presented in this thesis ~es 'the· crystaIlization of a

semicrystaIline polymer, PEO, (i) from the pure mell, [n) from binary blendswith a

PlUtially miscible. -amorphous polymer, PVc. [m) from a binary mixture with a low

molecular wèight-plasticizer, tticresyl phosphate (TeP), tlÎat is aspecific plasticizer for
- -

PVC. and (iv) fro~ tem..iry mixtures that contain the IWO polymers and the plasticizer.
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Seveml techniques have been employed to gain an understanding of the macroscale

and microsc.1le propenies of PEO, PEO/PVC blends, and PEOrrCp :lOd PEO/pVCrrcp

mixtures. The first approach is a theoretical computation of the surface interfacial tension

between the various pairs of components in these mixtures that aids in the prediction of

the adhesion belWeen the pairs. The three subsequent experimental approaches adopted

for the purpose of this study focus on the crystallization of PEO in increasingly fine detail:

I. Thermal analysis is employed to observe the bulk thermodynamic propenies of the

samples and to evalume the miscibility of PEO and PVC. 2. Then polarized light

microscopy is used to observe the morphology and the crystallization kinetics of the

spherulites that are fonned in u11 of the sumples. 3. Finally, the novel technique of

polurized infmred microspectro~'Copy, as upplied to the exarnination of local spherulite

structure, reveals valuable informatioll about the orientation and the confonnation of

individual polymer chains of both PEO and PVe.
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ChapterTwo

Surîace Interfacial Tension

2.1 Introduction

Surface tension depends on the chemical composition ofa surface and is defined as

the amount of energy required for the formation of a unit of surface area at constant

temperature, pressure and composition (1). The surface interfacial tension is the surface

tension that results from the formation of a boundary or an interface between two

substances. The determination of the latter quantity provides information about the

degree to which onc substance will spread on another, or the degree of adhesion between

two materials. A surface interfacial tension of zero implies that two materials will spread

on each other, while a sma\1, positive value implies that the two materials may still exhibit

very good adhesion. A negative surface interfucial tension implies a cohesive system. In

the case where one component is dispersed within a matrix of the other, the surface

interfacial tension can provide information about the nature and the level ofdispersion.

There are two contributing factors to surface tension, y, that a1s0 influence the

surface interfacial tension. Thus,

(2.1)

where the superscripts p and d denote the polar and nonpolar contributions, respective\y·

(2). The ternperature independent polarlty, xP, ofa material is defined as .. \
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(2.2)

ln general. more polar polymers possess larger surface tensions. The surface tension is

tempernture dependent. as shown by the following empirical relationship

(
T)1119

Y=10' 1-
Ter

(2.3)

where Yo is a parameter that is characteristic of a :;:;-en substance. and TQ" is the critical

temperalUre (2). Thus. in the temperature range of interest the temperature coefficient of

the surface tension of polymers

dy =.!..!.(k) (1_2...)2/9
dT 9 Ter Ter

(2.4)

,.

:

is approximately constant because the application temperature is invariably much less than

the critical temperature ofa polymer (-1000 K) (2).

At the glass transition temperalUre, surface tension is continuous, but the

temperalUre coefficient is discontinuous (2), that is

(2.5)

',,-"','
'~",-,'.

where the subscripts g and r denote the glass and the mbber, respecti.ve1y, and a. is the

isobaric volumetrie thermal expansion coefficient Typically ex,. is greater than <Xg. sa that
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surface tension varies less with temperature in the glnssy region than in the rubbery region.

Because the temperature derivative of surface tension is usually ~mall. the eITect of the

glass transition can be neglected when the temperature range of interest is small.

In contrast. a crysmlline surface possesses a much greater surface tension than an

amorphous surface of the s:\me rnaterial (2). as shown by the following empirical equation

1 =1 .(~)~
c a Pa

(2.6)

where ~ is known as Macleod's exponent. which assumes values be!Ween 3.0 and 4.5 for

most polymers. In the case of a mixture of a semicrystalline polymer with an amorphous

additive. the incre:lSe in the surface tension that results from the formation of the

crystallizing phase causes an incre:\se in the surface interfacial tension be!Ween the two

components. This incre:lSe enn drive phase separation, even in a system that shows

evidence ofmiscibility when the crystalline component is in the molten state.

The surface interfacial tension be!Ween !WO liquids can be measured experimentally

using a technique such as the pendent drop method. ln this technique. the equilibrium

deformation of a pendent drop of one liquid in a medium of a second liquid is used to

calculate the surface interfacial tension through the use of tables of data that correIate

drop dimensions with surface interfacial tension (2). Recently, these data tables have becn

supplanted by computer programs which facilitate the procedure (3). Unfonunately, such

a method is difficuIt, if ·not impracticable, to impIement in the case where the IWO

substances of interest are polymers because of the high meIting temperature, high meIt

viscosity, and low degradation temperature characteristic of many organic polymers;

Because of the high melt viscosities involved, thependentdropcan require daysto anain
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ilS equilibrium shape. The high temperature and long time needed for the experiment can

result in substantial degradation of one or both of the polymers.

An alternative route to the estimation of the surface interfacial tension, 112,

between twO polymers is provided by an ernpirical relation referred to as the hannonic

rnea" equation

(2.7)

-.

~~)
:.:, '1.. ':; ....

. -
~~:?<-~::?;: -:.-.

·\ii·

where the subscripts 1 and 2 denote substances 1 and 2 respectively (4,5). If the surface

tensions and the polarities of the individual polymers are known from separate

experimenlS, then the above equation can be used to estirnate the surface interfacial

tension. This technique is applied to estirnate the surface interfacial tension belWeen PEO

and PVC, belWeen PEO and TCP, and belWeen PVC and TCP, and to help predict the

degrec of adhesion belWeen the various cornponenlS.

Two polymers that are partially miscible or irnrniscible may still exhibit significant

adhesion. If adhesion occurs belWeen the amorphous polymer and the amorphous

component of the semicrystalline polymer at interfaces such as lamellar fold surfaces or at

the external boundaries of fibrils, then the nature of the interface will be altered. The

physical interlocking belWeen the lWO polymers at the interface bas the potential to induce

specific conformational changes in bath polymers at the interface. If the incidence of such.- .

'. interlocking is significant, it may even be sufficient to iZ,:::uce'changes within the crystalline

,structure. Suchchanges can be expected to be observed on the spherulitic scaIe. ThUs,

. ,the question ofinterfacial. interactions or adhesion 'in ctySta11ine-amorphous polymer

. •blends lllust be considered in addition to the question ofmiscibility.
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2.2.1 Surface Interfacial Tension at 100 oC

A knowledge of the surface interfacial tensions in PEO/PVC blends and PEOrrCp

and PEO/PVcrrCP mixtures at the experimental melting temperature and at selected

crystallization temperntures provides insight into the potential mixing behavior of these

systems in the melt and within the crystalline matrix.. Estimates of the surface interfacial

tension belWeen PEO and PVc, PEO and TCP. and PVC and TCP at 100 oC ean be

computed using reported surface tension data for the individual species and the harmonie

mean equation (equation 2.7). The surface tension of neat PEO has been measured over

the temperature range SO-200 oC by the pendent drop method. so that the value at 100 oC

eould be obtained directly from literature results (5). The polymer used in the above slUdy

was a Union C.'Il'bide Carbowax 6000 (MW 6000) purified by extraction with diethyl

ether.

Surface tension data for PVC are available in the temperature range 20-60 oC

(3.11). In one case, the PVC was free of any additives (4), while in the second case an

organotin stabilizer and a lubricant were present at levels of - 2% each (6). The reponed

surface tension data obtained in the latter experiments are slightly lower !han the

eorresponding data for the pure materia!; however, the presence of the additives is not

expected to affect the value of the ternperature coefficient significantly due to the simüar

temperature-dependence of the surface tension of the additives·(6). The average value of

(dy/dT) for the additive-containing samples and the independent. SIJ!face tension . "

measurement of a pure PVC sample were combined with. the following equation to·

calculate the parameteryt',
. ~- -.
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(2.8)

which in turn pemlined the estimation of the surface tension of pure PVC at 100°C.

Bec:luse the tempernture of interest is close to the glass tr,lnsiùon temperature of PVC

(- 80 OC) (7), the effect of the glass transition on th:; temperature coefficient of the

surf:lce tension was neglected.

The surface tension ofTCP has been recorded as 40.9 mN/m at 20 oC (2), which is

:llmost identical to the surface tension of pure PVC at the saIne temperature, 40.5 mN/m.

The surface tension coefficient of TCP has not becn reported, but examination of the

temperature coefficients of other plasticizers (8) indicates that it cao be expected to fall

within the range of -0.0648 to -0.100 mN/m. The surface tension ofTCP at 100 oC was

estimnted based on this assumed r,lOge for the temperature coefficient.

The results of computations of the surface interfacial tensions at 100 oC are listed

in Table 2.1. These data revea\ that the surface interfacial tensions of PEO/PVC and

PVC/fCP pairs are comparable at this temperature. The surface interfacial tension

between PEO and TCP is substantia\ly larger than the values obtained for the other two

pairs. The uncertainty given for mixtures containing TCP arises from the range of possible

values for the temperature coefficient of TeP; while"the uncertainty for the remaining

resuhs is esrimated to be approximately 5%. The low ~nterfacial tfn~i"tli~r>EO/PVC

pair süggests that the PVC may adhere slightly to the molten PEO at this temperature. In

contraSt, the PEO/TCP pair possesses a much higher interfilcial tension that does not ravor

th~ adhesion between these IWO phases. In a temary mixture, the' PVC may exhibit a
-

tendency to adhere to bath the PEO and the TCP, bu!)he TCP will exhibit a marked

preference for adhesionto PVc.
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Table 2.1 Surface tension and surface interfacial tension data for PEO. PVC and TCP at

Polymer "( (mN/m)

PEO (1) 36.8

PVC (1) 36.7

TCP (3) 35±2

PMMA (4) 35.0

yP (mN/m) yJ (mN/m) Contact Pair "(11 (mN/m)

10.3 26.5 PEOIPVC 1.8

5.5 31.2 PEOrrCp 8.7 ± 0.4

0.94 ± 0.05 34 ± 2 PVC/l'CF 2 ± 2

9.80 25.2 PEOIPMMA' 0.040

(1) (d"(/d1) =-0.076 mN/m . K, xP =0.28

(1) (d'Y/d1) = -0.0648 mN/m . K, xP = 0.15

(3) (d'Y/d1) =-0.082 ± 0.018 mNfm' K, xP =0.027

(4) (d"(/d1) =-0.076 mN/m . K, xP = 0.28

The surface interfacial tension be!Ween PEO and PMMA, !wo miscible polymers,

was calculated for the purpose of comparison. The relevl!Ilt surface tension data for

PMMA were obtained from the literature (9). It is important to note that not only do

PEO and PMMA possess similar surface tensions. they also possess identical polarities. In

effcc!, the polarity of a rnaterial reflccts its chemical composition; therefore the misctbility
- ',,~

of these !wo polymers is not surprising. The 'computedsuri'ace_.~terfacial tension is close
',- -::

to zero and significanùy less than the value obtained for PEO and PVc. This .~lt

indicates that PEO/PVC blends are characterized by a degree ofadhesion that is less.than

that observed in PEO/pMMA blends.

., .
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2.2.2 Surface Interfacial Tension at Selected Crystalli7.ation Temperatures

The crystallization of PEO inlToduces a surface of high surface tension into the

btends and the mixtures. The density of perfectly crystalline PEO is 1.23 g/cm3 (10). The

temperature dependence of the specifie volume, v, of molten PEO is given by the

expression

v = 0.862 + (7.3 . lQ-4)T (2.9)

where T is in units of oC. which yields densities of 1.11 g/cm3 and 1.12 g/cm3 at 50 and

40 oC, respectively (10). The surface tension of crystalline PEO was estimated using

equmion 2.6 with values of 3.0 and 1.11 g/cm3 for ~ and Pa' respectively. The surface

interfncinltension dam nt typical crysmllization temperatures of 40 and 50 oC are listed in

T:lble 2.2.

Table 2.2 Surface interfacial tension data for PEO, PVC and TC? at Tc. (The subscripts

a :md e denote amorphous and crystalline PEO, respective1y.)

.~- , .:..

r ..
~.

50.0

40.G

Contact Pair

PEOIPVC

PEOIPVC

PEOfrCP

pvcrrcP.
PEOIPMMA

'Ylc2 (mN/m)

4.5

4.4

12-

nia·

·2.5

'Yla1 (mN/m)

2.0

2.1

10

4

0.037
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At 40 oC, the surface tension of TCP was assumed to be equivalent to the value for PVC.

The results listed in T:lble 2.2 have an estimated accuracy of ± 5%.

While the surface interfacial tension between various amorphous pairs is similar to

the computed results at 100°C, the interfacial tension between the cryst:tlline PEO and the

additives is significantly larger, thereby reducing the probability of mbdng between PEO

and the additives upon crys:allization. The surface interfacial tension between PVC and

the amorphous PEO indicates the possibility of adhesion between these two ;:.hases, but

the degree of adhesion is expected to be less than that between PMMA and amorphous

PEO. Once again, the surface interfacial tension between the miscible PMMA and the

amorphous phase of PEO is very close to zero, indicating a high probability of adhesion

between the twO phases. In fact, small angle neutron and X-ray scauering studies of li

series of PEO/PMMA blends have demonstrated the presence of PMMA in the

amorphous, interlamellar regions of PEO (11).

Although the computed surface interfacial tension between PVC and TCP is a

small, positive value, the chemiclÙ interaction between the PVC and the liquid plasticizer

must be con~idered. TCP is in fact a solvent for pve (11). A mixture of PVC and TCP

that contains lIbout 15% PVC is essentially a gel that exhibits the same vllpor pressure as

that of pure TCP (12). Thus, the TCP is expected to dissolve li significant portion of the

PVC present in the temary mixtureS. Under these circumstances, the surface interfacial

tension between the TCP and the PEO is of greater im\."lrtance than that between the PVC
------~

and the PEO. c If a sufficientcamount of the PVC is solvated by the TCP, then the

plasticizer will disrupt any adhesion between the PVC and 'the PEO. As a resul!, the :

influence of the pve on the morphology of PEO -cao he expected to he diminished tr the

presence of the plasticizer.

.". ,.
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2.3 Summary

The estimation of the surface interfacial tension of PEO/PVC, PEOrrcp and

pvcrrcp pairs at 100 oC, l!sing the harmonic-mean equation, indicates that the PVC is

expected 10 adhere slightly to the molten PEO, while the TCP is not expected to exhibit

any significant adhesion to the PEO. The solvation of PVC by TCP is expected tO

interfere with any possible adhesion between PVC and PEO in the temary mixtures.

The increase in the density, and therefore the surface tension, of PEO that occurs

lIpon crystalliZ:ttion I(;;lds to an increase in the interfacial tension between PEO and the

additives. As a reslllt, tlle adhesion between the additives and the crystalline PEO is

expected to be significantly less than that observed between the additives and the molten

PEO. The surface inlerfacial tension bctween two miscible polymers, PMMA and PEO, is

close 10 zero and less than that computed for the other systems. Therefore, the degree of

adhesion between PVC and PEO is anlicipated to be less than Ihat observed between

PMMA and PEO. The level of dispersion of PVC in PEO/PVC blends. and the miscibility

of these two polymers are examined in the following chapter.
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Chapter 3

Thermal Analysis and Miscibility

3.1 Introduction

Thermal analysis, in panicular differential scanning calorimetry, is a standard

technique employed for the evaluation of the level of dispersion and the miscibility of

polymer blends (J). In addition, knowledge of the glass transition temperature (Tg)' the

equilibrium melong temperature (Tm0), and the heat of fusion (AHn of a semicrystalline

polymer, vaIlles of which can he determined by thermal analysis, is essential to the

understanding of the crystallization process of a given polymer. Accurate values of these

three thermodynamic properties are required for the interpretation of crystallization

kineocs using current nucleation thenry, as will he discussed in Chapter 4.

3.1.1 The Glass Transition Temperature

There is an ongoing discussion in the literature conc:emmg the precise definirion of

the glass transition (2). The glass transition can he described as a pseudo-second arder

phase transition. At the glass transition termperature, the polymer heat capacity, Cp. the

compressibility, 1C, and the thermal expansion coefficient, a, are discontinuons with

temperature, as is expected from a second orcIer phase transition. Howevèr~.the measured·
. .' - "

value of the glass transition temperature is dependent on the experim~'Ù m~hod applied

and the time scaIe of the experiment; that is, the glass transition is also a.~c process.

As a consequence, ·different techniques snch as ~; dynamic mechanical thetmal
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• analysis (DMTA), or differential scanning calorimetry (OSe) can yicld different values of

the glass transition temperature for a given sample.

Many polymers. in panicular long-chain. linear polyolefins. undergo multiple

relaxation processes as they seule into the glassy stnte (3). The true glas.~ transition

temperature is generally taken as the tempernture at which large-scnle molecular motion

ceases. The glass transition tempemture has nlso been described as the tempemture at

which the onset of coopemtive molecular motion involving approximately 50 to 100

adjacent atoms on the polymer backbone occurs (3). At tempemtures below this

tempemture. a polymer is ideaIly a clear, glass-like solid that possesses a mobility that is

restricted to the local motion of groups of 3 to 5 atoms; at a temperature approximately

30 K below that of the glass transition, molecular motion censes altogether. At

temperatures above this transition, a non-crystaIline polymer is a relatively flexible, rubber

like material that may still be relatively clear.

The glass transition temperature is also the lower boundary of the tempemture

range within which the crystaIlization of semicrystailine polymers can occur, with the

upper boundary being the equilibrium me1ting temperature. The observation of the

rubberY state of semicrystaIline polymers requires the use of rapid melt quenching

techniques due to the driving force for crystaIlization at temperatures above the glass

transition temperature. In instanee~ where quenching is not sufficiently rapid to outpace

nucleation, the glass transition flIat is observed arises from nmorphous polymer that has

becn trapped within the crystalline structure during crysta1lization.

The glass transition behavior observed in a polymer blend bas frequently been used

as a gauge of polymer miscibility, although it is more appropriate1yused as a gauge of

dispersion (1). Depending on the miscibility and the degree of dispersion of the twO

polymers, the formation of a pOlymerblend can alter the g1ass transition temperatures of

bath polymers. Because the deiree of dispersion depends on the method of sample

• preparation, the observed transition ternperature is also dependent on the method of
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• S:lmpJe preparoltion. An immiscible blend can be expecled to exhibit two distinct glass

lrolnsition temperatures that correspond tO the glass transition lemperatures of the pure

componems. However. a miscible blend may exhibit a single glass transition temperature,

Tg•bl• that can be described by the Gordon-Taylor equation (4) which was adapted by

Wood (5)

(3.1)

'.

where Wj represents the weight fraction of polymer i. and the subscrïpts 1 and 2 refer to

the semicryst;ùline and the amorphous componenlS, respcctively. The empirical parameter

k is a meusure of the miscibility of the two polymers. A similar equation derived by Kwei

and others inc1udes an additional, polymer-polymer interaction terrn (6,7).

ln facto the incidence of a single glass transition temperature inclicates that the size

of the dom:lins in the blend is less than 2-15 nm, but is not evidence of molecular

miscibility (1). In sorne cases. rwo polymers that forrn a blend witli a sufficienùy high

degree of mixing to exhibit a single glass transition temperature, but that do not mix at the

molccular leve\. lire said to be "compatible". The presence of a miscible, low molecular

weight diluent can influence the glass transition temperature in an analogous manner. Due

to the frequent occurrence of complex miscibility, for example composition-dependent

miscibility, many polymer blends exhibit intermediate hehavior that cannot he described by

Il straightforward mathematical relationship such as the above equation (1).

3.1.2 The Equilibrium Melting Temperature

, The equilibrium melting tetnperature of a polymer is the melting tClDper8ture of

perfect crystals of a polymer of infinite molecular weight (8). The heat of fusion, Mit' of

lipolymer is the heat offusion that corresponêls to this phase transition. The estimation of
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• the equilibrium melting tempermure of polymers is panicularly complicmed because

polymers do not possess a sharp, well·defined melting point as do low molecular ....'Cight

species (8). Although polymers crystallize within well-defined unit cells. the length of the

chains does not nomlally permit the formation of uniform ctystal structures; that is. a

certain number of defect sites or structuml irregularities are present in ail of the crysmls

formed from the melt. Polymers also differ from low molecular weight species in that

typiCo11 polymer sarnples consist of chains of vatying lengths and molecular weights. The

ultimate structure that is adapted by a semicrystalline polymer at a specific crysmllization

temperature is also strongly influenced bY the crysmllization kinetics that correspond to

that tempemture (9). In sorne instances, one set of crysmllization conditions will yield

more than one unit cell, each crystal structure possessing different melting behavior, as in

the case of isotactic polypropylene, for exarnple (/0). In addition, during the heating

process, a single crystal population may recrystallize to a refined ctystal form with melting

chamcteristics different from thase of the original form.

3.12.1 Polymer Blends

As in the case of the glass transition tempemture, the equilibrium melting

tempemture can be influenced by the addition of a miscible polymer or a low molecular

weight diluenL The melting tempemture depression ln blends of semicrystalüne and

amorphous polymers has becn described by the Floty-Huggins equation

(3.2)
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• whcrc R is the idea! g~s constant, Vi is the molar volume of a repeat unit, '\Ji is the volume

fmction of:: polymer in the blend, and )(12 is the thermodynamic interaction parameter that

dcscribcs the nature and the degree of the intemction belWeen the two components (11

13). The subscripts 1 nnd 2 denote the amorphous polymer and the crystalline polymer,

respectively. Nishi and Wang demonstrated that equation 3.2 can be used to relate the

melting temperature of the pure semicrystalline polymer tO that of the crystalline

component crystallized from a blend that is miscible in the melt (14). The Flory-Huggins

equ:llion (equation 3.2) also provides a means of estimating the heat of fusion of a

perfectly crystalline polymer. A large, negative value of )(12 is characteristic of a miscible

blend; whereas a large, positive value is characteristic of an immiscible blend. Values that

are ~1ll.111 and close tO zero are commonly derived for blends that exhibit partial or 1imited

miscibility under specific conditions. In general, caution must be exercised in the

interpretation of the value of the interaction parameter because the sign and magnitude

depend on molecular weight, the identity of the end groups in the case of low molecular

weight polymers, temperature, pressure, and relative blend composition (15).

It is important to bear in mind that severa! assumptions are made in the use of

experimentally observed melting temperature depressions and the Flory-Huggins equation

to detennine the interaction parameter of a miscible blend (1). In particular, the crysta\s

shollid be at equilibrium, a condition which requires crysta1Iization at temperatureS close

to the actual melting temperature. The melting should be carried out under conditions that

are n.~ close to equilibrium as possible; that is, slow heating rates should be employed. On

the other hand, recrysta1lization processes are more important under slow heating. Aise,

the unit ecll dimensions and the Iamellar thickness of the semicrystalline polymer should

not he altered in the blend. Any phase transitions of the amorphous component should not

occur at temperatureS that are close to the melting transition of the semicrystalline

component.
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• 3.1.22 Polymer-Dilllem MixCllres

Plasticizers, typically low molecular weigh\ species. arc frequently added to

polymers to improve the mechanical propenies of the product and to facilit:lle processing.

ln sorne cases, a plasùcizer can act as a diluent and thereby influence the equilibrium

melting temperature of the polymer. The melting temperature depression in polymer.

plasticizer mixtures has been described by a relation that resembles equation 3.2

1 1---= (3.3)

where the subscripts 1 and 2 correspond to the diluent and the polymer, re~-pecùvely; the

remaining pararneters are as defined in the previous equation (11·13). A plasticizer that is

a good solvent for the polymer, that is, one associated with a small value of the interacùon

parameter, will cause a substantiaI melting temperature depression. On the other hand, a

poer solvent will cause a smaIl melting temperature depression at low concentrations. The

magnitude of the depression in the latter case continues tO inerease slightly with further

addition of plasticizer until a criticaI concentration is reached; above this concentration,

the melting temperature depression will remain constanL The use of a poor solvent results

in a material with complex melting behavior. At the equilibrium melting temperature, at

least three phases are present simultaneously: the crystal1ine polymer, the molten polymer.

and the liquid plasticizer.
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• 3.1.2.3 Experimental Determination ofthe Equilibrium Melting Temperature

Differenti;11 scanning calorimetry is a 1echnique that is commonly used in the

deternlination of the ihernlodynamic properties of polymers. This technique pennits the

observation of transitions such olS glass or rnelting transitions that oceur during ihe heating

or cooling of a sample. In the case of a glass transition, a change in ihe heat capacity of

the sample is observed; while in the case of a melting transition, an endoihermic transition

is observed. While the glass transition temperature can be estimated direcùy by ihis

technique, an e~limate of the equilibrium melting temperature can only be obtained by an

extrapolative procedure because the melting of perfect crystals of a polymer of infinite

molecular weight cannot be observed in practice. One such extrapolative meihod

developed by Hoffman and Weeks employs ihe following relation

(3.4)

. ' ..:.
':.:.:,. .

- ....

where 'Tl is referred to as the lamellar ihickening factor (16). The equilibrium melting

temperature ean be determined from a plot of the experimenta1ly observed melting

temperature; Tm' as a funetion of the erystallization temperature, Tco

The values obtained for Tm should correspond to the melting temperatures of ihe

most perfeet crystals ihat can be formed at the chosen crysta1lization temperatures. For

this requirement to be upheld, the experimental conditions must be seleeted so as to obtain

individual, extended ,chain crystals. While it maybe possibleto obtain extended chain

crystals of some low molecular weight polymers at carly crysta1lization times and low
-

degrees of crystallinity (17), it is not possible to obtain extended chain crystaIs with most

polymer samples due to thelength of the chains, or due to the crysta1lization kinetics.The .

mos! perfeet CI'ys!lÙS that can be obtained in practice are those that are formed at carly



crystallizmion times and low degrees of crystallinity (18). However. a funher requirement

of the Hoffman-Weeks technique is that no ;mnealing of the original crystal structure

occurs during sc:mning. In some instances where cryst.111iZ:llion is panicularly mpid. this

requirement can only he smisfied by allowing samples to crystallize to compleùon at

tempemmres close to their melting tempemture, prefembly in a tempermure mnge where

the lamellar thickening factor is small and const:mt. The experiment must also employ a

heating rate thm is sufficiently slow to nùnimize thermallag yetmpid enough to minimize

lamellar thickening during the scan.

The s.1me extrapol:llive procedure that is applied to pure polymers can he applied

to the study of polymer blends and polymer-diluent mixtures. The addiùon of a second

polymer or a low molecuLv weight diluent can depress the melting tempemture and alter

the shape of the observed melting tr.msition (9). A lesser effect is expected in the case of

a polymer blend due to the relatively small number of polymer molecules as compared

with the nllmber of low molecular weight diluent molecules for a given percent

composition. The addition of foreign material to the crystallizing polymer may also have

an effect on the basic crystaIIine structure; this type of intemction can be expected to lend

to irregularities in the plot of the Flory-Huggins equation (equation 3.2), in particular if

the induced structural ch.1nges vary with blend composition.

As is the case with the equilibrium melting temperature, the hent of fusion of a

perfectly crystaIIine polymer cannot be measured by direct experiment. The value of the

hent of fusion for an ideal crystal cao be detennined indirectly through the use of a low

molecular weight diluent and melting ternperature d..'"Pression measuremenlS (8).

Comparison of a measured value of the hent of fusion with the corresponding ideal value

for that polymer provides an estimate of the degree of crystaIIinity of a sample, a

pararneter of particular importance in the considemtion of polymer blends and polymer-
,

diluent systems.
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Extensive glass transition temperature (19-25) and equilibrium melùng temperature

(26-33) d:ua for pure PEO :lre avail:lble in the literature. ir. addiùon to data for PEO/PVC

blends (34-36). In this chapter, in the case of the 5iass transition temperature, a brief

review of the literature results is presented along with the results of selected experiments

that were conducted to verify the liter.tture data. The equilibrium meiting temperatures of

ail of the samples were determined by the Hoffman-Weeks method. The results of the

thermal analysis are discussed in terms of the dispersion and the miscibility of the various

blends :md mixtures.

3.2 Procedure

3.2.1 Sample Preparation

3.2././ Poly(elilylene oxide)

The selecùon of sample molecular weight and polydispersity is exnemely

important to the study of the crystallizaùon of semicrystalline polymers, in particular with

regard to crystallizaùon kinetics. A broad molecular weight disttibution can lead to

fractional crystallization, c-at is, segregation of different molecular weight fractions during

crystallizlllion (37-40). The use of a monodisperse sample minimizes the incidence of

fractional crystallization. High molecular weight polymers typically crystallize more

slowly than their lower molecular weight counterparts. Therefore, the use of a Iùgh
.

molecular weight sample greatly facilitates th~ observation of individual spherulites and

fine morphological.details, and the measurement of spherulite radial growth rates.
-

Monodisperse PEO, having the formula (-CH2"CH2"~)D' was synthesized and_. -.

char.tcterized by S. Varshney for t1ùs study. Theanionl~ polYlncrization melhod employed
-

diphenylmethylpotassium as:hê ca~yst and tètrahydrofuran as the solven!. The sample
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• was dissolved in loluene (1 % weightlvolume) at room tempemture and precipitated by

slow :lddition of an ellcess of hell.mes tO remove low molecular weight contamir.ants. The

resultant white powder was then dried under vacuum at room tempemture for four weeks

prior to initial crysmllization measurements. Due tO the adverse effect of water or other

solvents on the crystallization kinetics measurements, all of the samples were stored under

vacuum when not in use. Spherulite mdial growth mtes that were measurecl using solvent

contaminmed samples were signitk.mtly depressed and characterized by a very large

experimentalllncenainty relative to the growth mtes measllred llsing the dry material.

The mo1eclllar wcight distribution was determined by gel permeation

chromatography using polystyrene stallè:mls. The instrument used was a Varian DS-600.

equipped with Waters Ultrastyragel columns running on a tetrahydrofuran mobile phase.

and interfaced with a V:uian RI-4 refractive index detectof. The Q-factor correction (4])

was llpplied to the results. yielding a weight average mo1ecular weight. Mw. of 1.8 . lOS

:md a polydispersity. M".JMn•of 1.4.

3.2./.2 Paly(villyl ch/aride)

The resin PVC Esso 366 was supplied by Esso Petroleum Ltd. The PVC. with

molecular formula (-CH2-CHCI-)n' was selected from COt1U1lCtCially available samples and

reprecipit:lted to remove the low molecular weight fraction from the industrial sample and

to obtain a rnl\terial having a weighraverage rnoiecular weight slighùy less than that of die

PEO sarnple. The rnaterial was dissolved in tetrahydrofuran (2% weightlvolume) at room

ternpernture, precipitated by slow addition of an excess of rnethanol. washed wiih

metlmnol. and dried under vacuu!!l at roorn ternperature. The weight average rnolecular

wcight and the polydispersity were determined as 1.1 . lOS and 1.8, respectively. by gel

permeation chromatography using polystyrene standards and the Q-faetor rnethod.
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• 32./3 Tricresyl Phosphate

Tricresyl phosphate was purchnsed from Annchemia as tritolyl phosphate, 90%. It

is a viscous liquid at room temperature and has a melting point of -33 cC. The industrial

plasticizer consists predominantly of meta and para tricresyl isomers (90%). The

remainder of the liquid consists of vanous side-products, as shown in Table 3.1. The

liquid was used as received.

Table 3.1 lsomer distribution range ofcommercial tricresyl phosphate.

lsomer Weight Percent

triphenyl phosphate 0.0-0.3

phenyl, di(m-cresyl) phosphate 1.0-2.5

phenyl, di(p-cresyl) phosphate 1.0-2.5

tri(m-cre!'yl) phosphate 29.0-35.0

di(m-cresyl), p-cresyl phosphate 39.0-45.0

m-cresyl, di(p-cresyl) phosphate 17.0-22.0

tri(p-cresyl) phosphate 2.5-5.0

xylenyl phosphates 0.5-2.0

~~

32.1.4 Poly(ethylene oxide)IPoly(vinyl ch/oride) Blentis

PEO can be expected to crystallize in recognizable spherulitic fonn in blends of

pye composed of as much as 50% pye ~~5). Since the crystallization of PEO:is ihe

primary focus of this study, PEO/Pyeblends of concentrations 10, 18, 25, 35 and 50%
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• PVC were prepared by solution blending in 1,2-dichloroethane (DCE), followed by

precipitation in chilled hexanes. Abbrevi:uions of the form PEO/PVC (weight percent

PEO 1 weight percent PVC) will be used in the following text to denote the different

blends. PVC (10-50 mg, depending on the desired blend composition) was ndded to

125 mL of DCE and stirred under nitrogen, nt room temperature for 24 h, then nt - 45 oC

for 1 h to ensure complete dissolution. The PEO (90-50 mg) wns then ndded to the

solution :md stirred for nn additional 24 h. Tne blend solution was poured rapidly into a

five-fold excess of hexanes chilled tO 2 oC by addition of dry ice. Vigorous stirring was

maintained during pouring and for another 30 min. The precipitate was collected on a

polypropylene filter, washed with hexanes, and dried under vacuum at room temperature

for four weeks prior to crystnlliz.1tion experiments.

3.2.15 Mixlllres Conraining Tricresy/ Phosphate

Due to the low melting temperature of TCP and the differing solubilities of the

liquid plasticizer and the polymers, solution blcnding followed by precipit:ttion is not an

appropri:lle preparative technique for the polymer-plasticizer mixtures. Solution casting

from DCE provides a viable alternative. lndustriai polyrner-plasticizer mixtures commonly

consist of 50 phr plasticizer, that is, 50 parts of plasticizer for one hundred parts of resïn.

This amOllnt of plasticizer was added to appropriate amounts of PEO, PEO/pVC (82/18).

and PEO/PVC (65/35). Abbreviations of the form PEO/pVcrrCP (weight percent PEO 1

weight percent PVC1wcight percent TCP) will bc used to denote the various mixtures.

TCP (100 mg) was added to an Erlcnmeycr flask, followed by DCE (25 mL). and

then resin (200 mg). The solutions were stirred at room temperature under ambient

atmosphere for 24 h before being poured into glass crystallizing dishes. The dishcs were

partiaily covered to ailow for room ternperature evaporation of the solvent over a periode of three days. The resultant thin films were pecled from the disbcs using a mctal spatula.
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They were then placed under vacuum at room temperature to dry for four weeks prior to

crystallizmion measurements.

3.2.2 Differentiai Scanning Calorimetry

"he glass transitions and melting transitions of PEO and its blends with PVC and

TCP were studied using a Perkin-Elmer OSC-7.

3.2.2./ Glass Transition Temperature

The observation of glass transitions required subambient operation of the

instrument, with liquid nitrogen cooling; a two-point temperalUre calibration was carried

om with cyclohexane and indium standards. The glass transition of PEO was observed

\Ising 5.1mples quenched from the melt: (a) in a dry ice/Ilcetone bath, or (b) in the OSC

itself. In both cases, the sample size was 10 mg, the hold time at the quench temperalUre

was 1 h, llnd the he.1ling rate for the scan was 20 °/min. A relatively high sample weight

was required due to the low intensity of the glass transition that is typicall"! observed for
.

PEO. In case (a), an a1uminum sample pan comaining the PEO was heated for 15 min on

a hot plate set at 100°C. The sample pan was then inlInersed in a dry iceiacelOne bath

(-78 oC) for 5 min before rapid transfer to the OSC sample holder with a preset

temperature of -120 to -100 oC. In case (b), a sample ofPEO washeated at 100 OC for 15

min in the OSC, then quenched at Il nominal cooling rate of 300 0/min to -100 oc. The

glass transition of PEO \Vas examined following procedures (a) and (b), and the glass

transitions of the PEO/PVC b1ends were examined following procedure (b).



58

• 322.2 Me/ring Transition

The melting transitions of all of the s:unples were observed with the instrument

opemting in :unbient mode. with rapid cooling provided by a Perkin-Elmer Intracooler. A

two-point tempemture C<llibr:llion was performed using octndecane and indium standards.

with indium as the reference for area c:ùibr:llion. Because the results can be nffected

slightly by the sample gcometry, the geomclI)' within a given sample and l'rom sample to

sample was nl.1intained as uniform as possible. All samples were cut in the shape of thin,

square slabs, each weighing 5.0 ± 0.2 mg. E:lch sample was held in the melt at 100°C for

15 min in the OSC, then quenched at a nominal rate of 200 °/min to a crysmllization

temper.llure between 48 and 60 oC in the case of pure PEO and the PEO/PVC blends, or

between 40 and 48 oC in the case of the plasticizer mixtures. The sample was mnintained

ut the cryslllllization temperature for 24 h or, in the instance of very low supercooling, a

length of time sufficient to ensure complete crystallization, then heated at 10 °/min to

100°C.

3.3 R~sults and Discussion

3.3,1 Glass Transition Temperature

3.3.1.1 Poly(erhylene oxide)

The glass transition of PEO has been examined using a variety of techniques,

including dynamic mechanica\ analysis (OMA), DMTA, die\ectric specuoscopy (DES),

NMR, electron spin resonance (ESR) and DSC (19-25). -AIl ofthese methods indicate the

existence of multiple relaxations below the me\ting temperalUre. There are three distinct .

• transitions associated with amorphous PEO, located at -130 ± 5, -78 ± 5 and -38 ± 5-o.C.
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• The lowest temperature lrunsilion of umorphous PEO, sometimes referred to as the "y

transition", h:1S been iIl1ribuled 10 the mOlion of very short (that is, 3 to 5 CH2 or

equiv:llent unil~) chain segments. This motion is thought tO consist of the local twisting of

Ihe polymer Ixlckbone in ordinary, amorphous regions as weil as in possible crystal defect

zones (25). The twO transitions that are observed at -78 ± 5 and ·38 ± 5 oC are referred

to as the ~ and lX transitions, respectively. An alternative designation has been used by

Boyer, where the tenns Tg(L) and Tg(U) refer to the low and high temperature transitions.

respectively (2). Both of these types of transitions are common to semicrystalline

polymers. The transition at -78 ± 5 occurs within the purely amorphous rnaterial and is

the result of long-mnge coordinated motion that can involve up tO 50 consecutive

Ixlckbone utoms; therefore it corresponds to the true glass transition temperature of PEO

(3).

TIle transition that occurs at the higher temperature corresponds to the glass

tmnsition of amorphous rnaterial that is constrained within the crystalline rnatrix, mainly

within interlameliar regions. The temperature and the intensity of this transition are

dependent on the degree and the nature of the crysta\linity of a sample. This trlIIIsition

occurs at approxirnately -53 oC in high molecular weight samples that possess a high

degree of crystallinity (25). This transition is of particular interest in the case of polymer

blends due to its potential sensitivity to the presence of the second component in the

intcrl:lmell:lI" regions.

The selection of one of the two techniques described above should permit the

. observation of either the glass transition of amorphous PEO or that of the amorphous
-c.
-~

PEO constraineii within the crysta\Iine network. As would be expected, the procedure

that involves rapid quenching,of molten PEO in dry ice/acetone yields a thermogram

characteristic of mainly.amorphous ,PEO; however, the overa\l thermogram shape is

.:rreguiar, with a drastic positive slope that arises_due to the exothermicity of the

crySl:llliz.1tion of the polymer during heating. Unfonunately, the pri:;nce of residual
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• carbon dioxide and aeetone on the sample pans prevented the observation of the true glass

transition. The thennograms eontained endothenns due to the melting of ;leetone (-94 OC)

and the sublimation of eurbon dioxide (-78 oC); these fentures interfered with the

observation of any low intensity lt'unsitions between -100 and -70 oC.

Altemutively, when a sample was melted and quenehed in the ose, the resulting

thermogram was eharaeteristie of highly crystalline PEO. with a low-intensity.

reprodueible tr:Insition that oceurs at -53 ±2 oC, as shown in Figure 3.1a. The given

value is the uvernge of value for three slunple:.:. The low intensity of this tr.msition relative

to that of the melting endothenn is illustrated by Figure 3.1b.

3.3.1.2 Poly(elhylene oxide)/Poly(vinyl chloride) Blentis and Tricresyl Phosphare

Mixrures

The situation becomes more complex with the addition of another material to the

cryst:l1lizing polymer. The addition of an amorphous polymer or a low molecular weight

diluent frequently enhanees the nucleation of the crystallizing polymer, as in the case of

ndditive-eonlllining PEO. thereby rendering quenehing to a temperature below the glass

transition temperature prior to nudeation impossible. The glass transition of pure pve

oceurs at approximate\y 80 oC (42). In the DSe experiment, the glass transition of pve

can be obscured by tlle me\ting endothenn of PEO élue to the proximity of the two

tr:Insitions. in partieular if the glass transition temperature of pve is depressed in the

blends. In addition, the low intensity of the glass transition of pve renders this transition

difficult to observe when pve is the minor component of a blend. As a result, only the

transition that corresponds to the glass transition of amorphous material constrained

within the crysta1!ine matrix is experimentally accessible in the PEO/pVe blends.

Severa! PEO/PVe blends of compositions 10~ 25 and 509& pve were qùenehede according to procedure (b) described above. Simïlar experiments were not carried out
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• with the TCP mixtures due to the relatively high melting temperature of TCP (-33 OC).

:md to the glass transition of this compound which occurs :Il approxim:llely -57 oC (43).

that is. in the immediate vicinity of the transition of pure PEO.

The very low intensity of the transition in the PEO/PYC blends precluded an exact

determinaùon of the midpoint of the transition. but a slight tr.tnsition was observed at

approximately -53 oC in ail of the blends ex:unined. as in the case of the pure polymer.

Similarresults were reponed by Margariùs and Kalfoglou. who reponed DMTA data for

blends of PEO and PYC of compositions similar to those employed in this study (34). The

S:lmples in the litermure ~1udy were prepared by solution-blending in dichloromethane.

followed by the remov:11 of the solvent by ronU)' evaporation (34). The literature samples

m:ty have been compression-molded into films at 160-200 oC for l min, then qucnched at

ooC; however, the description of the procedure in reference 34 does not state clearly

whether or not the samples examined by thermal analysis were compression-molded.

TIle use of DMTA permitted the observation of the glass transition of PYC as weil

as that of the entrapped, amorphous PEO. The literature results confirm that the

temperature of the relaxation of the entrapped PEO is invariant, although at -44 ± 2 oC,

with increasing PVC content in the composition range 0-80% PYC (34). The difference

between the literature value and the value obtained in this study may be due to the method

of sample preparation or to the experimental technique employed for the measuremenL

However, the glass transition temperature of PYC does decrease from a value of (sic)

- 92 oC for pure PYC to a value of - 84 oC for the PEO/PYC (25nS) blend, and then to a

value of - 62 oC for the. PEO/PVC (50/50) blend (34). Based on other literature data;

relating to the glass transition of pure PYC (42), it seems likely that the aforementioned

value for pure PYC was reponed incorrectly. Furthermore. values of - 80 oC were

reponed for the PEO/pVC (95/5) and the PEO/PVC (90/10) blends in the same study
~ ,-

(34). The decrease in the glass transition temperature of PYC from the value noted for

:e the PEO/PVC aS/2S) blend to that noted for the PEO/PVC (50/50) blend suggests that
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the pve becomes dispersed to a significant degree within the amorphous phase of PEO at

n pve concentration between 25 and 50% pve.

lt is signifiC'dnt tO compare the glass transition data for the PEO/PVe blends Wtth

litermure results for miscible blends of PEO with PMMA. Data compiled by Alfonso and

Russell (44) from experiments by the authors and additional literature data (45.46)

dcmonstrme tlmt the sole glass transition temperature observed in blends containing

S 30% PMMA is invariant with blend composition, at approximately -38 oC (44).

Howcver, at higher concentrations of PMMA the glass transition temperature increases

monotonicnlly with incre:lSing PMMA content tO -5 oC for PEO/PMMA (50/50), 35 oC

for PEO/PMMA (25n5), and evemually to -105 oC for pure PMMA. A separate glass

tntnsition is not observed for PMMA in these blends; however, a separate, depressed glass

tntnsition thm corresponds to PMMA that is not highly dispersed could be obscured by the

melting tntnsition of PEO. as noted by the authors (44). Subsequent experiments with the

PEO/PMMA blends that employed neutron and X-ray scattering revealed that sorne of the

PMMA in the PEO/PMMA blends is aclUally included in the amorphou~ interlameliar

regions of PEO (47).

The ghlSS transition behavior of the PEO/pMMA blends is in sharp contraSt with

that of the PEO/PVe blends. This comparison strongly suggests that the level of

dispersion cf pve in blends with PEO is significantly less !han the level of dispersion of

PMMA in its blends with PEO. Therefore, PEO and pve may be immiscible or exhibit

limited misciblity in the meiL



• 3.3.2 Equilibrillm Melting Temperature

3.3.2.1 Poly(erhylene oxide)

Buckley and Koyacs (26) aml1yzed dma for low molecular weight fnlctions of PEO

based on a technique deyeloped for molecular crystals by F10ry and Vrij (27). :md

calculmed a frequently quoted value of the equilibrium me1ting tcmper'Jlure of PEO.

69 oC. Howeyer, Mandelkern has examined the determination of the equilibrium melting

temper:llure of polymers in genenll IInd specifically the case of PEO (28). Mande\kem

distinguishes between techniques thm can be applied to: (i) oligomers that foml molecular

crysmls, :md (ii) relll polymcr ch:lins of finitc length thllt cannot form molecular crystals.

He points out that the IIpproach of Buckley and Koyacs was not applic:lble to the samples

examined bec:\IIse the fractions studied did not consist of molecules of the same length;

that is, these molecules could not form molecular crysmls. In addition, il is evident from

experimcntal data that sllmples exhibiting endothemls that continue beyond 69 oC must

h:tve lin equilibrium melting tempemture significanùy higher !han 69 oC. Beech and Booth

(29), :md Afifi-Effat and Hay (30) obtained more accumte estimates of the equilibrium

melting temperature of PEO of 76 oC and 7S ± 3 oC, respectively, using monodisperse,

high molecular weight fractions that were crysmllized to a low degree of crystaIIinity

(- 10-1S%) prior to melting in very slow dilatometry measurements.

Measurements of imperfecùy crysmlline samples of PEO have yielded values of the
'--'::--

equilibrium hent of fusion as:high as - J 80 J/g, thu~c5minating repons of values in this

vicinity or lower from consideration (31,32). Afifi-Effat and Hay obtained a value of

216 ±2 J/g, using a series of Iow molecular weight fractions of PEO (30); and Braun and

others obtained a value of 218 J/g via adiabatic calorimetry and density measurements

(28). Therefore, il appearsthat 216 ±2 J/g isa reasonable estimate ofÙ'is parameter.
l'
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To minimize the possibility of annealing the crysllllline structure during sample

hcming, in panicular in the case of the blends, ::11 of the samples were crystallized to

completion prior tO sc:mning. Lamellar thickening at long crystallization times can

influence the results of a Hoffman-Weeks plot and a Flor'J-Huggins analysis, as stated

previously; however, it is unannealed, completely crystallized samples that are of primary

interest in this study. Any deviation from the Flory-Huggins theory that arises frem such a

procedure is of interest as a potential source of structuml infonnation.

Figure 3.2 shows melting endothenns of PEO as a function of crystallization

temper.ltllre. E:lch endothenn exhibits a well-defined, principal peak that is accompanied

by a slight, low temper:llure shoulder which migrates to higher temperature with

incre:lsing crysmllization temper.lture. The shoulder indicates the presence of a relatively

sm:111 poplll:uion of crystals that 'Ire nnnealed as the temperature is increased during the

sc:m. The melting temper.ltllre was taken as the endotherm maximum The peak of the

endotheml is well-defined and :epresents the average melting temperature of the more

penect crysmlline m:uerial, whereas the low temperature shoulder may include

contributions frem the melting ofmetastable material.

The Hoffman-Weeks plot shown in Figure 3.3 was constructed using melting data

of pure PEO crystallized in the r.l.Ilge 48-59 oC. a range close to the sample melting

temperature and characterized by a small, constant lamellar thickening factor. A line

where TDI is equal to Tc is also shown in Figure 3.3 for reference. The resultant

eqllilibrium mel.~.,g temperature determined frem the intersection between the two plots is
, .

76 ± 2 oC, where th~1 uncenainty is the uncenainty in the intereept of the Hoffman-Weeks

plot as determined by linear least squares analysis. The result obtained in this smdy is in
./'=

c:xcellent a~ent with the aforementioned literature data (29,30) obtained for samples

crystallized to low degrees of crystallinity. The average heat of fusion is 168 ± 11 J/g,

which.corresponds to a degree of crystallinity of78 ±5%.
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A previous study demonstrated that the extrapolaùon of the melùng temperature

data lor samples crystallized in the temperature range 37-45 oC yielded an equilibrium

mc\ùng temperature of 61°C (48), a value that is unreaIisùcally low given the observed

crystalli7.aùon of PEO at 61°C. A1though this temperature is clearly an underesùmate for

the equilibrium melùng temperature of PEO, it is possible that this temperature

corresponds to the melùng teffiperatuTe of imperfect erystals that do not panicipate in the

actual equilibrium me\ùng process that occurs at 76 oC.

3.3.2.2 Po1y(erhy1ene oxïde}IPcly(vinyl chloride) Blends

PEO/PVC blends ranging in composition from 10 to 50% PVC were cry$la\lired

under condiùons similar to thase of the experiments with pure PEO. and the melting

endothenns were recorded. As in the case of pure PEO. the endothenns exlubit a large

main peak and a slight shoulder. shown for example, by the 25% PVC blend in Figure 3.4.

a1though the endotherms are. in general. narrower than the corresponding endotherms

obtained for pure PEO. As the crystaIlization temperatuTe is increased. the low

temperatuTe shoulder merges with the main peak.

The Hoffman-Weeks plots conslrUcted for the blends are shown in Figures 3.5a-e.

The extrapolated eciuilibrimn melting temperature data listed in Table 3.2 demonstrate that

the equihbrium melting temperature decreases very slightly in the PEOIPVC blends. The

melting temperature depression lies Wï.thin the expecimental uncertainty for the 10-35%

PVC blends, and only a slight reduction is observed in the case of the 50% blend, as is

evident from Figure 3.5f. VtsUa1 inspection of the Hoffman-Weeks plot for the PEOIPVC

. (15125) blend suggests that the uncertainty given in Table 3.2 for the melting temperature

of this blend is an overestimate; it is likely that a more realistic value of the uncertainty lies

in the range 2-4 oc. as in the case of the other blends.
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• Table 3.2 Equilibrium melùng temperature and heat of fusion data for PEO :md the

PEO/PVC blends. The l:.mellar thiclœning factor is given by 1'\.

T 0
m

%PVC ("C) (J/g blend) <J/g PEO) crystaIIinity

l',

0 76:2 168: 11 168: 11 78:5 3.36 :0.03

10 73:4 156:4 173:4 80:2 3.\3: 0.05

18 72:3 140: 3 171 : 4 79:2 3.25: 0.04

25 72:7 130: 3 173 :4 80:2 3.38: 0.10

35 72:4 108: 1 166: 2 77: 1 3.07 :0.0.<;

50 71 :2 82:2 164: 4 76:2 3.61 :0.03

The lamel\ar thiclœning factor. 1'\. is also listed in Table 3.2. and decreases slightly

in the 10-35% PVC blends relative to the value obtained for pure PEO. However. the

factor deœnnined in the case of the 50% blend is significantly larger man that of pure

PEO. 1bese results suggest that in the 10-35% blends, the PVC inhibits the lamel1ar

thic1œDing process of PEO; but in the 50% blend, where a slight melting ternperature

depression bas been noted, the amorphous second compolient appears to promote the

thic1œDing proœss.

- ... he data show good agreement with the literature data for PEO/PVC b1ends of

simi1arcomposition (34). A discrepancy of 2-3 OC between the above data and the resWts

of Margaritis and Kalfoglou (34)~ which are also ploned in Figure 3.5r. cau be attributed

to the use of the endotherm onset ternperature in the literature calcu1ations instead of the

peak ternperature. The very small melting ternperatUre depression suggests that at best.
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• PEO .mcl PVC are only slightly miscible and more likely completely immiscible in the melt.

Martuscelli has nOled the occurrence of a sm.ùl melting temperature depression in blends

Ihm :lre immiscible in the melt. for example isotactic polypropylene blended with low

c1ensity polyethylene (49). He attributes this depression to unspecified kinetic and

morphologi(;al factors associ(lled with the presence of isolated domains of the

noncrysmllizing component in the melt.

Given the variation in the lamellar thickening factor with blend composition, it is

probable that the melting temperature depression in these blends arises due to the

interference of PVC with the crystalline structure of PEO. The sulface interfacial tension

c:llculations in Chapter 2 predict the potential for some adhesion at the interface between

the two amorphous phases of these polymers. It is reasonable to expeet this adhesion to

disnlpt the lamellar thiekening process. in partieular if the adhesion occurs at the

amorphous lamellar fold surfaces.

To further investigate the question of miscibility, the data were analyzed according

to the Rory-Huggins equation. If the assumptions of the theory are valid for the system

under investigation, then a plot of[(lrrmo.bl - lrrmO)]I\lt as a function of 'Ill will yield a

straight line with a slope of -RV2Xt2/(âHt)V1. The molar volumes of PEO and PVC at

100 oC were calculated from specifie volume or density data available in the literature (50

53) as 41.2 and 45.9 cm3/mol, respectively. The volume fraction of PVC at 100 oC was

also calculated. Weight fractions of 10, 18. 25, 35 and 50% PVC are equivalent to

volume fractions of 8, 15,21,30 and 44%, respectively.

TIle resultant Rory-Huggins plot, shown Ùl Figure 3.6, is distinetly curved. The

dctennination of the slope of the twO 1Ùlear segments yields values of Xl2 of 1.5 and 0.15

for the segments at low and high PVC content, respectively. "These values are preseoted

for the purpose of discussion only and are not Ùltended as estimares of the Ùlteraetion

parameter. Th!S eurvature definitely does not Ùldicate 1itnited I1ÛSC1"bility at PVC

• concentrations of~ 35%, as proposed in the literature (34,35,36). In faet, the significantly
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• large. positive value of the inter.lction pammeter obtained at low concenlrJtions of PVC

suggests that the two polymers are immiscible. However, if PEO and PVC exhibit 1imited

misciblity. then the values taken for the volume fraction do not reflect the actual volume

fmction of the miscible blend. Therefore. the volume fmction of PVC would be less than

the givell values.

Thc most probable source of the curvature in the plot is the failure of at least one

of the assumptions of the theory. It is evident from the preceding discussion that the

assumption of the non-interference of the second component with the lamellar thickening

process of the semicryst:llline polymer is not valid in this case. Il is highly probable that

the prim:u)' explanation for the melting temperature depression is the disruption of the

cryst:lllinc morphology of PEO by the PVC.

The addition of PVC to PEO exens a small effect on the degree of crystallinity of

PEO, :IS demonstrmed by the results Ibled in Table 3.2. The degree of crystallinity of

PEO may be slightly elevated in the blends of intermediate composition, that is, the 18

25% PVC blends; whereas the 10, 35 and 50% PVC blends yïeld values that are identica\

with the data obtained for pure PEO, although these changes are within the experimental

uncenainty. It is interesting to note that the possible elevation in the crystallinity of PEO

disappears at a concentr.ilion where the change in the slope of the Fiory-Huggins plot

occurs, a result that provides additional suppon for changes in the crystallization process

of PEO with increasing PVC content.

3.3.2.2.1 Evaluarion ofLirerazure Resulrs

Variousattempts have becn made to characterize the miscibility of PEO and PVC

by therm..ù analysis (34,35) as weil âs solid state NMR (36). The molecular weights of the
~ .

polymers used in the thermal analysis study of Margaritis and Kalfoglou are similar to

those in this thesis (pEO: Mn 3 . lOS, PVC: Mn 2.7 . 1()4) (34). The authors also obtained
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• a curved plot using the Rory-Huggins equation: a slightly lower value of the cquilihrium

melùng temperature of PEO. 72 oC. was used as wcll. A value of ll.OS wa~ detemlineù for

Xt2 by the deterrninaùon of the slope of a lincar segment of the plot at interrneùiate to high

PVC content (34). A plot constructed for a blend of high molecular wcight PEO (Mil

4.0· 106) with PVC (Mn 2.7 . 1()4) was also curved. and a value of -0.03 was calculateù

for Xt2 from the slope of a lincar segment at lùgh PVC content. The authors condudc

from this procedure that PEO and PVC exhibit "limited miscibility in the melt at high PVC

contents" (34). Margaritis and Kalfoglou failed to note that the deterrnination of Xl2 from

plots that exhibit such distinct curvature is invalid. Furthcrrnore. if PVC exhibits limilCÙ

miscibility with the PEO melt at lùgh concentrations of PVC. then PVC and PEO may also

exhibit limited miscibility at low concentrations of PVC. a result that is clcarly not

reflected by the available data.

An additional study by Katime and others bas examined the melting behavior of

PEOIPVC blends by DSC (35). The molecular weights of PEO and PVC in one serics of

blends were 3.5 . 1()4 and 1.0· HP. respectively (.mspecified molecular weight type). A

second series of b1ends containing lower molecular weight polymers was also studied.

The b1ends were prepared by solution-blending in chlorofonn. followed by film-casting at

room temperatUIe and drying under vacuum. The authors obtained a linear Rory-Huggins

plot for PVC concentrations ~ 3()CJ1,; values of approximately -0.30 and -0.10 were

computed for X12 using the 1inear data obtained for the lùgh and low molecular weight

blends, respectively (35). Agam, the melting behavior of the b1ends of 10w PVC content

bas been neglCC!ed- In addition, unreasonably 10w values of the equilibriunI melting

temperatures of the samp1es were determined and ~ in further calculations. For

example. the value reported for PEO was 66 oC. Other sources of ~perimehta1 erro~

inc1ude the samp1e premelting temperature. The preme1ting temperatUIe for the samples, .-
~ ..

80 oC. not only ~-as substantially 1ess than the appropriate value for PEO of 100 oC. but
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• was also in the vicinity of the glass transition temperature of pure PVC. A~ a result. this

study also arrived at erroneous conclusions about the interactions in these blends.

A third study by Marco and others employed solid statc 13C_NMR relaxation

expcrimenl~ 10 probe the mi~bility of PEO (Mv 2.0' 1(4) and PVC (Mv 4.3 . HJ4) (36).

The blends were prepared by solution-blending in dichloromethane. followed by the

removal of the solvent by rotary evaporation and vacuum-drying at room temperature

(36). The spin-lattice proton relaxation lime in the rotating frame. Tlp(H). can be used as

an indication of the distar.ce hetween individuai molecules of the IWO components of a

binary blend (54). In an immiscible system that contains separate domains of the twO

components, IWO values of Tlp(H) !hat correspond to the values of the individuai

components will he observed. However, in a miscible system, where molecules of the two

components are separated by a distance of Jess !han 2 nm, only one, intermediate value of

-"...,-

Tlp(H) will he observed. In the literature study, the relaxation lime of the PEO/PVC

(80120) blend at "ambient" temperature was the same as that measured for pure pve

(9.1 ms); but the relaxation lime measured for the PEO/PVe (70130) blend was slighüy

longer (10 ms), and the limes measured for blends ~ 40% PVC were "very different"

(12 ms) from that of pure pve (36). Once again, the proposai !hat the IWO polymers are

slighüy miscible so!ely al high pve content was offered lO explain the resuIts.

Marco and others interpret this increase in the relaxation lime of pve as evidence

of miscibility in blends containing ~ 40% pve (36); Unfortunately, the authors do not

repon relaxation lime data for PEO, citing the complexity of the corresJionding relaxation

process. An independent study of the relaxation of the crystalline and amorphous

componeDts of PEO suggests tbat Tlp(H) for the amorphous component of PEO is

o approximately 10 ms at 25 °e (55). Without a know1edge of the relaxation lime of PEO=. = ~

in the blencls, no definitive conclusions regarding miscibility cao !Je drawn from tbiS NMR
-.

study, although~Cltistence oflimited misciblity is still possible.



• Ail of these literalure results conlirn1 the possibility of limited miscibility between

pve nnd llmorphous PEO; however. this limited miscibility should 'Ipply throughout the

blend concentT:ltion T:lnge. nnd not only al high concentr:uions of pve. liS suggested by

the vllrious authors. It is evidentthat the degree of miocibility is very low. nnd therefore

does not play li significlmt role in the observed melting tempemture depression. Instead. it

is the influence of pve on the crysmlline structure of PEO lmd the possible :Idhesion

belWeen pve lll1d the mnorphous fold surfaces of PEO that arc the detcrn1ining features

of these blends.

33.23 Tricresyl Phosphate Mixtllres

?relimimrry crysm\lizmions of the plasticizer mixtures showed that the TCP exens

a strong infiuenl..'C on the crysta\lization kinetics of PEO. As a result of the substantial

dcpression of the crystallization mte of PEO in all of the plasticizer mixtures, as noted in

the expcrimental section of this chapter, the crystnllization tempemture mnge used for

these sllmples was 41-47 °e, instead of 49-59 °e as in the case of PEO and the PEO/PVe

blends. The endotherms of PEOrrcp (67/33) shown in Figure 3.7a, are ofapproximately

the sume width as the corresponding endotherms for the PEO/PVe blends, but with a low

temperature shoulder that represents a Iarger portion of the total endotherm area thnn in

the case of the blends. The position of this shoulder shifts drarnaticnlly to higher

temperature with increasing crystnllization temperature. The endotherms obtained in the

case of PEO/pvcrrep (55/12/33) were identicnl in shape with those obtained for

PEOrrcp (67/33). The thini blend, PEO/PVcrrCP (44/23/33), exhibits endotherms with
'.

smooth low-temperature shoulders as illustrated in Figure 3.7b, implying a broader

distribution of low-melting materinl.

The Hoffman-Weeks plots for the mixtureS containing TCP are shown in Figure

3.8. T\.1e equilibrium melting temperature data, which are listed in Table 3.3, revea1 that in
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spite of the drJstic reduction in the crystalliZ:l\ion rJte. there is no apparent melting

tempermure depression in the PEOrrCp mixmre. This result suggests that PEO and TCP

are immiscible or exhibit only limited miscibility in the melt. In addition. the equilibrium

melting temperature of PEO in the temary mixtures cannot be distinguished from the

values estimated for the pure polymer or the blends due to the large experimental

uncenainty.

Tnble 3.3 Equilibrium melting temperature and hent of fusion data for PEO and TCP

plasticizer mixtures.

%PVC

o
o
12

23

'i'o

Tep

o
33

33

33

T 0m

76±2

74± 1

76±9

66± 11

~Hr

(J/g)

168 ± 11

10S±3

87±3

70±5

~Hr

(J/g PEO)

168± 11

158±4

159±6

161 ± 11

%

cryslallinily

78±5

73±2

74±3

75±5

T\

3.36 ± 0.03

1.88 ± 0.01

1.73 ±0.08

262±0.16

Agnin, visual inspection of the plots for the twO ternary mixtureS suggest that the
<

uneertninty listed in the above table is unreaIistically large. In addition, the extrapolated

vaIue obtained for the equilibrium me\ting temperature of the PEO/PVC/TCP (44/23/33)

mixture appears to be an underestimatc. with the aetual value lying closer to 70 oc. It is

possible that a rnelting lemperature depression occurs in the PEO/PVC/TCP (44/23/33)

mixture, but the magnitude of this depression is expected to be approximateIy the same as

in the case of the original binary blend. The large experimental uncertainties of theme\ting
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• temperature results for the lemary mixtures are due to the substanü:ll scaner in the data;

they do not arise due to :IOY curvature that can occur due to a temperature dependence of

the l:uncllar thickening factor of equation 3.4. The scaner in these Hoffman-Weeks plots

refiecls a major problelll that is encountered in the thermal analysis of mixtures that

contain a low molecul:lr weight liquid: the maintenance of uniform geometry within a

~... ,

given S:lmplc and among different samples.

The values of the lamellar thickening factor listed in Table 3.3 decrease

substantially on addition of TCP to PEO. The value obtained for the PEO/PVCffCP

(55/12/33) mixture is similar to that obtained for the PEOrrcp mixture; but the value

obmined for the PEO/PVCffCP (44123/33) mixture is closer to the value obtained for

pure PEO. Again, it is possible that the regression in Figure 3.Sc yields an underestimate

of the slope and therefore :10 overestimate of the lamellar thickening factor. A more

realistic, l.'U'ger slope would yield a lower value for" that would be similar to the values

obtained for the otherTCP mixtures.

It is evident th:lt the plasticizer is responsible for the suppression of lamellar

thickening in the ternary mixtures. Based on the surface interfacial tension calculations in

Chapter 2. the suppression of the lamel1ar thickening of PEO by TCP cannot he attributed

to any significant adhesion between the TCP and the amorphous phase of PEO. although it

is possible that TCP is slightly miscible with the amorphous phase of PEO. It is likely that

the rejection of the srnaIl plasùcizer molecules by the crystal1ine PEO leads to an

accumulation of these srnaIl lrJolecuies in interlamel1ar. interfibrillar and interSPherulitic

regions. The resultant interaction between the amorphous fold surfaces of PEO and the

rejected TCP molecules appears to severely irnpede the thickening process. It is possible

that the solubiliZation of the amorphous PEO in the fold surfaces by TCP could facüitate

the process ofchail: folding.

The degree ofcrystallinity ofPEO. also listed in Table 3.3. may be reduced slightly

by the addition of plasùcizer. The plasticizer appears to be responsible for this reduction
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• in cryslallinity, possibly through the entrUpment of sma\1 molecules of Tep or portions of

plasticized pve chains within the crystalline manix of PEO. In contrast with the

PEO/PVe blends, where pve is not plasùcized, no increase in the degree of crystallinity

of PEO is observed in these samples.

3.4 Summary

Measurements conducted in the composition range 0-50% pve, in addiùon to an

evaluaùon of Iiterature data at other composiùons, indicate that the glass transiùon

temperature of interlame\lar, amorphous PEO is invariant with the PEO/PVe blcnd

composition. This behavior is in contraSt with that of miscible PEO/PMMA blends (44

46), thereby suggesting that the level of dispersion of pve in PEO/PVe blends is less than

the level of dispersion of PMMA in PEO/PMMA blends.

The equilibrium melting temperature data obtained for PEO/PVe blends indicate

the possibility of a slight melting temperature depression. However, the analysis of the

data using the FlOty-Huggins equation revea\s that the two polymers exhibit limited

nùscibility or are imrniscibie in the melt. This equation cannot be applied to deternùne an

accurate value of the interaction pararneter due tO the distinct curvature of the plot. This

curvature suggests !hat pve cxertS an influence on the crystalline structure of PEO, which

mlly include interference in the lamellar thickening process of PEO. The adhesion between

the pve and the Iamellar fold surfaces of PEO, which influences the crysta\line

morphology of PEO. piays a more significant IOle in the observed me\ting temperature

depression than the slight, Iinùted miscibi\ity of the IWO polymers. While the degree of

crystallinity of PEO is only slighùy e\evated in PEO/pve blcnds of intermediate

concentration, the endotherm shape suggests !hat the degree of crystal perfection may be

influenced signï{icanùy by subùe changes introduced into the crystalline strUctUre of PEO

bypvc.
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No melting tempernture depression can be detected outside of the experimental

uncertuinty for the mixtures containing TCP, although a depression may occur in the case

of the PEO/PVCrrcp (44/23/33) mixture. TCP does not cause any elevation in the

degrec of crysmllinity of PEO, but insteud m1Y c;:use a slight depression in this quantity.

The sllbstantial decre:lse in the lamellar thickening factor that occurs upon addition of

TCP to PEO C:1Il bc attributed to the facile rejection of the small plasticizer molecules into

interlumel1ar and other intercrystalline regions, and not to any significant adhesion between

TCP and PEO. 11le result:lIlt accumulation of these small molecules at the fold surfaces

then impedes the lamel1.1r thickening process. Limited miscibility of TCP with the

amorpholls phuse of PEO could possibly enhance or facilitate chain folding, thereby

leading to thinner lamellae than in the case of pure PEO. The analysis of the relevant

endothemls demonstrntes the occurrence of more drastic StrUctural adjustments on the

purt of the crystalline PEO to compensate for the presence of the low molecular weight

materi:ll and the plasticized PVC than in the case of the PEOtpVC blends. Because the

OSC experiment does not provide any information regarding the nature of the changes

that occur within the crysmlline structure of PEO as a result of the addition of PVC or

TCP, recourse must bc mken to other experimental techniques such as polarized light

microscopy and infrared microspectroscopy, as will be discussed in Chapters 4 and 5,

respectivcly.
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Chapter4

Polarized Light Microscopy: Spherulite Morphology and

Crystallization Kinetics

4.1 Introduction

The examination of the miaoscale aspects of the crystallization of semicrystalline

polymers, such as spherulite morphology, nucleation density and growth rate, is crucial to

the comprehension of maaoscale material properties As stated in the introductory

chapter of this thesis. many semicrystalline polymers crystallize in the fonn of spherulites

or related structures that are readily observed using polarized Iight miaoscopy (PLM).

Sorne of the possible variations in spherulite morphology were also discussed in the

Introduction.

4.1.1 Crystallization Kinetics ofPure Semicrystalline Polymers

The radial growth rate of a spherulite grown in thin section cao be measured using

a polarized Iight miaoscope equipped with a hot stage for regulation of sample

ternperarore, by either time-lapse photomicroscopy or videomiaoscopy (1). The

crystallization ternperature influences the manner in which the macromolecular segments

fold and pack together. Changes in packingJead to significant variation in the radial

growth rate of spherulites as wel1 as changes in morphology. As the CI)'StlI1lization

ternperature is decreased below the me1ting tetnperature. the rate of crystallization is

•nucleation"!=Ontrolled and increases due to an increase in~e driving fon:e for
-

crysta11izatio_D. After attaining a DIllxjmum value about midway between (Tm - 10 K) and
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(Tg + 30 K). the growth rate decreases with decreasing tempel"Jture due to a cOntinuing

decrease in molecular motion; that is, the growth rate becomes diffusion-controlled.

ln general. the isothermal radial growth rate of a spherulite grown from a pure

polymer rnelt is linear until spherulite irnpingernent occurs. The growth rate of polyrner

spherulites. G (in unilS of cmls). was originally described by the c1assicai Tumbull·Fisher

equation

G=Go exp (-~d) exp (-::) (4.1)

a Gaussian·like function shown schernatically in Figure 4.1. ln equation 4.1. Go is a

preexponentiai factor. ôEd is the activation free energy of transpon of a Cl)'Stailizing

segment across the rnelt-crystai interface. ô<l> is the activation free energy required to

form a nucleus of critical size. and k is Boltzrnann's constant (2). Thus. the fust

exponential term is often referred to as the "transpon" term while the second exponential

is the "nucleation" term.

Current nucleation theory. as developed by Hoffrnan. Davis. Lauritzen and Miller.

describes the growth rate of spherulites by an expression having a form sirnilar to that of

equation 4.1, as shown below

[ -U"'] [-Kg]
G=Go exp R(Tc-T

oo
) exp Tc (ôT)f

(4.2)

where Go is again a preexponentia1 factor (cm/s), U'" is the activation energy for zeptation

in the rnelt, R is the idea1 gas constant (8.314 J/mol'K), Tc is the crystallization

ternperatute 00, T.. is the temperatute of cessation of molecular motion (often taken as
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Figure 4.1 Schematic growth ratt-temperature curve.
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Tg - 30 K), and.6.T is the supercooling (Tm
O

- Tc)' Tm
o being the equilibrium melting

temperature (3-5). The dimensionless correction factor, f,

(4.3)

in equation 4.2 is intended to compensate for the decreasing hem of fusion with decreasing

temperature.

The relation of equation 4.2 to experimental data requires funher definition of the

parameter Kg. If spherulite growth is assumed to proceed via two-dimensional secondary

surface nuclemion, that is, new crystalline material is deposited on the surface of the

growing spherulite, then the nucleation constant, is given by

(4.4)

where bo is the crystalline molecular thickness in the growth direction (cm) (shown

schematically in Figure 4.2), C1 is the lateraI surface interfacial Cree energy (erglcm2), C1c is

the fold surface interfacial Cree energy (erglcm2), and .Miro is the beat of fusion per unit

volume of monomer units (êrglcm3) (3·5). The parameter j depends on the so-caIled

"regime" of crystallization.

If the values of the parameters bo and .Miro in equation 4.4 are known !rom X-ray

diffraction measurements and calorimelI'y, Iespectively, detennination of the s10pe of a

plot of ln (G) +[U*/RCfc - T..)) as a function of Iffc(t::.T)f, which is equivaicoI to

2,jboC1C1cTm°!k(.Mit), permits calculation of the· produet of the surface interfacial Cree
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energies. 00.. for a given polymer and regime. Funhermore. the empirical relation given

helow

l4.5)

where aobo is the cross-sectional area of the polymer lin unilS of cm:!). as shown in Figure

4.2. permilS estimation of the Iateral surface interracial free energy (5). The paramett.'t'

CXUi is an empirical parameter that bas been estimated to he equal to 0.1 for most Iinear

polyolefins (5). A value of 0.25 ± 0.03 for <lUi bas been found to apply to variOu.~ high

me1ting polyesters. such as poly(pivalolaetone) (6). The calculated lateral surface

interracial free energy can then he used to estimate the fold surtàce intertàcial free energy

from the product of the two surface interfacial free energies.

Reœntly. Hoffman and others proposed a relationship hetween the Iateral surface

interracial free energy and the characteristic ratio of polymer chain dimensions. C.. (6).

The derivation of the relationship hetween these two parameters assumes that the entropy

change associated with cr during the loca!ization of a polymer chain prior to .surtàce

nucleation can he approximated by the total entropy change of stem addition scaled by

lIC... Therefore, the Iateral surface interfaciaI free energy was predicted to he

proportional to c.. multiplied.by a constanL The theory was found to show good

agreement with eltperimental data for polyethylene. isotactic polystyrene and poly(L-lactic

acid) (6). However. subsequently Tonelli demonstrated tbat "the conformational entropy

ofa flexible polymer chain is Dot correlated with its conformationally-averaged dimensions

<c..>" (7). The conformational entropies and the dimensions of a varied assonment of

over 24 polymers were _examined, and no relationship was found hetween these twO

pa.~eters (7). As aresult, the scaling relationship suggested by Hoffman and others (6)

does DOt appear to he applicable.
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4./././ Regime Transirions

More careful examination of the plot of the growth rate as a funetion of the

erystallization temperalUre indicates that for a number of polymers. discontinuities oceur

at temperatures belWeen the equilibrium melting temperalUre and the temperature of the

maximum growth rate. To aceount for this behavior Hoffman bas identified three regimes

of erystallization kinetics that occupy different regions of the growth rate-temperature

eurve. as shown by the logarithmie growth rate-temperature curve in Figure 4.3a (3). In

regimes 1 and m. the parameter j is equal to 2, and in regime II, j is equal to 1. so that a

plot of ln (G) +U-I{R(Tc -T..») as a function of IITc(â,T)f should resemble the plot in

Figure 4.3b in the ideal case. where the ratio of the equivalent slopes in regimes 1 and m

to the slope in regime n is 2:1. Ifbo and â.Hl can be determined. then calculation of the

slopes of the linear segments permits determination of the produet of the surface

interracial Cree eneIgies for a specifie polymer and regime.

The fundamental difference among the regimes is the rate at which portions of

polymer chains are deposjted on the erystal surface. Within the highest temperature

regime, that is, regime 1, after deposjtion of the tirst crystalline stem on an exposed

surface, other stems from the same or other macromolecules are deposited adjacent to the

surface nucleus until the new layer comp1etely covers the availab1e surface area. The

growth rate in this regime is described by the expression

(4.6)

;~ .

~"

.where.lIs is the number of stemS ofwidth l\oo and i is the secondary surface nuc1eation rate
. .

Cm UDÏts ofnuc1eilcm . s) (3). As the e:tyStàllization temperature is decreased, that is, as

the supercooling is increased, the rate of surface nucleation becomes gteater !han the rate
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Figure 4.3 Ideal (a) Iogarithmic growth ràte curve, and (b) Hoffman-Lauritzen plot

showing ctystallization regimes l, II and m.
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of crystallization of each molecule, resulting in the development of multiple surface nuclei.

Crystallization characteristic of regime Il is described by the following equation

(4.7)

where g is the substrate completion rate (3). Regime III crysta11ization arises when the

distance referred to as the niche separation on a given lamella, that is, the distance

belWeen neighboring nucleation siteS, in regime II approaches the width of a crysta11ine

stem. The elementary growth rate equation in this regime takes on the same fOIm that in

regime 1, as shown by the following expression

(4.8)

"
.~~;..;."

.~ ",: '

.' ...'.

wherc i' is the surface nucleation rate, "S' is the average number of stems laid down in the

niche adjacent to the initial stem, and L' is defined as the effective substrate length (3).

Regime III is strictly defined to apply only to temperatures in the range above the

temperature corresponding tO the temperature of the maximum growth rate. For certain

polymers. a reversion from regime 1 tO regime II at very low supercoolings has been

proposed (8.9).

Thus, nucleation thenry demonstrates that the growth rate curve of a variety of

polymers does not follow the simple Gaussian-like shape that it appears to exhibit on

initial inspection. In practice, growth rate data can be analyzed for the possible incidenee

of regime tranSirlons by plotting ln (G) as a function of crystallization temperature, as

shown in Figure 4.3a. A discontinuity in the slope of such a plot is the first indication of

the occurrence of a regime transition. A plot of the logarithmic fonn of equation 4.2.

[ln (G) + U*JR(Tc - T.Jl as a function of I1rc(âT)f, as shown in Figure 4.3b, provides a

more rigorous test of the existence of regime transitions. However, difficulties arise in the
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interpretation of these plots. For example. a systematic errer in growth rate measurements

c:m lead to a slope ratio that is not equal to 2:1 for an actual regime transition in the latter

plot. On the other hand. a slope ratio of - 2:1 is not irrefutable evidence of a regime

transition. A change in slope can result from the incorrect estimate of one or more of the

relevant parnmeters in equation 4.2. ln addition, it is possible for a change in the slope

ratio to arise due to a transformation in the crystal habit of the polymer that leads to

different growth rate behavior.

An extremely imponant assumption of the preceding theory is that the secondary

surface nucleation in each regime occurs on the same crystal growth face. That is. the

geneml crystallographic orientation of the unit cell with respect to the spherulite radial and

mngentinl directions must remain constant. Discontinuities observcd in the growth rate

curve that are coincident with changes in the dominant crystal growth face cannot be

descrlbed as regime transitions.

Both regime IIll and regime li/III transitions have been reponcd to occur in PEO

(8). However. an additional slUdy of single crystals of PEO has proposed that the kinetic

discontinuity that has been designatcd as a rcgime II/lll transition coincides with a change

in the dominant crystal growth face of PEO (JO). Should this growth face transformation

aClUally occur in spherulitcs, then the dcsignation of this discontinuity as a rcgime

transition would be invalid.

The examination of spherulite morphology in the light of current nucleation thcory

rcveals a complex picture. The rclationship betwecn rcgimes and morphology is the

subject of much debate in the literalUIC (8,9,11-13). Regime transitions have becn

observcd in selectcd polymers, and in some cases they have becn associatcd with

morphological transitions. SlUdies involving isotactic polypropylene (lPP) (11) and

poly(phenylene sulfide) (12) have yieldcd no evidence for such a rclationship in the'

sampIes examined. However, a morphological transition from axialitic structures in

rcgime 1 to regular spherulites in regime II bas becn describcd in polyethylene (PE) (13).
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A study of samples of cïs-polyisoprene (9) has suggested a similar direct relationship,

although the morphological transition is not as well-defined as in the case of PE. A

morphological transition has been associated with the proposed regim II/Ill transition in

PEO (8), but the occurrence of this regime transition is questionable and will be examined

in this chapter.

4.1.2 Scmicrystallinc-Amorphous Polymcr Blcnels

The crystallizluion kinetics of spherulites in polymer blends cao be independent of

the pre.<;ence of the second component, as ,in many immiscible blends. or cao be depressed

or accelerated, depending on the miscibility of the two polymers. For example, the growth

rate of spherulites of PEO was found to be depressed in miscible blends with poly(methyl

methacrylate) (pMMA), where the depression in the growth rate at a given crystaIlization

temperature increased with increasing PMMA content (14). However, the growth rate of

sphenllites of isotactic polystyrene (iPS) in blends with poly(vinyl methyl ether) (PVME)

(15) or in mixtures with benzophenone (16) was accelerated, a resuit that in bath cases

wus attributed to the plasticization of iPS by the partially miscible additive.

Severa! anempts have been made to devise equations that describe the

crystallization of semicrystailine polymers in blends, aIl of which have employed the

Tumbull-FtSher equation (equation 4.1) or the Hoflinan-Lauritzen equation (equation 4.2)

as a starting point (16-20). Crysta11ization from a miscJ."b1e, one-phase meIt in systemS

. such as the iPS/benzOphenone mixture mentioned previously bas been treated by Boon

.mtd Azcue (16), who·moditied the TumbuIl-Fisher equation to take ioto account the

proportionality between the rate of nucIeation and the concentration ofcrystallizable units

.to yïeld the following Ie1ation .
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where Go' is '\l2Go. wilh '\l2 as the volume fraction of the semicrystalline polymer. and Kg'

is defined as (16)

20' Tcor: [ln ('Il2))

bo(ÔH~)
(4.10)

The pnrameler n was defined as 4 by Boon and Azcue; however. compnrison of equation

4.10 wilh Ihe laler equation developed by Hoffman and Lauritzen (equation 4.2) indicates

Ihat n in equation 10 should be replaced by 2j. ln addition. the correction faclor f of

equation 4.2 should be incorporated into the nucleation lerm of equntion 4.9. The

equation of Boon and Azcue has been applied successfully to a number of miscible blenc\s.,

a recent example being the case of semicrystalline poly(butylene lerephthalate) blended

with a polyarylate (21).

Alfonso and Russell developed an alternative equation. based on the Tumbull

Fisher equation. for miscible blends that incorporates the cooperative diffusion coefficient

of the blend and the Flory-Huggins interaction parameter. as weil as the crystalline

lamellar thickness (17). The authors then applied the complex equation to the analysis of

crystaUization kineticS data for miscible blendsof PEO and PMMA. Subsequent toits .

development, this equation bas not been applied to other blends, mainly dueto the lack of

availability of accurate values of the zequired parameters. Inoueandothers also pursued

an approach that considers diffusion·in the melt, although they employed the &ffman~

Lauritzen equation (equation 4.2) as a starting point (18). In the latter case, the additional

.-',- ~,~-



•
102

par.tmeters of the equation described a two-step diffusion mechanism consisting of the

mutml1 diffusion that occurs during secondary nucleation and the self-diffusion that occurs

during the surface-spreading of the semicrystalline polymer (18).

ln spite of the prevalence of immiscible semicrystalline-amorphous polymer blends.

the crystallization kinetics in such blends have received the least anention. The primary

reason for the lack of theoretical interest in this area is that the radial growth rates of

sphernlites are frequently unpenurbed relative to the those measured for the pure

crystnllizing polymer (20). Based on the observation of immiscible blends containing

semicrystnlline iPP and amorphous PE-bnsed rubbers, Banczak, Galeski and Martuscelli

proposed that the growth rate depression observed in sorne immiscible blends arises

m:linly due to the energy expended by the crystallizing polymer in the process of the

engulfment, rejection. and deformation of the immiscible second component (19,20).

If a two-phase blend is aUowed to crystailize, the non-crystallizing component is

thought to becorne ordered within the structure of the crystnllizing component. The

ordering that takes pince in immiscible blends via the rejection, engulfment or deformation

of the non-crystullizing component is of interest due to its macroscopic significance. The

effeet of the energy barriers of these processes on the growth rate of spheruIites was

described by Banczak, Galeski and Martuscelli using a modified form of the Turnbull

Fisher equation, as shown below

.. . .
t€~:.' ...;.

" (4.11)

where El is the energy expended by the spheruIite in the rejection of the second

component into interlamellar regions,~ is the energy expended by the crystalIizing front
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in Ihe rejection of drop-like domains in Ihe melt, E3 is the kinetic energy required to

overcome the inema of the drops, E4 is the energy required to create new interfaces

between the spherulite and the drop when engulfment occurs, and Es is the energy

dissipated when the engulfed drops are deformed by the crysmllizing front (19,20). These

energy terms are discussed in more detail in the original references (19,20).

The driving force behind this rejection, engulfment or deformation is the difference

between the interfacial free energies given below

(4.12)

where fl c2 is the interfacial free energy belWeen the crystallizing polymer and the second

component, and ha is the interfacial free energy belWeen the melt and the second

component (19,20). If b.f is positive for a given domain of noncrystallizing material, at

low nues of crysmllization the domain will be pushed by the crysmllizing front; while at

high rates, the domain will be engulfed. At intermediate rates the domain may be

transponed by the crystallizing front, then engulfed once the opposing viscous drag is

great enough to overcome the forces of repulsion. Domain size influences the outcome

over the entire range of growth rates. This theory has since been applied to other

immiscible blencls of iPP with terpolymers derived from ethylene and methacrylic acid

(22,23).

The addition of a low molecular weight plasticizer that is specifie to the

amorphous component of a semicrystalline-amorphous polymer blend is a novel approach __

to increasing the degree of incorporntion of the amorphous polymer within the c:rystalline

matrix. The plasticized polymer can be more teadily deformed by the crysta1Iizing front>

thereby increasing the facility of Iejection of this component,but also increasing the:

possibility of the inclusion of portions -of the plaslicized, long chains in mixed, crysW~

arnorphous interfacial tegions throughout the material. In this ehapter, the morphology

.'':'.- ,
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and the crystallization kinetics of PEO will be analyzed in the pure polymer and in

PEO/PVC blends. PEOrrCp mixtures. and PEO/PVcrrCP mixtures.

4.2 Procedure

42./ Preparation ofThin Sections

The preparation of the blends and mixtures was described in detail in Chapter 2.

Thin sections of pure PEO, PEO/pVC blenc!s, and PEorrcp and PEO/PVcrrCP

mixtures approximate1y 20 J.Ull in thickness and several mm in width were prepared by

placing a small amount (- 1 mg) of sample on a circular, glass coverslip (0.1 mm

thickness, 13 mm diameter) and me1ting the sample at 100 oC. Aluminum spacer sIùms

(- lS J.Ull thickne-;s) were positioned on either side of the sample before a top coverslip

was placed on the molten material. Light pressure was applied to the molten sample to

ensure uniform sample spreading. Samples were cooled at room temperature for a

minimum of30 min before use.

42.2 Sample Premelting Conditions

To observe the isothermal crysta11ization of a sample, the thin section was placed

inside a Lin\cam 600 series hotstage (THMS-600) mounted on the sample stage of a Nikon

Optiphot-Pol polarized light microscope. The temperature of the hot stage heating black

.was regulated by a LinIcam TMS-91 temperature controller and a CS-196 cooling unit tbat

provided a lemperature control of ± 0.1 degree and permitted temperature changes at

rates up to and including 130 0/min.

The effect ofsample premelting conditions on the growth rate of PEO spherulites

was examined at vad6ûs crystaIlization temperatures. ln the case of pure PEO, a
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premelting rime of 2 min and a premelring lemperalUre of 100 oC were Ihe minimum

conditions required to erase the thermal history of a sample and to reduce the nuc1earion

dcnsity at Ihe crystallizarion temperature to a level where individual spherulites could be

observed. The blends required a longer premelring rime of 5 min to reduce the nucleation

density at the crystallization tempenllure.

423 Spllerulite Nue/eation

The crystallization temperalUre range of PEO lies belWeen -53 and 76 oC, with

only the high temperature. that is. low supercooling, region being experimentally

:Iccessible due to the very rapid nuclearion and crystallizarion rates at temperatures

appro:lching the maximum growth rate. The inducrion rimes for the crystallizarion of PEO

(intem1ediate to high molecular weight) are significantly beyond reasonable experiment

times. The lise of a nuc1eating agent such as silica is obviously undesirable due to the

possible effects of the nucleating agent on the crystalline morphology and the

crystallization kinetics that have becn described in the literature (24). The self-seeding

procedure developed by Kovacs (25) bas becn used in other studies (sec, for example,

reference 8). However. the self-seeding procedure involves an annealing step that can

influence spherulite structure during subsequent crystallization.

Low-temperature nuc1eation followed by isotherma\ crystallization at the

ternperature of interest provides a viable alternative. In this method. a single "nucleation"

ternperature, Tn. is selected for a given polymer or blend based on the induction limes and
-

the nucleation densities of the polymer over a·range of ternperatures. At Tn• a few

spherulites must star! to grow within a reasonable induction lime (severa! minutes). but the

growth rate must be sufficiently low to allow ad~ti'ate lime for the equilibration and the ~

crysta\liiation of the SlltlIple at the selected crystallization ternperature. Experiments were

condueted that varied Tn and Tç and confirmed that the value oiTa àoes :"1 ir.fluence the
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cryslalliz.1tion kinetics.1t Tc' If the Il'llnsition from Tn to Tc is conducled rapidly, then the

growlh al Tn h:IS a negligible effeci on the morphology al Tc.

The mollen sample was cooled from 100 oC at 130 0 /min tO the selected

erystalliz:tlion lemperalure in the mnge 45-56 oC in the case of pure PEO and the

PEO/PVC blends, or 35-48 oC in the case of the mixtures containing TCP. The

observation of spherulite growth in pure PEO at temperatures greater than 45 oC required

nucleation lit 45 oC followed by equilibration at the crystallization temperature. Law

temperature nucleation was also carried out for PEO spherulites grown from the blends

and the mixtures.

42.4 Observation ofSpherulite Morphology and Measurement ofRadial Growth Rates

The morphologie..~ and the radial growth rates of PEO spherulites grown in thin

section from supercooled melts were recorded using a Nikon Optiphot-Poi polarized light

microscope equipped with a black-and-white Cohu video camera, a Mitsubishi U-80 video

cassette recorder and lm Electtohome ROB monitor interfaced with a persona! computer

equipped with a Jandel image analysis system (PC Vision framegrabber board with Java

software). An additional image analysis system consisting of a Sony video cassene

recorder, an EIecttohome monitor and a persona! computer equipped with a second Jande!

pncknge (Targn frnmegrabber board with Moeha software) was used to make spherulite

growth rate mensurements. Still photographs were obtained using a Nikon F-401 camera

nnnched to the microscope ttinoeuJar tube. The same magnification was used for aIl of

the photomicrographs presented in this chapter. The sca\e has been provided for reference

.on the first photomicrograph in each series.

For a given sample and crystalIization temperature. the radia\ growth rates of at

Ienst twO spherulites f~m cach of a mi.'1imum of three different thin sections were

, mensured to obtain an av~ge growth rate.. Typica\ spherulite size ranged from 100 to



•
\07

lOQO IJ.m; and lhe crysla\lizmion lime ranged from 20 s 10 3 h. A minimum of 8 rndius

measurements were recorded for each spherulile at a given lime 10 obtain :10 average v:llue

of lhe rndius al lhat lime. Each growlh r:lle was calculaled by applying :1 firsl order linear

regression 10 :1 plOl of spherulite radius as :1 function of time thm consisted of

mea~'llrementsat nminimum of five diffcrent times. The growth raie of PEO spherulites is

significantly faster thnn that of the spherulites of nt:Iny olhcr crystallizing polymers. ln

genernl, the radial growth rate of spheruliles of polymers such as iPP is reponed in unilS

of IJ.nVmin; however, the growth rate of PEO spherulites is more conveniently reponed in

units of IJ.nVs. Thin sections of pure PEO were rnelted and recrysta\lized up to six times

with no effect on the growth rate; but thin sections of the blends and the mixtures were

crystallized only once due to the possibility of additive degradation that can result from

repeated melting.

4.3 Results and Discussion

4.3.1 Morphology

43.1.1 Poly(ethylene oxide)

Spherulite morphology depends sttongly on the identity of the crystalline polymer

and on the erystallization temperature, as well as on the presence or absence of impurities.

The birefringence and morphology of PEO spherulites have becn discussed in detail in the

literature (25-27). PEO crystallizes from the pure me1t tO form large (that is, > 100 J.I.U1

diameter), well-defined spherulites at temperatures in the se1ected range. Figure 4.4

illustrates the variation in PEO spherulite morphology within the temperature range of this

study. As Stated in the experimental section, the same magnification was uscd for all of

the photomicrographs presented in this chapter. At intermediate supereooling, that is, at
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(a)

(b)

Figure 4.4 PEO spherulite morphology at various Tc: (a) 45 oc, (b) 49 oc, and (c) Tn

40 oC (-120 1J.lll) -Tc 55 oc. (Continued nextpage.)
~
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F·Igure 4.4 (cont'd)

~.
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tempcratures betwecn 40 and 51°C, PEO crystallizes as negatively birefringent spherulitcs

that exhibit a distinct Maltcse cross extinction pattern, as shown by the spherulite

crysmllizcd at 45 oC in Figure 4.4a. As the supercooling is decreased to temperatures in

the vicinity of the supposed regimc nnn transition (8) at - 51°C, the spherulite structure

bccomes coarser, or looser, and the birefringence becomes more step-like, as shown by

the spherulite crystallized at 49 oC in Figure 4.4b; however, the sign of the birefringence is

conserved.

Figure 4.4c illustratcs the change in spherulite structure that results from an

incre.'\SC in temperature from 40 to 55 oC. The spherulitcs shown in this photomicrograph

were nuclcated at 40 oC and allowed to grow for - 120 Ilm (radius) before the sample

temperature WolS rapidly increased to 55 oC, where the sample was allowed to crystallize

isothernllllly for an additiona! 50 Ilffi. The center of the spherulite exhibits the typica\,

well-defincd birefringence pattern of the lower crystal1ization temperalUre, but the regions

of the sphcrulitcs fanhcst from the center exhibit a very diffuse, mixed morphology. There

is a definite evolution of spherulite structure with the variation in supercooling, with a

transform:ttion from :1 tight, closed structure with a we1l-defined Maltese cross at

temperatures below - 51°C to an open, mixed structure at temperatures above 51°C.

This morphologica\ transformation has becn attributed to a regime wnI transition

by Cheng, Chen and Janimak (8). However, a later X-ray diffraction slUdy by Point,

Damman and Janimak determined that at a crystallization temperature of - 50 oC, the

dominant growth face of PEO single crystais changes from the (010) crystallographic

plane at lower temperatures to the (120) plane at temperatures between - 50 and 58 oC

(10). As stated previously, one of the imPOrtant criteria for the classification of a kinetic
~

discontinuity as a regime transition is the conservation of the identity of the dominant

crystal growth face from one regime to the next (4). Therefore, this morphologica\

transition appears to occur independendy of any regime transition. The kinetic aspects of.
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this issue will be discussed in the section that deals with the crysUlllization kinetics of

PEO.

43./2 Poly{ethylene oxide)/Poly{vinyl cllIoride) Blends

The presence of additives can exen a significant influence on spherulite structure

as weil as on melt morphology and nucleation density. The meh of pure PEO i:;

featureless, as expected, while the PEO/PVC blends c1early contain a second amorphous

phase that ~!ffers in refractive index from mohen PEO. Figure 4.5 reveals the variation of

meh features with PVC content at 100 oC, as seen with parallel microscope polars. The

meh of pure PEO is featureless; while the slight texture of the 10% blend gradually

evolves into large aggregates (- 10-50 Ilm long) in the 25% blend, and finally into the

interconnected network and still larger domains of the 50% blend Consideration of the

DSC results (Chapter 3) that demonstrate that the degree of crystallinity of PEO i:; only

s1ightly affected by the existence of such complex aggregation of the second component

strongly suggests that the PEO spherulite structure itself must be altered significantly to

permit complete crystallization.

The variation of spherulite morphology with blend composition at a aystallization

tempemture of 49 oC is shown in Figure 4.6. It is interesting to note that the comparison

of spherulites of PEO grown from melts of pure PEO (Figure 4.4b) and PEO/PVC (90/10)

revea\s a tightening of the aystalline structure, or a higher incidence of space-fi1Iing

branching upon addition of 10% PVC. The other blends generally exhibit a gradual

coarsening in structure, implying an increase in the interfibrillarspacing, along with

blurring of the Maltese cross extinction panern and diminishing luminescence., The 10Ss of

the distinct Maltese cross and the reduction in the luminescence of the spheruliteS tesU1t

from a substantial decrease in the anisotropy of the aystalline structure at the level of the ' '

fibrils. This change in morphology MaY also reflect a disruption of the aystal\ine structure

"
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50 !Lm

Figure 4.5 PEO/PVC blends at 100 oC: (a) PEO/PVC (90/10), (b) PEO/PVC (82/18),

(c) PEO/PVC OS/25). (d) PEO/PVC (65/35), and (e) PEO/PVC (50/50).
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(a)

(b)

Figure 4.6 Variation of spherulite morphology with PEO/PVC blend composition at Tc

49 oc: (a) PEO/pVC (90/10), (b) PEO/PVC (82/18), (c) PEO/PVC \l5f}5),

(d) PEO/PVC (65/35), and (e) PEO/PVC (50/50). (Continued)
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Figure 4.6 (coDt'd)
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Figure 4.6 (cont'd)
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al the level of the individual chains. This issue is addressed in more detail in a sludy using

polari1.ed infrared mierospectroscopy presented in Chapter 5.

A further effeel of PVC on the erystallization of PEO is seen in the nucleation

densities of samples nucleated and crystallized al 49 oC. The pholographs shown in

Figure 4.7 are representative images of central areas of samp\es. The nucleation densities

of spherulites grown from PEO and the PEO/PVC blends are listed in Table 4.1.

Table 4.1 The nucleation density of spherulites of PEO grown at 49 oC in pure PEO. the

PEO/PVC blends. and the mixtures containing TCP.

Sample

PEO

PEO/PVC (90110)

PEO/PVC (82118)

PEO/PVC (75/25)

PEO/PVC (65/35)

PEO/PVC (50150)

PEOfICP (65/35)

PEOIPVCfICP (55/12133)

PEOIPVCfICP (44123133)

Nucleation Density

(spberuliteslem2)

3· 1()2

1 • 1()3

2· 1()3

5, 1()3

7 . 1()3

>7· 1()3

1 . 1()3

7 • 1()2

2· 1()3

.-~, .

Spberu1ites grown from the 5()$ b1end are very diffuse in appearanee. thereby renderiDg

discemment of spherulite borders rather difI:icult; however. based on the large nUIDher of

spherulites visible in Figure 4.6e, it cao he inferred that the nucleation density in this b1end

is very high. The data are plotted in Figure 4.8. The nucleation density increases with
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(a)

(b)

Figure 4.7 Variation of nucleation dcnsity with PEO/PVC blcnd composition at Tç .,

49 OC: (a) PEO, (b) PEO/PVC (90/10), (c) PEO/PVC (82118), (d) PEO/PVC (75/25), (c)

PEO/PVC (65/35), and (f) PEO/PVC (50/50). (Continucd)
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Figure4.7 (cont'd)
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•

..

'-.'...:.

8

- 0 PEO/PVC Blends.... 0S 7- • TCP Mixtures
i:
~- 6 ---=..
~.c 5- 0c.
'"--fOl= 4-....-~-<iic 3 -~

Q
c
~ 2- 0 •-0=
~-u= 1-4 0Z •0

0 1 1 1 -.-

0 10 20 30 40

%PVC

Figure 4.8 Nucleation density as a function ofpve contenL

120



121

increasing PYC content in the composition rJnge studied. A simil;lf trend is observed :Il

other crysmllization temperatures.

ln spite of the subsmntial incorporJtion of PYC into the sphcrulite structure.

though. it is apparent thm not aIl of the PYC is trnpped in imerfibriIl:1f regions. Blends of

PYC content 25% or greater display a tendency for primary nucleation to occur in two

st:lges. The flfSt stage occurs as severnl isolated spherulites nuclelue. During the second

stage, clusters of spherulites nucleate primarily near the growth front (Le. within 100 Ilm

of the growth front) of the first few of spherulites, leading to mpid filling of the sample

area. This behavior is most obvious with spherulites of the 50% blend. liS shown in Figure

4.6e. It is poSl>ible that sorne of the PEO chains thm are in the process of diffu~ing

towards the crystallizing front are ad~'Orbed omo glass-like domains of PYC in the mel!,

thereby causing the heterogeneous nucIeation of spherulites in close proximity to the

growth front. It is expectOO that the local concentmtion of PYC will be slightly elevatOO

at the spherulite cellters as weIl as in the interfibrillar regions.

Examination of the regions shown in Figure 4.7 with parallel microscope polars, in

Figure 4.9, supports the hypothesis that a portion of the second component is relegatOO to

interspherulitic regions during crysta1lization. As the concentmtion of PYC is increased

from 25% to 35 and 50% (Figure 4.9d-f), smaII, dark regions and then veins appear in

interspherulitic spaces. Thus, at a PVC content between 18 and 25%, the amount of the

second component is more than cao be accommodatOO during crystallization of the PEO.

As a resuh, the second component is found at more !han one leve\ of inclusion within the

crystalline matrix: in interfibrilIar and interspherulitic regions. Figure 4.10 is an example

of vein formation initiated at the OOge of a sample of PEO/PYC (50/50) where, in some

instances, vein spreading appears to precede spherulite growth. Due to the possibùity of

limited miscibility between molten PEO and PVC at high PVC content, it is1ike\y!hat the

excluded phase contains some molten PEO, thereby enhancing the mobùity of this

material. ln the extreme case of the 50% blencI. veins also appear in groups in the interior
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(a)

(b)

Figure 4.9 Variation of dispersion of PVC within the crystalline mattix as a function of ;:,

PEO/PVC blend composition at Tc 49 oC: (a) PEO, (b) PEO/PVC (90/10), (c) PEO/PVC

(82/18), (d) PEO/PVC \15/25), (e) PEO/PVC (65/35), and (f) PEO/PVC (50/50).

(Cont'd)
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4 9 (cont'd)Figure.
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Figure 4.10 Vein fonnation in PEO/PVC (50/50) initiated at the sample edge at 49 oc.
(Continued)
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4 10 (cont'd)Figure .
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of spheruliles, in which case Ihey exhibit preferential orientation in the growth direction, as

shown in Figure 4.11.

High temperllture annealing of the 25 and 50% blends lit 150 oC. at which

tempernlllre pve is molten. followed by rnpid recrysllùlization results in the initiation of

diffuse "blooms" in inten..pherulitic regions thm eventu..ùly spread :Ibove and below the

ollter regions of exisling spherulites. presumably due to the more facile rejection of the

softened pve. The term "bloom" was chosen to describe these features because they

appear to spread partially on the surface of spherulites. that is. betwcen the spherulite thin

section and the glass covcrslip. One example of this phenomenon is shown in Figure 4.12.

which illustmtes the final stages of spherulite growth in a sample of PEO/PVe (50/50)

that has been :umealed:ll 150 oC. pve appears to have a definite effeet on the crysllÙline

morphology ofPEO, as inferred from DSe studies.

43./3 Tricresyl Phosphate Mixtures

As in the case of pve, DSe results demonstrated that the presence of TCP in

mixtures with PEO or PEO/PVe blends has only a sma\l effect on the crysllÙlinity of PEO

in the composition range examined. The comparison of the morphological charaeteristics

of the TCP mixtureS with those of the blends must be made bearing in mind that although

ail of the mixtures are 33% TCP, the addition of 50 phr Tep to the 18 and 35% pve

blends results in mixtures that contain 45 and 56% noncrystal1izing components,

respectively. While the examination of the PEO/TCP (67/33) mixture at 100 oC using

para\lel polars, shown in Figure 4.13a, revea\s a more highly dispersed system than

PEO/PVe (65/35) (Figure 4.5d), the melt featureS of PEO/PVC/TCP (55/12J33) (Figure

4.13b) resemble those PEO/PVe (50/50) (Figure 4.5e). The mett. texture, of

PEO/PVC/TCP (44/23/33) (Figure 4.13c) appears to.be more dense and more textured

than that ofPEO/PVe (50/50).
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Figure 4.11 Vein fonnation in the growth direction in PEO/PVC (Sa/50) at 49 oc.
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(a)

(b)

~.,. Figure 4.12 Bloom fOrmation in PEOIPVC (50150),49 oc, after lInnealing at 150 oC: . (a)

initial stage, and (b) completed bloom.
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(b)

(c)

50 J1ID

Figure 4.13 Mixtures cont:ùning TCP at 100 oc: (a) PEOrrcp (67/33), (b)

PEO/PVcrrCP (55/12/33), and (c) PEO/PVcrrCP (44/23133).
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Although the aromatic TCP can he expecled 10 mix slightly with the PEO phase.

based on the solubility of PEO in common aromatic solvents. the temary mixlures appcar

10 contain approximately the same amounl of featurcless molten PEO as PEOIPVC hlend~

containing the san:e weight percent of PVC alone. That is. the TCP appears to associalc

preferentially with the PVC phase instead of the amorphous PEO phase. The diluent

effect of TCP on the glass tranSition temperature of PVC is expected to he suhstantial. A

literatun: sllldy has reported a measurement of approximately -22 oC for the glass

tranSition temperatun: of a 50:50 mixture of PVC and TCP (28). Therefore. the PVC in

the temary mixtures is undoubtedly rubber-l;lœ and significantly flexihle.

For consistency. the spherulites shown in Figure 4.14 were photographed al

temperan:res where nucleation occurred readily and where the spherulite growth rate i~

similar to that of pure PEO and PEO in the the PEOIPVC blends. The selected

crystallization temperatures were 40 and 38 oC for PEOrrCp and the temary mixtures.

respective\y. The morphology of individual spherulites grown from the TeP mixtures i~

similar to tbat of spherulites grown from PEO/PVC blends of similar weight percent of

noncrysrnllizing material, with the exception of some evidence of irregular tangential

extinction marks. In fact, crystallization at temperatures a few degrees below the selected

temperatures reveals the incidence of broad tangential banding. as shown in Figure 4.15a,

a featun: tbat is not seen in spherulites grown from either pure PEO or the PEO/PVC

blends at equivalent or more rapid growth rates. in the teuiperatun: range studied. This

extinction pattem appears predominantly in two diagonal quadrants of the spherulites and

is most evident in spherulites grown from PEorrcP. where the band spacing is

approxim ate1y 50 JUIl. The bands become more irregular and diffuse with the addition of

12% PVC (Figure4.1Sb). and at 23% PVC (Figure 4.15c) they bave all but disappeared,

implying tbat the iDtroduction of PVC into the system disrupts or diffuses the effect.of -- -. .

TCP.
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(a)

(b)

Figure 4.14 Sphenùite morphology in TCP mixtures at a constant unden:ooling of 2 OC

from the kinetic transition in PEO at - 51 oC: (a) PEO/l'CP (67/33), Tc 40 oc, (b)

PEO/PVC/l'CP (55/12133), Tc 38 oc, and (c) PEO/PVC/l'CP (44/23/33), Tc 38 oc.
(Cont'd)



(c)

Figure 4.14 (cont'd)
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(a)

(b)

Figure 4.15 Baoding in spheralites in TCP IIIÎXtU1'eS at Te 35 oC: (a) PEO/l'CP (67/33),

(b) PEO/PVC!I'CP (55/12/33), and (c) PEO/PVC!I'CP (44/23/33). (Continued) .



(c)

Figure 4.15 (cont'd)
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Such extinction patterns are generally attributed to the radial twisting of fibrils

(27). Although very diffuse banding in spherulites of PEO grown from the pure melt has

been noted previously in the litemture (29), distinct, tangential extinction patterns have

only been reported in instances where PEO crystallized in the form of a stoichiomenic

complex wilh low molecular weight materials s'Ich as resorcinol (30) or p-nitrophenol

(3/). These complexes (30,31) also exhibi:w melting and crystallization kinetic behavior

thill differed dmstically from that of pure PEO.

Keith, Padden and Russell have observed the appearance of distinct bands in

spherulites of poly(E-caprolactone) (PCL) grown from the melt in miscible blends with

pve, in II temperature range w~ere PCLdoes not norma1ly exhibit banding (26). The

Sllme phcnomenon WllS noted for blends of poly(vinyl butyral) or poly(vinyl formai) with

PCL (26). The morphological changes were also accompanied by a reduction in the

nuclemion density of peL. The authors of the literature study atnibute these effects tO the

llcclllllUlmion of the diluent in interlamellar regions of the spherulites in concentrations that

are elcvated with respect to that in the melt, and to the resultant adsorption of diluent

molecules bath on the growth faces and on the fold surfaces of the crystals (26,32). In

this study. it is highly likely that some of the TCP molecu1es are incorporated hetween the

rddially staeking lamellne during spherulite growth. Given that the TCP is a specifie

plasticizer of PVe, it is probable that most of the TCP remains dispersed in the pve

phase. in interfibrillar or interspherulitie regi~ns, during~ti.t)l1. Likewise, it is also

possible that the plasticization of pve permits portions of thé amorphous ehains to he

trapped in interIamellar regions along with TCP in a manner that interferes \Vith the

fibrillar twisting that leads to the appearance of tangential extinction patterns. Suppon for
~ -

the Inuer hypothesis can he drawn from the.distinct lack of features sueh as veins or,

bloom.~ in these samples, even in the sample containing the largest proportion of

noncrystalliiing materillL
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The examin:uion of the nucle:uion density and the degrec of dispersion of the

additives in the TCP mixtures provides further cv~dence that the TCP present within the

crystalline mmrix is relegated to predomimmdy interlamellur regions. The nuc1e:llion

densities of represent:llive areas of PEOrrCp, PEO/PVCrrCp (55/12/33) and

PEO/PVcrrCP (44/23/33) shown in Figure 4.16 and listed in Table 4.1, ure significundy

lower th.m in the PEO/PVC blends. The data are also plolled ir. Figure 4.8 for the

purpose of comparison. Funhermore, the plasticization of PVC by TCP leads to the

suppression of the influence of PVC on the prirmlry nucieation of PEO, by the promotion

of the more f:lcile incorpomtion or expulsion of plasticized PVc.

The :Ippeamnce of the above spherulites when viewed with panl1lel polars, shown

in Figure 4.17, is sinùlur tO the appe:mmce of corresponding snmples of the PEO/PVC

blends, with the existence of sorne pockets that resemble "blooms", bllt with the ab~'Cnce

of :my veins or other such concentnued features.

ln summary, it can he inferred from this scrutiny of sample morphology that both

of these :tdditives exert a significant influence on the crystalline structure formed by PEO.

Each substance is capable of exerting an influence at a different minimum slructuml level:

that is, both PVC and TCP appear to he incorpomted within interspherulitic and

interfibrillur regions, while TCP also appears to he incorpomted within interlamellar

regions. When the two additives are present in combination, TCP appears to plasticize the

PVC molccules, an intemctiC',n that allows for casier inclusion or exclusion of PVC chilins

within the spherulite struct.!I'C in genera\ and may permit the incorpomtion of portion~ of
...."::' -

PVC inolecules within interlameIlar regions as Yiell "

4.3.2 Crystallization Kinetics

The radial growth rates of spherulites of PEQ grown from the me!t of pure'PEO,

PEO/PVC blends. and PEOrrCp and PEO/PVcrrCP mixtures were mcasured and
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(Il)

(b)

-
Figure 4.16 Nucleatioll density ÙlTCP mixtures: (a) PEO/TCP (67/33), Tc 40 oc, (b)

PEO/PVC/TCP (55/12/33), Tc 38 oC, and (c) PEO/PVC/TCP (44/23/33), Tc 38 oc.

(Continued)
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Figure 4.17 Dispersion of additives in TCP mixtures: (a) PEOrrcp (67/33), Tc 40 oC,

(b) PEO/PVC!I'CP (55/12133), Tc 38 oC; and (c) PEO/PVC!I'CP (44/23/33), Tc 38 oc.
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analyzed according to current nucleation theory. In ail instances, plots of radius as a

function of time were linear until the spherulite approached within - 100 !lIll of another

spherulite, or until the spherulite impinged upon a so-ca1led "vein", at which point the

growth rate decreased slighùy. The deerease in the growth rate just prior to spherulite

impingement has been noted previously (32), and has been attributed to the depletion of

crysmlliznble mmerial in the region between approaching spherulites. The veins. which are

expecteè to be composed primarily of PVC, also represent depleted zones; funhcrmore,

the predominantly glass-like nature of the PVC presents a physical barrier to spherulite

growth. The features referred to as "blooms" did not appear to influence the spherulite

growth rate ~;gnificanùy. These latter features, which contain PVC that bas been melted

prior to quenching to the crysmllization temperature, do not present a barrier to spherulite

growth, but instead rep~sent rnaterial that is readily rejected to the surface of the thin

section.

The spherulite radial growth rate data presented in the following sections are data

obtained from spherulites or sectors of spherulites that did not impinge on other

spherulites or on veins during the lime span of the measuremenL Correlation coefficients

of better than 0.9990 were obtained in the case of spherulites crystallized from al! of the

samples exè:ept those crystallized from PEO/PVC (50/50), PEO/PVcrrCP (55/12/33) and

PEO/pVcrrCP (44/23/33), where irregular, diffuse spherulite boundaries resulted in

correlation coefficients with a minimum value of0.990.

4.3.2.1 Poly(ethylene oxide)

=--- :;"
The radial growth rate of PEO is plonea-':as a 'function of crystallization

tempera~ in Figure 4.18. The corresponding logarithn:'!.e:pi6t is shown in Figure 4.19.

Both plots are restricted to tempera,tures where the nucleation term predominates. The

latter plot exhibits an apparent discontinuity in the vicinity of 51°C, as described in the
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Figure 4.18 Spherulite radial growth rate of PEO as a function of crystallization

temperature.
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Figure 4.19 Logarithmic growth rate plot for PEO.
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lilcralllre (8). The growth rate dma were evaluated using the Hoffm.m·Lauritzen equation

(eqllation 4.2), with values of ·78 and 76 oC for the glass tnmsition and equilibrium

melting temperatures, respectively. The determination of these two constants was

discllsscd in Chllpter 3. The parameter T_ was taken as (Tg - 30 K) or -108 oC.

Hoffman has proposed that a "universai" value of 6.28 lU/mol for U· ClIO he

applied to most linear polyolefins (4). However, previous studies (see. for example.

references 8.17,33) have noled that this value appears to he an underestimate for some

polymers. For eXllmple, a value of 16.5 lU/mol was obtained by fitting the growth rate

data for poly(~hYdroxybutyrate) to the Hoffman-Lauritzen equation (33). A larger value

of 23.9 lU/mol has becn proposed for the activation energy, U·, of PEO (34). Cheng and

others reponed that a value of 29.3 lU/mol appeared to fit the growth rate data for PEO

weil; whereas the "universal" value "obscured" the regime transitions observed in that

study (8). Alfonso and Russell employed a different value of 12.0 lU/mol, and also

reponed an excellent fit to the growth rate data for PEO (17). The values of T_ used in

the latter!Wo literature studies were -97 oC (8) and -140 oC (17), respectively.

A fit of the growth rate data obtained in this study according to equation 4.2 wiGl

Tg and Tm° as constants, and Go> U· and Kg as variable pararneters yielded an excellent fit

(r = 0.9991), shown in Figure 4.20. and a value of U· of 29.1 lU/mol. Therefore the

literature value of29.3 kJ/mol (34) was accepted for funher calculations.

The Hoffman-Lauritzen plot shown in Figure 4.21a is in fuet a straight line

(correlation coefficient r =0.9996) that gives no evidence of a change in slope neur the

temperature of the discontinuity secn in Figure 4.19 at 51°C, thereby indicating that the

data fall within a single regime. As stated previously, the supposed discontinuity was

originally attributed to the occurrence of a regime D/IlI tranSition by Cheng and others

(8). However, Alfonso and Russell also obtained a lineur plot using growth rate data for

PEO ofa similar molecular weight in the temperature range 40-60 oC; tbat is, they found

no evidence of a regime tranSition (17). Previous studies have demonstrated that the
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Figure 4.20 Fit of the growth rate data for PEO to the Hoffman-Lauritzen equation.
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ratios of Ihe nucleation constants. that is. Kg(IIl)lKg(lI) and Kg(l)lKg(I1). are very

sensitive tO the value of the equilibrium melting temperature (see for example references

3.9,35). The values of the parameters in the transpon term of equation 4.2 influence the

valuc of the preexponential f:lctor Go. but exen a negligible ;nfluence on the ratios of the

nuclcmioll constants (3). The study by Cheng and others (8) ernployed an unrealistically

low value of the elluilibrium melting tcmperature of PEO, 69 oC; whereas the study by

Alfonso and Russell employed a value of 76 oC. as in this chapter. The evaluation of the

crystallizmion kinetic data according tO nucleation theory, using a more accurate value of

lhe equilibrium melting temperature of PEO than was used in the study by Cheng and

coworkcrs (8) confirms the absence of a regime transition in pure PEO in the temperature

range explored.

Rcccntly, the proposed transition (8) was found tO coincide with a change in the

dominant crystal growth face of PEO (l0). X-ray diffraction experiments demonstrated

that the dominant growth face of PEO single crystals groV..1 at temperatures lower than

- 50 oC corresponds to the (010) crystallographic plane, while the dominant growth face

ofcrysmls grown at ternperatures between - 50 and 58 oC corresponds to the (120) plane.

If such a tranSformation also occurs in spherulites of PEO, then the discontinuity observed

in the logarithmic growth rate-temperature curve (Figure 4.19), which does not appear in

the corresponding Hoffman-l.auritzen plot (Figure 4.21a), does not arise due to a regime

II/III transition. EvidenCe for the occurrence of this growth face transition in spherulites

will be presented in Chapter 5.

The nucleation con:.'tl\I1t, Kg, for the crystallization of PEO was calculated fonn the

slope of the Hoffman-Laurltzen plot as (1.22 ± 0.01) • HP 1(2, where the uncertainty

. assigned to. Kg is the unçertainty in the slope that results from a tirst order !inear

regression using 95% confidence intervals. The identity of this single regime can be

estimated using a procedure known as the "Lauritzen Z-test", where the Z parameter is

definerl'iiS (3,5,36)
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Z= 1. 2. \03(1::.)- exp (2aç aobo ) exp ( -X ) (4.13)
:1 0 kT Tc(~ Tl

Because the first ~xponemial term in equation 4.13 is approxim:uely equ:II to unity• the

cquation can be simplified as shown by equation 4.14

(4.14)

The variable X is equivalent to Kg in regimes 1 and Ill, and to 2Kg in regime Il. The

regime dependence of the parnmeter Z and the substrate length Lare given in Table 4.2.

Table 4.2 Regime dependence of Z and the substrate length L.

Regime

1

II

III

z

SO.I

~1

SO.I

L

Ipm

lOI - 1()3 A

10A

Leulc (Al

2· 101 - 3 . 1()2

4, 1()4 - 8 • 1()6

2· 101 - 3 . 1()2

The application of the Z-test to the data for PEO using various crystallization

temperatures in the range 45-55 oC, trial values of Z, and a value of 4.62 Afor llo (37)

leads to the values of the substrate length, Lcak:' that are listed in. in Table 4.2. The

calculated value of the substrate length in each regime <Lcatc in Table 4.2) and the known
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m:lgnitude of this p:lrameter (L in Table 4.2) (36) are expectcd to correspond in only one

regime. The substrate lenglh thm is calculated for regime 1is much less than the prcdictcd

value for this regime. On the other nand. I...ealc in regime Il is much greater than the

predictcd value. Only I...ealc in regime III shows reasonable agreement with the prcdictcd

value. This leads to the conclusion that the temperature range of this study lies within

regime 111. This conclusion is reasonable given that the rapid growth rates in this

temperature range are the result of a very high rate of secondary surface nucleation that is

characteristic of regime Ill.

The product of the surface interfacial free energies. O'O'e. was calculated using.
equation 4.4 with j equal to 2. bo equal to 4.62· 10-8 cm (37). and Mic' equal to

2.66· 109erglcm3 (216 ± 2 J/g) (38,39). An estimate of the lateral surface interfacial free

energy. 0'. of 12.3 erglcm2 was obtained from equation 4.5; and this result was in tum

uscd to estimate the fold surface interfacial free energy. O'e:- A value of 0.1 was adopted

for lXLH. :IS in the case of vinyl polymers such as PE and iPP. As stated in the introduction

to this chapter. a value of 0.25 has becn determincd empirica1ly for high-me1ting polyesters

such as poly(j3-hydroxybutyrate) (PHB) and poly(L-lactic acid) (PLLA) (6). The results

of the culculations are given in Table 4.3. along with literature data for other polymers for

comparison. An additional quantity of interest. the work ofchain folding q

(4.15)

- .'

can bc computed from the fold surface interfacial free energy as shown above (4), and is

also listcd in Table 4.3. The uilcertainties in the parameters derived for PEO in Table4.3

were estimated by lltking into account the relative uncertainty in Kg(IIl) and its

components. In the case ofliterature data, estimates of experimental uncertainty are not- - .,-,,-
." - -. '-... .

available from sorne soun:CS,'Jut the rc~llve uncertainty can be considered.to be

approximate!y the~e as thatofPEO.
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Table 4.3 Surface interfacial free energies and work of chain folding of PEO and various

other polymers. (The weight average molecuhlr weight of a given PEO sample is listed in

brJckets.)

Pol~'mer

~MW)

Regime O"O"e O"e q Tm° Ref.

(erg2/cm4) (erglcm2) (kJ/mol) (OC)

(1) O"C' q nOt reponed. but calculated as in this chapter

(2) R- or S-po'y(epichlorohydrin)

(3) calculated from literature data using aUi = 0.1

The results .obtained in this study are similar to the results obtained by Alfonso and

Russell (17) tha: are also listed in Table 4.3. The product of the interfacial free energies

reponed by Cheng and others (8). which is based on the assumption of a much lower

equilibrium melting temperature. is substantially less than the other values listed for PEO.
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iPP and PLLA. However. Cheng and coworkers do note that the re-analysis of their data

using an equilibrium melùng temperature of 80 oC alters the values of Kg and Go' and

yield~ a value of - 660 erg2/cm4 for the product of the surface interracial free energies (8).

a value that correlates weil with the results obtained in thi~ study and that of Alfonso and

Russell (/7). Cheng and others assen that "the regime phenomena in those PEO fractions

can still he observed" using an equilibrium me\ting temperature of 80 oC (8). but no

supporting evidence is presented.

The interfacial free energy product of PEO is simiIar to that of iPP and PLLA, as

expected for a linear polymer that resembles PE. The higher tlexibility of the linear PEO

as compared with the other. higher me\ting polymers is visible in the smaller amount of

work required for chain folding in PEO. The work of chain folding of PEO is very simiIar

ta that of another polyether. optically pure poly(epichlorohydrin) (40). but less!han that of

the less tlexible polyester. PHB (33). The low value of the product of the surface

interfacial free energies of polystyrene is due to the low surface entropy that results frorn

the relative\y rigid chain folds of this aromatic polymer; likewise. the work of chain folding

ofpolystyrene is greater!han !bat of the more flexible polymers listed in Table 4.3.

4.3.2.1.1 Conunenton The Importance ofthe EquiübriumMelting Temperature

As stated in the preceding discussion, the equilibrium me\ting temperature is the

most important parameter required for the treatment of crystallizalion kinelics data by

current nuclealion theory. A recent study by Huang. Prasad and Marand (35) presented a

technique !bat cm he used to obtain the value of the equilibrium me\ting temperature from

kinelics data where the circumstances render the accurate experimental deterJl:ùnalion of

this pataDteter difficult. In the aforemenlioned study. the variance (s2?of the fit of me

data for a given regime Was minjmized with respect to the equilibrium me\ting

temperature; that is, the growth rate da~were fitted to the Hoffman-Lauritzen equation
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using Tm0 as a variable parameter. ln the case where two regimes were present, the

variances corresponding to both regimes were minimized. The values of the equilibrium

melting temperature obtained by this technique agreed weil with values obtained by

thermal ::nalysi$ using the Hoffman-Wecks method for the same samples.

The authors of the above study specify that this technique should only be applied

to data that exhibit kinetic discontinuities that arise due to regime transitions and not those

that can arise due to changes in the dominant crystal growth face. No reason is given as

to why the procedure is inapplicable to polymers that exhibit a change in the crystal

growth face. The general approach used in the literature study was used to funher analyse

the growth rate dam of PEO in this chapter. A series of Hoffman-Lauritzen plots were

prepared as a function of the equilibrium melting temperature, with U* = 29.3 kJ/mol and

T00 = -108 oc. The coefficient ofdetermination, that is, r2, was maximized with respect to

the value of the equilibrium melting temperature of PEO for the data in the crystallization

temperature range below the growth face transition, and for the data in the temperature

range above the transition. The best fits obtained for the data in the fonner and the latter

segments of the plot were obtained for values of the melting temperature of 62 and 76°C,

respectively.

The significance of utilizing an accurate estimate of the equilibrium t,;clting

temperature is il\ustrated by the plots of the logarithmic fonn of equation 4.2 using the

realistic equilibrium melting temperature of 76 oC determined by the Hoffman-Weeks

method, and the hypothetical value of 62 oC. as shown in Figures 4.21a and 4.21b,

respectively. An equilibrium melting temperature of 62 oC yields a plot consisting of two

linear segments with satisfaetory cotrelation coefficients of 0.9996 and 0.988 for the·

assumed regimes nI and n. respectively. and a slope ratio of 2.0. a highly misleading

result; although visual inspection of the high-temperarore segment revea\s the fit to these
."

data is rather poor. Not only is a value of 62 oC for the equilibrium melting tèmperature

of PEO a gross underestit:'18te of the aetual equilibrium melting temperature of PEO. but
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the calculation of the product of the interfacial surface free energies corresponding to

regimes II and III yie\ds values of - 174 erg2/cm4 for both regimes. which are

unrealistically less than the values calculated for other crystalline polymers (3).

lntereSungly. an estimate of approximate\y 61°C is obtained for the equilibrium

me\ting temperature of PEO by the Hoffman-Weeks method (42) if the extrapolation

described in Chapter 3 is carried out using samples that were crysla\liwl in the

temperature range 37-45 oC. as noted in the preceding chapter. 1bis temperature range

includes that of the lower temperature segment in Figure 4.2lb. As noted in Chapter 3.

although 62 oC is clearly an underestimate for the equilibrium me\ting temperature of

PEO. it is possible that this temperature corresponds to the me\ting temp>..rature of

imperfect crystals of PEO that do not participate in the equilibrium me\ting that occurs at

76 oC. This hypothesis suggests that crystals possessing a dominant growth face that

corresponds to the (010) plane are not present at the equilibrium me\ting temperature of

PEO; that is, ooly crystals with a (120) growth face undergo equilibrium me\ting at 76 oC.

ln facto there cay he {wo distinct equilibrium me\ting temperature5 that correspond tO the

melting of crystals with the {WO different growth faces.

Oearly. this issue must he addressed by further experiments with other

semicrystalline polymers that exhibit the same type of kinetic discontinuity in the

logarithmic growth rate-temperature curve-as exhibited by"?EO. In addition, it is posSlole

that the Hoffman-Lauritzen model of polymer crystallization is incomplete, and that the

various parameters involved in the mathematical description of the model, in partïcular

those related to crystal melting. require refinement or modification.

4.3.2.2 Poly(ethylene oxide)IPoly(vinyl chloride) BlentJs

The radial growth'rate of spberulites as a function of blend composition is plotted

• in Figure 4.22. The growth rate data were recoIded at various crystallization
, '
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temperatures th:1l sp;m the temperature r.mge of interest. In spite of the morphological

changes und"rgone by spherulites of PEO upon addition of PVC. the rJdial growth rates

of the spherulites grown in the blends at 49, 51, 53 and 55 oC are identical within the

experimental uncenainty to the growth rates of the spherulites grown in the pure polynler.

Spherulite radial growth rate data obtained at 53, 55 and 58 oC by Katime and others also

showed no variation in the rJdial growth rate for 0-50% PVC blends (43). If PEO and

PVC exhibitlimited miseibility in the mel!, as suggested in Chapter 3. this miseibility does

not have a significant effect on the crystallizaùon kinetics of PEO.

The lack of variaùon in the growth rate, even at high concentrations of PVC, is a

result that would be expected for an inuniscible blend. If PEO and PVC are essentially

immiseible, then the growth rate data can be analyzed in terms of equation 4.11. Because

the growth rate data of the PEO spherulites in the PEO/PVC blends essenùally do not

differ from the results obtained in the case of pure PEO, tllen it appears that in the case of

PEO/PVC blends the values of the parameters El-Es in equation 4.11 are negligible.

Based on the theoretical surface interfacial tension calculations in Chapter 2, the surface

interfacial free energy, /},f, of equation 4.12, is expected to be greater than zero for

PEO/pVC blends. The combination of the positive surface interfacial free energy between

PEO and PVC and the rapid growth rates of PEO spherulites lead to spherulite gr.~th

rates that are unpenurbed by the presence of the second component.

The occurrence of aligned features such as veins implies that PVC is pushed and

distoned during crystallization. However, it is possible that some of these features are

formed during the initial preparation of the samples. During subsequent melting and

crystallization .the samples conserve the initial blend morphology. This hypothesis is

supponed by the photomicrographs of the melt morphologies (Figure 4.5). Therefore, the

variations in the supermolecular morphology of PEO noted earlier in this chapter, which ,
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Figure 4.22 Spherulite radial growth rate as a function of PEO/PVC b1end composition

at_,!:lUious Tco (The average growth rate at each temperature is shown by a doned line.)
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(Ire also inferred from calorimetric studies (Chapter 3), can he expected to arise due to

structural variations that occur predominantly at interfaces hetween PEO and PVC. for

example belWeen the erystalline fibrils and the interfibril1ar material. and not throughout

the erystalline structure. The nature of the structural variations that occur at the interface

between PEO and PVC will be examined in detail in Chapter 5.

Due to the enhanced nucleation density of PEO spherulites in the PEO/PVC

blends. growth rate data cou!à not be obtained at temperatures below 49 oC. As a result.

the possibility of the prese'lce of a discontinuity in the growth rate-temperature curve

could not be confimted definitively.

43.23 Tricresyl Phosphare Mixmres

ln contrast with the erystallization kinetics of spherulites in the PEO/PVC blends,

spherulites grown from mixtures containing TCP grow at rates substantially lower than

those observed in the pure polymer. The accessible portions of the growth rate curves of

spherulites grown in PEOrrcp (67f33) and PEO/PVcrrCP (55/12/33). shown in

Figure 4.23a. overlap at low supercoolings and are substantially displaced to lower

temperatures wi:h respect to the curve for pure PEO. The growth rate data for the

temary mixtures are very similar to the data for the PEOrrCp mixture. The data for

spherulites grown from PEO/PVcrrCP (44/23f33) are coincident with the corresponding

data for the temary mixture with lower PVC content. In the mixtures containing both

PVC and TCP. the growth rate depression can he attributed mainly to the low molecu1ar

weight material; however. the plasticization of PVC appears to he responsible for a small

portion of the depression. ln addition to exhibiting a depression in crystallization kinetics

: at a given temperature, the plasticizer mixtures exhibit a slightly different curve shape than

that of PEO. The logarithmic growth rate plots in Figure 4.23b reveal that the kinetic
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discontinuity visible al - 51°C in PEO, and al - 42 and 40 oC in PEOrrCp and

PEO/PVcrrCP (55/12/33), respectively, appears to be arcentuated on addition of TCP.

Because PEO and TCP exhibit, at best, limited miscibility in the melt, as

demonstrmed by melting temperature measurements in Chaptcr 3, the modified Tumbull

Fisher equation (equation 4.9) that was devised for the analysis of the crystallization from

a one-phtlSe melt is not applicable to the PEOrrCp mixture. The equation developed for

immiscible polymer blends (equation 4.11) is not applicable to mixtures containing a

semicryst;ùline polymer and a low molecular weight compound that does not form drop

or panicle-like domains for the spherulites tO engulf, reject, or deform. In addition, none

of the available equations ctm be applied to temary mixtures such as those examined in this

study. Therefore, the growth rate data for PEOrrcp and PEO/PVcrrCP (55/12/33) are

plotled using the original Hoffman-Lauritzen equation (equation 4.2) in Figure 4.24.

The values of the equilibrium melting temperature that were employed are those

obtained by Hoffman-Weeks analysis in Chapter 3, that is. 74 ± 1 and 76 ±9 oC for

PEOrrcp and PEO/PVcrrCP (55/12/33), respectively. The values of T.. and U· were

those used for PEO. As stated in Chapter 3, the effect of additives on the truc glass

transition temperature of PEO could not be determined by the av-..ilable methods due to

the nucleation of PEO by the additives during quenching. The growlh rate data cannot be
'"fitled to equation 4.2 with bath T.. and U· as variable pararneters, and without any

available data on the transport-controlled side of the growth rate-temperature curve. If

bath the numcrator and the denominator of the transport term are varied, in addition to Go

and Kg, the fit does not converge. Any uncertainties in the estimates chosen for T.. and

U· are expected to influence the resultant values of GO' but are not expected to have a

significant effect on the nucleation term.

The plots for PEOrrcp and PEO/PVC/TCP (55/12/33) in Figure 4.24 are linear

with correlation coefficients of 0.9957 anà 0.9960, respectively. The Lauritzen Z-test

indicates that these data alilie within tegïme ID, as is the case of pure PEO. Equations .



•
19.00

18.00--] 17.00...
c

16.00-
e"---- IS.00
~8
• 14.00
~u--=: 13.00--*::J

12.00+--e" 11.00--.s
10.00

9.00

8.00e-S

160

o PEO
[J PEOffCP

• PEO/PVcrrCP

1.00e-4 1.20e-4 1.40e-4 1.60e-4

l/Tc(âT)f (K-'
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4.4,4.5 and 4.15 were used 10 estimate the product of the surfacc interfacial free energics.

the fold surface interfacial free energy and the work of chain folding in the mixtures. The

values of the :10, 1 J' .1.Ht. cxLH' and cr \Vere those used in the previous calculations for

pure PEO. The values of the equilibrium mehing temperatures were those obtained by the

I-loffman-Weeks method, as stated above. The data listed in Table 4.4 show that. other

pammeters rem:lining constant, the decrease in the radial growth mte reflecl~ an increase

in the product of the surface interfacial free energies.

Table 4.4 Nucleation constant, surface interfacial frce energies. and work of chain folding

in PEO spherulites cryst.ll1ized from PEO, PEOrrcp (67/33) and PEO/pVCrrcp

(55/12/33). The results for PEO/pVcrrCP (44/23/33) are identieal with the results for

the mixture with lower PVC content.

Sample

(erg2/cm4) (erglcm2)

q

(kJ/mol)

PEO 1.22 ± 0.01 . lOS 697 ±70 57±6 15±2

PEorrcp 1.81 ± 0.05 . lOS 1038 ± 104 84±8 22±3

PEorrcp(l) 1.88 ± 0.05 . lOS 1077 ± 108 88±9 23±3

PEO/PVcrrCP 2.05 ± 0.06 . lOS 1170± 117 95± 10 25±3

'0-

-----==
(1) results calcu1:tted using eéjuation 4.9

The fold surface interfacial frce energy shows a concomitant increase, which indicates an

unfavomble alteration of this surface. The fold surfaces within the ct)'StalIine maaix !.Ife

more accessible to the smaller TCP molecules than tO:le polymeric PVc. However, the

values listed in the preceding table assume that the IateraI surface interfacial frce energy
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remains constant. It is likely thm both the fold and the Interal surface interfacial free

cnergies are affected by the presence of the TCP.

Also Iisted in Table 4.4 are the results obtained when the data for PEOrrCp are

analyzed in tem1S of the equation of Boon and Azeue (equation 4.9) (16) for miscible

system.~. The correction factor f of equation 4.3 was included in the denominator of the

tem1S on the right-h:md side of equation 4.9. and n was taken as 4. The volume fraction

of the crystallizing component was calculated as 0.68. using densities of 1.17 g/cm3 (44)

:lIld 1.12 g/cm3 (45) for TCP and amorphous PEO. respectively. A plot of the left-hand

side of the following equation

=
K'g

Tc(Ô T)f
(4.16)

as a function of 1rrc(ôT)f yielded a straight 1ine with a correlation coefficient of 0.9960.

The results obtained using this equation do not differ from the resu1ts obtained using the

Hoffman-Lauritzen equation; therefore the effect of the correction term of equation 4.9 is

nC'gligib!e in this case.

Recent studies have demonstrated the tendency of PEO to include other aromatic

compounds such as resorcinol (30). p-nitrophen01 (31,46) and various dihalogenobenzene

compounds (47) within the unit cel1 in stoichiometric ratios when these compounds are

present is excess relative to PEO. The decrease in the secondary nucleation rate in the

TCP mixtures could arise from the occupation of some potential surface nucleation sites

by TCP m01ecules. The unfavorab1e interactions due to the creation ofa PE0etrCP
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interfuce .15 opposed to u PE0cfPEOc or u PE0cfPEOa interf'lce. where the subscripts c

and .1 denote the crystalline and amorphous phases. respectively. could be responsible for

the significunt incre'lse in Ihe surface interfacial free energies of the crysmlline PEO.

However. it is difficult to ,ICCOunt for the increase in the work of chain folding that

appears to occur upon the uddition of the plasticizer. Funhermore. the inclusion of Tep

molecules on the fold and lateml surfaces is expected to cause an increase in the entropy

of these surfaces. This entropy increase is expected to overwhelm any positive enthulpic

contribution th'll could 'Irise due tO the presence of the TCP molecules. Therefore. the

product of the surf'lce interfucial free energies should remain the s:une as in the cuse of

pure PEO, or even decreuse slightly. In genernl, this product has been observed to remain

constunt or to decreuse with increasing .Imount of the noncrystallizing component in

miscible blends (see, for example, references 48,49). In only one instance has the product

been noted to increase relative to the value for the pure polyrner (50). The increase was

reponcd in u study of the crystallization of miscible mixtures of iPP and dotriacontane

(C32H661, in the composition range 10-100% iPP (50). However. no measurements of the

melting temperatures of these mixtures were reponed in the litcrature study; and the value

of the equilibrium melting tempemture that was employed in the analysis of the spherulite

r.tdial growth rate data of the blends by the Hoffman-Lauritzen equation was the value for

pure iPP (50).

The unexpected increase in the product of the surface interfacial Cree energies

observed in this study, combined with the depressi"n in the sphe."lJlite growth rates and the

analysis of the available Iitemture data, sttOngly suggests that the estimates of the

equilibrium melting tempemtures of PEOrrcp and PEO/PVcrrCP that were obtained by

DSC in the preceding chapter are, in facto overestimates of the aetual values. lt is possible

that the noted interference ofTCP in the lamellar thickening process of PEO precludes an

accurate determination of the equilibrium melting temper.ltures of the plasticizer mixtures

by the Hoffman-Weeks method. If the produets of the surface interfacial Cree energies of
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thcse mixtures are assumed tO be unchanged relative to that of PEO. then the equilibrium

melting temperatures of these mixtures should be lower than the reported values. In the

case of PEOrrCp. an equilibrium melting temperature of - 69 oC yields a value of crcrc of

- 697 erg2/cm4; in the case of PEO/PVcrrCP (55/12/33). the equilibrium melting

temperature will be slightly lower. The literature data for iPP and dotriacontane (50)

would benefil from :1 similar analysis.

ln contrast with PVC. TCP does exert an influence on the crystallization kinelics

of PEO. thereby suggesting that the inclusion or exclusion mechanism active in the case of

TCP differs from the corresponding mechanbm for PVC. The difference in the molecular

weighl of the two additives alone provides adequate support for this hypothesis. TCP. as

a relatively small. mobile species. offers less resistance to an advancing crystalline front

than the cumbersome. long-chain pve••1 characteristic which could lead to widespread

expulsion of TCP molecules by the growth front. On the other hand. the sm.lil sizc of the

TCP molecules could facilitate incorporation of sorne of these molecules in interlamellar

regions. a struclurallevel generally inaccessible to the large. entangled PVC moleeules.

Furthermore. the plasticizating effeel on PVC by the excess amount of plasticizcr

present in the ternary mixtures will increase the rnobility of the pve molecules. which may

also be expelled or incorporated by the crystallizing front more easily than is the case in

the blends containing unplasticized pve. As a result, the growth rates observed in the

ternary mixtures are not as depressed as would be cxpected given the growth rate

depression in the PEOrrcp mixture. and the increased proponion of TCP relative to !hat

of PEO in the ternary mixtures. The effeet of TCP on the crystaIIization kinetics of PEO

may aIso be diminished in the ternary mixtures by the preferential mixing of the TCP with

the PVC phase such that the amount of plasticizer !hat is available to mix with the molten

PEO phase is reduced. -
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4.3.2.3.1 Commenr Regarding the Disconrinuiry in the Growth Rate Curve

The fil~ to the data for the temary mixtures in Figure 4.24 indicate a small degree

of curvature in the data. A slight discontinuity is visible in each of the plOl~ in Figure

4.23b. at 42 and 40 oC for PEOrrCp and PEO/PVcrrCP (55/12133). respectively. The

discontinuity is more pronounced in the case of the temary mixture. The ratio of the slope

of the low-temperature segment (35-42 OC) to that of the high-temperature segment (43

48 OC) for PEOrrCp is 0.72. The value of this ratio is sùnilar for the temary mixture. If a

lower value of the equilibrium melting temperature of PEOrrCp. such as 69 oC. is

employed for the Hoffman-Lauritzen plot, then the corresponding slope ratio is 0.78.

Again. the plot is characterized by a slight degree of curvature. but the presence of a

regime tranSition is not indicated by any of these results.

A possible explanation for the deviation of the data from linearity would he the

temperature-dependence of the product of the surface interracial Cree energies. That is. as

more TeP molecules are entrapped in interlamellar regions with decreasing ternperature.

the entropy of the fold surface will increase and aGe will decrease, thereby causing a

decrease in Kg. In fact, a decrease in Kg at lower temperatureS is the trend that bas been

observed for these samples.

The growth rate data of the PEOrrcp mixture were examjned in further delail

following the same procedure as that used for the data obtained for pure PEO. That is, a

series of Hoffman-LaUIÎtzen plots were constructed as a function of the equilibrium

melting temperature. 1ben the coefficient ofdetermination was maYimjwi with respect to

the value of the equih"brium melting ternperature for the data in the temperature range

abcive the discontinuity. and for the data in the temperature range below the discontinuity.
'.

~gain. the values ofT.. and U· were held constant. As in the case of pure PEO. the fits

to the IWO segments yielded different values of the equih"brium melting temperature: 54 oC



•
166

for Ihe low-Iempemlure segment. and 75 oC for the high-tempenllure segment. The

correlmion coefficients were 0.9991 and 0.9980. respective1y.

A value of 54 oC is a signiticant underestimate of the equilibrium melting

temperature bccause crystalliz:ltion can be observed at this tempermure. A value of 75 oC

:lgrees with thm obt:lined by the Hoffman-Weeks method in Chapter 3; however. this

value has been questioncd on the b:\sis of the growth rate depression :lOd other factors that

were discussed in the preceding section. The agreement between the laller v:;lue and the

Hoffman-Weeks result more probably confmns that the suppression of the lamellar

thickening of PEO that was observed in the bulk s:unples also occurs in the thin sections.

If the (010)-(120) growth face tl'unsition also occurs in mixtures containing TCP. then it is

possible that the detemlination of two distinct values for the equilibrium mclting

temperature by this method reflects the twO different melting temperatures charncteristic

of (010) and (120) growth. as in the case of pure PEO.

4.4 Summary

The observation of the morphology and the crystallization kinetics of PEO

spherulites grown from pure PEO. PEO/PYC blends, and PEorrcp and PEO/pYCrrcp

mixtures by polarized light microscopy has shown that the crystallization ofPEO is

influenced at different structural leveis by the IWO additives. Neither additive appears to

mix substantiaily with the PEO melt to a significant degree at 100 oC or at any given

crystallization temperature. The supermolecular morphology of PEO becomes coarser

with incrèasing crystallization temperature and increasing additive content, aithough both

additives cause a disordering of spherulite structure not secn in spheruIites of pure PEO.

The incidence of tangentiai extinction patterns visible in spherulites grown from mixtutes

containing TCP indicates that the low moleeular weight additive is incorporated in
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interiamellar as weil as interfibrillar 2IId interspherulitic regions; whereas the polymeric

PVC appcars to he confincd to interfibri1lar and interspherulitic regions.

The proposee! existence of a regime HIIII transition in PEO has heen disprc.ved hy

the ir.terpretation of the growth rate data using a more accurate value of the equilihrium

melting temperature of PEO than that ernployed by literature (8) calculations. It i~ highly

probabh: tbat the discontinuity observed in the growth rate-temperature curve of PEO

arises due to the transformation of the dominant crystal growth face from the (010)

crystallographic pla.'1e to the (120) plane, as suggested by literature data (10) obtained

from X-ray diffraction of single crystals. This hypothesis will he explored further in the

following chapter. Furthermore, it is postulated that there are IWO distinct equilibrium

melting temperatures tbat correspond to crystallization with the (010) or the (120) growth

face as the dominant growth face. The (120) growth face leads to the formation of

material with an equilibrium melting temperature of 76:t 2 OC; whereas the (010) face

exhibits a lower equilibrium melting temperalUre ofapproximately 62 oc.
As in the case of pure PEO, crystallization in the blends and the mixtures occurs

within regime m. The presence of pve does not affect the crystallization kinetics of

PEO, even at a blend composition of 50%, in the accessible lemperature range. The

presence of a discontinuity in the growth rate data of the PEO/PVe blends could not he

verified detinitively due to the limitation of the accessible lemperature range by the

enhanced nucleation density of the PEO spherulites in the blends. By contrast, the

presence of TCP reduces the spherulite growth rate significantly. The plasticization of

pve by TCP in the terIWy mixtures causes a slight, additional depression in the growth

rate that may arise due to the incorporation of portions of the plasticized pve molecu\es

within the fold surfaces ofPEO.

The increase in the produet of the fold and lateral surface interfacial Cree energies

in the TCP-containing mixtures may reflect the unfavorable interfacial area created by the

inclusion of TCP molecules in the fold surfaces and possibly within the lamellae
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!hemselves. However. the depression in the growth rate data. the 'lnomalous incre'lSe in

the product of the surf'lce interfacial free energies. and the observcd trends in liter.llure

data suggest that it is more likely that the estimates of the equilibrium melting

temperalUres of the plasticizer mixtures obtained by the Hoffman-Weeks m,'!hod are

overe.'1imates of the actual values. As in the case of PEO. it is po~ible that the

crystalliz..'ltion of PEO in mixtures containing TCP occurs with the (010) and !he (120)

growth faces as the dominant growth faces at lower and higher temperatures. respectively.

Again, these two different growth faces ml\Y lead tO material with two distinct equilibrium

melting temperatures.

The influence of the additives on !he orientation and the conformation of the

individual polymer chains will he investigated using infrared microspecaoscopy in Chapter

5.
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Polarized Infrared Microspectroscopy

5.1 Introduction

The ability to obtain polarize<! spectra of small. selecte<! areas of thin samples

makes polarized infrared microspecnoscopy (PIRM) idea1ly suite<! to the analysis of

erystallite orientation and polymer chain conformation within spherulitCS, an application

that has not been reported to date in the literature. When combine<! with difference

spcctroscopy. PIRM is of particular use where spherulires have grown in the presence of

additives. Although the technology employed by infrared microscopes bas been available

for several decades. it is only recenùy that this technique has seen significant application in

materials analysis (1-3). Like regular infrared specnoscopy (IR). infrared

microspeclIOscopy (IRM) provides information about molecular structure and

conformation; however. unlike IR, lRM can he used to obtain this information from weIl

defined areas as sma1l as - 30 pm x 30 pm in thin sections ooly 10-20 pm thick. An

infrared microscope is composed of a visible light microscope and an infrared microscope

that share the same optica1 path. thereby permitting visual inspection of a sample ata

specific magnification and selection of a region of intcrest from which to acquiIe a

spectrum. with the area of intcrest defined by an aperture of specific size and geometry.

Funhermore, the use of an infrared polarizer permits dichroism experiments that :revea1

. information about orientation in nonisonopic sauiples (3).

Examination of the spectrUIIl of one component of a multicomponent system is

possible through the technique of differenee specnoscopy or spectral subtraction.

Difference specnoscopy involves the removal of individual components from the spectrUIIl



• of a mixture based on a knowledge of the sllectnl of the pure components. Although

infrared measurements are commonly recorded in terms of percent transmiuance. %T.

spectral arithmetic is carried out using absorbance. A.

A = 2 -log(%T) (5.1)

a linear anà not a logarithmic quantity. Absorbance is described by Beer's law

A =ECt (5.2)

where E is the absorptivity coefficient, C is the concentr-.tlion (which equals unity in the

case of single-component, solid samples). and t is the path length or sample thickness (2).

ln some cases the speCtra of the individual components ure penurbed in the mixture, and

this result in itself can provide valuable information about the intenlctions within the

mixture (2). On the other hand. in an immiscible polymer blend or mixture containing a

semicrystailine polymer the spectra of the additives should not deviate from the

corresponding neat spectrn. As a result. any microsauctural variations in the

semicrystalline polymer become evident in the difference specaum once the specaum of

the additive has been removed.

Due to the sensitivity of infrared vibrations to the local environment of groups of

atoms, distinct spectra are observed for 'specific molecular conformations (2). Difference

speetroscopy can he applied to reduce the specaum of a semicrystalline polymer.

containing contributions from a distribution of chain conformations in both tbe crystaIline

and the amorphousstates, toa specaum representative of the crystallinemateriatalon~ A
/ -~ .

spectrum of the amorphous melt of,the polymer of interest iSused to teIl10ve the

contribution of tlÎe amorphous component present within the 1ÎIatrix of the semicrystalline

polymer. Spectra of the purely crystalline phase havèbeen obtained for severa! crystaIline

:-" ~'

:
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polymcrs by this mcthod. including polyethylenc (4). polypropylene (5). poly(ethylene

lCrcphthalalC) (6). polystyrene (7) and poly(vinylidene l1uoride) (8). Because most

polymcrs can adopt a variety of conformations in the crystalline state. these so-caIled

"crystallinc" spectra can he composed of contributions from more \han one conformation:

however. subtraction of a parùcular conformer l"lquires knowledge of the spectrum that

corresponds enùrely to that conformer. In general. normal mode anaIysis pennits

determination of the frequencies characteristic of a given conformation. but conformation-

specific speCtra cannot he obtained due to the impossibility of preparing a sample

composed of a single conformer (2). In practice.. variations in the conformer population

distribution resulting from changes in crystallization conditions can be followed by

comparison of the values of the absolute absorbance or absorbance ratios at relevant

frequencies. The presence of additives can influence crystalline polymer chain orientation

as weIl as conformation.

Comparison of polarized spectra obtained with the polarizer oriented at 0 and 90°

with respect ta a defined direction in oriented samp\es reveals information about the

orientation of the vibrations within the sample.. The dichroic ratio. R. defmed as

(5.3)

. ..

where the subscripts Il and 1. denote paraIlel and perpendicular orientation relative to the

reference direction, respectively. is used to describe the degree of sample orientation.

Typically. the paraIlel direction of drawn samples is the draw direction or the direction of

the polymer chain axes. and the perpendicular direction lies perpendicular to the chain

axes (2). In polymer spberu1ites, the polymer chain axes are typically perpendicular to the. .
. spherulite radius; therefore the radial direction is designated as the :"perpendïcular"

direction, and the tangential direction is designated as the "para\le1" direction. Throughout



the following discussion. a spc:ctrum acquired where the infrared polari7.er L~ oriented

parallel ta the spherulite radius will he referred to as a "perpendicular spectrum"; whi\e a

spectrum acquired where the polari:rer is oriented along the tangenùal direction of the

spherulite will he referred to as a "parallel spectrum". Because the parJ11d direction does

not coincide with the length of the chain axes. the magnitude of t.ie dichroism oh.~rved in

spherulitic thin sections is less than that observed in oriented samples. such as drawn

libers. composed of the same rnaterial. However. spherulitic dichroic raùo measuremenl~

provide a rneasure of the degree and nature of the orientation found in sub-spherulitic

structure.

The Herman orientation function. defined below

(5.4)

where ~ is the orientation angle between the designated "parallcl" direction (the draw

direction in the case of oriented samples or the tangential direction in the case of

spherulites) and the local rnolecular chain axis. is an alternative rneasure of sample

orientation (2). This function is equal to -0.5 when the chain axes are all oriented

perpendicular to the draw direction. and 0 when the sample bas randorn orientation.

Dichroic ratio data can be used to calculate F using the following relation

F = (R - 1)(& + 2)
(R + 2)(Ro - 1)

(5.5)

where Ro is the dichroic ratio in the case of perfect orlentation.~ Thé parameter Ro c:an be

determined from a knowledge of the traDSition moment angle. 'l'. of a given vibration with

respect to the localcm axis, as shown below

:



• Ro =2 cot2 'l' (5.6)
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The transiùon moment angle is depcndent on the vibraùon of interest and the molccular

conformaùon. A method such as rotaùonal isomcric states moddling has been uscd to

determine an average transiùon moment angle for a particular vibraùonal mode of PEO

(9); however. in erystalline samples an average angle of {l or 90° is more rcalisùc.

The morphological variaùons in spheru1ites erystallizcd from the melt of pure PEO.

PEOIPVC b\ends. and PEorrcp and PEOlPVcrrCP mixtures that are discusscd in the

prcceding chapter indicate the occunence of microstructural variations as weil. While the

prcceding chapter examined spherulitic structure at the level of spherulite.~and erystalline

fibrils, this chapter uses PIRM to probe the changes in erystalline stem orientation and

polymer chain conformation that give lise to the observed macrostructure. Difference

spcctroscopy. a10ng with dichroism and peak ratio measurements. is applied to the task of

determining the influence of PVC and TCP on the erystalline structure of PEO at the level

of the individual erystalline chains. In addition. the effect of PEO on chain conformation

in PVC is examined.

5.2 Procedure

The technique employed for the preparation of thin sections in the previous

chapter was modified for infrared experiments to minimize the potential of introducing

strain or damaging the spheruliteS during the removal of the samll\es from their substrateS.

For these experiments. a thin section was prepared by placing a smal\ amount of sample

:(<:.1 mg) on a Teflon shect on a standard glass microscope slide. The slide was placed on
- . ~

a hotplate set at 110 oC and the sample was allowed to meÎt ~ore the addition of a
'.

second Teflon mec. and glass slide on top of the sample. This ensemble was covered'with

a metal weight to provide sufficient pressure to ensure that the sample would spread to the
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desired thickness (- 20 IIm) between the Tenon shecK At"tt:r a lolal mdl ùme of :; min.

the glass slide sandwich was transferred 10 a digital hOlplale sel al Ihl" appropriaIl"

crystallizaùon lemperature and covered with another metal wdghl preheated 10 the same

temperature. Samples were prepared at temperatures corresponding 10 an undercooling of

2 oC with respect to the growth rate discontinuity describcd in the prel'Cding chapler. Ihal

is. at 49 oC in the case of PEO and the PEO/PVC blends. 40 oC in the case of PEOrrCp.

and 38 oC in the case of the PEO/PVcrrCP mixtures. Addiùonal cxpcrimen1.~ were

carried out u.-ing higher crystallizaùon temperatures as weil. Crystallizaùon ùmes were

chosc:n to permit complete crystallizaùon at the selected tempcratures. The samples were

allowed to cool to room temperature. removed from bctween the Tenon sh<.'C1.~. and

stored in a dessicator containing frP-sh dessicant for no longer than 24 h prior to

acquisition of gpectra.

Spectra were acquired using a Perkin-Emer Infrared Microscope equippcd with a

fixed 100 IIm diameter aperture and a mercury-cadmium-telluridt: (MCT). and intcrfaccd

with a Perkin-Emer 16PC Infrared Specuometer and a persona! computer. A schemaùc

drawing showing the general design of the microscope is given in Figure 5.1. A thin

section was placed between potassium bromide plateS (13 mm diameter. 1 mm thick) to

ensure that the sample remained flat during the experimenL The sample was viewed

between crossed. visible light polaroid sheets to locate areas suitable for data acquisition.

The selected areas of 100 lIffi diameter were all- 200 lIffi from the spherulite cc:nter so

that fibril orientation was relatively Wliform. To acquire a statistically significant set of

data, IWO to tbree areas were selected in each of a minimum of three thin sections for

every sample. "Parallel" and "perpeiÏdicular" spectra were recorded with the infrared::

polarizer oriented tangentially and radIany. respectively. at each location. A background

-spectrum of 16 scans at a resolution of 2cm-1 was àcquirecf prior to each sample

spectrUm. and a IOtaI of 32 scans were accumulated for each spectrum. In addition.
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Figure 5.1 Schematic ofthe Perkin-Elmer lnfrared Microscope (after reference 10).
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nonpolarized specua were acquired for a thin. solution-cast lilm of PVC and the neat

liquid TCP.

To obtain a spectI'WII of amorphous PEO at 100°C. the infrared microscope stage

was modified to enable attachment of a Metùer FP52 microscope hotstage interfacul with

an FP5 Temperature Controller. A thin section of PEO mounted betwe.:n potassium

bromide plates was hcated at a rate of 1°Imin to 100°C and allowed to equilibrate lor 2

min. A background spectI'WII of 32 scans was acquired at 100°C prior to acquisition of a

sample spectI'WII of 128 scans.

5.3 Resolts and Discussion

The dichroic ratios for the well-defined peaks at 1468. 1455. 1360. 1344. 1281.

1243. 1062. 965. 947 and 843 cm-l were determined tor cach set of paralIei and

perpendicular spectra. The values of the absorbances used in the ratios were less man 1.0.

with the exception of sorne values obtained for high-intensity vibrations. where

1.0 SAS 1.5. In addition. the absorbance ratio was determined for the following pairs of

vibrations: 1344 and 1360 cm-l• 1243 and 1281 cm-l• 965 and 843 cm-l • and 965 and

1062 cm-l. The average dichroic ratio at each frequency and the average of each of the

peak ratios was calcu1ated for a given sample and crystallization temperature. The

spectral pair exbibiting results closest to the average results for a given sample and

crystlI1lization temperature was tben used as the starting spectral pair for difference

spectrOSCopy. The contributions atising from amorphous PEO. PVC and TeP were

-removed, where applicable, from the starting pairs of spectra to reveal spectra of purely

cÏystalline PEO. Subsequently, the dichroic ratio at the above freqllencies and the peak

ratio for the abovepeakpairs were determined for purely czystalline PEO.
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• 5.3.1 Infrared Dichroism of Spherulites of Poly(ethylene oxide)

53./.1 Poly(erhylene oxide)

~,<:.:.....:"
:'4:::'
:t~' ,

lnfrare<! dicluoic spectra reflect the orientation of crystalline stems within the

spherulite. To examine the spectra of the purely crystalline component of PEO, hereafter

refened to as "crystallin<: spectra", the contribution of the amorphous component must be

removed from the speetra. Parallel and perpendicular speetra of PEO cryStalliwf at

49 oC, shown in Figures 5.2a and 5.3a, can be refined to yield the purely crystalline

spectra in Figures 5.2b and 5.3b by subtraction of the melt spectrum of PEO, shown in

Figure 5.4, using the appropriate scaling factor. To subtract the amorphous component of

the PEO spectrum, the baselines of ail three spectra were aligned, by adding a constant to

each of the original PEO spectra sa that the absorbance at 1500 cm-! in the semicrystalli:ne

spectra was equal to the corresponding WJ.ue in the amorphous spectrum. Because the

amorphous component of PEO accounts for 22% of a fully crystallized sample, as stated

in Chapter 3, this portion of the area under the curve in the semicrystalline spectra can be

attributed to the amorphous component. Therefore, the area under a representative part

of the curve between 1400 and 1215 cm-! in ail of the speetra was measured using a

ba.'lC1ine drawn between the twO limiting wavenumbers. Then the amorphous spectrum

was scaled by the factor required to give a corresponding area in the amorphous spectrum

. that constituted 22% of the area detennined for the semicrystalline spectra, before

subtracting the amorpbousspectrum !rom each ofthe semietySta1line spectta. Comparison

of the dicluoism of the vibrations of spherulitic PEO, listed in Table 5.1, with the

dichroism of the vibrations of oriented, fibrous PEO reported in the literatme (11)

confirms the perpendicularorientation of.the chain axes. with respect to the spberulite

Illdius.
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(a) before and (b) afler subtraetion of the amorphous companent of PEO.
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Table 5.1 Vibraùona! assignments and dicbroism of crystalline region of spheruliles of

PEO fonned al 49 ·C.

Vibrational mode (1) Dichroism

1468 bd(CHVa - bd(CHvs .1

1455 bd(CHva Il

1360 wg(CH2)s + str(CC) .1

1344 wg(CHva Il

1281 tw(CHVa + tw(CH2)s .1

1243 tw(CHva 11

1062 str(COC)a - rk(CH2)S .1

965 rk(CHV 11

947 rk(CHV - str(COC>a 11

843 rk(CHva .1

(1) The abbreviations bd, wg. Sir. tw and rk denote bending. wagging. stretehing. twisting

and rocking modes. respectively.

The vibrations at 1468. 1360. 1281. 1062 and 843 cm-1 are perpendicular to the

chain axis. while the vibrations at 1455. 1344. 1243. 965 and 947 cm-I are parallel to the

chain axis. as indicared by dicbroic ratios Jess than and greater than unity. respectively_

According to the literature vibrational asSigmnents (11). the paralle1 bands genmlly

correspond ta unique vibrations.. whereas the perpendicular bands correspond to two

different vibrations in combination.
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To illustrate the significance of these vihrations in lenns of the ha.~k crystalline

structure of PEO. the orientation of the unit cell of fl::O with respect to the spherulite

radius is shown in Figure 5.5. Figures 5.5a and 5.5h illustrate the possihle orientations of

the unit cell in samples erystallized at temperatures above and hdow the growth face

transition that is thought to occur at - 51 oC. as stated in Chapter 4. It is important to

note that lower temp.:rd.ture erystallization with the (010) face as the growth front. that i.~.

with the crystallographic b axis as the radial direction. resulL~ in chain axes that are

perpendicular to the plane of the spherulite. However. higher temperature erystallization

with the (120) face as the growth front also leads to chain axes that are perpendicular to

the plane of the spherulite. but in this case the helices are rotated - 45 0 about the c axi.~

with respect to the spherulite radius.

Comparison of dichroic ratio data for PEO erystallized at 49. 51. 53 and 55 oC.

which are Iisted in Table 5.2. reveals that the data obtained at 55 oC deviate significanùy

from the data obtained at the other three temperatures. Whùe the dichroic ratios of ail of

the corresponding bands recorded for the samples erystallized at 49-53 oC art' identical

within the experimental uncenainty. with the exception of slight deviations at 1243 and

965 cm-l• the dichroic ratios of most of the relevant bands recorded for the samples

erym]!jzed at 55 OC differ in terms of their absolute value and orientation. More

specifically. the dichroic ratios of the perpendicular vibrations at 1468. 1360. 1281. 1062

and 843 cm-l in samples eryS'allized at 49-53 oC are aIl close to unity in the samples

crystallized at 55 oC. The dichroic ratios at 1468 and 843 cm-l show a s1ight parallel

orientation. The parallel vibralÏon at 1455 cm-l changes orientation. and the dichroic

ratios of the parallel vibralÏons at 1344. 1243 and 965 cm-l decrease at 55 oC. Only the

vibration al 947 cm-l appeaIS to be re1ativelyinsensitive to the crystallization temperature. .

This unifonn change in the dichroic ratios of the perpendicular bands .that is

accompanied by smaIler adjusunents in the orientation of the parallel bands is consistent
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• with the growth face transfonnation and concomitant change in the orientation of the

crystalline chain axes described previous1y and iIIustrated in Figure 5.5.

Table 5.2 Dichroic ratio data for PEO at 49. 51,53 and 55 oc.

v (cm-1) 49°C 51°C 53°C 55°C

1468 0.92 0.91 0.94 1.08

1455 1.50 1.30 1.22 0.93

1360 0.82 0.82 0.92 1.02

1344 1.64 1.70 1.65 1.37

1281 0.91 0.89 0.95 LOI

1243 2.17 1.74 1.80 1.46

1062 0.91 0.86 0.95 LOO

965 1.90 1.69 1.53 1.29

947 1.23 1.16 1.20 1.21

843 0.89 0.81 0.97 1.05

The perpendicular vibrations that are oriented radially when the (010) face is the dominant

growth face acquire a significant paraIIel component when the (120) face becomes the

dominant growth face. Because the shift in the radial direction is 45°, vibrations that are

predominantly radial in the case of a (010) growth face acquire an orientation that is

intermediate between the radial and tangential orientations in the case of a (120) growth

face. Therefore. the dichroic ratios of these vibrations are expected to be intermediate

between paraUeland petpendicularorientation; that is, the ratios should be close 10 unity.

The paraIIel vibrations are not influenced by the growth face transformation to thee same extent as the perpendicular vibrations because these vibrational modes are oriented
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mainly along the chain axes, which are perpcndicular 10 thc plane of the spherulilC. The

parallel componem of these modes deereases in the case of a (120) growlh face. hUI only

the independent CH:! bending mode at 1455 cm-I undergoes a change in oricmaùon. The

bending mode at 1455 cm-1 and the rocking mode at 965 cm·1 exhihil the musi

pronounced changes. as expected for modes involving moùons perpcndicular 10 the chain

axes (illusuated by the diagram in Figure 5.6). or in the plane of the spherulilC. The

independent modes at 1243 and 965 cm·1 also exhibit significant changes. Although some

of the changes noted in Table 5.2 lie close to or within the given experimental uncenainty

(e.g. 1468 cm-1). the results obtained for ha1f of the normal modes examined lie distinctly

outside of the experimental uncertainty. The overall trends obscrved provide strong

suppon for the occurrence of the (010)-(120) growth face transformation.

5.3.1.2 Poly(ethylene oxide)/poly(vinyl chloride) Blentis

Photomicrographs in the preceding chapter illusuate the disordering elTeet of

additives on the morphology of the PEO spheru\ites. Examination of the crystalline

speeua of PEO in the PEOIPVC b1ends requires spectral subuaction of the PVC prior to

subuaction of the spectrum of the amorphous PEO. The fust step in the subuaction

process was to adjust the hase!ÙIeS of the blend speeua so that the absorbance at

1500cm·1 was equivalentto the value for the PVC spectrum shown Ùl Figure 5.7. In this

case. the difference in absorbance between IWO peaks characteristic of PVC at 1427 and

1400 cm-1 and the known blend composition were used to dctermine the scaling factor for

subttaction of the PVC spectrum. TheIl the procedure described Ùl the preceding section

for removal of the amorphous component of PEO was canied OUL As an example. the

specua ofPEOIPVC (75125) aystallized at49 OC before and after difference spectroscopy

are shawn in Figure 5.8.
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Figure 5.6 lliusttation ofvarious CH2 vibrational modes (aCter reference 12).
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The presence of pye bas a significant effect on the dichroic raùo of severa! PEO

erystalline vibrations. As the pye content in the blends increases. the dichroic raùos of

the parallel vibrations at 1455. 1344. 1243 and 965 an-I decrease towards unity and

remain close to unity. as shown in Figure 5.9; these vibrations do not change orientation

ta become perpendicular vibrations. At a pye content of 50%. the dichroic ratio for ail

of the vibrations is - 1. as shown by the data in Table 5.3.

Table 5.3 Dichroic ratio data for PEO and the PEOIPVe b1ends at 49 oC.

%PVC

v (an-l ) 0 10 18 25 35 50

1468 0.92 0.82 0.86 0.93 0.96 0.89

1455 1.50 nia 1.43 1.28 1.20 1.27

1360 0.82 nia nia 0.91 0.95 0.84

1344 1.64 1.54 1.50 1.37 1.25 1.02

1281 0.91 0.84 0.88 0.94 0.95 0.87

1243 2.17 2.24 1.69 1.63 1.36 1.25

1062 0.91 0.83 0.80 0.96 0.99 0.84

965 1.90 1.85 1.60 1.50 1.31 1.11

"~ 947 1.23 1.04 1.00 1.09 1.06 0.95
-

843 0.89 0.85 0.82 0.94 0.98 0.80.....-- ....,.
,.'

On, the other band. the di~ ratios of the peqleDdicular vibratiODS. a1Ieady close to

UDity. remain unchanged within an expeliliiental error of =10%. The vibrations that

exhibit the laIgest changes with changing b1end composition are those having the bighest

degree of orientation, that is, the vibrations at 1243 and 965 an-l, wbile the slightly less
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orienied vibrations at 1455 and 1344 an-! aIso approach unity but e:xhibit smaller relaùvc

changes. as shown in Figure 5.9. Because a dichroic raùo of 1 implics an isotropic samplt:

in the plane of the po1arizer it is clear that as the pve conrent incn:a.<;t:S. the arrang<."lIIcnt

of the crystalline srems within the PEO spherulites becomes disordered relaùve to the casc

of pure PEO. a result that is not surprising given the disordered morphologies obscrve:d by

po1arized light microscopy.

The independent CH2 vibrational modes an: expecied to he the most sensitive: to

any structural changes. and reference to Table 5.1 indicates that the modes at 1455. 1344.

1243 and 965 an-} an: indeed indepe:tdent methy1ene vibrational modes. The high

sensitivity of the CH2 wagging mode at 1344 an-! strong1y suggests that the structural

changes in PEO invo1ve modifications 10 the shape of the backbone, that is. to the po1ymer

conformation. because the wagging mode invo1ves the cooperative motion of the

methy1ene carbon atom along the po1ymer backbone, as illustraied by the diagram in

Figure 5.6. The CH2 twisting and roeking modes at 1243 and 965 anal. respective1y. an:

aIso more dependent on po1ymer conformation than the bending mode at 1455 an-!.

The Herman orientation function. F. was calculaied using the dichroic ratio data at

1344 cm-} 10 further explore the disordering effect of pve on the crystalline structure of

PEO. This particular vibrational mode was se1ected due to its evidenl1y high sensitivity to

structural changes. The average ttansÏlÏon moment angle was taken as 90°; that is, the

factor <Ro +2)1<Ro - 1) is equal 10 -2.0.

The orientation function is plotted as a function of PEO/PVe b1eod conrent in

Figure 5.10. Oear1y. as the pve content in the b1eods inc:reases, the samp1e proceeds

from a state where the crystalline cbains an: oriented perpendicular to the spherulite

radius, as indieated by a value of F of -035 for pure PEO. to a bighly disordered state

that approaches random orientation, as indieated by a value close tô zero for the 50%

blend. As the spherulite growth front encounters immobile pve that cannot be
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incorporated within the crystalline structure at a level lower than that of intcrlihrillar

regions. the PEO is forced to grow around the foreign bodies in order 10 proceed. An

overall radial growth direction demands that the orientation of the I:rystallizing hlocks

change as the structure accommodates the inclusions (13). therehy Ic:ading 10 a

randomized orientation of the crystallites.

For the purpose ofcomparison. the dichroic ratios of the modes at 1468. 1455 and

1344 cm-lof PEO and the PEOIPVC blends at 49 and 55 oC are listed in Table 5.4.

Table 5.4 The dichroic ratio at 1468. 1455 and 1344 cm-1 for PEO and the PEOIPVC

blends. Tc 49 and 55 oC.

%PVC 49°C

Rl468

55°C 49°C

Rl455

5S°C 49°C

Rl344

55°C

0 0.92 1.08 1.50 0.93 1.64 1.37

10 0.82 0.90 nia 1.31 1.54 1.62

18 0.86 093 1.43 1.13 1.50 1.63

25 0.93 0.95 1.28 1.35 1.37 1.12

35 0.96 0.99 1.20 1.07 1.25 1.16

50 0.89 0.91 1.27 1.25 1.02 1.08

The dichroic ratio of the representative pe1'pendicular mode at 1468 cm-1 appears to

increase slightly towaIds UDity from 49 to 55 oc. as in the. case of PEO. However. the

dichroic ratios of the two parallel modes at 1455 lIDd 1344 cm-l~do not show the

substantial decrease that W3S observed for pure PEO. The increase in R of the

pe1'pendicular mode is consistent with a change in the growth face from the (010) 10 the
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(120) face. The absence of a significant change in the orientation of the parallel bands

does not indicate the absence of a growth face transition. as it was noted that these modes

are expected to be less sensitive to such a transformation. Instead. it is apparent that the

presence of the PVC perturbs the crystalline structure of PEO at the level of the crystalline

stems sufficienùy to diminish the observee! effect of a change in the growth face. The

nature of this perturbation will be examined in detai1later in this chapter.

5.3.1.3 Tricresyl Phosphate Mixtures

The contribution ofTCP to the mixture spectra was removed using the absorbance

at 1550 cm-1 as a baseline referenee and the area between 1625 and 1565 cm-1 as the area

for determination of the scaling factor. The contributions arising from PVC and

amorphous PEO were then subtraeted according to the procedures descnDed in the

preceding two sections. Sample original and difference spectra are given in Figure 5.11.

The dichroic ratio data for spherulites crystaIlized from PEOtrCP at 40 oC. that is., at an

undercooling of 2 oC with respect to the kinetic discontinuity that may represent the

(010)-(120) growth face transition that occurs in pure PEO. as discussed in Chapter 4. are

given in Table 5.5. The resullS for PEOtrCP are very simiIar with the corresponding data

for spherulites crystaIlized from pure PEO for an of the vibrations except those at 1243

and 965 cm-l• within an expeximentallD1certainty of:l: 10%. It should be notee! that the

vibration at 965 cm-l lies in a region of the spectrum where a larger ID1certainty was

introduced by the subtraetion of a strongly absorbing peak of TCP. In cases where the .

high intensity TCP peak between 950 and 1000 cm-l was slightly off-scaIe. as in Figure

5.lIb. the subtraetion of this peak led to a negative peak in the resultant difference

spectrom. In conttast with the resullS obtained for the PVC blends, the dichroic ratio data

for the PEOtrCPmixture indicate that TCP alone does not exert a significant effect on the

orientation of the crystalIine stems.
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Figure 5.11 Original and difference spectra for (a) PEO{l'CP (ô/{33), Tc 40 oc, and (b)

PEO/PVcrrCP (44/23{33), Tc 38 oc.
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Table 5.5 Dichroic ratio data for PEO and mixtures containing TCP.

PEO PEorrcp PEOIPVcrrCP PEO/PVcrrCP

(67/33) (55/12/33) (44/23/33)

..
'., .

'" -
~~::'~~~<::. ;:
.' ...;.... ~. --':' .

1468 0.92 0.93 0.85 0.91

1455 1.50 1.41 1.25 0.99

1360 0.82 0.87 0.83 0.94

1344 1.64 1.52 1.62 1.19

1281 0.91 0.84 0.82 0.97

1243 2.17 1.71 2.05 1.73

1062 0.91 0.85 0.88 1.00

965 1.90 1.20 1.26 1.17

947 1.23 1.12 1.20 1.24

843 0.89 0.83 0.82 1.00

The dichroic ratio data for PEO/PVCffCP (55/12/33) (Table 5.5) are also

identica1. within the experimental uncertainty, to the data obtained for pure PEO, with the

exception of the CH2 bending mode at 1455 an-l, which exlubits a significant deaease in

R. The change in the dichroic ratio of this mode is more proDounced in the case of

PEO/PVCffCP (44/12/33) (Table 5.5), which contains a larger proportion of PVC

relative to the amount ofplasticizer. The parallel modes at 1344, 1243 and 843 an-l also

'show a significant deaease in the secondtemary mixture. In faet, the IeSU1ts for

PEO/PVCffCP (44/23/33) are very simi1ar to the data obtained for the original PEO/PVC

(65/35) blend (listed in Table 5.3). In the tentaI)' mixture with the lower relative amount
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• of PVC, the effect of the plasticizer appears to predominate; but in the temary mixture

with the higher relative PVC content, the effect of PVC predominates. Not only does

TCP not affect the orientation of the crysmlline stems. but it drastically reduces the

disruptive effect of PVC. lt is likely that TCP plasticizes PVC to a sufficient extent that

the amorphous polymer no longer presents an immobile obstacle to the crystallizing front.

As a result, the spherulitic structure is less severely deformed than it is by PVC aJone.

These results strongly suggest that the snmll, mobile TCP can be included in

interspherulitic, interfibrillar and interlarnellar regions as proposed in the preceding

chapter, but that il is unlikely that it is to be found trapped among the crystalline stems or

in the unit cell. Therefore the possible change that was noted in the product of the surface

interfacial free energies could be attributed entirely to the change in the fold surface

interfacial free energy.

The values of the Herman orientation function at 1344 cm-! for the TCP mixtures

are also ploned in Figure 5.10. The values obtained for PEOrrcp and PEO/PVcrrCP

(55/12/33) are close to the value obtained for pure PEO. but the value obtained for the

th:rd mixture is much closer to that expected for a sample that possesses a low degree of

orientation. Again, in the ternary mixture of lower PVC content the plasticizing effect of

TCP overcomes the disruptive effect of PVC on the crystal\ine structure of PEO. but in

the ternary mixture of higher PVC content the influence ofPVC predominates.

The dichroic ratio data at 1468, 1455 and 1344 cm-! for samples crystalljzc:d at

ternperatures 2 oC lower !han and 4 oC higher than the ternperature of the kinetic

discontinuity noted in Chapter 4 are listed in Table 5.6. There is no significant cbange in

the dichroic ratios at 1468 and 1344 cm-! with increasing ternperature in the case of

PEOrrcp, although the ratio of the bending mode at 1455 cm-! decreases as in the case of

PEO. On the other band, the dichroic ratio data for PEO/PVcrrCP (55/12/33) bebave in

a very similar manner to the data for pure PEO. It is evident that a well-defined (010)

(120) growth face transition occurs in the ternary mixtute, but the incidence of the
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transition in the PEOrrCp mixture is not as cenain. When PVC is present in addition to

PEO and TCP, the TCP is expected to segregate into the PVC phase and to be

incorporated to a lesser degree within the crystalline matrix.

Table 5.6 Dichroic ratio data for the modes at 1468, 1455 and 1344 cm-! for PEO and

mixtures containing TCP, at !:J.T =-2 oC and !:J.T = +4 oC with respect tO the reponed

kinetic discontinuity.

Rl468

pvcrrcp (.2 oC) (+4 OC)

R1455

(.2 oC) (+4 OC)

Rl344

(.2 OC) (+4 OC)

0/0

0/33

12/33

23133

0.92

0.93

0.85

0.91

1.08

0.89

0.95

0.84

1.50

1.41

1.25

0.99

0.93

1.11

0.74

1.41

1.64

1.52

1.62

1.19

1.37

1.56

0.84

1.60

".

... .',

" '

The different behavior of these IWO samples in the vicinity of the proposed

transition was noted in the corresponding 10garithmic growth rate-temperature plots

(Figure 4.23b) in the preceding chapter. The kinetic discontinuity was much more obvious

in the relevant plot for the temary mixture !han in the plot for the PEOrrcp mixture. It

appears that the p1asticizer diminisbes the tendency for the growth face of PEO to sbift,

mos! probably by the inclusion of plasticizer molecules in the amotphous fold smfaces of

the crystalline larnellae and the resultant suppression oflamellar thickening.

The dichroic ratio data oblained for the, PEO/PVcrrcP (44/23133) mixture

contrasts markedly with the data obtained for the other samp1es. While the dichroic ratio

at 1468 cm-1 decreases slightly with increasing ternperature, the dichroic ratios at 1455
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• and 1344 an- i increase subsiamially. This behavior is in sharp contrast with that of PEO

and the other temary mixture. Apparently a structural transformation does occur with

increasing temperature in this temary nùxture; however, the nature of this transformation

differs from that in PEO. It actually appears as though the growth face in PEO/PVcrrCP

(44/23/33) changes from the (120) growth face at the lower temperature to the (010)

growth face at the higher temperature. This reversaI of behavior is a distinct possibility,

although il is remarkable given that the (120) growth face is assumed to represent the

more stable growth face due to ils occurrence at high temperature in the case of PEO.

5.3.2 Conformation of Poly(ethylene oxide)

5.32.1 Poly(elhylene oxide) and Poly(elhylene oxide)/Poly(vinyl ch/oride) Blentis

PEO genera\ly crystallizes in the form of a distoned 72 hc1ix in a monoc\inic unit

cell, but a chain-extended planar zig-zag conformation in a aiclinic unit cell bas also been

observed in stretched or wet samples (14) and in miscible blends with PMMA (15,16).

Because the former, more stable ng and the laner ttl conformation, shown in Figure 5.12,

provide significandy different local environments for the atoms on a given chain, the twO

conformations give rise to different infrared vibrational modes.

A literature study of the infrared speetra of miscible PEO/PMMA blends found

evidence for the simplification of the spectrum of the PEO component in the presence of
,
- amorphous PMMA (16). Such spectral simplification strongly suggests an overa\I

simplification of the conformation of the crystal1ine chains from the complex, distoned 72

he\ical Structure to a more syminelrical conformation, such as the pIanar zig-zag fonn.

The authors condueted group theory anaIysis of the pIanar zig-zag conformation of PEO

to prediet the allowed infrarec! vibrational modes of this conformation, resulting in the

assignment of CH2 vibrational modes at -1358, 1280, 1060 and 844etn-1 to the he\ical

.=.
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Figure 5.12 (a) Disloned 72 helix and (b) planar zig-zag conformations of ~O. The

upper view isalong the crystallographic c.axis, and the lower view is perpendicular to the

{; axis. (After reference ]4)•
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conformation, and modes at -1341. 1241 and 962 cm-1 tc> the planar zig·zag confonnation

(16). The examination of the orientation of the vibrations listed in Table 5.1 reveals that

the helic:ll modes are ail perpendicular, or radial. in tenns of spherulite geometry, while the

planar zig·zag modes are ail pamllel or tangential. so that any changes in the population

distribution of these twO confonnations definitely influence the dichroism of PEO.

A recent literature study (17) has reponed that no significant changes in the

confonnation of PEO in PEO/PMMA blends were observed by IR. Steaka and othees

assened that "the presence of relatively high concenlr.ltions of rtl conformational

structures based on the increase of the absorbance ratio A134yA 1362 is not well·founded"

(17). The evidence presented for this assenion was the observation of the preferential

orientation of the PEO chains that was observed to occur in films that were solution-cast

onto KBr plates. No such orientation was observed either in powder samples of PEO or

in KBr pellets prepared from PEO (17). The authors claimed that this preferential

orientation precludes any conclusions about the PEO chain conformation in these blends

from being drawn (17).

It is interesting to note that no mention of the spherulitic erystallization of PEO

appears in this reference (17). The authors failed to note that the preferential orientation

of the PEO chains in solution-cast films is the res~tlt of the spherulitic erystallization of

PEO. Obviously the use of powdered or ground samples would eliminate any information

about the conformation of the PEO ehains within the spherulites. If the purpose ofa study

is the comparison of the conformation of PEO in a series of rneit· or solution-crystaJJjzed

blends, then both the thermal history and the erystallization conditions of the samples must

he controUed rigorously. Contrary to the conclusion of Straka and coworkers, the use of

spherulitic films is, in fact, a requiremenr for any study of the influence of additives on the

conformation of the PEO chains. In addition. such a study must also include an

investigation of the orientation ofthe crystalline chains, as in this chapter.

r

. ~l



•
205

As noted e:lrlier in this discussion, the dichroic ratios of the vibmùons at 1344,

1243 and 965 cm'! were affected to the greatest extent by the addiùon of PVC. In fact, if

an additional spectml subtrJ.ction that results in the subtrJ.cùon of pure PEO from the

spectm of crystalline PEO in PEO/PVC (50/50) is carried out using 1400 and 1413 cm·1

as the ba...eline and absorbance references, respecùve1y. the remaining spectrum does not

approximale a fiat line as would be expected if the structure of PEO in the blend were

identica1 to the structure of PEO crystallized from the pure mell Instead. the resulting

~-pectrum consists predominantly of three peaks at 1344, 1243 and 965 cm·l • as shown in

Figure 5.13, that is, the peaks that have been proposed as characteristic of the planar zig

zag conformation.

Because spectrJ. of the individual conformations of PEO are not available, peak

ratios where the numemtor and the denominator are the absorbance values of

representative parallel (planar zig-zag) modes and perpendicular (helical) modes,

respectively, are usèd ta compare the relative amounts of the IWO conformations in PEO

and the other samples. Plots of the peak ratios A1344"A1360. A96s1A1062' A124yA1281 and

A96s1A843 as a function of PEO/PVC blend composition in Figure 5.14 for the

perpendicular spectrJ. demonstrJ.te that these peak ratios, and therefore the relative

proportion of planar zig-zag conformers, increases with increasing PVC content. within an

experimental uncertainty of ± 15%. The data for the paralle1 spectra that are given in

Table 5.7 show that the given peak ratios do not change.-significantly over the enti:re range

of blend composition. More perfect1y crysta11ine sarnples prepared at higher temperatures

exhibit n significantly lower proportion of planar zig-zag character and similar peak ratio

trends.

The obserVed increase in the proportion of the planar zig-zag conformer with

increasing PVC content is consistent with the concomitant decrease in the dichro~ of

PEO.11Îe parallel components of the speetrJ. show a negligible change relative to each
"''''''.

other~th changing composition. ~

:
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Figure 5.13 Difference speetra of PEO/PVC (50/50) (a) para11el speénum before and

afler subtracûon of pure PEO from the speetra ofcrystalline PEO obtained frorù the b1end,

and (b) perpendicular specb'Um before and after difference speCI~opy. NOIe ûle

residual peaks at 1344. 1243 and 965 cm-l•
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Figure 5.14 Peak ratio. r.L. as a funetion of PEO/PVC blend composition for the

--. , following band pairs: (a) A13441'A1360 and A961AI062. (b) A124yAI281 and A961A843. Tce .
49°C.
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Table 5.7 Peak ratio data for the parallel spectra, that is rU, of PEO and the PVC blends

at Tc 49 oC. Data for the perpendicular spectra are plotted in Figure 5.14. The ratios

listed are ail of the fonn AplanarlAhclical.

%PVC

:e
i~

0 1.73 0.57 1.03 0.81

10 nia 0.67 1.24 1.00

18 nia 0.57 1.22 0.99

25 1.81 0.49 1.10 0.84

35 2.09 0.58 1.24 0.97

50 1.89 0.67 1.41 1.06

However, the perpendicular components increase with respect to the par.l11el components,

thereby causing a decrease in the dichroic ratio of the predominanùy par.l1lel modes. In

the process, the overall crystalline order of the spherulite is disturbed as weil. It is likely

that the introduction of planar zig-zag segments inta the unit ce1l of PEO is responsible for

the dirninished effect of the eltpected (010)-(120) growth face transition on the dichroic

ratios determined for the spherulites grown in the PEO/PVC blends.

5.3.2.2 Mixtures Containing Tricresyl Phosphate

As in the case of the dichroic ratio measurements, peak ratio data for mixtures

containing TCP demonstrate that TCP bas a very different effect on the crystalline

,-
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structure of PEO than does PVC. Peak ratios for the perpendicular and parallel spectta at

ÔT = -2 oC listed in Table 5.8 are generally similar to the cOITesponding data for PEO.

Table 5.8 Peak ratio data for PEO and mixtures containing TCP. ôT =-2 oC. The ratios

of the perpendicular componenlS of the absorbance, r.L' are given before the ratios of the

parallel components, 'u. The ratios listed are all in the form Ap1llJ1l1dAhclical.

PEO PEOrrCp PEOIPVCtrCP PEOIPVCtrCP

(67/33) (55/12133) (44/23/33)

Only one absorbance ratio. the peIJlCIldicu1ar Al3441Al360 ratio. exhibilS a consistent. -

1.73

0.34

0.48

0.36

1.37

0.19

0.41

0.31

2.45

0.53

0.78

0.62

1.26

0.21

0.54

0.40

2.13

0.48

1.14

0.82

1.21

0.23

0.80

0.57

1.73

0.57

1.03

0.81

0.87

0.24

0.49

0.38

r.L

A 13441A 1360

A 12431A1281

A96s1AI062

A%.9A843

'lI

A13441A1360

AI2431A I281

A96sIA I062

A%.9A843

•. increase for the three plaSdcizer mixtures relatiVe to the value obtained for PEO. The

-- -;7-PEO/fCP inixture exhibiiS a Sligbt-ini:reasC in the absorbaace ratio oftwo of the other

.. ~diewa:r~bsorbance_ratios :re1âtivetQ,P.EO; Jndicating.perturbation of theaysœlline

-'5truetme· by-the plaSdcizer: In CODtrast, the panIllel ratios A96sIAI062 and A96SI'A843

deCrease in the PEO/PVCffCP (44/23/33) mixture te1ative tci PEO. The decrease in the

....~.. .
.~. '. ,.
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proponion of !he planar zig-zag conformation in the second lemary mixture could account

for !he observation of !he more stable (120) grow!h face at lower lemperatures in !his

samplc.

These results illustrale !he plasticizing effect of TCP on PVC. which. in tum.

reduces !he effects of PVC on !he crystalline structure of PEO. The presence of TCP in

!he PVC phase leads to a reduction in !he shear deformation of PEO caused by PVC

during spheru\ite growlh. whicb in rom leads to a reduction in !he incidence of !he strained

planar zig-zag conformation.

5.3.3 Conformation ofPoly(vinyl cbIoride)

Because !he interaction between PEO and PVC results in induced conformational

changes in PEO. the question arises as to whe!her or not !he conformation of PVC is

affected in !he process as weU. The dependence of !he vibrational spectrum of PVC.

where !he specttum of a solution-cast film of PVC is shown in Figure 5.7. on !he 

disttibution of different conformations of PVC bas been characterized in detail (18-23).

The carbon-chlorine (C-Cl) region of the specttum. whicb falls between 600 and 700 cm-l•

is of particu\ar interest because the various C-Cl vibrational modes have been associated

wi!h specific conformations of PVC. For example, the modes at 615. 638 and 695 cm-l

arise due to C-Cl vibrations 8Sl'ociated wi!h shon tttt sequences in syndiotactic segments,

longer-tttt seqnences in syndiotactic segments, and tgtg sequences in isotactic segments,

respectively (18). The former twO modes are thought to arise from sequences ()f PVC 

molecules that are partly ajstalline. althougbcaution' must be exen:ised in the

inrerpretationofsucb data because vibrationalspecnwcopic dataalone cannot be usi:d ii) ,'., "

detennine the existence ofcrystalIinity in PVC (23).Sucl1modes caubeusedto~",

the segmental orientation ofPVC in oriented samp1es, as was the case in a recent study of

the segmental orientation inPVClpoly(a-methyl-a-n-propyl-~propio1actone)b1ends (24).

, .-: ~;.:

.,' ,' .
." .:.:.~

. ~.. -'..
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The possibility of orientation of the PVC molecules in the PEO/PVC blends and

the PEO/PVC/TCP mixtures was explored by examination of the dichroic ratios of the

C-CI vibrations at 615. 638 and 695 cm'). The dichroic ratios of these bands in aIl of the

sllmples containing PVC and in a reference, solution-cast film are listed in Table 5.9.

Table 5,9 Dichroic ratio and peak ratio data for PVC-containing samples and a solution

ClISt PVC film. The film WlIS cast from tetrahydrofuran at room ternperature. The peak

ratios given correspond to the parallel spectra.

R615 R638 R695 A61s/A 695 A638I'A 695

(tUt) (tttt) (tgtg) (ttttltgtg) (tttt/tgtg)

PEOIPVC

82/18 0.20 0.29 0.48 0.47 0.71

75/25 1.62 1.56 1.08 1.52 1.44

65/35 1.12 1.12 0.89 1.84 1.70

50/50 0.90 0.91 1.07 1.17 1.21

PEOIPVClTCP

55/12/33 2.17

44/23/33 13.7

14.2

3.19

0.18

1.85

8.87

1.04

10.5

1.47

The experimental uncertainties in the dichroic ratio data and peak ratio data for the

PEO/PVC b1ends and the PVC film are ± 10% and ±15%, IeSpCCtively, as in the case of

previous analyses. However, the uncénainties associaled with the data for the TCP
T~_~"';:c'."
..... .

, .

'.. _::r.~ ,

PVCtilm 1.11 1.10 1.00 1.44 1.39
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mixtures are greater due to the spectml subtmction of a high intensity TCP peak in the

C-Cl vibmtion region.

The solution-cast film exhibits a slight degree of orientation. shown by the dichroic

ratios which are close to unity, as expected from the casting procedur: (20). Relative to

the vibrations in the solution-cast film, the vibrations in the PEO/PVC blends exhibit

significant orientation; that is. the dichroic ratios are significantly grenter than or less than

unity. The vibrations in the TCP mixtures appear to be highly oriented. as shown by

dichroic ratios that are substantially grenter than unity in all cases except in the case of

R695 for the PEO/PVCffCP (55/12133) mixture (R =0.18). As the PVC content in the

PEO/PVC blends increases, the direction of the orientation of the C-Cl bonds associated

with lm sequences changes from an initial, predominantly radial orientation (Le. R < 1) in

the PEO/PVC (82/18) b1end to a tangential orientation (i.e. R> 1). then resumes a slightly

radial orientation in the PEO/PVC (50/50) b1enci. At a PEO/PVC blend composition of

Sa/50, the effect of PEO on PVC is diminished by the lower relative concentmtion of

PEO. The behavior of the C-Cl bonds associated with rglg sequences follows a similar,

but mild1y irregular pattern.

This change in the orientation of the C-Cl vibrations reflects the evolution in the

nature of the physical interaction between the CtyStal1izing PEO and the amorphous PVc.

At low PVC concentration, the PVC is simp1y compressed between the PEO fibrils,

thereby forcing the bulky C-Cl bonds into a preferred radial orientation. As the PVC

concentration increases and the larger aggregates of PVC molecules stan to induce the

occurrence of the planar zig-zag conformation in PEO, the C-Cl bonds show a change in

orientation. The peak ratios listed in Table 5.9 also demonstrate an increase in the

proponion of titi sequences Ie1ative to rgrg sequences. These ratios increase dramatically

from the 82/18 blend to the 65/35 blend, then decrease in the 50/SO blend. It is 1ikc1y !hat

as the PVC molecules come intocontacl with the advancing, crystallizing front, the rigid

.....
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·.·5.4 Suminary

nature of the effectiveJy planar growth front promotes the formation of the oriented.

planar ttll conformation in the strained. amorphous chains.

ln fact, the concomitant tendency towards an increased formation of the p1anar

zig-zag conformation in bath PEO and pve may be a cooperative effect. That is, when

bath polymers are strained at an interface, their respective conformations are deformed in

a manner that readily accommodates bath species at the interface. ln addition. such

adaptation on the part of the pve molecules need not necessarily be confined to

syndiotactic sequences. Molecular modelling studies have demonstrated the potential for

isolactic sequences to emulate the shape of the urt conformation (25). The occurrence of

this type of epitaxial effect, which involves maioly interfibrillar pve. strongly suggests the

incidence of cooperative crysta1lization between the spherulite fibrils. or. at the very least,

highly specific orientation between the fibrils.

In the plasticizer mixtures, the e-Q vibrations are. overa11, highly oriented in the

langential direction (i.e. R > 1) of the spherulite. The ratio of urt sequences to tgtg

sequences is vety high in the PEO/PVC{rCP (55/12/33) mixture relative that in ta the

PEO/PVC{rCP (44/23/33) mixture. Because the plasticization of pve by TCP increnses

the flexibility of the pve molecules. it is expected that the influence of the crystalIizing

PEO on the conformation of pve will be much greater.than the opposite interaction. In

effect, the conformation of PEO is ooly perturbed to a sma1l degree by the additives in

these mixtures. os discussed earlier; however, the relatively rigid. planar crystalIizing front

has a substantial impact on the plnsticized pvemolecules that it confronts.

Thetechniqueofinfrlired microspectroscopy bas·confinned the incidence of the
~. " ."

. (010)-(120) growth-race transitionin-spherulitesofPEO. The occurence oftbis transition

bas been observed in the PEO/PVe blends· and in the TCP mixtures; however, the

"" .....

:..: .', '. .
~'l( :.
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influence of the pye on the crystalline strUcture of PEO diminishes tht: dTt:Cl~ of this

transformaùon on the orientation of the relevant vibrational modes. in panicular in tht:

PEO/pye blends. The dichroic ratio data obtained for tht: PEO/pycrrep (44123/33)

mixture suggest that the dominant. low-temperature growth face of this sample is the

more stable (120) face. and not the (010) face as in the cast: of PEO. This anomalous

behavior can be amibuted to a reducùon in the proporùon of tht: less stablt:. planar zig

zag conformation of the PEO molecules that was observed in this samplt:.

This teehnique has aIso elucidated the complementary influence of pye and TCP

on the crystalline strUcture of PEO. Dichroism measurements confinn the disordering

effect of pye on PEO spherulite strUcture visible using polarized light microscopy. and

demonstrate that this disorder arises from the disruptive effect of the pye on the

arrangement of the crystalline stemS during crystallization. The substantial curvature of

the Flory-Huggins plot in Chapter 3 was aIso proposed as evidence of the perturbational

effect of the pye on the crystalIine structure of PEO. The cryslallization of PEO in the

presence of the Ie1atively immobile pye not ooly disturbs the orientation of the crystalline

stems, but aIso induces the crystallization of the PEO in the strained. planar zig-zag

conformation. The PEO. in mm. promotes the formation of the planar zig-zag

conformation in the amotphous pye molecules. The coïncident formation of planar zig

zag sttuetures in bath the crystallizing polymer and the additive may be an epitaxial effect

that involves the cooperative crystaDization between spherulite fibIils or the specific

orientation of the fibrils.

The lack of influence of TCP on the conformation of PEO indicates that the

plastici2er is not included within the Unit;ceD. of PEO. and that 1be possible differèixie in

the produet of the surface interfaciaJfree~ derennined byc:rystaDization.Jcinetics

studies (Chapter 4) arises so1e1y from the cbange in the fold suâaœ free:.energy. In.~:

contrast with the PVc. the 10w molecn1ar weight TCP does not perturbthePEOcbain.·

orientation or conformation significanr1y. The addition of the TCP to the PEOIPVe

.:',",";
'~!.~
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blends results ill the plasticization of the PVC that. in turn. increases the mobility of the

PVC molecules. Thus, the shearing between the crystallizing front and the amorphous

PVC is reduced. and likewise. the effect of the PVC on the conformation of PEO is

diminished.
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Chapter 6

Conclusion

6.1 General Summary

The modification of materials properties through the creation of polymer blends

permits the design of materials with properties that are tai10red to a specific application.

The crystallization of semicrystalline polymers in semicrystalline-amorphous polymer

blends is an exuemely important topic in the field of polymer science. In spite of the

uemendous potential ofplasticizers as additional tools for the control of the crystaIlization

of semicrystalline polymers from the melt, this thesis is the first reponed study that

compares the behavior of a binary, semicrystalline-amorphous polymer blcnd with that of a

temary mixtute also containing a low molecular weight plasticizer that acts specifica1ly on

the amorphous polymer.

The crysta1lization of PEO in blends with amorphous PVC, and in a mixture with

the PVC-selective plasticizer TCP, and in temary mixtutes with bath PVC and TCP was

investigated at severa! structural levels using the techniques of: (i) theoretical surface

interracial tension ca1cu1ations, (Ii) thermal analysis, (iii) polarized ligbt microscopy, and

(iv) polarized infrared microspectroseopy. The theoretical surface interfacial tension

ca1cu1atiODS predict the poteDtial for a low degree of adhesion between the amorphous

phase ofPEO andPVc, and the preferential adhesion of the low molecular weight TCP to

the PVC phase in the temarymixtures.

The invariance of the glass transition temperature of the:interlame1lar, amorphous

PEO suggests a re1aIively low degree of dispersion in PEO/PVC blends. A slight

dep1ession in the equilibrium melting temperatureof PEO in blends of high. PVC content
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was observed, and subsequent analysis of the data using the Aory-Huggïns equation

reveals that, at best, PEO and PVC exhibit Iimited miscibility in the me!!. The polymer·

polymer interaction par.lmeter between PEO and PVC cannot be determined by melting

temperature depression experiment~ and the Aory-Huggïns treatment due to the deviation

of this plot from linearity. The notable curvature in the plot indicates that PVC influences

the crystalline morphology of PEO, most probably through the interference in the lame11ar

thickening process of PEO.

The melting ternperature depression may be accentuated by the addition of TCP,

but the depression observed in the ternary mixtures lies within the experimental

uncertainty. The plasticizer suppresses the lamellar thickening of PEO substantially,

through the inclusion of the sma11 plasticizer molecules in the amorphous fold surfaces of

the PEO lamellae. This marked interference of TCP in the lamellar thickening of PEO

may prevent the determination of accurate values of the equilibrium melùng temperatures

of mixtures containing plasticizer. Although the variations in the shape of the melting

endotherm of PEO indicate variations within the crysta11ine structure, the degree of

crystaIlinity of PEO is ooly slightly influenced by the presence of the additives.

The morphology and the crystallization kinetics of thin sections of individual

spherulites crysta1lized from the melt were studied using temperature-eontrolled polarized

light microscopy. The examination of the dispersion of the additives in the PEO melt

provides evidence of the preferentia1 partitioning of TCP into the PVC phase. The

morphology of the spherulites crystallized from PEO/PVC blends; and PEOIl'CP and

PEO/PVC{fCP mixtures deviates from that of spherulites crysœlIized from pure PEO. In

generai. the spherulites grown in the presence ofadditives are c:omer and Jess birefrlngent

than those grown in the pure melt, with the degree of coarseness iDaeasing with

increasing additive concentration.

Both additives appear 10 be incorporated within the crysta11ine marriY~ but al .

different structural levels. The incidence of banding in spherulites grown in mixtures

.. ~;

"..
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comaining TCP inclicates that the small TCP molecules are included in interlame1lar as

weil as imerfibrillar and interspherulitic regions; while the much larger, entangled PYC

molecules are included predominantly in the laner!Wo regions.

The imerpretation of the crystallization kinetics of PEO using current nucleation

theory clearly demonstrdtes that the crystallization of PEO in the temperature range of

interest occurs within regime III, and that the regime II/III transition proposed in the

liternture does not occur. The slight kinetic c1iscontinuity at - 51°C that has becn thought

to arise from a regime II/lII transition cao be attributed to a transformation of the

dominant crystal growth face from the (010) face at 10wer temperatures to the (120) face

at higher temperatures. Furthermore, this c1iscontinuity is not apparent when the kinetic

data are analyzed using the more aecurate equilibrium melting temperature of 76 oC for

PEO.

The measurement of the radial growth rates of the sphetuliteS of PEO

demonstrates that the growth rates are not affected by the presence of PYC in the

temperature range 49-55 "C, even at concentrations as high as 50% PYe. However, the

growth rate is severely depressed by the presence of TCP. The anomalous increase in the

prodUCI of the laIeraI and fold surface free energies of PEO thal is caused by TCP cao be

nltributed tO an increase in the fold surface inlerfacial free energy due 10 the energetica11y

unfavornble entrapmenl of some of the TCP molecules within the fold surfaces of the PEO·

larnellae. However, il is much more probable that the equilibtium melting temperature

data obtained for the TCP mixtures by the Hoffman-Weeks method are significaot

overestimatès of the ,aetua1 valués, and that the interfacial surface free energy product

remains constantor even decreases slightly.

Dichroic infrared mi~spectroscopY was employed,to investigate the variations in .

. the crystalline structure at thesub-spheri.tlitic level. . The determinaticn of the dichroic

l'atios and these1ected peak ratios from the speCtta of purely crystalline PEe (obtained by

difference specttOscopy) revea1s that the Pye disturbs the orientation of the crystalline
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stems of PEO within the spherulites and causes an increase in the crystallization of PEO Ùl

the strnined, planar zig-zag conformation. PEO, ir: ~m, appears to induce a higher

incidence of the planar zig-zag conformation in the PVC molecules, undoubtedly due to an

epitaxial interaction in interfacial zones belWeen the IWO polymers. This behavior strongly

suggests the occurrence of cooperative crystallization belWeen the spherulite fibrils or the

very specific orientation of the fibrils. The occurrence of a (010)-(120) growth face

transformation at - 51°C is highly probable Ùl the PEO/PVC blends, but the effects of

PVC on the crystalline microstructure of PEO diminish the observed effects of the growth

face transformation on the dichroic ratio data.

ln contrast, TCP does not appear to exert a significant influence on the

arrangement of the crystalline stems; nor does .it have a significant effect on the chain

conformation of PEO. In the temary mixtureS, the plasticizing effect of TCP on PVC

renders the PVC molecules more flexible and more mobile, thereby drastica\ly redUCÙlg

the shearing of the PEO and the resultant formation of the planar zig-zag conformation

during crystallization. A (010)-(120) growth face transformlttion was observed at a

temperature Ùl the vicinity of the observed discontinuities in the ~llherulite growth rate

temperature plots in each of these samples.

In effect, the crystallization 1dnetics and the basic crysia1line structure of PEO can

be controlled by, the selection of appropriate proportions of PVC and TCP. a result of

major significance and practical importance in the field ofpolymer blends.

6.2 Contributions to Original Researcb

•
1. This study is the ~~Comp~ve stùdy of t1ie crysWlizaiîon of a stunaystalline

polymer in binary blencls with anamorphous po\~er andin ternary mbttureS,containing .
. . ... - :.

(i) t1ie amorphous polymer and (ü) a specifie plasticizer for the amorphous polymer. The
"

amorphous pàlymer. PVc, did notinfluence the spherulite growth rates of the

'<" .,~
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semicrysllllline polyrner. PEO. in the accessible temperature range; however the low

molecular weight plasticizer. TCP. caused a substantial depression in the growth rate of

the PEO spherulites. Both additives appeared to cause the spherulite structure to become

coarser and less birefringent. Unusual radial extinction bands were observed in spherulites

crystallized from mixtures containing TCP. Such extinction bands were not observed in

spheruli:es grown in the PEO/pVC blends. These panems indicate that sorne of the TCP

molecules are incorporated within the amorphous fold surfaces of the spherulites.

The effects of the two additives on the crystalline microstructure of PEO are of

particular importance and will be noted in subsequent sections.

2. It has been proven that the widely accepted regime lI/lIl transition in PEO does not

occur. Instead. the observed kinetic discontinuity arises due 10 a transformation of the

dominant crystal growth face of PEO from the (010) face at temperatures below - 51°C

to the (120) face at temperatures above - 51°C. The significance of the use of an

accurnte value of the equilibrium melting temperature in the analysis of crystallization

kinetics dalll using the Hoffman-Lauritzen theory has been confirmed.

The occurrence of this discoritinuity in the growth rate-temperature CUlVe of the
-

PEO/PVC blends is highly probable, but could not be confirmed definitively due to the

limited accessible crystallization ternperature range of these .samples. However. the

discontinuity was observed in the televant plots for mixtures oontaining TCP•.

3. lnfrared microspectroscopy has been applied for the first time to the microsttucturaI

analysis oflocal spherulite areas in thin section. :This techni~~ coupled with dichroic and

difference spectroscopy, hasbeen shown to be applicable to the. analysis ofthe.orientation
. .

• and the conf~tion :ofthecrystalline chains within ~lymer spheru1ites. The technique
.

can :iIsèS be :mployed for the examin:'.tion of the orientation· of amorphous, polymeric
.'

'àdditives within the crystalline matrix.



• This novel teChnique pennined the confinnaùon of the occurrence of a transfonnaùon

in the dominant crystal growth face of PEO at - 51 ·C. In addiùon. the PEO/PVC blends

and mixtures containing TCP were exarnined for evidence of this growth face

transfonnation. The effects of PVC on the crystalline microstructure of PEO diminish the

observed effects on the dichroic raùo data for the PEO/PVC blends. However. the

dichroic ratio data for the mixtures containing TCP confinned the occurrence of a growth

face transformation in these samples.

The use of polarized infrared microspectroscopy demonstrated that PVC bas a

substantial disordering effect on the basic crysta1line structure of PEO. The pre.o;ence of

PVC in the PEO/PVC blends causes a disordering of the orientation of the crystalline

stems of PEO within the spherulites. and induces a higher incidence of the trans planar zig

zag confonnation of the PEO chains. In contrast, the plasticizer bas a minimal efli~t of

the orientation and the conformation of the individual chair.: of PEO. In temary mixtures

contair.ing PEO. PVC and TCP. the plasticization of PVC by TCP drastical1y reduces the

effects of PVC on the crysta1line structure of PEO.

4. It bas been shown that PEO and PVC. at best, exhibit limited miscibility in the melL

The polymer-polymer interaCtion parameter for tbis polymer pair cannot be detennined by

melting temperature depression experiments and subsequent data analysis using the Flory

Huggins relation. The influence of PVC on the ctySta11ine structure of PEO is the

detennining factOr in the me1ting temperature depression observed iit PEO/PVC. and not

the slightdegree ofmiscibility between PVC and the PEO melt

S. It hasbeen demonstrated that the specifie plasticization of PVC in a series of blends
. -

with PEO can lead10 a depression ofthecrystallization kinetics ofPEO. mainly due to the
- .

presence of TCP. However. the plasticizer efreclive1ymasks the diSruptive influence of

the" amorphous polymer on the microstructure of the crystal1izing polymer. The highly
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the amorphous polymer on the microstructure of the ClYstailizing polymer. The highly

significant implication of this result is that the erystallization kinetics. the orientation. and

the conformation of PEO can be conttolled by the careful selection of the relative

proportions of PVC and TCP.

This study demonstrates that it is possible tO control the microstructure and the

erystallization kinetics of semierystalline polymers in semierystalline-amorphous polymer

blends by the selection of appropriate concenn-ations of the amorphous polymer and the

plasticizcr that acts specifically on the amorphous polymer. This result is of profound

importance to the field of polymer blends and can aid in the development of new materials

with properties tailored to specific applications.

6.3 Suggestions for Further Research

1. X-ray analysis should be applied to confiIm the conformationai changes in PEO that

were observed by infrared microspectroscopy.

2. SEM in the energy dispersive mode or X-ray photoelectron spectroscopy should be

used to determine the dispersion of PVC in the blends and to examine the samples for

evidence of the surface segregation ofPVC or TCP.

3. The microstructure of the samples used in this study should be explored further by

scanning electron miCIOSCOPY (SEM).

4.S~studiesshould be c6ndueted using differentblend and mixture components to
, :.. ',.' . ,.."," :,', . .' - " . '

detem1ine·.th~pi'evaleilcêcifthe.effects observed in this study. In paIticular. polarized

infraredmi~SCOPY~sbouldbe employedto examiné polymer chain orientation and

conformation fuother pUre polymer and polymer-additive systems.
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Data for Figures

Figure 3.3

47.0 67.74

51.0 68.70

53.0 68.81

54.0 69.31

55.0 70.10

56.0 70.40

57.0 70.42

59.0 71.22

.,



Figure 3.5

data for PEO cf. Figure 3.3

(a) PEO/PVC (90/10) (b) PEO/PVC (82/18)

22S

49.0

51.0

53.0

55.0

57.0

64.94

66.33

66.40

67.25

67.68

51.0

52.0

53.0

55.0

56.0

65.37

65.63

65.56

66.52

66.79

(c) PEO/PVC \15/25) (d) PEO/PVC (65/35)



• Figure 3.5 (cont'd)

(e) PEO/PVC (50/50)

226

Tc (OC)

47.0

49.0

51.0

53.0

55.0

(f)

%PVC

Tm (OC)

64.57

65.45

65.60

66.31

66.91

TmO(OC) Uncertainty in Tm° Tm° (OC) (1)

(OC)

0 76 2 73

10 73 4 71

18 72 3 nia

25 72 3 71

35 .72 4 nia

50 71 2 70

" .

~. (1) reference 34. Ch. 3
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Figure 3.6

0.080 3.11 . 1()4

0.15 2.21 • 1()4

0.21 1.58· 10-4

0.30 1.11 . 1()4

0.44 9.47.10-5

227



Figure 3.8

"EO data cf. Figure 3.3

(a) PEOrrCp (67/33) (b) PEO/PVcrrCP (55/12/33)

228

43.0

44.0

45.0

46.0

47.0

57.57

58.09

58.66

59.21

59.67

41.0

44.0

45.0

46.0

47.0

56.14

57.41

58.65

58.54

59.74

(c) PEO/PVcrrcP (44/23/33)



Figure 4.8

PEO/PVC Blends

229

%PVC Nucleation Density

(spheruliteslcrn2)

0 3 • 1()2

10 1 • 1()3

18 2 • 1()3

25 S . 1()3

3S 7 • 1()3

TCP Mixtures

.,.,.: .

':':~:;.~- .

".;

%PVC

o
12

23

Nucleation Density

(spheruliteslcm2).

1 • 1()3

7 • 1()2

2 • 1()3



• Figure 4.18

G {J.1mis} Unœrtainty in G {Ilmis}

230

'.

45.20 13.83 1.5

46.15 11.93 0.96

47.20 8.86 0.50

48.25 7.03 0.51

49.20 4.82 0.41

50.20 3.13 0.33

51.15 2.30 0.17

52.15 1.47 0.055

53.20 0.958 0.082

54.10 0.469 0.052

55.15 0.247 0.028

56.15 0.126 0.015

.. -

.'



• Figure 4.19

ln (G) (G in ILmlS)

231

'":,;;-:';,".:' ~.

~.<'''::'.
..... . . .,~

~{\;,.~:S:: ~

~·;'t:.:--

,.... - -

45.20 2.63

46.15 2.48

47.20 2.18

48.25 1.95

49.20 1.57

50.20 1.14

5l.l5 0.833

52.15 0.387

53.20 -0.0433

54.10 -0.757

55.15 -1.40

56.15 -2.07



• Figure 4.21

(a)

104 ·lrrc(.âT)f

(K·2)

ln (G) + U*'[R(Tc' T_)]

(G in cmls)

(b) Y axis as in (a)

1()4 . lrr,.(.âT)f

(K·2)

1.074 16.40 1.924

1.104 16.11 2.030

1.138 15.66 2.164

1.176 15.27 2.318

1.212 14.76 2.479

1.254 14.19 2.678

1.296 13.75 2.900

1.347 13.15 3.196

1.400 12.59 3.545

1.452 11.75 3.934

1.518 10.97 4.519

1.588 10.17 5.373

..". .'

'.'..

•

:
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• Figure 4.22

%PVC 5JOC 55°C

233

0 4.82 2.30 0.958 0.247

10 5.28 2.39 0.962 0.314

18 5.06 2.28 1.04 0.363

25 5.12 2.50 1.10 0.288

35 5.35 2.31 1.05 0.297

50 nia 2.09 0.738 0.212

Uncertninty in G (IJ.mJs)

%PVC 51°C 55°C

0 0.41 0.17 0.082 0.028

10 0.31 0.14 0.063 0.022

18 0.42 0.29 0.11 0.032

25 0.22 0.19 0.048 0.027-
,~~

35 0.44 0.16 0.093 0.021~:~~

50 nia 0.46 0.12 0.Q70

-

--
.~ .....
" '

.~
:,

::

-



• Figure 4.23

PEO data cf. Fig. 4.18

(a)

PEorrcp PEOIPVCrrCp

35.3 14.98 2.0 12.88 0.77

36.3 14.59 1.3 11.77 0.61

37.3 11.83 0.51 10.16 0.55

38.3 11.11 0.45 9.26 0.92

39.3 8.90 0.31 6.60 0.22

40.3 7.61 0.24 4.89 0.44

41.3 5.42 \>.44 4.67 0.34

42.3 3.68 0.39 3.17 0.40

43.3 3.06 0.26 1.85 0.43

44.3 2.12 0.31 1~39 0.086

45.3 1.01 0.19 0.641 0.14

46.3 0.594 0.041 0.495 0.071

47.3 0.248 ~,,:-0.045 0.203 0.034
, -

48.3 0.143 0.006 nia nia
-;

: '~~.: .. ~.'~
.~\::(1) uncertainty
..

: .
,---: . ' .. -'~"

. :"";;:

- -,; .

- - -
: <.

:

-.
;:. .

--~ ..



• Fil:ure 4.23 (cont'd)

(b)

PEorrcp PEOIPVcrrCP

23S

...: :

... .. -. .
-,..- '-.'.-

~~:c).~ -

Tc (OC)

35.3

36.3

37.3

38.3

39.3

40.3

41.3

42.3

43.3

44.3

45.3

46.3

4";;3

48.3

=

ln (G) (G in J.1m1s)

2.71

2.68

2.47

2.41

2.19

2.03

1.69

1.30

1.12

0.752

0.0050

-0.520

. ,-1.39

-1.95

ln (G)

2.56

2.47

2.32

2.23

1.89

1.59

1.54

1.15

0.613

0.329

-0.444

-0.703

-1.60

nia

. "
. ~
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Figure 4.24

data for PEO cf. Figure 4.21

PEorrcp PEO/PVCrrCp

1()4· lrrc(âT}f (K-2) y axis (1) 1()4 ·lrrc(âT)f (K-2) y axis (1)

0.8935 18.06 0.8521 17.91

0.9128 17.87 0.8693 17.65

0.9332 17.49 0.8875 17.34

0.9547 17.26 0.9066 17.04

0.9776 16.88 0.9269 16.58

1.002 16.56 0.9483 16.12

1.028 16.06 0.9710 15.91

1.055 15.52 0.9951 15.37

1.084 15.18 1.021 14.89

1.116 14.66 1.048 14.24

1.149 13.76 1.077 13.31

1.185 13.09 1.108 . 12.90

1.224 12.07 1.142 1
,

11.86

1.266 11.37 ' -Dia nia

. (1) ln (G) +U*/{R(Tc - T~] (G incmls)

236

...'

. :. ~ , , .



• Figure 5.9

(a) (b)

R R

%PVC 1455 cm-! 1344 cm-! 1243cm-! 965 cm-!

0 1.50 1.64 2.17 1.90

10 1.78 1.54 2.24 1.85

18 1.43 1.50 1.69 1.60

25 1.28 1.37 1.63 1.50

35 1.20 1.25 1.36 1.31

50 1.27 1.02 1.25 1.11

:;'- ;:

" ,..

;
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Figure 5.10

PEO/PVC Blends

%PVC F

0 -0.35

10 -0.31

18 -0.29

2S -0.22

35 -0.15

50 -0.013

TCP Mixtures

%PVC F

o -0.30

12 -0.34

23 :-Q.12

--

238



• Figure 5.14

(:1)

r.L

% PVC A 134.vAI360

(b)

239

•

0 0.87 0.49 0.24 0.38

10 1.16 0.56 0.25 0.43

18 1.26 0.61 0.30 0.51

25 1.20 0.70 0.28 0.53

35 1.58 0.94 0.40 0.72

50 1.55 1.07 0.46 0.77

..~.




