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Abstract

The crystallization of iPP was studied, at atmospheric

and elevated pressures. The objective was to study the

eff0Ct of pressure on the regime transitions in order to gam

further insight into the crystallization mechanism. However,

the elevated pressure kinetics exhibited behavior that has

not been previously observed in polymers. At pressures

between atmospheric and 200 MPa, where two crystal forms, (X

and Y, are known to exist, the product of the fold and lateral

surface free energies 00© increased to a value nearly three

times that at atmospheric pressure. But, on further

increasing the pressure to 200 MPa, where essentially all the

material is in the Y form, the kinetics exhibited behavior

similar to that at atmospheric and the value of aOe was

comparable to atmospheric values. With increasing in

pressure, the regime behavior changes from Regime II-Regime

III at atmospheric to Regime I-Regime II at intermediate

pressures (35 MPa < Pc <150 MPa) , and back to Regime II-

Regime III behavior at higher pressures. Crystallization

behavior of competing crystal forms has not been previously

reported. This behavior could only be interpreted on the

basis of the proposed orthorhombic unit cell for the Y form,

and in the difference in the arrangement of chain stems

between the a and the Y forms A 'poisoning' mechanism is

proposed where a stem deposited on the growth face of a given
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form could poison the face if deposited in a manner

consistent with the alternative form. This poisoning would

mostly affect the rate of surface nucleation i since a chain

deposited essentially in a crystallographic manner could

rapidly complete the substrate, but a chain deposited

noncrystallographically would require, either, removal from

the growth face, or, a significant time for realignment

during which time the growth face is essentially inactive, or

'poisoned'.

The morphology and thermal behavior of the elevated

pressure crystallized materials were consistent with the

proposed orthorhomobic crystal structure. The lamellar

thickness decreased with increasing pressure (or increasing y

content) and this decrease is expected from the differences

in arrangement of chain stems in the lamellae for the Ot and y

forms. The elevated temperature WAXD and SAXS supported the

orthorhombic crystal structure also. WAXD indicated a

conversion from the y to a form on increasing the sample

temperature to a value below the atmospheric pressure DSC

peak melting temperature. The y material would convert to a

at a temperature where only a small amount of the material

was shown to melt. The elevated temperature SAXS indicated

that the lamellar thickness of the elevated pressure

crystallized material increased with increasing temperature.

The observed increase in lamellar thickness for the pressure
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crystallized material was larger than that for the

atmospheric pressure crystallized material. At a SAXS scan

temperature of 145°C, the lamellar thickness of the Y form

approached that of the (X form.
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Chapter 1

Introduction

Since the discovery of stereospecific polymerization in

1954, polypropylene has become one of the most important

commodity plastics and further improvements are still

expected. The demand for polypropylene continues to grow,

due to polypropylene's relatively low cost and the

availability of a wide range of resins. Injection molded

products presently use about a third of the annual

consumption. Since the injection molding process, as well as

other fabrication processes, involves the application of

pressure to the polymer during crystallization, an

understanding of the relation between pressure and polymer

crystallization is of considerable importance.

The effect of pressure on polymer crystallization has

not been extensively studied. Crystallization at elevated

pressure can be significantly different from that at

atmospheric pressure. For some polymers, crystal structure

and morphology change dramatically. During the past twenty-

five years, the research on the effects of pressure on

polymers has mainly concentrated on morphology and bulk

crystallization. Some recent elevated pressure research has

evaluated linear growth. The work of Phillips and Edwards

[59] was the first extensive source of crystallization



kinetics data at elevated pressure. Phillips and Edwards

studied the linear growth of cis-polyisoprene for pressures

up to 400 MPa. More recently, Phillips and Dalai [94] and

Phillips and Tseng [56] have applied secondary nucleation

theory to elevated pressure kinetics data for cis-

polyisoprene, poly(ethyleneterephthalate) and polyethylene.

The effect of pressure on the regime transition temperature

can give information on the nature of the transition. A

diffusion controlled mechanisms would exhibit a regime

transition shift with pressure that follows the glass

transition shift with pressure. A nucleation controlled

mechanism would exhibit a regime transition shift with

pressure that follows the equilibrium melting temperature

shift with pressure.

The objective of this dissertation is to obtain the

linear growth data for isotactic polypropylene as a function

of crystallization pressure. Linear growth rates were

obtained by direct optical measurement in a custom high

pressure hot stage apparatus. The morphology of elevated

pressure crystallized samples was studied with optical

microscopy, electron microscopy, wide angle X-ray

diffraction, and small angle X-ray scattering.



Chapter 2

Review of Theoretical Background and Literature

2.1 Polymer Crystallization and Morphology

When polymer molecules can crystallize, the extent of

crystallization is affected by such factors as structural

regularity, chain substituents, and branching. Crystalline

polymers are distinguished from other crystalline materials

in that they are only semicrystalline. The density of a

crystalline polymer is found to be between that of fully

crystalline polymer and that of fully amorphous polymer. The

x-ray diffraction pattern, while indicating the existence of

long-range order, is usually in the form of rings

superimposed on a diffuse background.

Polymers capable of crystallizing can form ordered

structures from the melt or from dilute solution. These

ordered structures contain the polymer molecules folded back

and forth on themselves to some degree. The crystallization

process involves the transformation of the disordered

amorphous state to the ordered crystalline state. These

crystals form in platelets or ribbons, usually referred to as

lamellae.



2.1.1 Single Crystals

Single crystals of a polymer can be formed by cooling a

dilute polymer solution, Keller [1] having grown polyethylene

single crystals by this method. These crystals are lamellar

in habit and are approximately 100 angstroms thick (Figure

1) . Electron diffraction indicates that the polymer

molecules are normal to the relatively large upper and lower

surfaces of the crystal. Keller thus concluded that the

polymer molecules are folded back and forth on themselves

within the crystals. Similar observations by Fischer [2] and

Till [3] supported this conclusion. Thus the upper and lower

crystal surfaces must consist of molecular folds of one form

or other (Figure 2.1). Factors controlling the size and

shape of single crystals include solvent, concentration, and

temperature. The thickness of lamellae is affected by the

crystallization temperature and by any further annealing

treatments.

From a nucleus, the lamella grows along its lateral

edges, with the molecules folding back and forth along these

edges. Sectors of growth are distinguished by the plane of

folding, thus the single crystal can by subdivided into

sectors of growth. Single crystals usually form a nonflat

hollow pyramid-like morphology, the different sectors forming

the pyramid's panels (Figure 2.1) . The pyramids often
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Figure 2.1 Schematic of a polyethylene single crystal.



collapse and flatten during normal sample collection

resulting in crystals with corrugations.

2.1.2 Crystalline Structure in IPP

The crystalline structure of isotactic polypropylene can

be addressed on three distinctly different morphological

levels. On the level of the spherulite, isotactic

polypropylene exhibits a variety of spherulite types

classified typically on the basis of the sign and magnitude

of the birefringence. At the crystal lattice level,

isotactic polypropylene exhibits a range of polymorphs,

distinguished by the arrangement of the chains of otherwise

identical conformation (3i helices). At the lamellar level,

isotactic polypropylene can produce lamellae differing in

nature as well as arrangement (radial-tangential). There has

been shown to be an interrelation between the structural

multiplicity on the three distinct levels.

The predominant crystal structure of isotactic

polypropylene is the monclinic a structure, first determined

by Natta and Corradini [4] . The hexagonal P structure [5]

occurs sporadically at low isothermal crystallization

temperature (Tc < 130°C) or in crystallization in a

temperature gradient. This polymorph generally is only a

minor component in the bulk sample, with the remaining

material crystallizing as the a structure. A third polymorph

Y was observed by Turner-Jones et al. [6] . The Y form was



originally assigned, a triclinic unit cell with the unit cell

being similar to that of the Ot form, with a slip along the c—

axis direction. The Y form has been observed from

crystallization of low molecular weight fractions =

15,000) and stereoblock copolymers, and from crystallization

at elevated pressure. Recently, Bruckner and Meille [7] have

proposed a face-centered orthorhombic unit cell for the y form

with the unique arrangement of non-parallel chain stems in

the unit cell. Figure 2.2 represents the arrangement of

chain stems in the a monoclinic and the Y orthorhombic unit

cell. While this non-parallel arrangement of chain stems is

unique among polymers, the driving force for such packing

could be the favorable registration of helices.

The monoclinic unit cell has dimensions a = 6.65 A, b =

20.96 A, and c = 6.50 A, with a = Y = 90°, and p = 99.3°.

The space group has been assigned C2/c for the statistically

ordered arrangement of up and down stems in the unit cell or

alternately the P2i/c space group for the random arrangement

of up and down stems in the unit cell. The Y form has

dimensions for the orthorhombic unit cell of a = 8.54 A, b =

9.93 A, and c = 42.41 A with space group Fddd or Fdd2. The

previously reported triclinic unit cell [8] has dimensions of

a = 6.54 A, b = 21.40 A, c = 6.50 A, a = 89°, P = 99.6°, and

Y = 99°. In the orthorhombic unit cell, the chains lie

parallel to both the diagonals in the a-b plane (which
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Figure 2.2 Schematic of chain stem arrangements in unit cell
of A. Y polypropylene, and B. a polypropylene.



measure 13.08 A or twice the isotactic polypropylene helical

periodicity) and form an angle of 81.2°. This angle is

approximately that formed by the chain axes in branched a

polypropylene crystals.

2.1.3 Spherulites

Spherulitic aggregates of a crystallizable polymer can

be formed by cooling a quiescent polymer melt. Spherulites

consist of chain folded lamellae radiating outward from a

central nucleus (Figure 2.3). The radial dimension of the

spherulite increases linearly with time until the spherulite

impinges on other growing spherulites. The fibrillar

lamellae that compose the spherulite are on the order of 100

A thick and may be several hundred or even thousands of

angstroms in width. Although exact details of its

composition are unknown, the nucleus is considered to be a

single crystal or fibril, a stack of single crystals or

fibrils, or an inhomogeneity such as a dust particle. The

spherulite develops from the nucleus through the growth path

shown in Figure 2.4. In primary crystallization, the growing

entity evolves from the nucleus through sheaf-like structures

into the growing spherulite. Growth continues until the

spherulite impinges with other growing spherulites, becoming

a polyhedron. Secondary crystallization occurs within the

spherulite, transforming a portion of the interlamellar
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material into crystalline material. The fine structure of

the spherulite will depend on the nature of branching of the

growing radial lamellae and on the form of the crystals

between branches. Spherulites have generally been described

as radially growing lamellae branching at small angles.

Isotactic polypropylene (iPP) can exhibit at least four

distinct crystal structures: the a-form, which is monoclinic

and generally predominant; the P-form which is hexagonal; the

y-form which is triclinic; and a "smectic" form believed to be

associated with the amorphous phase. The morphology observed

in melt crystallized isotactic polypropylene spherulites was

first reported by Padden and Keith [9] who classified the

spherulites depending on crystallization temperature, T^, and

the observed birefringence and growth rates. For T^ less

than 132°C, isotactic polypropylene spherulites are of

form and exhibit a positive birefringence. For T^ greater

O

than approximately 138 C, the spherulites are of ajj-form and

exhibit a negative birefringence. However, for Tq less than

140°C, the largest number of observed spherulites are 'mixed'

in that they possess no distinct Maltese cross and are

revealed as radiating arrays of intermingled areas of

positive and negative birefringence. The birefringence

change of a-form spherulites has been related to a variation

of the relative amounts of radial and tangential lamellae

inside the spherulites [10] . Thus the low Tq spherulites
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have high tangential lamella content. At high Tq (145°C)

lamellae are nearly all radial and straight for long

distances, sometimes the length of a radius. However cross-

hatching has been observed as high as 155®C. Radial lamellae

are thicker than tangential lamellae.[11] If positive a-form

spherulites are taken near Tjn, they turn negative, suggesting

that the tangential lamellae melt leaving only the radial

lamellae. These phenomena tend to indicate that tangential

lamellae crystallize subsequently, possibly due to a

segregation effect due to molecular weight or tacticity. The

P-form spherulites occur infrequently below Tq = 132°C. The

P-form nucleates at a much lower rate than a-form, but grows

faster by between 20 percent and 70 percent [5]. Table 2.1

lists spherulite types according to Keith and Padden's

classification. It has been shown that certain nucleating

agents favor P-form crystallization. Quenching of the melt

also produces large amounts of P-form [12] . The P-form

consists of broad, locally parallel stacked lamellae just as

in spherulites of other polymers. The lamellae are extended

sheet structures in all dimensions rather than lath-like

entities of the a-form spherulites. The y-form appears in

samples crystallized from fractions or crystallized at

pressure [13]. The temperature ranges of the spherulite

types should not be regarded as rigid values but rather

representing trends. The ranges of formation and specific
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Table 2.1. Keith-Padden Classification of Polypropylene
Spherulites

Spherulite Type I Mixed II III IV

Crystal
Structure

a a a P P

Sign of
Birefrinqence

+Ve +Ve -Ve -Ve -Ve

Magnitude of
Birefringence

=0.003 =0.002 =0.002 0 .007 0.007

Crystallization
Temperature

<134°C 134-

138°C
>138°C <122°C 126-

132°C
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details are influenced by several factors, including

molecular weight, molecular weight distribution, and

stereoregularity.

2.1.4 Axialites

Axialitic crystals can be formed from a polymer melt

under certain conditions. High crystallization temperatures

favor formation of axialites in certain polymers. Axialites

are crystal lamellae grouped so that they resemble two

slightly open books placed back to back. Axialites then can

exhibit the optical properties of spherulites or single

crystals depending on the viewing angle. Tie molecules or

crystalline areas between lamellae have been suggested as

limiting the splaying of the lamellae [14], but the

phenomenon is not really understood.

2.1.5 Lamellae

The complex arrangement of lamellae that can be observed

in isotactic polypropylene is also unique to polymers.

Isotactic polypropylene has been shown to produce under

certain conditions a three-dimensional array of nearly

orthogonal 'cross-hatched' lamellae. Figure 2.5 shows

schematically the lamellar arrangement observed in isotactic

polypropylene. The radial-tangential lamellar arrangement

does not exist for the (3 form. The P form rather exists as

smooth stacks and sheets similar to the morphology of other
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polymers. There have been several proposed mechanisms for

the radial-tangetial branching observed in isotactic

polypropylene [15,16] but probably the most accepted

currently is that of Lotz and Wittmann. Lotz and Wittmann

propose that the arrangement of radial-tangential lamellae in

isotactic polypropylene is a result of crystallographic and

sturcutral interactions between the lattices of radial and

tangential lamellae, with the interactions being of epitaxial

character. Figure 2.6 represents the helical interactions

for branching in isotactic polypropylene. This epitaxial

branching mechanism led to the proposed orthorhombic unit.

cell.

Chain Conformations of Isotactic Polypropylene

Isotactic polypropylene can exhibit four distinct

conformations. These conformations are shown in Figure 2.7.

The asymmetrically substituted carbon atom yields two

stereoisomeric configuratons of the CH(CH3) group. The d and

1 configurations are distinguished by viewing along the chain

axis. If the methyl group appears on the upper right hand

side, the configuration is designated d. If rather the

methyl group appears on the upper left had side, the

configuration is designated i. A 100% isotactic chain can be

represented by an all d or all 1 configuration, which are

equivalent for isotactic polypropylene.
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Figure 2.6 Epitaxial packing schematic for branching of a
tangential branch on a radial branch (from [15])
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Figure 2.7 Representation of chain configurations in
isotactic polypropylene.
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2.2 Polymer Fold Surface

2.2.1 Fold Surface Nature

The nature of the fold surface of chain-folded polymer

crystals is much debated. Various models describing the

possible structure of the fold surface have been proposed .

The adjacent re-entry model (AR) and the switchboard model

(SB) are limiting extremes, represented schematically in

Figure 2.8a and 2.8b. The AR model, proposed by Keller [1] ,

involves regular folding with short, uniform folds. The SB

model, proposed by Flory [17] has irregular re-entry of the

folded chains resulting in random, loose folds.

The fringed-micelle model proposed by Hermann et al.[18]

was the first to address polymer crystallization. This model

consists of long molecules traversing regions of order

(crystalline) and disorder (amorphous). Figure 2.9 is a

schematic of the fringed-micelle model. The limited

information from x-ray line broadening suggested a small

crystal size. The necessity of polymer chains folding on

crystallization was identified by Keller [1], Till [3] , and

Fisher [19] . The experimental evidence from electron

microscopy and x-ray diffraction on polyethylene single

crystals indicated that the polyethylene molecules lay in the

crystals with the chain direction normal to the crystal

surface.
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Figure 2.8 Polymer chain folding models: A. adjacent re
entry, B. switchboard.
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Figure 2.9 Fringed micelle model.
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In the adjacent re-entry model, the nature of the

folds results in a regularly folded surface. The only

possible defects are the ends of the molecules which could

either form as short length flexible rods above the surface

(cilia) or else fold back into the crystal so that a "hole"

is created within the crystal. A detailed analysis of

infrared spectra of mixtures of deuterated and nondeuterated

polyethylenes led Bank and Krimm [20] to conclude that the

predominant type of folding involves adjacent re-entry.

However the known existence of intercrystalline and

interlamellar links show that non-adjacent re-entry must

occur to some extent. The probability of adjacent re-entry

being less than unity is accepted by most researchers that

support the adjacent re-entry model. The probability of

adjacent re-entry (P ) = 0.6 to 0.8 is typically claimed.
Si 10

and Hoffman [21] suggested = 0.3 to 0.5 is possible under

conditions of high molecular weight and large supercoolings.

Various modifications of the adjacent re-entry model

exist which include P <1. A model based on the "Gambler's

Ruin" problem of mathematical statistics [22] predicts the

minimum fraction of stems tightly folded in a semicrystalline

polymer to be 2/3 for a simple cubic lattice with the stems

normal to the surface. Hoffman [23] introduced a "variable

cluster model" for crystallization at moderately large

supercoolings.
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The switchboard model is postulated primarily on the

basis of space limitations at the crystal-liquid interface

and the density defect nature of single crystals. In this

model, while folding of the molecules exists, the molecules

re-enter the crystal predominantly in a non-adjacent manner.

The resulting fold surface is somewhat irregular with loops

of various lengths due to random re-entry, entanglements,

etc. Fischer [24] and Mandelkern [25] have proposed similar

models. Mandelkern's interzonal model layers an interzonal

region between the outermost amouphous region and the

innermost crystalline region.

Different crystallizaton conditions lead to somewhat

different macroscopic morphologies, observed directly using

optical or electron microscopy. It is reasonable to assume

that polymer molecules could have different fold structures

dependent on the crystallization conditions. It is then

difficult to apply either extreme model to describe the

crystal structure as a function of various crystallization

conditions. However, in order to obtain a reasonably simple

treatment, the assumption of AR is used in most kinetic

theories of polymer crystal growth. The various kinetic

theories assuming adjacent re-entry or predominant adjacent

re-entry have achieved some success in explaining several

experimental observations. The theories adequately predict
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growth rate and lamellar thickness for crystallization both

from the melt at low supercoolings and from dilute solution.

2.2.2 Summary Arguments on Fold Surface Structure

Results from density and neutron scattering experiments

and arguments based on the mobility of the crystallizing melt

question the validity of the models of the polymer fold

surface. The arguments against adjacent re-entry folding

based on these observations follow.

Density: The densities measured for polymer single

crystals are less than the densities determined from the unit

cell dimensions of the polymer. The SB model and the AR

model account for the discrepency in densities with the fold

surfaces. The non-adjacent re-entry of the SB model creates

a  largely amorphous fold surface. The adjacent re-entry

folds in the AR model also create a fold surface with a

density lower than the crystal's interior, reducing the

overall density of the crystal.

Neutron Scattering: Small angle neutron scattering can

be used to determine dimensions and trajectories of

isotopically labeled molecules in a host matrix. At very

small angles, the radius of gyration of the labeled molecules

can be determined in the host. Results on melt grown

crystals show that the radius of gyration of the labeled

molecules is only slightly smaller after crystallization than

it was in the melt. Flory and Yoon [26] claim this small
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reduction in radius of gyration supports the SB model,

arguing that adjacent re-entry would have a larger effect on

the radius of gyration. Hoffman [21] states that tie

molecules and multiple nucleations on the same molecule

result in the observed liquid-like radius of gyration.

Hoffman [27] suggests that the radius of gyration is the

limiting interlamellar spacing.

Mobility: Yoon and Flory [29] suggest that the rates of

molecular disentanglements are sufficiently low to preclude

AR folding. DiMarzio et al.[28] contend that reptation of

the polymer molecule increases the expected rate of

rearrangement such that sequences of AR folds are possible.

2.3 Crystallizaton Theory

Kinetic theories for polymer crystallization are based

mostly on a modification of surface nucleation theory

[29,30,31] but other theories exist that are not nucleation

controlled [32]. The theory of Hoffman et al. will be

reviewed extensively.

2.3.1 Background

Secondary nucleation theory predicts the growth rate and

fold period of single crystals from solution and lamellae

from the melt as a function of supercooling AT. The extent

of supercooling determines the kinetic crystallization

procedure of the polymer. Lauritzen and Hoffman [33] have
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developed a kinetic theory for low and moderate supercooling.

Regime I (single nucleation) kinetics describe

crystallization at low supercoolings while Regime II

(multiple nucleation) kinetics describe crystallization at

moderate supercoolings. For large supercoolings, a more

recent complementary kinetic theory [21,34] added another

possible kinetic procedure. Regime III predicts narrowly

spaced niches on the growth front.

2.3.2 Model

The idealized schematic model, shown in Figure 2.10,

describes polymer lamellar crystal growth. The width,

thickness, and height of the surface nucleus are represented

by a, b, and 1, respectively. The surface nucleus grows in

the g direction, but the measured growth is in the G

direction. The surface nucleus is considered to be started

by a polymer segment or segments from the supercooled melt

attaching to the lamellar surface. The first stem is formed

at a cost of 2bla. The molecule then folds back on itself in

a position adjacent to the first stem. The adjacent

positionis the most probable position for re-entry after

folding since attachment on a nonadjacent position would cost

2abCTe 2blO rather than 2abae. The surface nucleus, through

repeated folding, will approach stability as it grows in the

g direction. When V stems and = V -1 folds have been
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formed, the free energy of formation is (ignoring negligible

chain end effects):

(Pv = 2bla + 2vf abOe - vablAf (2.1)

For large V, the equation becomes:

(pv = 2b la +vab(2ae -lAf)

(2.2)

The free energy of formation of the surface nucleus goes

through a maximum at or near the first stem (V = 1) and

approaches stability as the surface nucleus increases in size

(Figure 2.11). A set of connected rate processes for the

forward and backward reactions corresponds in general to a

nucleation controlled process. In the nucleation controlled

process, a large barrier resulting from the creation of new

surfaces must be overcome to initiate the nucleus.

2.3.3 Total Flux

The flux S represents the net flow of polymer from sites

in the liquid to the first stem of polymer in the nucleus.

The first step in the surface nucleation problem is to find

the general steady-state expression for S in terms of the

rate constants for the forward and reverse reactions and the
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Figure 2.11 Free energy of formation of chain folded surface
nucleus (from Hoffman et al. [21]) .
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occupation numbers. In terms of these rate constants and

occupation numbers we have

S = N A - N.B. (2.3)
o o 11

where A and are the rate constants for the forward and
o  1

reverse reactions and and are the occupation numbers

for the states V=0 and V=1.

The rate constants can be expressed as

A  = fiexp{-(2bla/kT ) + [cpabl(Af)/kT^] (2.4)
o  c c

B- = Bexp [-(l-(p) abl (Af)/kT ] (2.5)
X  w

where Ji is a factor which accounts for retardations to

molecular motion for the transport of polymer molecules or

segments to the site of crystallization; (p is the fraction of

the free energy of fusion to the activation energy of the

forward reaction. This apportioning of the free energy

attempts to account for the complex intermediate steps by

which a segment attaches to the substrate. The value of (p

may be related to whether or not the segment is physically

adsorbed on the substrate surface prior to actual

crystallographic attachment. The net rate of formation of

nuclei of length 1 is given by

S(l) = bNoexp { [-2bla + (pabl (Af)/kT] } (2.6)
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X  [l-exp{[-abl(Af)-2abae]/kT}]

The total flux, S^, is found by integrating equation

(2.6) over all possible values of 1, the lower limit of 1

being set by 2a^/Af and the upper limit infinity.
OO

St J s (1) dl (2.7)
2ae

Af

= N (JJ/1 )Pexp(2abO (p/]cT) exp [-4baa /(Af)kT]
o n e^ e

where

kT kT
p= - ;— (2.8)

2ba - abAf 2ba + (l-Y)abAf

At low supercoolings the factor exp[-4baa^/(Af)kT] controls

S^. Thus the overall growth rate G will be proportional to

this factor at low supercoolings for growth processes that

are proportional to the first power of the nucleation rate.

2.3.4 Initial Lamellar Thickness
★

The initial lamellar thickness 1 of a chain-folded
g

lamella, which is kinetically determined, is of the form

Ig* = {2C^/Af) + yl (2.9)

The average value of the lamellar thickness, <1>^^, which can
*

be identified with 1 , is calculated from the flux by
g

OO OO

lg* = {l/ln) J lS(l)dl/(l/ln) J S(l)dl (2.10)
2ae/Af 2<3jAf
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and this can be expressed as

2<5f^ kT [2 + (l-2\l/) aAf ]/2a
1 * = — + X (2. 11)
^  Af 2bG (l-aAf\|//2a) [1+aAf (1-v)/2a] ^ " '

The last term is the yl of Equation (2,9), and is a strong

function of (p.

The behavior of yl at various values of 9 is

interesting. By setting (p = 1,

kT (4a/a) - Af , ^
51= X ; — (2.12)

2ba (2a/a) - Af

It can be shown that 5l becomes infinite at the critical

supercooling ATq given by

At = 2aT °/(Ah.)a (2.13)
c  m f

This is the "5l catastrophe." However, no sharp upswing in
*  —Ig corresponding to the 6l catastrophe is found

experimentally.

At (p = 0,

kT (4a/a) + Af , ^
5i= X. . (2.14)

2ba (2a/a) - Af ^ '
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*

Here there is no "ol catastrophe" and 1^ decreases
g

continuously with decreasing temperature.

As (p is decreased, the value of corresponding to the

"5l catastrophe" is lowered. The term (20^/Af) is the main
*  I I

contribution to 1 near the melting point. As the

supercooling is increased, the contribution from (2ag/Af)

decreases and that from 6l increases.

In some systems the lamellae can undergo isothermal

thickening. This slow and spontaneous increase occurs

naturally when the molecular mobility exists in the chain-

folded crystal, because a thick crystal is more stable from a

thermodynamic viewpoint. The crystal increases its stability

by decreasing the area of its high-energy surface by reducing

the number of chain folds. This thickening is more rapid

near the melting point. At sufficiently low crystallization

temperatures, the lamellae do not thicken appreciably and the
*

expressions for 1^ may by applied.

2.3.5 Retardation Factor, fi

Since the overall growth rate G is a function of the

total flux for all regimes and according to equation

(2.7) contains the retardation factor, it is necessary to

comment on the nature of B. Polymers at high supercoolings

become extremely viscous so that the retardations represented

by B are the controlling feature of the flux. Thus it is
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necessary to establish the functional form for li in order to

understand growth rate experiments.

For bulk polymeric systems at high supercoolings, the

jump rate for local motions can be used for 15. This is

expressed as

15 = (kT/h) J^exp[-U /R(T^-T^)] (2.15)

H

The factor exp[-U /R(T^-T^)] represents the temperature

dependence of the segmental jump rate in polymers. The
H

factors U and T are derived from bulk viscosity
OO

•k

experiments. The activation energy U for the transport of

segments to the site of crystallization is generally within

10 - 15% of 4100 cal/mole [35] . The temperature T^ is a

hypothetical temperature where all motion associated with

viscous flow ceases and is related to the glass transition

temperature T^ of the polymer. The temperature T^ is usually

within about 5 - 10 K of being 50 K below T^. At moderate to

high molecular weights where T does not vary significantly,

I  *neither U nor T^ is a strong function of molecular weight.
*

The values of U and T^ that apply to the crystallization

process need not be exactly the same as those that apply to

bulk fluidity, because crystallizaton may occur from an

adsorbed layer rather than directly from the bulk amorphous

melt ((p < 1) . A procedure that assumes an initial set of
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•k

values of U and T and then linearly fits In G + U /R(T -T )
OO O

to 1/T(AT) has resulted in a better linear fit for the
*

kinetics data of some polymers. The values U and are

varied separately to maximize the linear fit. This method is

similar to that suggested by Suzuki and Kovacs [36] in which

the transport parameters are analyzed on the basis of the

Williams-Landel-Ferry (WLF) equation.

The term allows for any barriers not accounted for by

the exponential term. Compared to the temperature dependence

of the exponential term, that of is small, so generally

will act as a pre-exponential factor that reduces B.

2.3.6 Free Energy of Fusion

The bulk free energy of fusion, Af, is the driving force

for crystallization in the expression for total flux. The

free energy of fusion can be approximated near the melting

point by assuming that Ah^ is independent of temperature so

that

Ahf - T(Ahf)
Tm'

Af = Ahf - TASf = — (2.16)

where Ah^ is the heat of fusion per unit volume of crystal at

the equilibrium melting temperature T^° and At is the
supercooling T ° - T . Hoffman and Weeks [37] introduced a

m  c

correction factor f to compensate for any error in the
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assumption of the temperature independence of Af. This

factor is of the form

f = 2T / (T " + T ) (2.17)
o  in o

This modifies the Af Equation (2.16) to give

Af = f(Ah.AT/T °) (2.18)
f  m

The factor is approximately unity at low supercoolings but

decreases Af considerably at high supercoolings to account

for the decrease in Ah^ at high supercoolings.

2.3.7 Growth Rates: Regimes 1, 11, and III

In the three growth regimes the overall growth rate G is

a function of the product of the layer thickness and the net

nucleation rate i = S„/aN where N is Avogadro's number.
1  di 3.

The difference in the surface nucleation process at different

ranges of supercoolings gives rise to the three different

regimes of crystal growth. Regime I, II, and III. The model

for each regime is shown schematically in Figure 2.12.

2.3.7■ 1 Regime I Growth

In the idealized case for Regime I growth, a nucleus is

formed on the growing lamellar surface followed by lateral

growth on the surface, forming a new layer of thickness b.
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Figure 2.12 Polymer lamellar crystal idealized schematic
(from Hoffman et al. [21]).
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Thus each surface nucleation act results in the addition

of a new surface layer before a second nucleation occurs. In

this regime the rate of lateral growth g is much greater than

the rate of surface nucleation and the overall growth rate is

nucleation controlled. The overall growth rate is given by

[38] :

G.r = biL = bLS^/aN (2.19)I  T a

Inserting the net flux, equation (2.6) into equation (2.19)

gives

= G T-exp [-U*/R(T - T ) ]exp[-4boa /(Af)kT] (2.20)
X  O ̂ X C 6

where G^ ^ includes factors not strongly dependent on

temperature gathered into pre-exponential form. Then G^ ^ is

given by

G  = b(kT/h)n J.,exp(2abcy (p/kT) (2.21)
O ̂ X S X 0

where n is the number of sites or steps corresponding to the
O

length of the surface, i.e. L/a.

2.3.7.2 Regime II Growth

In Regime II growth, many new surface nuclei form before

the previous layer is complete. Sanchez and Dimarzio [39]
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indicated that the overall growth rate is proportional to the

square root of the surface nucleation rate. The overall

growth rate is then

Gii = b(ig)^^^ = b(S g/aN (2.22)

Inserting the net flux into equation (2.22) gives

Gjj + G^ j^exp[-U*/R(T^ - T^)]exp[-2baa^/(Af)kT] (2.23)

where

G  = b(kT/h)J exp[aba (2(p - 1)/kT] (2.24)
O ̂ X X X 6

The ratio of the G^ values for Regimes I and II is

G^ /G^ TT = n exp(aba /kT) (2.25)
o,I o,II s e

It is clear that G » G for a given polymer.
0,I 0,II ^ C 2

Regime II crystallization leads to a rough growth front on a

molecular scale.

2.3.7.3 Regime III Growth

In Regime III, the rate of surface nucleation is much

greater than the rate of substrate completion and nuclei form

on partially grown strips. The effective substrate length is

restricted by the abundance of niches so that the

crystallization is accomplished by nucleation of stems on the
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surface [3] as is Regime I. The overall growth rate i.s then

expected to be proportional to the nucleation rate and is

given by

= biL' = bin la = bLS„/aN (2.26)
III s T a

where L' = n la is an "effective" substrate length; n i is
s  s

the mean number of stems laid down in the niche adjacent to

the newly nucleated stem. The quantity ng» is generally

taken to be between 2 and 4 and independent of the overall

substrate length L. Substituting the flux into

Equation (2.25) gives

Gjii = jjjexp[-U*/R(T^ - Too) ]exp[-4baa^/(Af)kT] (2.27)

where

G  = b(kT/h)n 'J,exp(2aba (p/kT) (2.28)
o,iii s i e^

The Regime I and Regime III overall growth rate equations

differ only in their pre-exponential factors such that

G^ .,/G^ = n^/n^. « n^/3 (2.29)
O^l O^XXJ s s s

2.3.8 Regime Test

A general form for the growth rate equation for the

three regimes is given by
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G = G exp[-U*/R(T - T )]exp[-K /TATf] (2.30)
O  C y

where for Regimes I and III

K  K ,TTT^ = 4baa T o/(Ah )k (2.31)
g(I) g(III) em t

*A plot of log G + U /R(T^ - Too) versus l/T(AT)f will have the

same slopes for Regimes I and III, which is twice that of

Regime II (see Figure 2.12).

Lauritzen [38] introduced the dimensionless parameter Z

to estimate whether crystallization in a given polymer is in

Regime I or Regime II. Z is given by

Z = iL^/4g (2.32)

If Z < 0.01, strict adherence to Regime I behavior is

expected and K = 4bca T °/ (Ah^)k. If Z = 0.1, Regime I
g  e m f < ^

behavior is approximated. When Z > 1, Regime II behavior is

expected and = 2boa^T^°/(Ah^)k. Overall growth rate data
is used to evaluate K . Using the measured value of K , a

g  g

range of values for L that are consistent with Regime I or

Regime II behavior is estimated. The estimated values for L

frequently are reasonable for one regime but completely

unrealistic for the other. The value of L must be in accord

with morphological information. A model for the physical
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origin of the substrate length L is proposed by Hoffman [40].

L is treated as the persistence length between defects which

have a capacity to inhibit surface completion.

2.3.9 Limitations of Secondary Nucleation Theory

2 .3 . g. 1 Ad-iacent Re-entrv

Surface nucleation theories assume chain folding with

adjacent re-entry in order to make the model tractable. The

probability of adjacent re-entry is normally expected to be

less than one, and a modified, predominantly adjacent re

entry model has been used by many authors. The probability

of non-adjacent re-entry of Gaussian chains can reach a

maximum of 1/3 as shown by Guttman et al.[41] using the

mathematical "Gambler's Ruin" method. In addition,

Lauritzen-Hoffman secondary nucleation theory assumes

nucleation from a chain end only.

Since secondary nucleation theory assumes regular

adjacent re-entry and a large number of folds (at least

five), polymer crystallization with fully extended chains or

very few folds cannot be well explained. Point and Kovacs

[42] claimed that secondary nucleation theory breaks down for

the case of extended chain crystals of low molecular weight

poly(ethylene oxide) because it results in a values that are

chain length dependent.
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2.3.g.2 Constant Fold Period

In secondary nucleation theory, a fold plane once

nucleated will grow with a constant fold period. The length

of the first stem, which is a function of AT and (p,

determines this fold period. Direct observations of the

lamellar thickness of polyethylene by electron microscopy

have shown that constant lamellar thickness is questionable.

Several authors have addressed this problem [34,43]. The

theory of Lauritzen and Passaglia accounts for all possible

fold periods but fails to eliminate the "5l catastrophe".

The 5l catastrophe in Lauritzen-Hoffman secondary nucleation

theory is a direct result of the imposed integration limits.

Recent work suggests that the fold period is constant prior

to thickening in several polymers.

2.3.10 Applications of Secondary Nucleation Theory

2.3.1Q.1—Atmospheric Pressure - General

Secondary nucleation theory has been applied to several

polymer systems. Of these systems, a Regime I-Regime II

transition has been observed in polyethylene, poly(3,3-

dimethyl thietane), polydioxolane, and poly(L-lactic acid)

crystallized from the melt. The Regime II-Regime III

transition has been observed in polyethylene,

polyoxymethylene, polypropylene, cis-poly(isoprene) , poly(p-

phenyl sulfide), poly(3,3-dimethy1 thietane).



45

poly(pivalolactone), and poly(3-hydroxybutyrate). Of the

polymer systems exhibiting regime transitions, relatively few

exhibit both a Regime I-Regime II and a Regime II-Regime III

transtion within a given sample. Table 2.2 highlights some

of the polymers exhibiting regime transitions. Generally the

systems that show both I-II and II-III behavior in the same

sample have been of relatively low molecular weight.

Relatively few systems been studied over an extensive

molecular weight range. At present, these are polyethylene

[44], cis-poly(isoprene) [45], poly(ethylene oxide) [46]

poly(3,3-dimethythietane) [47], and isotactic polypropylene

[48]

It is interesting to observe the behavior of the surface

free energy Oe and the work of chain folding q determined

from the application of secondary nucleation theory. Table

2.3 summarizes some results for -C-C- backbone polymers. The

work of chain folding increases with increasing chain

stiffness as measured by the equilibrium melting temperature

Tm°. The lateral surface free energy G , which should

decrease with increasing chain stiffness due to the decreased

entropy change, does not correlate well with the Tm®. The

fold surface free energy Gq also does not correlate well with

chain stiffness. The primary contribution to CTe is the work

of chain folding q. This is a measure of the work required

to bend the polymer chain back upon itself so that is can re-
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Table 2.2 Polymers Exhibiting Regime Transitions

Polymer ATi-ii ATii-iii

Polyethylene 16 23(predicted)
Polyoxymethylene 23 40

Poly(ethylene oxide) 24 —

Polypropylene 37 48

cis-polyisoprene 54 66

Poly(p-phenylene sulphide) - 107

Poly(3,3-dimethyl thietane) 15 23

Polydioxolane 33 -
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Table 2.3 Surface Free Energies and Work of Chain Folding
for -C-C- Polymers.

Polymer Tm°

(°C)

Regime a

(era/cm^) (erq2/cm^)

q

(kcal)

Ref.

PB 128 II 7.2 30.8 4 . 9 a

PE 145 I, II,III 11.1-14.1 93.8 5.3-5.7 b

sPP 161 II - 49.9 5.8 c

iPP 185 II,III 11.5 65-70 6.4-6.8 c

iPS 242 II 7 . 6 35 7 .1 d
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enter the crystal in a manner consistent with the lattice

structure. However, other factors contribute to the fold

surface free energy and these factors can vary, depending on

the crystallization mechanims and the manner of chain

folding. Additional factors contributing to a© are the

existence of cilia and chain ends, the extent of adjacent re

entry, the strain imposed by the fold, and the interzonal

region. While the maximum amount of nonadjacent re-entry is

considered fixed at 1/3, the nonadjacent re-entry amount can

change from Regime I through Regime III which should result

in a change in Oe. The maximum amount of nonadjacent re

entry expressed above is for a cubic unit cell.

2.3■IQ. 2 Atmospheric Pressure - Polypropylene

Several investigators have studied the crystallization

of isotactic polypropylene over a sufficient temperature

range to successfully apply secondary nucleation theory. The

literature results for isotactic polypropylene are summarized

in Table 2.4. It is seen that over a wide molecular weight

range, the Oe varies nearly 35%, with the highest value 74.2

erg/cm^ and the lowest 54.9 erg/cm^. However, for a given set

of data, secondary nucleation theory fits the data well and

in all cases, a Regime II-Regime III transition was observed

at an approximate supercooling AT = 48°. The lowest

molecular weight data, that of Cheng and Janimak, exhibited a

Tin° of =17 0°C, about 17°C lower than that for the other
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Table 2.4 Kinetics Analysis of Isotactic Polypropylene from
Literature.

Source

10"^

Mn ^
10 ^

Kg X

10"^,
K^

log Gq,
cm/s . 2

erg/cm

qf
Kcal/
mole

III/II

Regime I

Janimak 29/17 2.66 4.86 56.6 5.5 2.2

Reaime II

Binsbergen 350(h) 1.516 -0.52 62.3 6.2 2.4

Falkai 152(h) 1.599 -0.45 65.7 6.4 2.0

Goldfarb 435/60 1.637 -0.06 67.2 6.4 2.0

Janimak 29/17 1.23 0.66 52.3 5.1 2 .1

Regime III
Binsbergen 3.613 3.99 74.2 7.3

Falkai 3.183 3.02 65.4 6.5

Goldfarb 3.260 3.55 66.9 6.6

Janimak 2.59 3.86 54.9 5.4
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samples. However, the supercooling of the transition

remained constant. The value of the supercooling for the low

molecular weight would be 65° if Tm® = 187°C

2.3.10.3 Elevated Pressure

Few studies have applied secondary nucleation theory to

the kinetics of elevated pressure crystallization of

polymers. The polymers that have been sufficiently studied

are polyethylene [49], poly(ethylene terephthalate) [56], and

cis-poly(isoprene) [50]. Table 2.5 summarizes the kinetics

reuslts for elevated pressure crystallization. It is seen

that for polyethylene the OOe product is relatively

unaffected by pressure up to 2.0 kbar (200 MPa) , while the

PET shows a continuing increase in GOq with increasing

pressure and cis-IP shows a discontinous increase near 50

MPa, but little change above 50 MPa to 200 MPa.

2.4 Melting of Polymer Crystals

The melting temperature of a lamellar polymer crystal is

controlled by several factors, including the lamellar

thickness, the surface free energies, lattice imperfections,

internal stress field, etc. Lamellar thickness and surface

free energies are dominant factors while lattice

imperfections and internal stress fields are often neglected

for simplicity. It is important to derive an expression for
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Table 2.5 Kinetics Results for Elevated Pressure
Crystallization.

Pressure Kg (xlO-5) OGe Ge
Regime

(kbar) (k2) era^/cm^ erq/cm2

T.PE

atm 1.10 1240 87 . 9

0.5 1.25 1335 94 . 6

1.0 1.22 1266 89.8

1.5 1.25 1214 86.1

2.0 1.35 1342 95.2

PET

atm 0.6 658 56.7

0.5 1.48 1619 139.5

1.0 2.18 2389 205.8

1.5 2.70 2961 255.2

2.0 3. 66 4014 345.9

cisIP

atm 2.56 290 21

0.5 2 . 96 330 24

1.0 5.89 590 42

1.5 5. 68 550 39

2.0 5.72 570 41
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melting point in terms of lamellar thickness and surface free

energies,

2.4.1 Thermodynamic Considerations

The free energy of formation of a single lamellar

polymer crystal as shown in Figure 6 may be written as [51]

A(t) = 2 (a+b) lO + 2abae - ablAf (2.33)

where a and b are the lateral dimensions, 1 the thickness, a

and are the lateral and fold surface free energies

respectively, and Af is the bulk free energy of fusion.

Since a»l and b»l, the first term in Equation (2.33) is

much smaller than the second and third terms and may be

neglected. At the crystal's melting temperature T^, A(t> = 0.

Substituting AcJ) = 0 and Af = Ah^AT/T^ into Equation (2.33),

one obtains

■^m = " 2ag/Ah^l) (2.34)

where Ah^ is the heat of fusion per unit volume of crystal.

Thus the observed melting point for a thin crystal is

depressed below that of an infinite crystal (T O) by the
m

amount 2a /Ah^l. A plot of T versus 1/1 must be linear with
c  ̂ HI

intercept Tjj,® and Cq determined from the slope.
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2.4.2 Kinetic Considerations

Secondary nucleation theory predicts the initial

lamellar thickness Ig* according to Equation (2.11). Due to

isothermal thickening, the measured 1 is larger than Ig*.

The average lamellar thickness at the end of crystallization

can be expressed as [39]

1 = ylg* (2.35)

where y, the thickening factor, has a value greater than one.

Combining this with Equation (2.9) and substituting for Af

from Equation 2.18 leads to

20eTinOy

Equation 2.36 relates 1 to the supercooling, thus relating 1

to Tq. Substituting Equation 2.36 into Equation 2.34 gives

Tm = Tin® " (AT/y) (1 + KAT) ^ (2.37)

where K = Ahfyl/2aeTin®. Hoffman et al. [51] assumed 2ae/Af

» yl, thus KAt = 0 and then

Tm = Tin® " AT/y (2.38)
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This is a fairly good approximation for crystals formed at

low supercoolings. Equation (2.38) may be written in terms

of Tjn and to give

Tm- = Tin°(l - 1/Y) " Tc/Y (2.39)

where i is the melting temperature subject to the

assumption kAt = 0. Equation (2.39) suggests that the

melting temperature of a polymer that has thickened by a

factor Y during crystallization at is a linear function of

Tc-

However, kAt = 0 is not always a good approximation,

leading to curvature in a plot of the actual melting

temperature versus Tq. In some cases there is an upward

curvature in versus data due to an increase in y at

higher temperatures. Since typically kAt « 1, a binomial

series expansion of Equation (2.37) gives

Tm = V - (AT/y) [1 - (KAT) + (KAT)^] (2.40)

Rearranging Equation (2.40) and combining with Equation 2.39

leads to

Tm' = Tin - (AT/y) [ (KAT) - (KAT)^] (2.41)
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The initial values of y and are estimated from a versus

Tq plot and by an iterative method relatively accurate final

values for y and Tm® are obtained and thus values of »

obtained.

2.5 The Effects of Pressure

Hydrostatic pressure is known to affect the

crystallization and physical properties of polymers. The

glass transition temperature Tg and the melting temperature

Tj^ are two important parameters for kinetics analysis at high

pressures as well as at atmospheric pressure. Some

experimental observations and theoretical treatments for

morphology, crystallization, glass transition temperature,

and melting temperature are briefly discussed in this

section.

2.5.1 Morphology

The effects of pressure on the morphology of several

polymers have been studied. For polyethylene at sufficiently

high pressures, extended chain lamellae of increasing

thickness become dominant. Geil at al.[52] reported the

morphology of polyethylene samples which were melt

crystallized under pressure. These samples showed little or

no folding. Wunderlich and Arakawa [53] reported that two

different types of crystals form in high density
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polyethylene, depending on temperature and pressure. A new

hexagonal liquid crystalline high pressure phase for

polyethylene was reported by Bassett and Turner [54]. At

high pressures polyethylene passes through a hexagonal

intermediate phase [55] and this phase is responsible for

chain extension occuring. Tseng and Phillips [56] reported

banded spherulites for LPE below 350 MPa hydrostatic pressure

and extended chain crystals above 350 MPa.

For cis-polyisoprene at pressures up to 300 MPa, three

morphologies existed. These were single crystals,

spherulites, and oblate spheroids [57]. Chain-extended

lamellae have not been observed in cis-polyisoprene.

The y-form of isotactic polypropylene has been observed

in samples isothermally crystallized and slow cooled from the

melt at pressures above 32.4 MPa [58]. As the pressure is

increased, a larger proportion of the sample crystallizes in

the y-form until at 506.6 MPa only the y-form is present.

2.5.2 Crystallization Kinetics

There have been relatively few studies of the effect of

pressure on the crystallization kinetics of polymer systems.

Phillips and Edwards [59] obtained linear growth rate data

for cis-polyisoprene for pressures ranging from atmospheric

to 400 MPa. The bell-shaped growth rate curves shift to

higher temperatures with the application of pressure. An

increase in the maximum growth rate is observed over the
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first 140 MPa of applied pressure. A large and sudden

increase in fold surface free energy (0^) with increased

pressure is attributed to a pressure-induced change in fold

conformation.

Trans-polyisoprene exhibited a decrease in the maximum

growth rate with an increase in pressure [60] . The decrease

in maximum growth rate is attributed to a decrease with

pressure of the temperature range (T^ - Too) available for

crystallization.

Tseng and Phillips investigated the pressure effects on

the growth rate kinetics of linear polyethylene(LPE) and

polyethylene terphthalate(PET) . For PET, analysis of the

growth rate data in terms of secondary nucleation theory

yielded a possible Regime II-III transition. Fold surface

free energy was found to increase dramatically with pressure.

This is possibly due to the increase of non-adjacent re-entry

and significant amount of loose folds. For LPE, the Og was

independent of pressure up to 200 MPa, implying that the

structure of the fold surface does not change. The pressure

dependence of the Regime I-II transition in LPE paralleled

the pressure dependence of T^®, indicating that the

transition is thermodynamic.

2.5.3 Melting Response

As the pressure increases, the melting temperature

usually increases. The Clausius-Clapeyron equation gives a
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quantitative expression for (dT/dP) from thermodynamic

considerations as the following:

(dT/dP)eq = AH/TAV (2.42)

where Ah and Av are the changes in enthalpy and volume

respectively. The Clausius-Clapeyron equation can be written

as

(dT^/dP) = TniAv/AH (2.43)

Baer and Kardos [61] have studied the effect of pressure on

the melting response for various polymers. They noted that

the melting temperature and range of melting increased with

increasing pressure for all polymers studied. The effect of

pressure on the melting temperature of several polyamides

[62] and trans-polyisoprene [63] have been reported. A

linear increase in melting temperature with applied pressure

is observed which is 16°C per 100 MPa for nylon-6 and 15°C

per 100 MPa for trans-polyisoprene.

The Clausius-Clapeyron equation can be written to

express the equilibrium melting temperature at pressure as a

function of the equilibrium melting temperature at

atmospheric pressure. This is given by

(T^O) = (TmO)^ exp[Av/Ahf(P -1)] (2.44)
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where Av = - V^,; and are the specific volumes of

amorphous and crystalline material and P is the pressure in

atmospheres. According to Equation 2.44, is a steep

function of pressure. Dalai [50] obtained equilibrium

melting temperatures at pressures up to 260 MPa for cis-

polyisoprene. Melting temperature data at pressure was

obtained with an optical turbidimetric technique. The plots

of crystallization temperature versus melting temperature

were linear and shifted to higher temperatures with

increasing pressure.

2.5.4 Glass Transition Temperature

The glass transition temperature increases approximately

linearly with pressure. Since Fox and Flory [64] proposed

that the free volume remains constant in the glassy state,

free volume theories predict the change of the glass

transition temperature with pressure (dTg/dP) to be given by

dTg/dP = J5f/af = Afi/Aa (2.45)

where fif and OLf are the free volume compressibility and

expansion coefficient, respectively, and AB and Aa are the

differences between the liquid and glass compressibilities

and expansion coefficients, respectively.
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The glass transtion is assumed to be a true second-order

transition with equilibrium properties by thermodynamic

theories [65]. Then the variation of a second-order

transition is given by the Ehrenfest relation

dT2/dP = AJ5/Aa = (TVAa)/ACp (2.46)

where ACp is the difference in heat capacities between the

glass and the liquid at the transition.

O'Reilly [66] has tabulated the emperical values of

dTg/dP for several polymers, with most of the values around

20° - 24° per 100 MPa of pressure. Mizoguchi and Ishikawa

[67] have derived an expression for dTg/dP based on Eyring's

modified hole theory. The calculated results from this

theory are in better agreement with experimental data than

those obtained from free volume theory AB/Aa. Relatively few

polymer Tg's have been measured as a function of pressure.

2.6 Molecular Weight Effects

Molecular weight and molecular weight distribution

affect the rate of polymer crystallization, degree of

crystallinity, and the observed melting temperature. The

effect of molecular weight on a number of polymer systems has

been studied. Poly(phenyl-p-silphenylene)siloxane (TMPS)

[68] growth kinetics were studied at different

crystallization temperatures as a function of molecular
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weight. Linear growth rate increased with decreasing

molecular weight. However, the crystallization temperature

of the maximum in the growth rate curves did not change for

the different molecular weight fractions. Magill reported

that the pre-exponential term Gq increased with decreasing

molecular weight in the molecular weight range 8,000 -

430,000.

Mandelkern et al.[69] analyzed polyethylene fractions

data and determined that the interfacial free energy Gq

increased with increasing molecular weight. They suggested

the change in Gq with molecular weight indicated a change in

the interfacial structure. Fatou and Mandelkern [70]

reported an asymptotic value of 138.5°C for the melting

temperature in a study of the effect of molecular weight on

melting for polyethylene fractions. Ergoz et al.[71] found

that for polyethylene the crystallization rate at fixed

supercooling goes through a maximum as a function of

molecular weight. They also showed that the maximum degree

of crystallinity decreased as molecular weight increased.

Hoffman et al.[72] observed two morphologies in polyethylene

fractions. For fractions with molecular weight higher than

115,000, only spherulitic morphology was observed. For low

molecular weight fractions (3,600 to 18,000) only axialitic

growth was observed. For intermediate molecular weight

fractions (18,000 to 115,000) spherulites were found at large
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supercooling (At > 18°) but at low supercoolings, axialites

were found. The transition occured around 127°C (At = 18°) .

The change in morphology is attributed to a change in growth

mechanism, with the high supercoolings associated with Regime

II and the low supercooling associated with Regime I. The

Regime I-II transition temperature was found to be molecular

weight dependent. The transition temperature increased as

the molecular weight increased in the range 18,000 to

115,000.

Allen [73] observed a noticeable molecular weight effect

on linear growth rate in isotactic polypropylene in the

molecular weight range 52,000 to 520,000. Unlike

polyethylene, a maximum in the growth rate as a function of

molecular weight occurs at fairly high supercoolings. At

high supercoolings, the growth rates are relatively invariant

with molecular weight.

The reptation concept proposed by de Gennes [74]

suggests that under appropriate conditions, the overall

friction coefficient of a linear polymer chain in the liquid

state is proportional to its length. Recently Hoffman [30]

has tested the reptation concept for the case of

crystallization of polyethylene from the melt. The inclusion

of the reptation concept in the kinetic nucleation theory

allows the molecular weight dependence of the growth rate to

be obtained.
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2.7 Polymeriza'tion

Isotactic polypropylene (scattering) was first made by

Natta [75 ] in Italy using modified Ziegler-type initiators.

This initiator system, referred to as Ziegler-Natta or

coordination initiators, consists of an organometallic

compound of a Group I-III metal with a halide or other

derivative of a Group IV-VIII transition metal. The

polymerizations are carried out in hydrocarbon solvents. A

typical conventional coordination initiator system for the

polymerizaton of propene to isotactic polypropylene is

titanium trichloride (TiCl3), the transition metal component,

and diethylaluminum chloride [(C2H5)2A1C1], the Group I-III

metal component . The initiator system performs two

functions. First, the system supplies the species which

initiates the polymerization. Second, the initiator complex

coordinates the propagating chain end and the incoming

monomer so as to orient the monomer with respect to the

growing chain end to induce stereospecific addition.

Recently process improvements and initiator system

improvements have greatly improved the isotactic

polypropylene produced. The new processes have broadened the

applicability of isotactic polypropylene. The polymerizaton

of isotactic polypropylene can be controlled to improve the

properties for specific applications. The coordination
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initiator systems now yield as much as forty times the amount

of polymer per unit of initiator than commercial systems of

the early 1980's. The initiator systems are also more

selective. The isotactic polypropylene has higher

stereoregularity compared to the isotactic polypropylene

produced by conventional systems. This improves the

properties and eliminates a post-reactor step normally

required to remove the atactic polypropylene.

2.8 Polymer Molecular Weights

Polymers are mixtures of various components. Linear

polymers are mixtures of various chain lengths or molecular

weights. Stereoregular polymers, such as polypropylene, are

mixtures of lengths and numbers of d and 1 units as well as

chain lengths. Branched polymers are polydisperse with

respect to chain length and chain structure. Different

experimental techniques to determine polymer molecular

weights measure different kinds of average molecular weights.

The most important kinds of molecular weight averages in

polymers are the number average, the weight average, the z

and the (z + 1) average, and the viscosity average.

The number average molecular weight, Mn, is usually

measured with membrane osmometry or vapor-phase osmometry and

is expressed by the following:
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Z"i(Mi)n
(2.48)

1

where is the number of molecules with weight .

The weight average molecular weight, M„, is measured

with quasielastic light scattering and is expressed by the

following:

^m^ (Mj^) ̂

M„ = (2.49)
ZJ^i
i

The z average average molecular weight is

]^^i (^i) z
Mz = (2.50)

i

The z and (z + 1) averages as well as the number and weight

averages can be determined with a calibrated size exclusion

chromatography system.

The viscosity average molecular weight, Mf], is

MTi = f2."iMi°T,r^"n (2.51)

where a is the exponent of the molecular weight in the Mark-

Houwink-Sakurad intrinsic viscosity [Tj] versus molecular

weight relation

[T|] = KM^ (2 . 52)
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The weight average molecular weight is always greater

than or equal to the number average molecular weight while

the viscosity average molecular weight is between the number

average and the weight average. The ratio M^/M^ is often

used as as measure of the polydispersity of a polymer sample.

If a polymer is monodisperse, this ratio is unity. As the

ratio increases, the polydispersity increases. At a fixed

value of Mw/Mn there are an infinite number of different

molecular weight distributions possible.

2.9 Tacticity Analysis

For polypropylene, the stereoregularity is dependent on

the catalyst system that is used to synthesize the polymer.

While changes in the catalyst systems have significantly

increased the stereoregularity of isotactic polypropylene,

the polymer still contains some syndiotactic placements. It

is desirable to describe the monomer sequences or sequence

distributions for each chain length. Average polymer

structural information can be determined using either

infrared (IR), ultraviolet (UV), or nuclear magnetic

resonance (NMR) techniques. However, presently only NMR is

capable of determining average sequence distributions and

number-average sequence lengths.
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2.9.1 Tacticity from IR Spectroscopy

The IR spectra of isotactic polypropylene of different

tacticities have been investigated by several authors . The

conformational ordering has a strong influence on the mIR

spectra as shown in Figure 2.13 . Polarized IR studies of

uniaxially drawn polypropylene have been essential to the

analysis. Wave number assignments for the absorption maxima

for isotactic polypropylene and sPP have been obtained by

calculation and comparison with the spectra of deuterated

polypropylene samples. This information allows

characterization of average polymer structure but not

sequence distributions and sequence length, which require

NMR. Figures 2.14 and 2.15 show the vibrational modes of the

CH3 group and the CH2 and CH groups, respectively, for

isotactic polypropylene. Table 2.5 gives some of the

infrared band assignments for the observed vibrational modes

of isotactic polypropylene.

2.9.2 Tacticity from NMR Spectroscopy

Both proton (^H) and carbon 13 (^^C) NMR have been

successfully used for tacticity analysis of polymers. An NMR

spectrum represents directly the average polymer molecule.

The characterization of tacticity from NMR involves three

quantitiative measurements [76]:
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Figure 2.13 Infrared spectra of stereoregular forms of
polypropylene: A. atactic, B. syndiotactic,
C. isotactic.
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Figure 2.14 Vibrational modes of the CH3 group in isotactic
polypropylene. Axial C-C bonds are shown in
heavy lines (from [Ketley]) .
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Table 2.6 Infrared Band Assignments for Isotactic
Polypropylene.

Peak (cm 1) Assignment

1365 CH2 wag, CH bend®*
1360 CH bend, CH2 twist
1326 CH bend

1304 CH2 wag, CH2 twist
1254 CH2 twist, CH bend
1168 rcc^^r CH3 rock®*
1045 rcirif rcc®^
998 CH3 rock®9[, rcm, CH bend
973 CH3 rock®*, rcc®^, rcc®^
899 CH3 rock®9[, CH2 rock
842 CH2 rock
809 CH2 rock, r^m, rR(.®«l
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a) distributions of configurations of successive units

such as dyads, triads, tetrads, etc.

b) number-average sequence length of like

configurations.

c) number-average sequence lengths of meso and racemic

dyads

where meso applies to adjacent monomer pairs with the

same configuration while the opposite configuration is called

racemic.

2.10 Small Angle X-ray Scattering

Small Angle X-ray scattering (SAXS) is an appropriate

technique to study the morphology of semicrystalline

polymers. Alternating crystalline and amorphous regions

result in fluctuations in electron density over distances

typically in the range of 30 A to 1000 A. This inhomogeneity

generates X-ray scattering at very small angles, typically

less than 2° with Cu Ka wavelength radiation. While the

results from SAXS are sometimes in apparent disagreement with

direct techniques, such as SEM and TEM [77], this discrepancy

may be attributed partly to SAXS biasing larger, more perfect

stacks of lamellae [78] as well as the direct techniques

showing very localized features.
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The scattering intensity function for an isotropic

system with particles separated by a distance r can be

expressed as:

I(s) = vj47Cr2Y(r) exp (-isr) dr (2.53)

where the scattering vector s = (47C/A.) s in (0/2) and the

correlation function Y(r) describes the spatial correlations

of the electron density distributions and is defined by:

Y(r) = <[p(Xo) - <p>] [p(Xo + x) - <p>]> (2.54)

where r(x) is the electron density distribution normal to a

lamellae and <r> is the mean electron density. The intensity

function can then be written as:

= vj47Cr2Y(]I(s) = V I 47Cr2Y(^) (2.55)

SAXS Distance Distribution and Correlation Function

The SAXS intensity of the two-phase model can be related

to the spatial correlation of the electron density

fluctuations throught the one-dimensional correlation

function, Y(^)^ originally developed by Debye [79]. The

normalized electron-density correlation function is defined

as:
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.  ̂ <[p(ro) - <p>][p(ro + r) - <p>]>
Y(r) = ; (2.56)

<p2>

where p(ro) is the electron density distribution normal to

the lamellae at a given Tq, p(ro + r) is the distribution at a

displacement r, and <r> is the mean electron density. The

angle brackets indicate averaging over all ro. The Y(r) can

be expressed as:

Jq^l (q) cos^TCqrdq
oo

Jq2l(q)dq
Y(r) = ̂  (2.57)

The model of the electron density distribution determines the

corresponding shape of the correlation function. Figure 2.16

shows several models for the electron density distribution

p(r) and the corresponding correlation function Y(^) • the

figure, A represents a two-phase model with constant lamellar

thickness and constant long period, B incorporates long

period variations, C includes long period variations and

lamellar thickness variations, and D includes a diffuse

boundary between amorphous and crystalline regions. The

invariant Q can be evaluated using the expression:
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Figure 2.16 Schematic of various electron density
distributions and the associated correlation
functions (from [112]) .
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Q = Jq2l(q)dq (2.58)
0

The distance distribution function p(r) [80,81]can be

defined in terms of the electron density correlation function

as:

p(r) = Y(r)r2 (2.59)

The distance distribution function can also be expressed as

the Fourier transformation of the scattering intensity

function as:

7C

p(r) = ̂ /l(q) (qr) sin (qr) dq (2.60)

The distance distribution function can be used to classify

the shape and structure of the scattering particles [82]. A

complication in the analysis of the p(r) and Y(r) functions is

due to the nature of the Fourier transformation. Since the

experimental data are collected over a finite range of q and

the transformation requires integration from q = 0, the data

will exhibit an artificial oscillation.
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2.10.1 Interpretation of SAXS from Polypropylene

SAXS of semicrystalline polymers have been generally

interpreted in terms of theories that were previously

reviewed. In most studies, the long period was evaluated

from observed scattering vector (or scattering angle) and

then correlated with crystallization conditions, such as the

isothermal crystallization temperature. Other studies have

evaluated material parameters such as Xc^ etc. from the

scattering data on the basis of the theories. a relatively

few number of studies have attempted a comparison o the

experimental data with theoretical predictions. SAXS data

for semicrystalline polymers such as polyethylene and

polypropylene typically exhibit near zero-angle diffuse

scattering and one or more broad Bragg peaks. The Bragg peak

is interpreted as a result of a regular alternation of

crystalline and amorphous regions with an average periodicity

between = 30 A and 500 A. The application of Bragg theory to

the first order maximum gives a measure of the average

periodic repeat distance of the alternating regions.

For polypropylene, most of the SAXS literature

correlates Ic with Tm to determine Tm® and CJe t)y application

of the Thomson-Gibbs equation 2.34. Mucha [83] evaluated L

from SAXS using the Bragg equation and Tm from DSC. The

crystallinity used to determine Ic was also evaluated from

SAXS [84] . The peak melting temperatures of the low
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temperature melting peak and the high temperature melting

peak were interpreted as resulting from melting of |3-

polypropylene and a-polypropylene, respectively. Linear

regression of the melting temperature versus the reciprocal

of lamellar thickness data resulted in Tm° = 212°C, Oe = 188

erg/cm2 for a-polypropylene and Tm® = 172°C, Oe = 24 erg/cm^

for P-polypropylene. More recently, Janimak [48], using a

more sensitive instrument, evaluated Ic from SAXS for

polypropylene of two M^'s as a function of Tq. The SAXS data

were interpreted using the electron density correlation

function [85]. The onset melting temperature was sued. The

resulting linear regression of Tm versus 1/lc gave Tm® = 185°C

and Oe == 70 erg/cm^ . These are representative of

polypropylene SAXS literature and show the wide variation in

the analysis of SAXS data.

Little work has been done on the SAXS modeling of

polypropylene. However, recently Lee [86] performed an

extensive study comparing SAXS experimental data with

theoretical modeling for polyethylene. It was shown that a

variable stack model with crystallinity distribution and

thickness distribution could fit the SAXS curves from highly

disperse lamellar systems such as low density polyethylene

(LDPE), cross-linked polyethylene (XLPE), and linear low

density polyethylene (LLDPE). The modeling showed that the

near zero-angle intensity increased with increasing
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crystallinity distribution with a fixed thickness

distribution. Lorentz correction was found necessary for a

more reasonable prediction of the 'true' long period. The

observed SAXS intensity curves contain information on the

nature of the crystallinity distribution and the thickness

distribution that may be of use in correcting the apparent

long period for these effects. Figure 2.17 shows the

apparent long period versus the height ratio H that resulted

from Lee's SAXS modeling. In the model, the 'true' long

period would be 1.0 with no crystallinity distribution or

thickness distribution.

2.10.2 Complications in SAXS Analysis

Solution grown polymer crystals can give rise to up to

four orders of diffraction in SAXS. This is due to the

narrow thickness distribution of the alternating crystalline

and amorphous regions. However, bulk crystallized polymers

rarely give more than two orders of diffraction and many only

give one broad first-order peak. This is partly due to the

more dispersed nature of lamellae for melt crystallized

samples. One result of the dispersity is that the Bragg long

period can be significantly different from other measured

average periods of the structure. While the techniques that

measure the periodic structure of polymer systems, such as

SAXS,TEM, and Raman LAM, may give different values for the
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average period of the structure, this does not necessarily

imply that the results from a given technique are

contradictory, but rather that the techniques are

complimentary [78] Some studies have shown that materials

with broad molecular weight distributions can crystallize

with bimodal thickness distributions due to a molecular

weight segregation effect. This bimodal distribution can be

detected by SAXS and Raman LAM. However, narrow fractions of

polyethylene have also exhibited bimodal lamellar thickness

distributions in TEM that were not detected in SAXS. Thus

the thin lamellae were not representative features. SAXS

will tend to bias larger, more perfect crystals in a

thickness distribution. This can result in a sharp SAXS peak

and a broad Raman LAM peak. This is because the existence of

discrete diffraction maxima depends on the interference

effect due to the lamellar periodicity while Raman LAM is

apparently unaffected by stacking regularity. A structure

with a sharp bimodal distribution of lamellar thickness but

with poor lamellar stacking regularity can give rise to a

sharp Raman LAM peak and a broad SAXS peak [87] . The

simplest model for interpreting SAXS is the infinite stack

model with densely packed, isotropically distributed stacks

of parallel lamellae. The dimensions of the stacks parallel

and normal to the malellar surfaces are assumed to be large

compared to the interlammar distance. However, this is not
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necessarily a true model of a melt crystallized polymer.

Electron micrographs reveal lamellae that are curved,

branched, and inclined to one another. One must address the

applicability of the SAXS model. The situation of branched

lamellae is extremely pertinent to polypropylene, in which

the tangential brancing component can be significant.

Correlation function analysis can be modified to account for

this lamellar structure. The one-dimensional electron

density distribution correlation function for the linear

system is defined as the average:

K(z) = <[T1(Z') - <'n>][Tl(z' + z) - <T1>]> (2.61)

A more realistic model of the lamellar structure may be as

shown schematically in figure 2.18. A local coordinate

system must be established with one axis ez oriented

perpendicular to the nearest surface and the other er

oriented parallel to it. On the basis of these locally

oriented coordinate systems, a two-dimensional correlation

function K2 can be defined:

K2(z,p) = <[Tl(x) - <'n>] [Tl{x + zez(x) + pep(x)} - <Tl>]> (2.62)

As in the one-dimensional correlation function, the angular



83

Z

\
\
\
\
\

Figure 2.18 Schematic of coordinate system for branching
and curving lamellae (from []).
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brackets indicate averaging over all sample points x. Figure

2.19 gives the appearance of the two-dimensional correlation

function K2(z,0) which gives the lamellar thickness as does

the one-dimensional correlation function K(z) and the

appearance of K2(0,p) which indicates the lamellar curvature

and tilting. The two-dimensional correlation function must

be related to K(r) since this is the only information that

can be obtained experimentally. It can be calculated by

replacing the cylindrical coordinates z,r by spherical

coordinates r,Q and integrating over Q:

7C/2

K(r) = 9^2 1^2 (z = rsin0,p = rcos0) 27Cr2cos0d0 (2.63)
0

By applying the Fourier transformation in the form

appropriate for the linear model, one obtains d[rK(r)]/dr

which can be related to K2(z,p):

r

^[r,K(r) ] = ̂ Jk[z p = (r2 - z2)l/2]dz
0

r

= K(z,r = 0) + p = (r2 - z2)l/2^]dz (2.64)
0

For the case of all plane, parallel lamellae, (9K/8r) =

0, and one has the same resule as the one-dimensional
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Figure 2.19 Appearance of a two-dimensional correlation
function to account for lamellar branching and
curving (from [112]).
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correlation function. The second term contributes when

lamellae are curved or tilted. This allows a qualitative

measure of the effect of curvature or tilting of lamellae.

With the shortcomings of SAXS, it might appear that the

better tichnique would be electron microscopy. Since the

electron microscope looks at lamellae in real space, the

accuracy is not limited by the lamellar size. However, the

accuracy is never high for several reasons:

1) Sample preparation for EM may produce artifacts of

distortions in the structure;

2) The very small sample volumes typically observed may

not be representative of the entire structure;

3) Difficulty in accurate calibration of the

microscope.

2.10.3 Interpretation of Zero-Angle Intensity

While the interpretation of the diffuse scattering at

near zero-angle is not without dispute, some researchers have

attempted to use the intensity at near zero-angle.

Difficulties in interpreting this intensity arise in part to

the difficulties in measuring the zero-angle intensity

experimentally. Interparticle interference, which may be

present in solid polymers, will contribute to the diffuse

scattering. In situ experiments on high density polyethylene

(HDPE) cooled from the melt in the SAXS exhibited a decrease

in the near zero-angle intensity with the development of the
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Bragg peak [88] . This behavior has been attributed to a

change from a single particle scattering system to an

interference system. Song et al. [89] suggested that the

change in near zero-angle intensity reflected a structural

change from a disordered lamellar structure, with broad

lamellar thickness distribution, to a well-defined lamellar

stack structure.
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Chapter 3

Experimental and Analytical Techniques

3.1 Materials

Isotactic polypropylene was used in the experiments.

Bulk isotactic polypropylenes having different molecular

weights but similar molecular weight distributions and

stereoregularities were studied. Table 3.1 lists the data

for the as-received polypropylenes. Figure 3.1 shows the

molecular weight distributions of the two isotactic

polypropylene homopolymers as received.

3.2 Crystallization

The crystallization of isotactic polypropylene was

followed using optical microscopy. Experiments were

performed at atmospheric pressure and elevated pressure.

The spherulitic growth rate at temperatures

corresponding to supercoolings between approximately 30° and

60°C was measured at atmospheric and elevated pressures using

optical microscopy. At atmospheric pressure, the

polypropylene was melted on a Mettler hot stage and then

rapidly cooled to the desired crystallization temperature.

The growth of crystallizing entities was followed as a

function of time with the optical microscope and recorded

with a camera attached to the microscope. The linear growth

rate was determined from the slope of the plot of spherulitic
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Table 3.1. Characteristics of Polypropylene Materials

Sample Resin Type Melt

Index

Mn Mw Mz M„/Mn Tactic

ity(%)

PPl Homopolvmer 35 58 150 287 2 .58 >99

PP4 Homopolvmer 1400 27 82 159 3.00 >99

PP5 Copolymer (0.5%
ethylene)

34 58 148 266 2.55
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Figure 3.1 Molecular weight distribution curves for
isotactic polypropylene homopolymer samples as
received.
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radius versus time. The nucleation density was determined as

a function of time at a given crystallization temperature

from the optical micrographs. The linear growth rates and

nucleation data were then compared to literature data for

polypropylene.

The linear growth rates at elevated pressure were

determined in a similar fashion to those at atmospheric

pressure. The necessary equipment, however, was different.

The elevated pressure experiments required a system that is

capable of producing and maintaining pressure as well as

controlling temperature. Figure 3.2 represents a schematic

of the elevated pressure system. Pressure was developed

using a screw type hydraulic ram. Temperature was controlled

through a Mettler temperature control unit, which was

connected to the pressure cell's cartridge heaters through an

interfacing amplifier, and an auxiliary circulating oil bath.

The designs of the elevated pressure sample cell and the heat

exchanger are shown in Figure 3.3 and 3.4.

The linear growth rate data was analyzed using secondary

nucleation theory. Certain parameters for the application of

secondary nucleation theory to the experimental data were

either experimentally evaluated where feasible or taken from

the literature. The parameters that could be experimentally

evaluated included the equilibrium melting temperature and

the glass transition temperature. Literature values were
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used for U*. The results of the atmospheric pressure

kinetics data for the homopolymers were compared to

literature data in order to determine the effect of molecular

weight on regime transitions and on the fold surface energy.

The copolymer data was compared to the homopolymer data to

determine the effect of the comonomer on crystallization

kinetics. The results of the elevated pressure kinetics data

were compared to the atmospheric kinetics data in order to

determine the effect of pressure on regime transitions and on

the fold surface free energy. The experimental data were

also compared to the available literature pressure kinetics

data of other polymers in order to compare the effects of

pressure as a result of polymer structure.

3.3 Morphology

The nature of the morphology of isotactic polypropylene

is complex. By applying several available tools for studying

morphology at various structural levels, the effect on

morphology of the experimental processing variables

temperature and pressure and the molecular variables weight

and structure can be correlated at the different levels.

Three distinct levels of morphological structure of the

isothermally crystallized samples were studied using optical

and electron microscopy, small angle X-ray scattering (SAXS),

and wide angle X-ray diffraction (WAXD). The optical

microscope was used to distinguish the various spherulite
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types by the sign and magnitude of the birefringence. The

qualitative texture of the spherulites as a function of the

crystallization temperature and pressure was evaluated. WAXD

was used to study the effect of crystallization pressure and

copolymer composition on the crystal lattice. Polypropylene

is known to exist in several forms and WAXD can easily

distinguish the forms. SAXS and EM was used to study the

lamellar level of structual development. Both scanning

electrom microscopy (SEM) and transmission electron

microscopy (TEM) were used to observe the effect of

crystallization temperature and pressure on the lamellar

structure, particularly the development of radial and

tangential components. SAXS was used to evaluate average

long period as a function of crystallization temperature and

pressure. Lamellar thickness, 1, was determined assuming a

two-phase model from measured long periods from SAXS and

estimated crystallinities from WAXD. The relationsip between

1 and melting temperature allows an independent determination

of the equilibrium melting temperature T^° and the fold
surface free energy .

3.4 Thermal Analysis

The value of the equilibrium melting temperature Tm® is

required to carry out secondary nucleation analysis of the

experimental kinetics data. Differential scanning

calorimetry (DSC) and depolarized light intensity (DLI) were
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used to evaluate the thermal behavior of isothermally

crystallized samples. For atmospheric pressure crystallized

samples, the melting behavior measured with DLI was

correlated to that observed with DSC. The DLI technique to

measure melting temperatue employed the same equipment as the

DLI crystallization experiments. The procedure involved

heating the isothermally crystallized sample at a constant

rate and recording the light intensity as a function of

temperature. The thermal lag of the Mettler hot stage and

the high pressure cell was calibrated. From the DLI trace,

the melting temperature was determined with a modified

return-to-baseline technique. This correlation was then

employed with DLI melting measurements of elevated pressure

crystallized samples. Hoffman-Weeks plots of T^ versus T^

were constructed to evaluate the equlibrium melting

temperature and the thickening factor y. Experimental

equilibrium melting temperatures as a function of pressure

were compared to calculated values from the Clausius-Clapyron

equation.

3.5 Small Angle X-ray Scattering

The small angle X-ray scattering experiments were

conducted at the National Center for Small Angle Scattering

Research at the Oak Ridge National Laboratory in Oak Ridge,

TN. All measurements were performed with a sample to

detector distance of 5 m. The NCSASR SAXS system consists of
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a rotating anode X-ray source, crystal monochromator, pin-

hole collimation, and a two-dimensional position-sensitive

proportional counter. The SAXS system schematic is shown in

Figure 3.5.

The Rigaku-Denki rotating anode X-ray source with

tungsten filament is operated at 40 KV and ICQ mA. The

source to sample distance is 162 cm with monochromatization

achieved using a pyrolytic graphite crystal to select Cu Ka

and collimation is achieved using two l-itim diameter pin-holes

separated by 154 cm. The entire source-to-sample-to-detector

flight path is operated under a vacuum of > 50 |lm Hg.

The material parameters required to collect the SAXS

pattern are the sample thickness, measured with a micrometer,

and the sample transmission coefficient. The transmission

coefficient (the ratio of the intensity transmitted through

the sample to that of the incident X-ray beam) is given as:

To =
_ -i-gc+g - 0.71,

Igc - O.VIdc

where Igc+s is the intensity of the X-ray beam with

glassy carbon and sample in the X-ray path. Is is the

intensity of the X-ray beam with only the sample in the X-ray

path, Igc is the intensity with only the glassy carbon in the

path, and IDC is the intensity without anything in the X-ray

path. The
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coefficient 0.7 is the transmission coefficient of glassy

carbon.

Samples were prepared for SAXS analysis using one

procedure for atmospheric pressure samples and another for

elevated pressure samples. The procedure for atmospheric

samples is as follows. Samples with dimensions approximately

1cm X 3cm x 3mm were cut from a sheet of isotactic

polypropylene that had been prepared by melting at 190°C,

then air cooling. The samples were wrapped in aluminum foil,

submerged into silicone heating fluid maintained at the

desired melt temperature with a Haake temperature bath, and

maintained at the melt temperature for approximately 20

minutes. The sample was then rapidly transferred into

another Haake bath with silicone heating fluid maintained at

the desired isothermal crystallization temperature. The

sample was removed from the isothermal crystallization bath

after sufficient time to ensure complete primary

crystallization, which was determined from depolarized light

intensity bulk crystallization experiments.

The procedure for elevated pressure samples is as

follows. Samples with dimensions approximately 3mm thick and

2.5cm in diameter were cut from a sheet of isotactic

polypropylene. The samples were placed into the elevated

pressure crystallization cell (described previously in

section 3.3), melted at atmospheric pressure at 190°C for 20
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minutes. Pressure was then rapidly increased to the desired

crystallization pressure and the temperature adjusted to the

desired crystallization temperature. After sufficient time

to ensure complete crystallization, the temperature was

reduced to room temperature, followed by the release of

pressure.

In situ SAXS

A series of elevated temperature SAXS were carried out

by in situ experiments. The standard sample holder was

replaced by a specially designed sample holder that consisted

of a small aluminum block sample holder fitted into a copper

heat exchanger. A Lauda circulating temperature bath with

ethylene glycol as a heat transfer medium was connected to

the heat exchanger through special ports in a modified vacuum

sample chamber by insulated Fluran tubing. A thermocouple

attached to the sample measured the sample temperature. The

isothermal temperature experiment was controlled to ± 0.5°C.

Figure 3.6 shows the in situ SAXS experimental equipment

schematic.
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X-RAY

SAMPLE CHAMBER

THERMDCOUPLE

HEATING DIL BATH

Figure 3.6 In situ SAXS experimental equipment for
measurement of SAXS at elevated temperatures,
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Chapter 4

Results

4.1 Wide Angle X-ray Diffraction

4.1.1 Atmospheric Pressure - f(Tc)

The wide angle X-ray diffraction behavior at various

isothermal crystallization temperatures at atmospheric

pressure for isotactic polypropylene were obtained using a

Rigaku Denki diffractometer as well as recording the WAXD

image with a flat plate camera. The diffraction scans were

recorded from 20 = 5° to 20 = 50°. All scans showed the

characteristic scattering of the monoclinic form of isotactic

polypropylene. Figure 4.1 shows representative WAXD scans

for isotactic polypropylene = 151,000 homopolymer for

various crystallization temperatures. The diffraction scans

of samples crystallized at certain temperatures showed

evidence of a peak around 20 = 19°, which corresponds to the

d = 4.42 A diffraction planes of the y-form of isotactic

polypropylene. The most intense scattering occurred for the

(110) diffraction planes. The height ratio of the (040) and

(130) peaks relative to the (110) peaks ranged from 0.36 to

0.75 for the (040) and from 0.35 to 0.58 for the (130). For

certain crystallization temperatures the height of the (130)

peak was greater than that for the (040) peak. This is

particularly true for crystallization temperatures greater



-
4
-
)

•
1
^

w Pi 0
)

a

1
1
0 I

0
4
0

I
 I

I
n
l

f 
I

I
 \

1
3
0

/
 I

V
/

N
n

—
 V
 ̂
 ̂

/

;
 \
 
; ̂

, 
\ 

I 
\

/
 ̂■' 

\^
r'

^
 ^

 ^
 ^

 ^

^ 
^v

/"
 3

 ̂
 /V

 _

T
—
I
—
r
T
—
I
—
I
—
I
—
r

2
5

1
—
I
—
I
—
I
—
I
—
I
—
I
—
I
—
I
—
I
—
r

T
—
I
—
I
—
r

3
0

2
0

2
0

1
5

1
0

F
i
g
u
r
e
 
4
.
1
 

W
A
X
D
 
a
s
 
a
 
f
u
n
c
t
i
o
n
 
o
f
 
c
r
y
s
t
a
l
l
i
z
a
t
i
o
n
 
t
e
m
p
e
r
a
t
u
r
e

f
o
r
 
i
s
o
t
a
c
t
i
c
 
p
o
l
y
p
r
o
p
y
l
e
n
e
 
1
5
1
,
0
0
0
 
Mv

,
h
o
m
o
p
o
l
y
m
e
r
 
c
r
y
s
t
a
l
l
i
z
e
d
 
a
t
 
a
t
m
o
s
p
h
e
r
i
c
 
p
r
e
s
s
u
r
e
.

o



105

than 140°C. Certain scans showed somewhat indistinct

splitting of the (041), (131), and (111) peaks. Most of the

scans that showed this behavior also showed some evidence of

the peak associated with the y-form of isotactic

polypropylene. The splitting varied from a single peak with

a slight shoulder to distinct sharp double peaks. In all

scans with distinct splitting, the intensity of the (041) -

(131) peak was greater than that for the (111) peak. Table

4.1 summarizes WAXD intensity ratios for several peaks of the

homopolymer and the copolymer.

It is seen that the homopolymer and copolymer show

qualitatively similar WAXD behavior as a function of

crystallization temperature. However, the relative

intensities of the (040) and (130) to the (110) are lower for

the copolymer at most temperatures. Apparent crystal sizes

normal to the (110), (040), and (130) planes have been

calculated using Scherrer's equation: Lhkl = A/5s where A is

geometry dependent and (5S) is the peak breadth at half-

height expressed in units of S, A~1 [90]. Table 4.2 gives the

apparent crystal sizes for the homopolymer and copolymer as a

function of crystallization temperature, based on the (110)

plane.

4.1.2 Elevated Press.- f(Pc)

The WAXD behavior of isotactic polypropylene M„ =

151,000 homopolymer as a function of crystallization pressure
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Table 4.1 X-ray Relative Intensities for Isotactic
Polypropylene Isothermally Crystallized at Atmospheric
Pressure.

Relative Intensities

o
o

O
Pi

l040/ill0 Il30/Ill0
Homopolymer Copolvmer Homopolymer Copolymer

127 75 28 43 28

129 68 24 39 21

134 68 34 43 27

135 43 43 39 35

136 36 46 39 41

137 40 44 35 40

138 68 30 47 42

139 58 40 47 42

140 72 31 49 35

141 47 44 54 44

142 46 37 50 35

143 54 36 49 40

144 42 45 48 43

145 42 44 47 54



107

Table 4.2 WAXD Apparent Crystal Size (110)

151,000 Mw
Homopolymer

151,000 Mw
Copolymer

Tc Xc IWAXD^ Xc IwAXD

(°C) (A) (A)

127 52.8 98 64.9 177

129 52.6 104 63.5 196

134 57.4 126 67.8 221

135 59.8 177 60.8 136

136 63.1 196 64.2 136

137 65.4 161 59. 6 131

138 57.5 118 72.5 236

139 60.8 98 66. 6 168

140 61.1 126 65. 9 272

141 62 . 6 196 65.8 114

142 66.1 196 64.7 98

143 65.4 93 67.7 147

144 71. 7 177 63. 9 93

145 57 . 9 147 67.7 196

146 55.1 118 77 .2 321

Notes:

a  Apparent crystal size on (110) using Scherrer's equation
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at At = SCC was recorded at atmospheric pressure with a

Rigaku Denki diffractometer and a flat plat camera. The

diffraction scans were recorded for 20 between 5° and 50°.

Figure 4.2A, B, and C are flat plate images of samples

crystallized at atmospheric pressure, 100 MPa, and 200 MPa,

respectively. The flat plate images clearly show the change

in crystal structure with no preferred orientation observed

within the samples. Figure 4.3 shows the diffraction scans

for samples crystallized at atmospheric pressure, 25 MPa, 50

MPa, 100 MPa, and 200 MPa. The atmospheric pressure scan

exhibits behavior consistent with the monoclinic crystal

structure while the 200 MPa exhibits behavior consistent with

the orthorhombic crystal structure published by Bruckner et

al. [7] . The diffraction patterns of polypropylene

crystallized at pressures between atmospheric pressure and

200 MPa exhibit peaks characteristic of the monoclinic and

the orthorhombic crystal structures, indicating a mixture of

the crystal structures within the samples. The elevated

pressure crystallized samples' diffraction behavior is

consistent with that of other bulk polypropylenes that have

been pressure crystallized [91]. The ratio of the areas of

the 20 peak between 18° and 19° for the a form and the 20

peak between 19° and 21° for the y form has been used as a

measure of the composition as a function of crystallization

pressure. Figure 4.4 shows the y polypropylene content as a



Flat plate WAXD of atmospheric pressure and
elevated pressure isothermally crystallized
isotactic polypropylene, AT = 50°C; A.
Atmospheric pressure, B. 100 MPa, and C. 200
MPa.
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Figure 4.3 WAXD as a function of crystallization pressure
for isotactic polypropylene 151,000 M
homopolymer, AT = 50°C. ^
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4.4 Composition from WAXD of isotactic polypropylsne
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function of crystallization pressure. While the WAXD scans

of the pressure crystallized polypropylene samples show a

change in crystal structure as exhibited by the near complete

loss of the peak at 20 = 19° and the appearance of the peak

at 20 = 20.5° at 200 MPa, it is observed that the diffraction

scan of the pressure crystallized polypropylene, especially

the 200 MPa sample, is different from the diffraction scan of

low molecular weight polypropylene that has been crystallized

in the [92]. This difference in the diffraction scans

would be expected on the basis of the molecular weight

difference of the two samples (M^ = 151,000 for the elevated

pressure crystallized, Mw = 6,300 for the atmospheric

pressure crystallized). For the proposed orthorhombic

crystal structure, the integrated intensity is largest for

the peak at 20 = 13.8° (111) with the next two integrated

intensities being the peaks at 20 = 16°. (008) and 20 = 20°

(117). While this is in fair agreement with the experimental

200 MPa sample, the peaks are significantly broader for the

pressure crystallized material. The diffraction scans

reported for pressure crystallized polypropylene are in good

agreement with the experimental scans, even for samples that

were crystallized at much higher pressures. It is apparent

that some of the observed differences can be accounted for by

differences between samples that have been used to generate

the y-form. Only incomplete information is available for the
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samples in the literature. Morrow reported a molecular

weight of Mn < 3800, Pae a molecular weight of 325, 000 (Mi^) ,

and Bruckner a molecular weight of 6,300 (Mn) . No MWD

information is reported for Morrow or Pae's samples. While

none of the elevated pressure literature references reported

stereoregularity information, it is known that the

stereoregularity of commercial samples two decades ago (or

even one decade ago) was lower than most currently available

commercial materials. Janimak [55] has shown that

polypropylene WAXD behavior is strongly dependent on the

stereoregularity. In general, the intensities of the

diffraction peaks decrease and the half-widths increase with

decreasing isotacticity. The 2© positions of the diffraction

peaks also shift to lower values with decreasing

isotacticity. The shifting of the peak positions is a result

of the packing of chains with tacticity variation.

Significant differences existed for polypropylenes with

isotacticities of 0.988 and 0.953.

4.1.3 Elevated Pressure - f(Tc)

The WAXD behavior of isotactic polypropylene that had

been isothermally crystallized at several fixed supercoolings

at 100 MPa and 200 MPa was studied. This allowed for

observations in changes in crystallinity and y content as a

function of supercooling. At a fixed supercooling, it

allowed for observations in changes in crystallinity and y
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content as a function of crystallization time. It was

observed that, at times shorter than too at a fixed

supercooling and 100 MPa, the Y content was somewhat lower

than that of a completely crystallized sample. However, at

200 MPa, for the experimental crystallization temperature

range, it was observed that the y content changed only

slightly with short crystallization times.

4.1.4 Elevated Temperature

The WAXD of samples that had been isothermally

crystallized at atmospheric pressure and elevated pressure at

At = 50°C were recorded as a function of temperature using a

Rigaku Denki diffractometer with high temperature stage. The

high temperature stage was calibrated using standard methods

and the temperature of the sample could be controlled within

0.2 K within the temperature range studied.

The atmospheric pressure crystallized sample M„ =

151,000 was studied from 25° to 161°C. The resulting

diffraction scans, shown in Figure 4.5, exhibit little change

in the amorphous region from 25° to 130°C, which is expected

since the sample was crystallized at Tc = 135°C and the DSC

shows no melting below 135°C. The peak positions shift only

slightly and the shift is in agreement with the known thermal

expansion coefficients for isotactic polypropylene

(monoclinic form) [93]. Figure 4.6 shows the plot of the
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Figure 4.5 WAXD at elevated temperature of isotactic
polypropylene isothermally crystallized at
atmospheric pressure, Tq = 129°C. Scan
temperatures indicated on figure.
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Figure 4.6 Length of the a axis and the b axis of isotactic
polypropylene monoclinic unit cell as a function
of scan temperature from WAXD.
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lengths of the a axis and the b axis as a function of

temperature. The b axis length was determined from the (040)

plane spacing and the a axis length was determined from the

(110) and (130) plane spacings. The thermal expansion

coefficients were then determined from the data. The thermal

expansion coeffient tta of the a axis was determined to be

0.965 X 10"^ K"i and the thermal expansion coeficient at of

the b axis was determined to be 1.186 x 10"'^ K"l . The

reported values for the thermal expansion coefficients range

from =1.1 X 10"^ to 0.6 x 10"^ K~i for the a axis and from

=2.3 xlO"'' to 1.5 X 10"^ K~^ for the b axis . The range of

values has been reported to be due to the different limiting

structures in isotactic polypropylene with the lower a values

associated with the order limiting structure tti (C2/c) and

the higher values associated with the disorder limiting

structure 0.2 (P2i/c) . The 150°C scan shows an increase in

the intensity of the amorphous background and a decrease in

the intensities of several of the crystalline peaks. For

scans above 150°C the amorphous background intensity

increases while the intensities of the crystalline peaks

decreases. The (110) peak shows the largest decrease in

intensity while the peaks associated with the (111) and

(131), (041) planes show the least change in intensity. As

for the lower temperatures, the peak positions shift in

agreement with thermal expansion.
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The WAXD of elevated pressure crystallized samples was

measured at 25°, 140°, and 155°C. Figure 4.7 shows typical

results for the 100 MPa sample. The temperatures were chosen

so that a comparison with literature results could be made

[94,95,100]. In general, the elevated pressure crystallized

samples showed more change in WAXD behavior with temperature

than that of the atmospheric pressure sample. At 25 MPa,

where approximately 18% of the material is y (see Figure

4.3), the a (130) peak shows little change from 25 to 140°C.

However, there is an increase in the a peak at 20 = 19° (130)

from 140° to 155°C. There is also a decrease in the y peak at

20 = 20.5°. The changes in the amorphous background at 140°C

and 155°C were similar to the changes observed for the

atmospheric pressure crystallized sample. The 50 MPa sample

WAXD showed changes with temperature that were similar to

those observed for the 25 MPa sample. The intensity of the

alpha peak at 20 = 19 increases slightly with increasing

temperature while the intensity of the y peak at 20 = 20.5°

decreases. The behavior in the 20 range from 21° to 23°

changes from a broad single peak with shoulder at 25° and

140°C to two distinct peaks at 155°C. While the separation

of this 20 region is consistent with a polypropylene or low

molecular weight y polypropylene, in general the splitting for

pressure crystallized polypropylene experimentally as well as

in the literature is less distinct
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Figure 4.7 WAXD at elevated temperature of isotactic
polypropylene isothermally crystallized at
elevated pressure, AT = 50°C, Pc = 100 MPa.
temperatures indicated on figure.

Scan
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than for a polypropylene. The 75 MPa sample's behavior was

much like that of the 50 MPa sample. Again, the peak at 20 =

19° increases with increasing temperature. For 100 MPa,

after 30 min. at 140°C, the y peak has decreased significantly

while the a peak is relatively unchanged. However after 30

min. at 155°C, both the a and y peaks have changed

significantly. Essentially all of the y peak is gone. The

WAXD scan after 30 min. at 155°C for the 100 MPa sample was

not the same as that for the atmospheric sample after 30 min.

at 155°C. While there is clearly a change in the a - y

composition of 100 MPa sample at 155°C, the material retains

some pressure crystallization history. For crystallization

pressures above 100 MPa, the amorphous background increases

significantly more than for samples crystallized at pressures

below 100 MPa. The 125 MPa sample exhibits a moderate

decrease in the gamma peak as well as an increase in the

amorphous background at 140°C. At 155°C, the y peak no longer

exists, even at short times. The a peak has increased as

well as the amorphous background. The peak at 20 = 14.0° (a

(110),y (111)) shows little change with temperature while this

peak on the atmospheric pressure crystallized sample

decreased significantly at 155°C. For the 175 MPa and 200

MPa samples, the y peak decreases at 140°C and disappears at

155°C. The peak at 20 = 14.0° does not change significantly,

but the peak at 20 = 16.9° (a (040), y(008)) decreases with
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increasing temperature. Pae [94] reported the temperature

dependence of isotactic polypropylene that had been

crystallized at an elevated pressure of 4.14 kbar (414 MPa).

For temperatures of 156°C and 150°C, approximately 74% and

37%, respectively, of the y-form material had converted to a-

form within 10 minutes. This initially rapid conversion was

then followed by a linear rate of conversion of 12%/hr for

156°C and 11%/hr for 150°C. At 139°C, approximately 5% of

the y-form converted within 80 minutes, followed by a linear

rate of conversion of 0.21%/hr. Morrow [95] reported the

conversion of y-polypropylene to a-polypropylene at 150°C for

pressure crystallized polypropylene. While the conversion

rate is somewhat different than that of Pae, the results

indicate essentially 100% conversion within six hours. In

both references, the starting material was reported as 100% y-

form polypropylene.

4.2 Small Angle X-ray Scattering

4.2.1 Atmospheric Pressure Tc Series

Small angle X-ray scattering data were collected for the

=  151,000 homopolymer and copolymer as a function of

isothermal crystallization temperature. The samples were

crystallized isothermally for sufficient time (too) to ensure

complete primary crystallization. This time was determined a

priori by bulk crystallization experiments.
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The SAXS data were initially collected as two-

dimensionally averaged scattering intensities. All the

atmospheric pressure crystallized samples exhibited

circularly shaped two-dimensional plots, indicating no

preferred orientation within the sample. Figure 4.8 shows a

SAXS contour plot for the = 151, 000 homopolymer

isothermally crystallized at Tc = 138 C. The two-dimensional

SAXS data was then radially averaged to obtain one-

dimensional SAXS intensity data. Figure 4.9 shows the

radially averaged SAXS intensity versus scattering vector q

for the M„ = 151,000 homopolymer as a function of isothermal

crystallization temperature increases, the shape of the

scattering curve changes. The peak shifts to lower q values

(higher long period) and the breadth of the peak decreases,

indicating a change in lamellar thickness and crystallinity

distributions. The intensity curves in general show

relatively well defined Bragg maxima, which can be related to

the stacking of two entities with different electron

densities - the amorphous and crystalline layers. The SAXS

one-dimensional intensity data corrected by the Lorentz

geometric factor are presented in Figure 4.10 for the data of

Figure 4.9. The data typically showed a relatively sharp

primary peak with occasionally a secondary peak of much lower

intensity at higher scattering factor values.
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Figure 4.9 SAXS radially averaged intensity I versus
scattering vector q for isotactic polypropylene
151,000 M homopolymer isothermally crystallized
at atmospheric pressure and several
crystallization temperatures.
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Figure 4.10 SAXS Lorentz corrected data for the data of
Figure 4.9.
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The SAXS data for the isotactic polypropylene =

151,000 copolymer as a function of crystallization

temperature were similar to those of the homopolymer. Figure

4.11 shows a comparison of the SAXS one-dimensional radially

averaged data for the homopolymer and copolymer at Tc = 129°C

and Tc = 146°C. At both crystallization temperatures, the

scattering curves are very similar for the homopolymer and

the copolymer. This is interesting because the bulk

crystallization behavior and the linear growth rates for the

two samples are so significantly different that one might

expect a difference in the lamellar morphology. One might

expect a change in lamellar thickness distribution or

crystallinity distribution, either of which should result in

changes in the SAXS behavior. The one-dimensional SAXS

behavior for the copolymer as a function of Tc is shown in

Figure 4.12. As with the homopolymer, with increasing Tc,

the scattering curve changes shape. The peak becomes less

broad with increasing crystallization temperature. Figure

4.13 shows the copolymer SAXS one-dimensional intensity data

corrected by the Lorentz factor. The data show relatively

sharp peaks with a secondary peak of much lower intensity at

higher scattering factors for Tc > 135°C.
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Figure 4.11 Comparison of the Lorentz corrected SAXS
behavior for the isotactic polypropylene 151,000

homopolymer and copolymer at two isothermal
crystallization temperatures, 129°C and 146°C.
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Figure 4.12 SAXS radially averaged intensity I versus
scattering vector q for isotactic polypropylene
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crystallized at atmospheric pressure and several
crystallization temperatures.
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4.2.2 Atmospheric Pressure Time Series

A series of isothermal crystallizations as a function of

crystallization time at a fixed crystallization temperature

were performed in order to study the effect of

crystallization time on the resulting morphology. The basis

for the crystallization time was the time required for the

completion of primary crystallization too which was determined

from a priori bulk crystallization experiments. Samples were

then isothermally crystallized at shorter and longer times at

several crystallization temperatures. For times shorter than

too, one would expect the material that had not crystallized

by the fixed crystallization time would quench on removing

the sample from the crystallization bath. This could result

in a significant effect on the lamellar morphology. For

crystallization times greater than too, one would expect some

annealing and crystalline perfecting to occur. This also

should affect the resulting lamellar morphology. Since the

mechanisms of annealing and crystalline perfecting should

behave differently at different temperatures, one might get

some additional insight from the SAXS crystallization time

experiments.

Two crystallization temperatures, 129°C and 146°C, were

chosen for the SAXS crystallization time studies. Isotactic

polypropylene has been shown to exhibit Regime III
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crystallization behavior at 129°C, while at 146°C Regime II

crystallization behavior is seen. Thus this study should

also give insight into the effect of crystallization

mechanism on the morphology development. Figure 4.14 shows

the SAXS one-dimensional radially averaged results for the M„

= 151,000 homopolymer at Tc = 129°C for various times. The

shape of the scattering curve changes with crystallization

time at a fixed crystallization temperature. The peak

becomes sharper and the peak maximum shifts to lower

scattering factors with increasing crystallization time up to

4too. The scattering curve changes relatively little for tc >

4too. The most significant change in the scattering curve

occurs between the 0. 5too and Itoo. This is most probably a

result of the 0.5too curve reflecting the quenching of

uncrystallized material. For 129°C and a crystallization

time of 0.5too, only 50% of the material has crystallized. On

removing the sample from the bath, the remaining material

undergoes a nonisothermal crystallization as the sample is

rapidly cooled to room temperature. This should result in a

broader distribution of lamellar thicknesses in the sample

crystallized for times shorter than too. For times longer

than too, the scattering curve does not change shape as

significantly as the change for times shorter that too. The

shift in the peak maximum from 0.5 too to 1 too (change in long

period = 14 A) is also larger than that from 1 too to ICQ too
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(change in long period = 9 A). Figure 4.15 shows the Lorentz

corrected SAXS one-dimensional radially averaged data for the

homopolymer as a function of too at Tc = 12 9°C. The most

significant changes occur in peak shape and position between

t = 0.5 too and t = too. The peak maximum shifts 19 A. For t >

too, the peak maximum only shifts 3 A. It is interesting that

the peak maximum shift for the Lorentz corrected data for t <

too is larger than that for the uncorrected data, while for t

> too the peak maximum shift shows the opposite behavior.

Due to the significantly longer crystallization time at

146°C (too = 2500 min. versus. 20 min. at 129°C), a somewhat

different series of crystallization times was chosen. It was

desired to attempt to reproduce the too series performed for

129°C but also to preserve sample integrity i.e. minimize

degradation effects. Figure 4.16 shows the SAXS one

dimensional radially averaged data for isotactic

polypropylene = 151,000 homopolymer isothermally

crystallized at Tc = 146°C as a function of too. The peak

shape changes little over the crystallization times

considered. At t = 0.25too, the peak is essentially fully

developed. The long period does not change within the

resolution of the equipment used (1 A) . It is not

immediately clear why the curves for t < too do not more

clearly indicate the presence of quenching. The difference

in quenched and isothermally crystallized material should be
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greater at Tc = 146°C than at Tc = 129°C. Figure 4,17 shows

the Lorentz corrected SAXS one-dimensional radially averaged

data for the = 151,000 homopolymer as a function of t at Tc

=  146 C. As for the uncorrected data, little change is

observed in the peak shape as a function of time. While the

maximum in the primary peak does not shift with time, the

maximum in the secondary peak shifts to higher scattering

factors (lower spacing) with increased crystallization time,

as a result of crystal perfection.

4.2.3 Elevated Pressure - f(Pc)

Samples that were prepared at a supercooling of 50°C as

a function of crystallization pressure were studied using

SAXS in order to evaluate the effect of pressure on the

morphology of isotactic polypropylene. The lamellar

thickness of polyethylene has been shown to increase with

increasing crystallization pressure [96]. With pressures

above 350 MPa, polyethylene forms extended chains. The

available data on the effect of pressure on the lamellar

habit is limited for isotactic polypropylene.

The SAXS curve changes significantly from that for

atmospheric pressure crystallization to that for

crystallization at 25 MPa. Figure 4.18 shows the SAXS one-

dimensional radially averaged data for isotactic

polypropylene My, = 151,000 homopolymer as a function of

crystallization pressure at a constant supercooling At =
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50°C. The crystallization temperature to be used at each

pressure was determined from the Tm® at that pressure. It is

seen that with increasing pressure, the peak maximum shifts

to higher scattering factors (smaller long periods). Also

the peak becomes broader. The Lorentz corrected SAXS data,

shown in Figure 4.19 for the data of Figure 4.18, show

similar behavior. The atmospheric pressure crystallized

sample exhibits a second-order peak while none of the

pressure crystallized samples exhibit this behavior. The

peak maximum shifts to higher q values and the initial

deviation from baseline intensity also shifts to higher q

values, but not as much as the peak maximum shift. This

indicates a broadening of the SAXS peak with increasing

pressure.

4.2.4 Elevated Pressure - f(Tc)

A series of samples were isothermally crystallized at

several temperatures at 100 MPa and at 200 MPa to evaluate

the change in fold surface free energy with crystallization

pressure. Figure 4.20 shows the SAXS one-dimensional

radially averaged data for isotactic polypropylene Mw =

151,000 as a function of crystallization temperature at a

crystallization pressure of 100 MPa. For the isothermal

series, it is seen that on increasing the crystallization

temperature, the peak maximum shifts to lower q values

(larger long period). The Lorentz corrected one-dimensional
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radially averaged data, shown in Figure 4.21 for the data of

Figure 4.20, shows a decrease in peak breadth with increasing

crystallization temperature. This trend was also observed

for the atmospheric pressure crystallized samples as a

function of Tq.

The 200 MPa crystallized samples exhibited lower

scattering vectors for the peak maxima with increasing Tq as

shown in Figure 4.22 for the one-dimensional radially

averaged SAXS data.

4.2.5 Atmospheric Pressure - f(Tscan)

A  study of SAXS behavior of atmospheric pressure

crystallized samples was performed at several temperatures in

order to observe the changes in lamellar structure on

approaching the melting temperature ('pre-melting') • The

maximum temperature that could be obtained was 145°C. The

experiment involved inserting a sample into the temperature

controlled sample cell. The sample cell was then placed into

the chamber of the SAXS instrument that had been previously

set to the desired temperature. Temperature equilibration

occurred rapidly. The scattering behavior was then recorded.

A new sample was used at each temperature to ensure that the

observed behavior was the result of only the current

temperature and not a temperature history effect. The

isothermal crystallization temperatures chosen for the SAXS

temperature study were 129°, 138°, and 146°C. The 129°C
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crystallization temperature is in Regime III, while the 146°C

crystallization temperature is in Regime II and the 138°C

crystallization temperature is at the Regime II - Regime III

transition for this sample. An as-molded sample was also

studied at temperatures of 25°, 100°, 130°, and 145°C. These

temperatures were chosen with respect to the observed DSC and

DLI transition behavior.

Figure 4.23 shows the SAXS q versus I behavior for the

Tc = 129°C sample as a function of temperature. Some changes

are observed with increasing temperature. In particular the

maximum in the q versus I plot shifts to lower q values

(increased long periods) with increasing temperature. No

change in long period is observed between the 25°C scan and

the 100°C scan. Between 100°C and 130°C scans, the long

period increases slightly ( 6 A) while the largest increase

is observed between 130°C and 145°C ( 19 A) . The long period

increases 15% between the 25°C and the 145°C scans. This

behavior is expected. The DSC exhibits no melting below

130°C so the only lamellar structural changes observed in the

SAXS up to 130°C would be due to thermal expansion effects.

The thermal expansion in the C unit cell direction is

negligible so that any changes would be an expansion in the

amorphous region. Above 130°C in the DSC some melting is

observed. The thinner lamellae melt and the lamellar

thickness distribution changes, reflecting the melting of the
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thinner lamellae. This should decrease the lamellar

thickness distribution (Ox) while resulting in a larger

average lamellar thickness and a corresponding increase in

long period.

Figure 4.24 gives the Lorentz corrected long period for

the atmospheric pressure crystallized samples as a function

of scan temperature. All samples studied showed an increase

in long period from 130° to 145°C, as expected. The T^ =

146°C showed the least change, which agreed with the observed

DSC behavior. The Tc = 129°C, Tc = 138°C, and the as-molded

samples showed about equal increase in long period from 130°

to 145°C. A decrease in the observed long period was noted

for the Tc = 138°C sample and the as-molded sample from 25°

to 100°C.

4.2.6 Elevated Pressure - f(Tscaii)

The SAXS of the elevated pressure samples crystallized

at a fixed supercooling of 50°C were studied at several

temperatures. Figure 4.25 shows the SAXS q versus I behavior

of the 100 MPa sample as a function of temperature. It is

seen that the peak maximum shifts to lower q values

(increased long period) with increasing pressure while the

first minimum in the curve remains relatively unchanged. The
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behavior of the other elevated pressure samples was similar.

While the increase in long period with increasing temperature

for atmospheric pressure crystallized samples can be

accounted for by a melting of thinner lamellae with a

corresponding shift in the lamellar thickness distribution,

this alone may not account for the observed changes for the

elevated pressure crystallized samples. Figure 4.26 shows

the observed long period as a function of scan temperature

for the elevated pressure crystallized samples. A

significant increase in long period is observed with

increasing temperature for all pressures. The long period of

the pressure samples approached that of the atmospheric

pressure crystallized sample. While the DSC exhibits some

melting of the pressure crystalized samples at the

experimental SAXS temperatures, which would account for at

least a portion of the long period increase, there is a

possibility of a thickening mechanism for the elevated

pressure samples that would not be applicable to the

atmospheric pressure crystallized sample.
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4.3 Thermal Analysis

4.3.1 Differential Scanning Calorimetry

Atmospheric Pressure

Figure A .21 shows the typical DSC melting behavior of

the = 83,000 homopolymer as a function of crystallization

temperature. Single peak endotherm behavior is observed up

to an isothermal crystallization temperature of 130°C.

Convoluted peaks are observed for all other 's. An

interpretation of the observed melting behavior from the

literature proposes that for low (<130°C) , the low Tm peak

represents melting of crystals formed during isothermal

crystallization while the high Tm peak is due to crystals

formed due to recrystallization or reorganization. The DSC

melting behaviors of the Mw = 83,000 homopolymer and Mw =

151, 000 copolymer are similar to that of the M„ = 151,000

homopolymer. Figure 4.28 compares the DSC melting behavior

of the = 151, 000, Mw = 84,000 homopolymers, and the =

151,000 copolymer (0.5% ethylene). The 151,000 homopolymer

and the 151,000 copolymer show similar thermal behavior at

this particular crystallization temperature. The 84,000

homopolymer, however, does show a more distinct shoulder at

the lower temperatures.
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Elevated Pressure

Differential scanning calorimetry at atmospheric

pressure was performed on a series of elevated pressure

crystallized samples. The samples were prepared at a fixed

supercooling of 50° with the crystallization temperature at a

given pressure determined by the equilibrium melting

temperature at that pressure. Figure 4.29 shows the DSC

behavior at a heating rate of 10°C/min. for samples

crystallized at several pressures. It is seen that, as the

crystallization pressure increases, the endotherm changes

shape. The region below the peak melting temperature for

atmospheric becomes an increasingly distinct shoulder with

increasing pressure. By 150 MPa, this shoulder becomes the

dominant peak. The high temperature peak does not completely

disappear. This behavior is similar to that reported in the

literature for polypropylene [97, 98] . Kardos et al.

attributed the low temperature peak in DTA experiments to the

Y modification of polypropylene. They showed that with

increasing heating rate, the peak associated with the Y form

increased. At low heating rates (<10°C/min.), two peaks were

observed for a sample slow-cooled at 500 MPa. This sample

showed only one peak at a heat rate of 40°C/min.
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4.3.2 Depolarized Light Intensity

Atmospheric Pressure

The depolarized light intensity technique can be used to

study the melting behavior of polymers [99]. An advantage of

the DLI technique is that is allows simultaneous recording of

depolarized light intensity and optical micrographs during

crystallization and melting. This allows one to correlate

the morphological changes that occur during crystallization

or melting with the thermal transitions.

The DLI melting experiments were performed following the

DLI bulk crystallization experiments. Thus after following

the isothermal crystallization to the end of the primary

crystallization, the sample was then heated at a given

constant heating rate and the light intensity recorded as a

function of temperature through melting of the sample. A

series of simultaneous DLI and optical microscopy was also

performed in order to directly compare DSC and DLI with the

observed morphology and to correlate the DSC and DLI thermal

behaviors.

Figure 4.30 displays typically observed DLI melting

behavior for isotactic polypropylene isothermally

crystallized at various temperatures. On initial heating

from the crystallization temperature, there is an increase in
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the observed light intensity. This increase can be partially

attributed to a change in sample thickness due to thermal

expansion. However, this increase is also a result in the

change in the internal structure of the spherulites [100].

After reaching the maximum, the light intensity drops

sharply. Occasionally, the intensity exhibits a plateau

before the final baseline. Visual observations indicate that

this initial plateau is not associated with the final

melting.

Elevated Pressure

Two sets of DLI experiments were performed on pressure

crystallized samples. One set consisted of melting the

samples at the crystallization pressure after isothermal

crystallization. This allowed quantification of the

equilibrium melting temperature as a function of pressure.

The second set of DLI experiments consisted of melting the

elevated pressure crystallized samples at atmospheric

pressure. Depolarized light intensity was recorded on

heating at a fixed rate at atmospheric pressure for pressure

crystallized samples to correlate with the differential

scanning calorimetry. After the initial melt, the sample was

recrystallized either by cooling from the melt at a fixed

rate or by isothermal crystallization to evaluate the effect

of elevated pressure on the sample's behavior. Figure 4.31

shows the DLI behavior of samples isothermally crystallized
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at various pressures at fixed supercooling AT = 50°. As seen

in Figure 4.31, the 25 MPa crystallized sample behaves

qualitatively similar to the atmospheric pressure

crystallized ;Bample. Both exhibit an intensity decrease to a

plateau, followed by an increase in intensity to a maximum

and then a rapid decrease through the return-to-baseline.

The 50 MPa crystallized sample shows a slight shoulder on the

decreasing intensity portion of the curve in a temperature

region similar to the 25 MPa sample. The 100 MPa and 200 MPa

crystallized samples show only a continuous decrease to the

return-to-baseline after the intensity maximum.

The light intensity versus temperature curves for

samples isothermally crystallized and melted at elevated

pressures are shown in Figure 4.32 for crystallization

pressures of 50 MPa as typical results for the elevated

pressure melting behavior observed with depolarized light

intensity. All heating rates for the elevated pressure

melting experiments were 3°C/min., because of equipment

limitations and the massiveness of the elevated pressure

crystallization sample cell.

4.4 Infrared Spectroscopy of Polypropylene

4.4.1 Atmospheric Pressure

Infrared spectroscopy has been used to observe

crystallinity [101], stereoregularity [102], copolymer
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composition [103], sequence distributions [104], orientation

[105], degradation [106], and additive and impurity content

[107] in isotactic polypropylene and polypropylene

copolymers. In this study FTIR was used to study a series of

polypropylene samples (homopolymer and copolymer)

isothermally crystallized at atmospheric pressure as well as

a series of polypropylene samples crystallized at elevated

pressure. For the atmospheric pressure crystallized samples,

the FTIR was used to study the differences between

homopolymer and copolymer due to composition and

constitution. For the elevated pressure crystallized

samples, the FTIR was used to study the changes in the

arrangement of the chains within lamellae with changing

pressure.

Figure 4.33 shows the FTIR spectra for the 151,000 M„

homopolymer at various crystallization temperatures for 4000

< V < 400 cm~^- The spectra show little differences on first

observation. Figure 4.34 shows the FTIR spectra of Figure

4.33 for the frequency range 1500 < v < 500 cm~l- However,

the relative intensities of certain peaks exhibited a linear

dependence on crystallization temperature. Figure 4.35 shows

the relative intensities of the indicated peaks with V = 1380

cm"l the reference frequency. The relative intensities of the

842 cm~l and the 899 cm~l frequencies showed a linear increase

with increasing crystallization temperature.
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Figure 4.35 Relative intensities of various frequencies
(reference frequency = 1380 cm~^) as a function
of isothermal crystallization temperature for
isotactic polypropylene 151,000 homopolymer.
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Figure 4.36 shows the FTIR spectra for the 151, 000

copolymer at various crystallization temperatures for 4000 <

V < 400 cm~l. As for the homopolymer the spectra show little

differences. Figure 4.37 shows the spectra of Figure 4.35

for the frequency range 1500 < v < 500 cm~^. Differences in

the spectra are made more apparent on a relative intensity

basis. Figure 4.38 shows the relative intensities of the

indicated frequencies with V = 1380 cm"^ the reference

frequency. Several frequencies exhibit a linear behavior

with crystallization temperature. The frequencies of the

homopolymer that exhibited a linear behavior do not seem to

exhibit the same behavior for the copolymer. The relative

intensites of the 1460 cm"l, 1168 cm"l, and 2962 cm" ̂

frequencies showed a linear increase with increasing

crystallization temperature.

Figure 4.39 shows the FTIR spectra for the 151,000

homopolymer and 151,000 copolymer isothermally

crystallized at Tc = 129°C for 4000 < v < 400 cm"l. Both

spectra exhibited absorption frequencies characteristic of

isotactic polypropylene. Figure 4.40 shows the spectra of

Figure 4.39 for the frequency range 1500 < v < 500 cm~l

Qualitatively, the spectra showed strong similarities, which

is to be expected since the homopolymer and copolymer are not

that different in chemical composition. The bands at 1460

cm"l (X, = 6.85 |lm) and 137 9 cm"l (X, = 7.25 |lm) have been
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considered the bands most reliably assigned to a well-defined

vibration. The IR method of most general applicability in

determining the composition of ethylene-propylene random

copolymers is based on the ratio of the intensity of the two

peaks [108]. The two spectra exhibited differences in the

ratio of these peaks. While no bands have been associated

solely with the amorphous or the crystalline portion, the

intensity of the bands at 1168, 998, 899, 842, and 809 cm~^

have been shown to decrease with decreasing crystallinity of

isotactic polypropylene [109]. These bands exhibited similar

intensities for the two samples, indicating similar

crystallinities. Table 4.3 gives the intensities of these

bands as well as the ratio of the 1460 cm~^ and 1379 cm~^

bands at several crystallization temperatures for the

homopolymer and copolymer. The variation of intesities of

these peaks was consistent with WAXD crystallinity variation.

4.4.2 Elevated Pressure

With the proposed crystal structures of the Y form of

polypropylene having significantly different arrangements of

chain stems within lamellae relative to the a form, it was

believed that the IR spectrum would exhibit changes that were

dependent on the changes in the crystal structure. Figure

4.41 shows the IR spectra of polypropylene that has been

crystallized at several elevated pressures. Figure 4.42

shows the FTIR spectra of the spectra of Figure 4.41 for the
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Table 4.3 FTIR Relative Intensities for Isotactic
Polypropylene Crystallized at Atmospheric Pressure and
Elevated Pressure; Reference Frequency = 1380 cm"^.

Tc,°C 1460 1168 998 899 842 809 2962 2866 2836

Homo.

129 0. 943 .438 .407 .216 .368 .234 .085 1.017 1.032

134 0. 961 .532 .505 .316 .458 .337 .080 1.021 1.025

138 0. 959 . 607 .590 .406 .565 .440 .116 1.074 1.103

127 0.878 .305 .290 .153 .263 .204 .162 1.044 1.068

Cooolv

129 0.851 .265 .240 .130 .215 . 144 .077 0. 964 0.956

134 0.877 .297 .279 .139 .244 .147 .112 0.985 1.023

138 0. 975 .723 .704 .530 . 661 .553 .101 1.038 1.039

EfifMPa
200 0.700 .199 . 141 .049 . 117 .060 .000 0.741 0.740

175 0. 954 .381 .284 .125 .254 .152 .000 1.054 1.054

125 0.737 .199 .142 .049 .123 .063 .000 0.809 0.808

100 0.860 .418 .312 .134 .273 .155 .000 0.822 0.847

75 0.215 .049 .049 .010 .031 .014 .000 0.227 0.227

50 0. 946 .392 .332 .163 .309 .192 .000 0. 953 0 . 977

25 0.237 .061 .061 .022 .046 .024 .000 0.228 0.233
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frequency range 1500 cm"^ < v < 500 citi"^. It was observed

that the spectra exhibited marked differences in the

absorption region of the CH2 and CH3 asymmetric and symmetric

stretching (2962 cm"! - 2839 cm'i) as well as the region of

the CH2 bending and CH3 bending (14 60 cm~l and 1378 cm"i) .

The stretching vibrations involve variations in the distance

between two directly bonded atoms and have fairly high force

constants. Thus the stretching frequencies are largely

independent of molecular geometry. Bending vibrations

involve angular variations and have weaker force constants.

Bending vibrations should then be more influenced by the

arrangement of neighboring atoms. However, there is a large

overlap of the stretching bands of the methyl and methylene

groups, which would limit their practical use in the

interpretation of molecular arrangement. Figure 4.43 shows

the relative intensities of various frequencies as a function

of crystallization pressure Pc with the relative frequency =

1380 cm"l. Table 4.4 gives the absorptions of several

frequencies as a function of crystallization pressure.

4.5 Optical and Electron Microscopy

4.5.1 Atmospheric Pressure

Transmission electron microscopy was performed on

replicas of permanganic acid etched atmospheric pressure and

elevated pressure crystallized samples of the Mw = 151,000
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Table 4.4 FTIR Relative Intensities for Isotactic

Polypropylene Crystallized at Atmospheric Pressure and
Elevated Pressure; Reference Frequency = 2866 cm"^.

o O o 0641
0831
8611
998
899
842
809
2962
2836

Homo

921
0.927
389.
034.
104.
212.
263.
032.
760.
1.014

134
0.942
979.
125.
494.
013.
944.
033.
850.
1.004

831
398.0
139.
565.
945.
873.
625.
014.
930.
720.1

127
0.841
859.
292.
772.
641.
252.
691. .
114
320.1

Copoly
921
0.883
830.
572.
942.
531.
422.
941. .
811
0
.
 

299

134
0.890
510.
203.
482.
141.
742.
941. .
921
830.1

138
0.940 .
964
796.
876.
115.
736.
335.
260.
200.1

Pc.MPa

200
0.945
053.
862.
091.
660.
851.
180.
000.
0.999

175
0.905
849.
163.
962.
911.
142. .
144
000.
000.1

125
0
.
 

911
732.
642.
671.
060.
251.
870.
000.
0.999

001
1.045
612.
905.
083.
361.
233.
981.
000.
030.1

7
5
0
.
 

944
893.
412.
412.
540.
731.
160.
000.
0.997

0
5
0
.
 

993
940.
114.
943. .
171
523.
102.
000.
1.025

2
5

1.039
773.
562.
562.
490.
002.
701.
000.
020.1
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homopolymer and atmospheric pressure crystallized samples of

the Mw = 151,000 copolymer. The homopolymer and copolymer

exhibited similar features at a fixed crystallization

temperature (fixed AT). 'Cross-hatching' could be observed

in both samples at all crystallization temperatures studied.

At low crystallization temperatures, the amount of 'cross-

hatching' is significant. With increasing crystallization

temperature, the amount of 'cross-hatching' decreased, but

did not completely disappear over the crystallization

temperature range studied. Figure 4.44a shows the TEM

micrograph of the copolymer isothermally crystallized at

135°C (At = 52°) . The radial lamellae are observed to be

relatively straight over long distances and stacked

uniformly. The tangential component was generally shorter

but was stacked uniformly. As reported previously [55,11],

the thickness of radial and tangential lamellae at low

crystallization temperature are similar if not the same.

Figure 4.44b shows the TEM micrograph of the copolymer at Tc

=  145°C. The lamellar arrangement has changed with the

increased temperature. Figure 4.45a shows a view of the

homopolymer at a spherulite boundary at Tq = 145°C. Lamellae

are observed in the edge-on view as well as views other than

edge-on. Figure 4.46b shows a high magnification of the

homopolymer at Tc = 135°C at radial-tangential branch

junctions. The constancy of the branch angle of =80° is
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observed. The uniformity of lamellar thickness within the

field of observation is also observed.

4.5.2 Elevated Pressure

Optical microscopy and transmission electron microscopy

was performed on elevated pressure crystallized samples of

the 151,000 Mw homopolymer that were isothermally

crystallized at AT = 50°. The elevated pressure crystallized

samples were prepared as described in section 3.3. Following

crystallization, the samples were glass-knife microtomed with

a fresh knife at -20°C (knife temperature) and the microtomed

surface etched using the permanganic acid technique described

previously. The etched surfaces were initially observed on a

Nikon Microphot optical microscope in reflection mode to

observe the morphology at low magnification. The etched

samples were then replicated following standard procedures.

It was observed that the etching procedure that was optimized

for the atmospheric pressure crystallized samples etched the

elevated pressure crystallized samples differently, depending

on the crystallization pressure. As the crystallization

pressure increased, the etching procedure generated more etch

artifacts. It is believed that this reflects a change in the

a-y composition of the sample as a function of pressure.

Figures 4.47 - 4.49 show reflection optical micrographs of

elevated pressure crystallized samples, and the transmission

optical micrographs of microtomed sections of the same
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material. Spherulites were observed at all pressures.

However, it is seen that the spherulite texture changed with

crystallization pressure.

The transmission electron microscopy revealed a change

in lamellar structure with increasing pressure. Figures 4.50

-  4.52 show transmission electron micrographs of elevated

pressure crystallized samples. At 25 MPa, the lamellar

structure is similar to that observed at atmospheric

pressure. This is expected since only a small portion of the

material (=10%) is y form at this pressure. However, the

lamellar packing does not appear as uniform as that observed

at atmospheric pressure. Figure 4.50 shows the TEM of 50 MPa

crystallized polypropylene. Lamellar structure is still

clearly present. The tangential lamella can also still be

observed at this pressure, but a significant portion of

branching occurs at angles less than the a-a 80° radial-

tangential branch angle. The material at this pressure still

etches with little obvious damage or artifact formation using

the atmospheric pressure etching procedure. Another

observation of the change in the nature of the lamellar

structure at 50 MPa is the tendency of the lamellae to curve

as shown if Figure 4.51. At 7 5 MPa, the material began

exhibiting a more pronounced etch damage, as seen in Figure

4.51. The lamellar packing is significantly less ordered

than that at atmospheric pressure. The y composition is =45%,
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but it is difficult to conclude whether one can observe

lamellar structures that are a lamellae and y lamellae. The

100 MPa sample exhibited significant etching damage, as shown

in Figure 4.52. While tangential branching could still be

observed at 75 MPa in small amounts, none was observed at 100

MPa. The observed loss of the tangential branching can be

predicted on the basis of the orthorhombic y polypropylene

crystal structure. Figure 4.53 represents schematically the

branching of isotactic polypropylene based on the Lotz-

Wittmann epitaxial branching mechanism. Figure 4.53 shows

that an a 'daughter' branch on an a 'parent' lamella should

give a branch angle of »80°, as observed in the TEM

(tangential lamellae). Figure 4.53 also shows the y

'daughter' branch on an a 'parent' lamella, with a

corresponding angle of =40°. Also, an a 'daughter' branch on

a y 'parent' lamella should give a branching angle of =40°.

The reduction in branch angle is observed in the TEM's of

elevated pressure crystallized samples, where sufficient

amounts of the y form are present.

The possibility of branching on y lamellae will now be

considered. Figure 4.54 shows a schematic of a y lamellae.

In this schematic, with a proposed growth front [008], the

lateral edge of the lamella is not as conducive to nucleation

of a branch as that of the a lamella. This could lead to a

branch occurring at or just behind the growth front and a



193

alpha

gamma

Monoclinic —

Orthorhombic

80" /  \40

alpha

gamma

Monoclinic —
Triclinic

80" 40"

Figure 4.53 Schematic of branching in isotactic
polypropylene.
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situation of significant branching with little linear growth.

Alternatively, the different growth front that results in the

[00c] planes being at an angle to the linear growth direction

could yield a lateral edge that was similar in nature to that

of the a lamella. This should then result in similar

branching natures between the two structures.

4.6 Crystallization - Atmospheric Pressure

4.6.1 Linear Growth Rates

The growth rates of isotactic polypropylene at various

isothermal crystallization temperatures were obtained by

measuring spherulite diameters from photographs as a function

of time. The spherulite diameters were linear with time at

all temperatures for all samples up to impingement. A plot

of average spherulite size versus time of crystallization at

crystallization temperatures ranging from approximately 125°C

to 155°C for a bulk polypropylene, M„ = 83,000, is shown in

Figure 4.55. Most of the diameter-time lines showed positive

y-intercepts at time zero, . At higher temperatures (Tc >

145°C) the y-intercept became negative, indicating a

significant induction time for the onset of crystallization.

Linear growth rates were determined using a least squares

method.
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Linear growth rate versus crystallization temperature

plots for bulk polypropylene samples are shown in Figure

4.56. With the experimental technique used, growth rates

below approximately 125°C were considered to occur

nonisothermally and were rejected. While a Regime II -

Regime III transition has been shown to occur in

polypropylene at approximately 138°C (At » 50°) , no abrupt

change in the growth rate curve is observed. Also, for

crystallization temperatures below approximately 150°C,

spherulites are observed at all times. For > 150°C, a

mixture of sheaf-like entities and quadritic entities are

observed, although both entities become spherulitic at long

t ime s.

In Figure 4.56 is shown the interesting growth rate

behavior of the bulk polymer samples. For all samples, the

growth rates for Tc > 145°C are essentially the same

regardless of specimen at constant temperature. However,

below this temperature, the higher molecular weight

homopolymer = 151,000 has a slightly higher growth rate

than the lower molecular weight homopolymer Mw = 83,000.

Both homopolymers exhibit significantly higher growth rates

than the 0.5% ethylene copolymer Mw = 151, 000. While the

homopolymers have similar molecular weight distributions

(Mw/Mn = 2.6) and similar stereoregularities, it is possible

that the sequence distributions are sufficiently different
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differences in growth rates. For the observed differences

for the copolymer, it is believed that the random

incorporation of the ethylene unit sufficiently interrupts

the crystallization process. While this disruption would

occur at all crystallization temperatures, the

crystallization process is slow enough at high

crystallization temperatures such that the ethylene unit can

be incorporated into the crystal. At low crystallization

temperatures, the ethylene unit cannot be incorporated due to

time constraints and is rejected, leading to lower growth

rates. It is possible that the rejection/incorporation

changes with comonomer content.

4.6.2 Induction Times

The induction time was determined from the bulk

crystallization depolarized light intensity trace to be the

time that the intensity deviated from the baseline intensity.

This induction time was found to be a strong function of the

isothermal crystallization temperature. Induction time was

also somewhat dependent on the sample. Figure 4.57 shows the

induction times for the atmospheric pressure crystallized

samples as a function of supercooling AT. Induction times

are relatively long for AT < 40°C. It is seen that the high

molecular weight homopolymer had the shorter induction times

over a significant portion of the supercooling range studied.

The induction times of the two homopolymers were comparable
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for At > =50° and shorter than that of the copolymer in this

range. However, the induction times of the low molecular

weight homopolymer became greater than those of the copolymer

at At < =46°. It is expected that part of the explanation of

the observed induction time behavior is the difference in the

catalyst between the homopolymers and the copolymer, since

catalyst residues may nucleate polypropylene.

4.6.3 Nucleation Densities

Nucleation densities were determined for atmospheric

pressure crystallized samples as a function of isothermal

crystallization temperature by counting the number of

spherulites within the field of view of the optical

micrographs made for linear growth measurements. Figure 4.58

shows the nucleation density versus crystallization

temperature for the two homopolymers and the copolymer. The

nucleation density decreases exponentially with increasing

crystallization temperature. Of the three samples, the

151, 000 My,, homopolymer has the highest nucleation density at

all observed crystallizatin temperatures, while the 151,000

M„ ethylene copolymer has the lowest nucleation density.

Some differences between the nucleation densities of the

samples may be attributed to differences in the catalyst

systems used to produce the materials [110]. Also, the

reduction in nucleation density for the copolymer relative to
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the homopolymers may be partly due to the presence of the

ethylene units which do not act as nucleation points.

4.7 Crystallization - Elevated Pressure

4.7.1 Linear Growth Rates

The linear growth rates of isotactic polypropylene at

various isothermal crystallization temperatures at elevated

pressure were obtained in a similar manner to atmospheric

pressure growth rates, using the equipment previously

described. As with the atmospheric data, the spherulitic

diameters were linear with time at all temperatures and all

pressures considered. A typical plot of average spherulite

size versus time of crystallization for several

crystallization temperatures at a crystallization pressure of

7 5 MPa is shown in Figure 4.59. Most of the diameter-time

lines showed positive y-intercepts at time zero. Linear

growth rates were determined using a least squares method.

Linear growth rates versus crystallization temperature

plots for bulk polypropylene isothermally crystallized at

various elevated pressures are shown in Figure 4.60 for atm.,

25, 50, 75, 100, 150, and 200 MPa. Tseng showed a shift of

the growth rate curve to higher temperatures with increasing

pressure for linear polyethylene [111]. This shift was

fairly constant with pressure. Such behavior is not observed

with polypropylene growth rates as a function of pressure.



204

100

80-

P

60-

U1

P
• r-H

nd 40-
CD 75 MPa

K O O O O O 145
D D D O g 149
O O O O P 153
CAAA^ 157

20-

0
50 100 150

Time, min.
200

Figure 4.59 Linear growth rate determination from radius
versus time at several crystallization
temperatures for isotactic polypropylene 151,000
M homopolymer (P =75 MPa).
w  c



205

o o o o o atm
D n o n o 25

A A A 35

d 0 0 50
c V V V 7530-

100
150
200

20-
P

CJ

10-
\

T—I—I—\—I—I'—'I ' 1—r- .
120 130 140 150 160 170 180 190 200

T„ C

Figure 4.60 Linear growth rates as a function of
crystallization temperature for isotactic
polypropylene isothermally crystallized at
atmospheric and elevated pressure.



206

On initial application of pressure to 25 MPa, the growth rate

curve shifted approximately 12° to higher temperatures.

However, with another 25 MPa pressure increase to 50 MPa, the

growth rate curve shifted only slightly and the shape of the

curve changed, particularly in the higher temperature region.

Doubling the pressure from 50 MPa to 100 MPa again caused a

significant shift in the growth rate curve (15°) to higher

temperatures. The 150 MPa grow rate curve exhibits some

unique behavior with respect to those of the other pressures.

The data show a levelling off of the growth rate with

increasing crystallization temperature, followed by a

decrease at higher temperatures. The 200 MPa data and the

150 MPa data coincide at higher crystallization temperatures.

The growth rate curves become even steeper. This shifting of

the growth rate curve with pressure does not seem to directly

correlate with the shifting of the equilibrium melting

temperature with pressure. For linear polyethylene, the

growth rate curve does shift in correlation to the shift in

the equilibrium melting temperatures with pressure.

4.7.2 Induction Times

The induction times for elevated pressure

crystallization were determined in the same manner as those

for atmospheric pressure crystallization. Figure 4.61 shows

the induction times for 25, 50, and ICQ MPa as a function of

supercooling
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At. It is seen that the induction times for 25 MPa are

longer than those for 50 or 100 MPa. The induction times for

50 and 100 MPa were similar. Over the same supercooling

range, the induction times for the elevated pressure

crystallized samples were significantly shorter than those

for atmospheric pressure crystallized samples. Figure 4.62

shows the induction time comparison for atmospheric pressure

crystallization and elevated pressure crystallization.

4.7.3 Nucleation Densities

Nucleation densities for the elevated pressure

crystallized samples were determined in the same manner as

those for the atmospheric pressure crystallized samples.

Figure 4.63 shows the nucleation density versus

crystallization temperature as a function of crystallization

pressure from atmospheric pressure to 200 MPa. In all cases,

the nucleation density decreases exponentially with

increasing crystallization temperature. It was observed that

the nucleation densities were similar at all pressures. The

shift of the nucleation density curve to higher temperatures

with increasing pressure follows the shift in melting

temperature with increasing pressure. However, the curves

did not overlap at fixed supercooling. At a fixed

crystallization temperature, the nucleation density increased

with increasing crystallization pressure. This type of

behavior has been previously reported for poly(ethylene
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terphthalate) [2]. Nucleation densities for isotactic

polypropylene crystallized at elevated pressure have been

reported [112]. It was observed that the nucleation density

at a fixed crystallization pressure was a function of the

melt temperature and the time of melting for a sample

crystallized at 380 MPa.
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Chapter 5

Discussion

5.1 Crystallinity

In order to determine the lamellar thickness of a sample

from SAXS based on a simple two-phase model, one must

determine the crystallinity of the sample. Crystallinity was

determined from WAXD scans using Ruland's method in the 20

range 5° to 45° [113] . For the 151, 000 homopolymer the

crystallinity ranged from 0.53 to 0.72 while for the 151,000

Mw copolymer, the crystallinity ranged from 0.60 to 0.77.

The crystallinities increase with increasing crystallization

temperature (decreasing supercooling). Figure 5.1 shows the

change in crystallinity with crystallization temperature for

the 151,000 Mw homopolymer and copolymer. Janimak [48] has

recently shown that for a series of polypropylenes of varying

tacticities, the X-ray crystallinity exhibits approximately

an exponential dependence with isotacticity at constant

supercooling. The behavior of the copolymer does not seem to

reflect the expected behavior of a homopolymer with

comparable tacticity defects, since the crystallinities of

the homopolymer and the copolymer are essentially the same.

At some crystallization temperatures, the copolymer exhibits

higher levels of crystallinity than the homopolymer.
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5.2 Small Angle X-ray Scattering

One can use the data obtained from SAXS to evaluate the

lamellar thickness, fold surface free energy, and the

equilibrium melting temperature. The SAXS data gives an

independent measure of Tm® and Oq to compare with the values

determined from Tm versus Tc (Tm®) and kinetics (Oe) • The

lamellar thickness of polyethylene has been shown to increase

with pressure. This increase in lamellar thickness would

result in a more stable crystal, since the fold surface (high

energy surface) is reduced relative to the volume of the

crystal. However, this is not observed with isotactic

polypropylene. Instead, the lamellar thickness decreased

with pressure. This thinning is explained by observing that

the lamellar thickness of the y form, employing the

orthorhombic unit cell, will be nearly 50% thinner than that

of the a form at the same stem length since the chain stems

in the y polypropylene form an angle of =80° with respect to

alternating layers and an angle of =40° with respect to the

lamellar surface. Thus, the observed thinning with pressure

supports the proposed orthorhombic unit cell, assuming fixed

stem length at a given supercooling .

5.2.1 Atmospheric Pressure - f(Tc)

The long period measured from SAXS can be interpreted in

simplest terms assuming a two phase model. Then the

crystalline (lamellar) thickness, Ic, is given by:



215

Ic = Xc(L)

where Xc = crystallinity and L = long period from SAXS. The

amorphous thickness, la^ is then determined by:

la ~ i' ~ ic

The experimental data were interpreted using the

crystallinity determined from WAXD. Tables 5.1 and 5.2 give

the crystalline and amorphous thicknesses for the 151,000

homopolymer and copolymer isothermally crystallized at

atmospheric pressure. In general, the lamellar thickness

increased with increasing crystallization temperature.

Figure 5.2 shows a plot of lamellar thickness from Lorentz

corrected data versus crystallization temperature for the

homopolymer and copolymer. At constant crystallization

temperature, the long period from the g-I data were

essentially the same for the homopolymer and copolymer. The

long periods from the q-q^l data were also the same for the

homopolymer and copolymer. However, the lamellar thicknesses

of the copolymer were slightly larger than those of the

homopolymer. Janimak [48] reported a decrease in lamellar

thickness with decreasing tacticity for isotactic

polypropylene at fixed supercooling. However, at a fixed
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Table 5.1 SAXS Data for Isotactic Polypropylene Homopolymer
Mw = 151,000 isothermally crystallized at atmospheric
pressure.

Observed I Lorentz Corr.

Tc Q L Q L pa Hb

H
O
O

(°C) (nm"^) (A) (nm~i) (A)

127 0.289 217 0.342 184 1.409 0.535 10.1

129 0 .277 226 0.328 192 1.335 0.546 11.0

134 0.253 248 0.316 198 1.306 0.598 12 .3

136 0.2 63 238 0.300 210 1.447 0.839 13 .5

137 0.263 238 0.300 210 3.236 0.550 6. 6

138 0.253 248 0.303 208 1.549 0.532 7.4

139 0.245 256 0.300 210 2.474 0.644 6.2

140 0.253 248 0.277 226 1.183 0.598 25.4

141 0.245 256 0.281 224 1.806 0.744 10 .0

142 0.245 256 0.273 230 2.231 0. 676 5.1

143 0 .227 276 0.273 230 1.250 0. 907 62 .7

144 0.227 276 0.263 238 1.250 0.912 71.7

146 0.212 296 0.253 248 1.421 0. 635 13.4

as 0.368 170 0.418 150 2.063 0.411

mold

Notes:

a  D = -"max/Dmm from Observed Intensity where Dmav is the
value of the scattering vector, Q, at maximum intensity and
Dmin is the value of the scattering vector at minimum
intensity.

b  H = Hmin/Hmax from Observed Intensity where Hmin is the
value of the minimum intensity and Hmax is the value of the
maximum intensity.

c  Iq = near zero angle scattering intensity
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Table 5.2 SAXS Data for Isotactic Polypropylene Copolymer M„
= 151,000 isothermally crystallized at atmospheric pressure.

(°C)

Observed I

Q  ̂ L
(nm~^) (A)

Lorentz Corr,

Q  ̂ L
(nm~^) (A)

oa

127

129

134

135

136

137

138

139

140

141

142

143

144

145

0

0

0.303

0.277

0.252

0.245

0.245

245

253

0.227

0.212

0.245

0.191

0.227

0.227

0.210

104

113,

124

128

128

128

124

138

148

128

165

138

138

150

0.368

0.356

0.316

328

300

300

289

,300

0.277

0.281

0.290

0.263

0.263

0.245

0

0

0

0

0

170

184

198

192

210

210

218

210

226

224

218

238

238

256

413

350

318

418

283

016

,370

,314

, 110

,283

1.314

1.769

1.173

0.499

0.485

0.532

0.853

0.911

0.756

0.532

0. 970

0.714

0.916

0. 936

0.754

0 .714

8.1

9.8

11.5

15 .3

26.2

6.2

10,

47 ,

42

70

96

69

9.6

115.3

5

4

, 9

,2

,4

,2

Notes:

a  D = Dmax/Dmin from Observed Intensity where Dmax is th®
value of the scattering vector, Q, at maximum intensity and
Dmin is the value of the scattering vector at minimum
intensity.

b  H = Hntin/Hmax from Observed Intensity where Hmin is the
value of the minimum intensity and Hmax is the value of the
maximum intensity.

c  lo = near zero angle scattering intensity
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crystallization temperature, the lamellar thickness increased

with decreasing isotacticity. Janimak concluded that the

inclusion of configurational defects into the crystal must

have occurred.

5.2.2 SAXS D, H Values

The observed intensity profile from small angle X-ray

scattering is useful in interpreting changes such as the

variance in thickness and crystallinity in the lamellar

structure of a polymer. The characteristic parameters D, the

distance ratio, and H, the height ratio, for the observed

intensity profile are defined in Figure 5.3. Tables 5.1 and

5.2 include the D and H parameters for the homopolymer and

copolymer, respectively, as a function of crystallization

temperature. Figure 5.4 shows the H parameter versus the

crystallization temperature Tc for the 151,000 Mw homopolymer

and copolymer. There is a general trend to increasing H with

increasing Tc, although there is significant scatter in the

data. For the homopolymer crystallized below «142°C, there

is a nearly linear increase in H with increasing

crystalization temperature. While the D and H parameters do

not change in a simple way with crystallinity distribution or

lamellar thickness distribution, some observations from

extensive modeling of SAXS behavior can be made. It has been

seen that, for H values below =0.8, there is a linear

relation between H and the apparent long period Lapp. Above H
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= 0.8, the correlation between H and Lapp breaks down. This

observation applied to a range of crystallinity distributions

and lamellar thickness distributions. This implies that the

SAXS observed long period L is increased over the theoretical

value due to the effect of the distributions. Figure 5.5

shows the observed SAXS H versus the observed long period for

the isothermally crystallized 151,000 Mv, homopolymer and

copolymer. It is seen that the observed long period for the

homopolymer and the H value correlate relatively well up to a

long period of =130 A. In applying the results of the SAXS

modeling, the observed long period should be reduced by 4 to

8%, depending on the H value, to account for apparent

increases from distributions of crystallinity and thickness.

Figure 5.6 shows the D value versus the crystallizatin

temperature for the 151,000 homopolymer and copolymer.

Both homopolymer and copolymer data exhibit some correlation

of D and Tc. The copolymer D is relatively unaffected by

changing crystallization temperature, while the homopolymer

shows an increase in D with increasing Tc to =142°C. From

SAXS modeling, the distance ratio D is observed to decrease

with increasing thickness vairance Ox for a given value of

crystallinity variance Oc. The observed trends of the D and

H parameters for the SAXS data indicate a change in lamellar

structure as a function of crystallization temperature. With

increasing crystallization temperature, the lamellar
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thickness distribution increases. This is expected, partly

due to the branching nature of isotactic polypropylene. It

has been shown that on increasing the crystallization

temperature for isotactic polypropylene, the relative amount

of tangential lamellae decreases and the difference in

thickness between radial and tangential lamellae increases.

Also, at the higher crystallization temperatures, there is a

more significant difference in the material isothermally

crystallized and that crystallized on cooling the sample to

room temperature.

5.2.3 Elevated Pressure

The long periods observed for the elevated pressure

crystallized samples exhibited a decrease with increasing

pressure. Table 5.3 gives the SAXS data as a function of

crystallization pressure for polypropylene crystallized at a

fixed supercooling AT = 50°C and various elevated pressures.

As shown in the Results section, the nature of the SAXS for

the elevated pressure crystallized samples changes from that

of the atmospheric pressure crystallized samples. In

particular, the intensity of the scattering decreased with

pressure, and the breadth of the scattering curve increased

with pressure. The change in intensity with pressure is

partly a result in changes in the electron density contrast

(the electron density of the amorphous phase versus that of

the crystalline phase) . The electron density of the



226

Table 5.3 SAXS Data for Isotactic Polypropylene Homopolymer
Mw = 151,000 isothermally crystallized at various elevated
pressures, AT = 50°C.

Observed I Lorentz Corr.

Pc Q L Q L Da Io=

(MPa) (nm~l) (A) (nm"^) (A)

atm 0.263 238 0.300 210 1. 447 0.839 13.5

25 0.342 184 0.385 164 2 .200 0.500 11.3

50 0.342 184 0.385 160 1. 780 0. 630 11.0

75 0.360 174 0.425 148 2.290 0. 642 17 .3

100 0.385 164 0.496 126 2.010 0.640 7 . 9

125 0 . 427 148 0.500 124 2.349 0. 635 4.5

175 0.473 132 0.555 114 2 .370 0.520 4.0

200 0.480 130 0.572 110 2.00 0.48 17 .2

Notes:

a  D = Dmav/Dmin from Observed Intensity where Dmav is the
value of the scattering vector, Q, at maximum intensity and
Dmin is the value of the scattering vector at minimum
intensity.

b  H = Hmin/Hmax from Observed Intensity where Hmin is the
value of the minimum intensity and Hmax is the value of the
maximum intensity.

c  lo = near zero angle scattering intensity
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crystalline region of the y form of polypropylene will be

different than that of the a form of polypropylene while the

electron density of the amorphous regions of the alpha and

gamma forms should be equal. Thus the differences in

electron density of the crystalline regions of the two forms

will result in a change in the electron density contrast and

thus a change in intensity from the a to the y form. The

proposed orthorhombic unit cell of y polypropylene with the

unique arrangement of chain stems would result in such a

difference in the electron density of the crystalline phase.

The effect of pressure on the lamellar thickness of

elevated pressure crystallized polymers has not been

extensively studied. Polyethylene is known to thicken with

increasing pressure [114] . The extended chain conformation

can be formed with pressures above 350 MPa. If the a and y

forms of polypropylene are crystallized at constant stem

length, the y lamellae would be thinner by approximately 50%

since the chain stems in y polypropylene form an angle of 40°

with the lamellar surface and the chain stems in a

polypropylene form an angle of 9° with the lamellar surface.

This would result in a thinning of the observed lamellar

thickness with increasing y content. It is possible that two

distributions of lamellae exist for the samples crystallized

at pressures in the range that the a and y forms coexist.

The two distributions may have different thickness
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distributions (average lamellar thickness and variance of

thickness) and different crystallinities.

The significant reduction in lamellar thickness with

increased crystallization pressure was explained on the basis

of the a-y composition and the arrangement of chain stems

within the lamellae of the two crystal forms. The face

centered orthorhombic unit cell proposed for the y form will

result in lamellae nearly 50% thinner than those of the a

form at a fixed stem length. The elevated temperature SAXS

supported the proposed orthorhombic unit cell since the

lamellar thickness for elevated pressure crystallized

material increased rapidly on heating, approaching that of

the a lamellae. The elevated temperature SAXS showed that

the material does not need to completely melt in order for

the thickening to occcur. The elevated temperature WAXD also

supported this observation. The DSC of elevated pressure

crystallized material indicates some melting of the 100 MPa

sample at 145°C, but not a sufficient amount of melting to

account for the amount of y material present in the sample

initially. The elevated temperature WAXD also indicate that

145°C was sufficient temperature for the transformation of

the Y to a in a relatively short period of time (<30 min.).

The literature on y polypropylene had attributed this

transformation of y to (X to a solid-solid transition, based

on the y having a triclinic structure that was only a slight
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distortion of the monoclinic structure. This would result in

the chain stems of the lamellae only having to tilt slightly

to form the monoclinic structure. However, a solid-solid

transition of y polypropylene with the proposed orthorhombic

unit cell with chain stems tilted =80° to adjacent layers

would be an extremely high energy transformation in the solid

state. It is currently believed that the material does not

undergo a complete melting during the observed

transformation. Thus the y material may convert to a either

througn partial melting, an intermediate state, or some

'condis' state. Further investigation of this transformation

of y to a should yield some interesting information on the

molecular interactions involved in the transformation

5.2.4 Distance Distribution, Correlation Function

The distance distribution function p (r), and the

electron density correlation function, y(r) , were analyzed for

the SAXS data in order to further interpret the structure of

the lamellar system. From the distance distribution

function, one can comment on the nature of the scattering

system, whether it can be considered as a dilute or a

concentrated system. One can also determine the root mean

square radius of gyration, <r>, and the invariant, Q, for the

system. The <r> can be compared to the long period, L, at

least for the trends of <r> and L with changing

crystallization conditions. From the electron density
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correlation function, one can determine L and compare with

i'(obs) or L(Lorentz) - One can also comment on changes in the

nature of the electron density distribution. Figure 5.7

shows the distance distribution functions for the simple

geometries of a sphere, rod, and disk. The distance

distribution function for the sphere is nearly symmetric,

with the peak maximum occurring at a distance equivalent to

the sphere's radius. The disk's distance distribution

function exhibits a parabolic shape, and the rod's distance

distribution function is linear in shape after a distance

equal to the diameter of the rod. Table 5.4 gives the

results of the distance distribution function and the

electron density correlation function analysis for the

151,000 Mw homopolymer crystallized at atmospheric pressure.

Table 5.4 also gives the results for the copolymer. The long

period determined from the electron density correlation

function was about the same as the long period from either

the observed q-I data or the Lorentz corrected q-q^l data.

The L(y) does increase with increasing crystallization

temperature as do L(obs) ^bd L(lc). Figure 5.8 shows the p(r)

for the 151,000 Mw homopolymer isothermally crystallized at Tc

= 140°C. The function exhibits behavior consistent with a

concentrated system in that a minimum occurs with negative

values of the distance distribution. In the range of

distances comparable to the L(obs) (248 A), only one maximum
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Table 5.4 Comparison of Long Periods Determined from SAXS
Observed Intensity and Electron Density Correlation Function,

L, A (Bragg) L, A  (Y) Rgf A

Homopolymer Copolymer Homo. Co. Homo. Co.

Tc LC Obs LC Obs

(°C)

127 184 218 170 208 221 221 106 95

129 192 226 184 226 226 221 108 99

134 198 248 198 248 236 236 112 101

135 192 256 251 129

136 210 238 210 256 252 232 141 144

137 210 238 210 256 266 261 106 115

138 208 248 218 248 262 272 111 104

139 210 256 210 276 266 232 123 153

140 226 248 226 296 2 67 267 123 121

141 224 256 224 256 271 256 145 156

142 230 256 219 230 281 136

143 230 276 238 276 256 256 159 158

144 238 276 238 276 261 286 160 139

145 256 300 161

146 248 298 303 112
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Figure 5.8 Electron density distribution for isotactic
polypropylene isothermally crystallized (AT =
47°C, atmospheric pressure). SAXS intensity
profile recorded at 25°C.
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is observed corresponding to a distance of 152 A. The <r>

from the distance distribution function is 122 A. The p(r)

of the other crystallization temperatures were similar in

shape. The function dampens rapidly to zero in all p(r)

after the second maximum. The p (r) for the copolymer were

similar in shape to those of the homopolymer and the <r>

showed the same trends. The variation in the values of <r>

were larger than the variation in L(obs) *

Figure 5.9 shows the electron density correlation

function, Y(r), for the 151,000 M„ homopolymer crystallized at

Tc = 140°C and atmospheric pressure. The long period

determined from the was 2 63 A, which is only slightly

larger than the long period from q-I data. The shape of the

Y(r) can give information on the electron density

distribution, which then reveals information about the

lamellar structure. The experimental curves were most

comparable to a two-phase system with long period variation,

lamellar thickness variation, and a diffuse phase boundary.

The Y(^) results were consistent with the literature results

for other semicrystalline polymers [115]. Figure 5.10 shows

the plot of the long period determined from the correlation

function against those from the observed SAXS intensity

profile. It is seen that there is a fairly linear

relationship between the two measurements, with Y(^) giving

slightly higher values for the long period.
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Figure 5.9 Electron density distribution correlation
function for isotactic polypropylene isothermally
crystallized (AT = 47°C, atmospheric pressure).
SAXS intensity profile recorded at 25°C.
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The distance distribution functions for the 151,000

M„ homopolymer (Tq = 129°C) as a function, of in situ SAXS scan

temperature are shown in Figure 5.11. The p(r) for the 100°C

and the 130°C data are only slightly different, as the

material indicates only slight melting at 130°C in the DSC.

The p(r) for the 145°C scan, however, is significantly

different than the p(r)'s for the lower temperatures. The

DSC indicates a portion of material has melted on the low

temperature shoulder of the peak. The WAXD indicated a

decrease in the crystalline peak intensity and an increase in

the amorphous scattering, indicating a decrease in the

overall crystallinity of the sample. However, the p(r) at

145°C exhibits a minimum with a negative frequency,

indicating that the distance distribution curve is not based

on the dilute system but has interference among the entities

within the system. The electron density distribution

correlation function, shown in Figure 5.12 for the electron

density distributions of Figure 5.11, indicate a shifting of

the long period to a higher value for the 145°C scan relative

to the 100°C and the 130°C scans. This would correspond to a

melting out of thinner, less perfect lamellae, resulting in a

shift to higher long periods as well as a decrease in the

variance of the lamellar thickness distribution. The in situ

distance distributions of all the atmospheric pressure

isothermally crystallized samples exhibited behavior
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Figure 5.11 Electron density distribution for isotactic
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characteristic of a dense lamellar scattering system, with no

evidence of a dilute scattering system present at any

temperature.

Figure 5.13 shows the representative behavior of the

electron density distribution of the in situ SAXS for the

elevated pressure crystallized data. As with the atmospheric

pressure crystallized samples* in situ SAXS, the elevated

pressure samples exhibited behavior characteristic of a dense

lamellar scattering system. For the 100 MPa data, the

density distribution function changes slightly from the 100°C

scan to the 130°C scan but changes more significantly for the

145°C, indicating a significant change in the frequency of

distance that can be placed within the same type of entities

within the particle. The 145°C scan indicates a decrease in

the lamellar thickness distribution since the electron

density distribution is more periodic. The electron density

distribution correlation function shows a significant

increase in the long period, as observed in the original SAXS

and the Lorentz corrected data.

5.2.5 Interpretation of SAXS behavior

It is desirable to interpret the observed small angle

scattering behavior in terms of a model that is capable of

explaining the broadening of a melt crystallized polymer's

diffraction peak. A simple one-dimensional model is

generally sufficient for explaining the observed diffraction
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Figure 5.13 Electron density distribution for isotactic
polypropylene isothermally crystallized (AT =
50®C, Pc = 100 MPa). SAXS intensity profiles
recorded at temperatures indicated (°C) .
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from sedimented stacks of solution grown polymer crystals.

This is a result of the low dispersity of thicknesses of the

alternating crystalline and amorphous layers making up the

stacks. However, the simple one-dimensional models do not

predict well the diffraction profile for melt crystallized

polymers. This is a consequence of the stack dispersities.

Therefore, the simple one-dimensional model must be

appropriately modified in order to better predict the

diffraction behavior of melt crystallized polymers. The

model predictions can be compared to the experimental results

by either directly comparing intensity profiles or by

comparing the one-dimensional correlation functions. The two

approaches tend to emphasize different aspects of the

structure. The result is potentially an incomplete viewpoint

if only one approach is considered.

Certain assumptions must be made for the one-dimensional

model of stacked lamellae, such as stacks of infinite lateral

width and a two phase model (crystalline-amorphous) with a

relatively sharp electron density transition. These

assumptions simplify the model.

Numerous models and variations have been proposed to

explain polymer diffraction behavior. Probably the simplest

is the single infinite stack model where the number of

lamellae is assumed to be sufficiently large so that the

stack is effectively of infinite height. In this model, the
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distribution statistics describing the crystalline and

amorphous thicknesses can be varied. A variation of the

single infinite stack model is to assume a finite number of

lamellae compose a stack. This results in peak broadening

relative to the infinite stack model. Another variation is

the variable stack model in which there are fluctuations

between stacks as well as fluctuations of lamellae within the

stacks.

The details of the various models will not be elaborated

in this work. The models' mathematical details can be found

in several sources, among which are Ruland [116], Strobl

[117], and Blundell [118]. Lee [119] has analyzed the models

extensively and summarized the effects of crystallinity

distribution and lamellar thickness distribution. The

experimental isotactic polypropylene small angle X-ray

scattering was interpreted on the basis of the results of

Lee's modeling. It was shown that the variable stack model

better fit the experimental SAXS intensity profiles from

highly dispersed lamellar systems such as low density

polyethylene (LDPE), crosslinked polyethylene (XLPE), and

linear low density polyethylene (LLDPE). With a given

thickness distribution, the calculated intensity profile peak

decreased and the near zero angle intensity Iq increased with

increased crystallinity distribution.
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In applying the modeling results to isotactic

polypropylene, it is apparent that the single infinite stack

model does not correctly predict the observed intensity

profile. The single infinite stack model with either a

Gaussian or Asymmetric lamellar thickness distribution

predicts a sharp peak for the observed intensity profile or

the Lorentz corrected profile over a range of deviations of

thickness from 0.05 to 0.20 for a model standard normal

distribution. This behavior is shown in Figure 5.14 for the

calculated observed intensity profile with a Gaussian

thickness distribution and an average crystallinity of 0.5.

The variable stack model was able to predict the intensity

profile with deviations of crystallinity and deviations of

lamellar thicknesses. Figure 5.15 shows the calculated

observed intensity profile for the variable stack model with

Gaussian thickness distribution with <5x = 0.10 and Gaussian

crystallinity distribution (various Oc) .

The SAXS behavior of the lowest crystallization

temperatures for the atmospheric pressure crystallized

homopolymer and copolymer exhibited intensity profiles

indicative of highly dispersed lamellar systems as predicted

by the variable stack model. With increasing crystallization

temperature, the SAXS behavior exhibited an increase in the

peak maximum, but the low scattering angle minimum, Hmin^ also

showed a corresponding increase. The variable stack model



245

40

0.10 crcr *.

0.05
0.1

30 0.15
0.2

^20
CD 1

C

\ y> \
/>

\N
N.

I—I—I—I0 I—II—I I

0.50 1.501.000.00

Figure 5.14 Theoretical SAXS intensity profiles from
variable stack model with Gaussian thickness
distribution (Oc =0.1) and Gaussian
crystallinity distribution (Gx as indicated).



246

a

0.05
0.1
0.15
0.2

^20
CD

C

0-h-. I—II—1—I I

0.500.00

T  \ 1 1 1 T
1.00 1.50

Figure 5.15 Theoretical SAXS intensity profiles from
variable stack model with Gaussian thickness
distribution (CTx = 0.1) and Gaussian
crystallinity distribution (Oc as indicated).



247

predicts an increase in the peak maximum with decreasing

crystallinity variation at a fixed thickness variance, but

the model predicts a decrease in the low scattering angle

minimum.

5.3 Equilibrium Melting Temperature, Fold Surface

Energy

5.3.1 Atmospheric Pressure

The equilibrium melting temperatu re is

important in describing the relationship of polymer

properties to structure and in the analysis of

crystallization kinetics and nucleation processes. For the

analysis of crystallization growth rate data, Tm® is needed

to determine the degree of supercooling AT = Tm° - Tc.

Despite the importance of the equilibrium melting

temperature, the experimental determination of Tm° is often

difficult and there is disagreement over the value of Tm®

even for widely studied polymers such as polyethylene and

polypropylene.

Several methods, theoretical and experimental, exist for

the determination of Tm® for polymers. The methods are as

follows:

1) Extrapolation of Tm for low molecular weight homologs

to infinite molecular weight.
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2) Extrapolation of Tm versus Tq data to the Tm = Tc

line,

3) Extrapolation of Tm versus 1/1 data to 1/1 = 0.

The first method is a theoretical method developed by

Flory and Vrij [120] where from an analysis of the

equilibrium melting temperatures of monomeric homologs which

form molecular crystals, the equilibrium melting temperature

for the infinite chain can be calculated. By utilizing the

data for n-paraffins, the Tm° for infinitely long linear

polyethylene was concluded to be 145.5°C .

The idea that Tm°, Tm, and Tq might be simply related to

one another was first mentioned by Lauritzen and Hoffman.

The first systematic study showing an increase of Tm with

increasing Tc was that of Wood and Bekkedahl on natural

rubber. In this method, the observed melting temperature Tm

is plotted against the crystallization temperature Tc and the

data extrapolated linearly to the line representing the

relation Tm = Tc. The point of intersection is then taken to

represent the Tm° of the sample. This procedure is based on

Flory's statistical thermodynamic considerations of the

fusion of polymers

Figure 5.16 shows a plot of Tm versus Tc from DSC for

isotactic polypropylene Mw = 151,000 with the extrapolation

of the line through the experimental data to the Tm = Tc line

to a value of Tm° = 187°C. the definition of the melting
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temperature chosen for this figure is the modified return-to-

baseline, which is a measure of the melting of the most

perfect crystals in the material. The equilibrium melting

temperature extrapolation does change depending on the chosen

melting temperature. The value determined compares favorably

with values in the literature for highly stereoregular

isotactic polypropylene [121]. The thickening factor

determined from the slope is 2.2 for this material. this is

a measure of the increase of the lamellar thickness over that

predicted as the critical thickness Ig*. The Tm® and y values

obtained for the other isotactic polypropylene samples are

similar to those of the 151,000 homopolymer. Table 5.5

reports the values of Tm® and y for the samples.

The equilibrium melting temperature Tm® can be

calculated from equation 2.34 which expresses the melting

temperature as a function of lamellar thickness. The

equation predicts a linear relation for a plot of Tm versus

l/lc- This plot evaluates the Tm® from the intercept and se

from the slope. Figure 5.17 shows the plot of Tm versus 1/lc

for the 151,000 M„ homopolymer and the 151,000 copolymer.

The lamellar thicknesses for the figure are from Lorentz

corrected SAXS data, using the crystallinity from WAXD. The

melting temperatures are DSC modified return-to-baseline

measurements. The equilibrium melting temperature for the

homopolymer was determined to be 185.9''C, which was about
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Table 5.5 Equilibrium melting temperature and
thickening factor for atmospheric pressure crystallization.

Sample

3
o

o

O

Y

83,000 M„ 187.8 2.44

151,000 Mw 188.5 1.83

copolymer 188 .7 1.60
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1.5° below that determined from the plot of versus Tc- The

Tjn° for the copolymer was slightly lower, 184.9°C, which was

about 2.5° below that determined from the plot of Tm versus

Tc-

The fold surface free energies determined from the slope

of the Tm versus 1/1 data were 47.8 erg/cm2 and 46.8 erg/cm2

for the homopolymer and copolymer, respectively. These

values are lower than the corresponding Cq values obtained

from the analysis of the kinetics data.

The fold surface free energy can also be determined from

the relation between 1 and AT. The lamellar thickness is

related to the supercooling through the following relation:

20^
'■ AhfAT

Figure 5.18 shows the plot of 1 versus 1/AT for the

homopolymer and the copolymer at atmospheric pressure. The

atmospheric pressure equilibrium melting temperature used in

this analysis was 185°C. For the homopolymer with input

values of Ahf = 165 J/g and y = 1.76, the Cq was determined to

be 43.5 erg/cm2. Using Tm° = 185°C, Ahf = 165 J/g and y =

1.76 for the copolymer, the Oe was determined to be 52.7

erg/cm2. This is the a© that corresponds to the critical

nucleus.
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The Oe values from the Tm versus 1/1 and Ic versus

1/AT analyses were lower than those determined by kinetics

which are typical of the entire crystal surface. Table 5.6

compares the values of the fold surface free energies

evaluated from the kinetics and thermodynamics. The

estimates of the surface free energy of a polymer crystal

with a diffuse phase boundary can be considerably higher than

that of a corresponding tight folded crystal. This is

because an extra amount of surface work exceeding that

required to form the tightly folded surface is required to

create the boundary layer. The quantity OCq, obtained

through application of Equation 2.30, is basically a

kinetically determined parameter where the Gq relates to the

act of forming one chain fold in the activated state. The

quantity Gq in the Thomson-Gibbs thermodynamic relation

refers to a macroscopic average of a larger number of chain

folds [122]. For Regime III crystallization, the amount of

adjacent re-entry may be considerably less than that for

Regime I, although theory predicts that the GGq's for Regime

I and Regime III are equivalent. This is due to the kinetics

Gq relating to the formation of one fold in the activated

states. The value from the Tm versus 1/1 data, however, is

an average of all folds within the sampling volume. Thus,

loose folds as well as tight adjacent re-entry folds are

averaged together. This should result in significant



256

Table 5.6 Values of fold surface free energy for

isotactic polypropylene

Values of Oe (erg/cm2)
kinetics Tm vs 1/1 1 vs 1/AT

homopolymer 69

00

43.5

copolymer 59 46.8 52 .7
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differences in the measured Oe's as observed experimentally.

A value of Cq determined in Regime I should give the closest

comparison between the kinetics and thermodynamics since the

amount of adjacent re-entry is high. The value of Cq from

the 1 versus 1/At data should be closer to that of kinetics,

since the measured 1 is corrected by the thickening factor y

to Ig*. Figure 5.19 shows the plot of Ig* versus Tc for the

151,000 Mw homopolymer. The lines are theoretical curves for

Ig* determined from Equation 2.9 with 8l = kT/boO for Cq

values of 50 and 65 erg/cm^. The experimental value of Ig*

was determined from y = 1/lg*, where y is the thickening

factor obtained from DSC Tm versus Tc data.

5.3.2 Elevated Pressure

The melting temperatures of samples that were

crystallized and melted at pressures ranging from atmospheric

pressure to 200 MPa are presented in Figure 5.20. All

determinations were made at 3°C/min. and the modified return-

to-baseline melting definition described in section 3.4 was

used throughout. Extrapolations of the data to the Tm = Tc

line yield values of Tm° according to equation 2.39. The

data generally fitted well to a linear relationship. The

thickening factor,y, at each pressure was obtained from the

slope of the line. The values of Tm° and y at each pressure

are presented in Table 5.7. With increasing pressure, the

thickening factor increases. This has also been shown to
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Table 5.7 Values of the Equilibrium melting temperature, Tm°,
and the Thickening factor, y, for isotactic
polypropylene crystallized at elevated pressure.

Pressure Tm°
MPa

atm 187 2.44

25 192 3.61

50 197 19.2

75 195 6.67

100 209 15.9

150 234 4.55

200 241 6.67
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occur with linear polyethylene [123]. This indicates that

the thickening process is more effective with increasing

pressure. Figure 5.21 gives the equilibrium melting

temperature as a function of pressure for isotactic

polypropylene.

The equilibrium melting temperature Tin° and the fold

surface free energy Oe for the elevated pressure crystallized

samples can be determined in a similar manner to those at

atmospheric pressure. Samples appropriate for SAXS analysis

were prepared for two pressures, 100 and 200 MPa, as a

function of isothermal crystallization temperature. The

melting temperatures were recorded at elevated pressure using

the technique previously described. The lamellar thicknesses

were determined from the SAXS Lorentz corrected data and the

crystallinity from WAXD. The Tm® and Ge were then calculated

from Equation 2.34 which expresses the melting temperature as

a function of lamellar thickness. Figure 5.22 shows the plot

of Titi versus 1/1 for the 151,000 My, homopolymer isothermally

crystallized at 100 and 200 MPa. For 100 MPa, the TmO was

determined to be 214.6°C while the Tm versus Tc data gave Tm°

= 209.2°C. The Ge was 4.3 erg/cm^, using the Ahf of the a

form of isotactic polypropylene. This was significantly

lower than the value of Ge = 109 erg/cm^ (II) obtained from

the kinetics analysis. The Ge value would yield an

unrealistic value for the work of chain folding. The value
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of Tni° from the Tm versus 1/1 data for 200 MPa was 242.6°C,

which was within 1°C of the value obtained from the Tm versus

Tc data (241.3°C). The a© value for the 200 MPa data was 5.0

erg/cm^, again considerably lower than that from the kinetics

analysis (51.1 erg/cm2 Regime II). It is unclear why the

values of Oe from thermodynamics are lower than those from

kinetics, although similar behavior was also observed for the

atmospheric pressure data. While some error may be incurred

in the use of the Ahf of the a form, this factor alone cannot

account for the differences in the Oe values. To obtain a

value of Oe approaching that of the atmospheric data ( = 65

erg/cm2) would require a Ahf on the order of ten times that

used in the analysis. There is no data to support a

significant change in Ahf for the y form although a small

change would be expected.

5.4 Kinetics Analysis

The isotactic polypropylene elevated pressure kinetics

exhibited behavior that has not been previously observed in

other polymers. The product of the lateral and fold surface

free energies OOe increased to a value nearly three times the

atmospheric pressure value. However, as the pressure reached

a value where a significant amount of the y form was present

the kinetics yielded results that were comparable to those of

atmospheric pressure. Thus the unusual behavior existed at

pressures where the two crystal structures coexisted. A
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mechanism based on the arrangement of the chain stems in the

unit cells of the two structures is proposed to account for

the unusual behavior. This 'poisoning' mechanism is

important, since no similar mechanism has been previously

proposed to describe the competition between two crystal

structures during crystallization that results in

deactivation of the growth front of one crystal form by the

other form. The kinetics analysis of linear growth rate data

yield important information concerning the crystallization

mechanism. One can determine the crystallization regimes,

the nucleation constants, the surface free energies, and the

work of chain folding. Clark and Hoffman [124] recently

analyzed much of the available literature of polypropylene

growth rates using secondary nucleation theory. In this

analysis, polypropylene was found to exhibit a Regime II -

Regime III transition, but no evidence of a Regime I - Regime

II transition was seen. The data, however was from

polypropylene with molecular weights greater than about

150,000 (viscosity average). Recently Cheng et al. [125]

observed a Regime I - Regime II transition and a Regime II -

Regime III transition within a low molecular weight fraction

of polypropylene (Mn = 15,000). The experimental linear

growth rates were analyzed using secondary nucleation theory,

and the results are reported for atmospheric pressure and

elevated pressure in this section.
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5.4.1 Atmospheric Pressure Kinetics

Spherulitic growth rates in the temperature range of the

literature Regime I through Regime III have been analyzed

using secondary nucleation theory. According to equation (1)

the growth rate data should conform to a linear plot with the

abscissa X and the ordinate Y given by

X =
fTAT

Y = log G + 2.3R(Tc - Too)U*

The factor 2.303 in equation (3) is In (10) and the

factor f is given by f = 2Tc/ (Tni°+Tc) . The factor f, which

has a low value of 0.93 at Tc = 125°C in this analysis at

atmospheric pressure, compensates for the temperature

dependence of Ahf. The data were analyzed in this manner in

order to more easily compare the results with the literature.

The nucleation constant Kg and the preexponential Gq were then

evaluated from the slope and the intercept, respectively.

Values of parameters used in the kinetics analysis are

presented in Table 5.8. The value of U* = 1500 cal/mole,

used in this kinetics analysis, is generally somewhat

different than the values obtained from various activation

energy experiments in the literature [12 6] . However, this

value of U* has been applied in the literature and will be

used in the present analysis. Alternately, the data were
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Table 5.8 Isotactic Polypropylene Input Parameters for

Atmospheric Pressure Kinetics Analysis.

Parameter Value Source

■g/
Ahf, J/g
pc, g/cm3

187

-12
209

0.936

This Work

M Jarrigeon [127]
W.R. Krigbaum [128]

Ct PP unit cf^ll

a, A
b, A
c, A

6. 65
20. 96
6.50
99.3°

rilOl growth plane
ao, A
bo, A

r0401 growth plane
ao, A
bo, A

6,
5,

49
26

56
24
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analyzed with various values of U* in order to observe the

effect of the value of U* on the kinetics analysis. The

value of Tg = -13°C, taken from the literature [129], can

possibly be argued as inappropriate (see [130] for other Tg

values). The kinetics analysis for polypropylene is

relatively insensitive to changes in Tg.

The equilibrium melting temperature TmO = 187°C was

determined in the previous section. This value is in good

agreement with values reported in the literature using the Tm

versus Tc analysis [131]. Also, values from Tm versus 1/1

analysis [132] are similar. A change of —2 C can have an

effect on the kinetics analysis results.

A plot of log G + U*/[2.3R(Tc - Too)] versus 1/TATf is

shown in Figure 5.23 for the isotactic polypropylenes. It is

seen that the data do not fit a single line but fit well to

two lines. The transition is interpreted as a Regime II -

Regime III transition because a Regime I - Regime II

transition would have exhibited a downward change in slope.

83,000 Mw homopolymer, 151,000 M„ homopolymer, and the 151,000

Mw copolymer, respectively. Again, a Regime II - Regime III

transition is observed. No clear evidence is observed for a

Regime I - Regime II transition. The Regime I - Regime II

transition should occur at approximately Tc = 148°C,

employing the supercooling of 37°C for the Regime I - Regime

II transition observed by Cheng et al. for the low molecular
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weight polypropylene. While only a few experimental growth

rates were obtained at Tc's greater than the predicted I-II

transition, no change is observed in the kinetics. It is

clear that more data points would be beneficial in the high

Tc data analysis, but the crystallization of polypropylene at

these temperatures is exceedingly slow and there is

relatively little variation in growth rate at these

temperatures. The results of the kinetics analysis for

Regimes II and III are presented in Table 5.9 and compared

with literature data. Once Kg was determined from the plots,

other parameters characteristic of crystal growth were

determined. The product aOe was evaluated using the Kg and

appropriated relation from secondary nucleation theory. For

Regime II, Ode is determined using the following:

CCe = 2boTj[i®Ahf k

while for Regime III (and Regime I) the relation is

Kgdl)
Ode =

4boTji;i®Ahf k

The corresponding values of Oe were then obtained by

dividing the product GGq by G obtained from the relation:

G = aAhf(aobo)
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Table 5.9 Kinetics Analysis of Isotactic Polypropylene
Crystallized at Atmospheric Pressure.

Sample Kg

(xio"^)

log Go aOe

2,
erg /

4
cm

er|/
cm

kcal/

mole

III/II At

Regime II

83,000 1.786 4.55 841 73 7.2 1.63 138.6

151,000 1.550 5.66 730 64 6.3 2.17 136.4

151,000 1.821 6.01 860 75 7.4 1.57 137 .1

copoly.

Regime III
83,000 2 . 915 7 .34 686 60 5.9

151,000 3.358 9. 93 790 69 6.8

151,000 2.859 8.44 674 59 5.8

copoly.
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where a = 0.1 [21]. This O is applicable in all regimes.

The work of chain folding is then determined from the

relation

g = 20e3o^o

The Kg values for Regime II and Regime III were slightly

lower than the average of the literature values of the Kg's

for Regime II (1.58x10^ K^) and Regime III (3.34x105 K^) .

Also the ratio Kg(iii)/Kg(ii), theoretically predicted as 2.0,

was less than the literature average (2.09) although the

experimental Kg's and the ratio were within the range of the

literature results. The corresponding fold surface free

energy Og and work of chain folding q from the experimental

data were comparable to those values reported in the

literature for isotactic polypropylene and are reasonable and

consistent with values of other polymers. In the case of the

experimental temperature range for the present study of

isotactic polypropylene, the temperature dependence of G is

dominated by the nucleation term exp[-Kg/TATf] while the

diffusion term exp[-U*/R(Tc-Too)] acts as a relatively

unimportant correction term. Hammami has shown that for a

series of polypropylenes, a maximum in the growth rate -

crystallization temperature relation is predicted to occur

near 80°C. The term exp [-U*/R (Tc-Too) ] would certainly become

more dominant in G(Tc) below this maximum.
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The values of G, Cq, and q for the experimental data are

compared with those of other polymers, which are presented in

Table 2.3. For the -C-C- backbone polymers, as the backbone

stiffens, the equilibrium melting temperature increases. The

stiffening of the backbone also results in a lower G because

of the smaller entropy decrease. Consequently, the work of

chain folding increases because the more stiff chain is

harder to bend to make the fold.

The value of U* was varied from 750 to 5250 cal/mole in

order to check the effect of U* on the crystallization

kinetics. Figure 5.24 shows a plot of crystallization

kinetics for polypropylene My, = 83,000 with different values

of U*. It is seen that, over a wide range of U* values, the

data can be fit reasonably well to two lines. For values of

U* up to 3000 cal/mole, there was only a small effect on the

resulting Kg' s for Regimes II or III. Also, the regime

transition temperature showed little change. For values of

U*>3000 cal/mole, the effects became more significant. The Kg

of Regime III showed the largest change, with over a 40%

increase in Kgdu) over the value with U* = 1500 cal/mole.

While the constants Tm® and Tg do not vary as widely as the U*

values considered, the effect of changing Tm° and Tg values on

the kinetics was considered. As shown previously [133], a

1°C change in Tm® causes approximately a 5% change in Kg, Ge,

and q. Changing Tg has relatively little effect on Kg
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however. Variation in Tm® does not affect a, but changes in

Ahf affect CT and not Oe• Chosing different growth planes

affects Cq.

It is observed that the kinetics curve shifts upward

with increasing U*. The Kg of Regime III increases slightly

more rapidly than that of Regime II with increasing U* while

the rate of increase in the Go's of both regimes is

essentially the same. The increase in Kg's and Go's is linear

with increasing U*. Table 5.10 summarizes the kinetics

analysis as a function of U*. Dalai observed that changing U*

from 1500 cal/mole to 3000 cal/mole had a significant effect

of the kinetics analysis for cis-poly(isoprene) [134]. At U*

= 3000 cal/mole, the data exhibited a clear Regime II-Regime

III transition with a slope ratio of =2. When U* was changed

to 1500 cal/mole, the data fit well to a single line which

was assigned to Regime II and had a similar Kg to the Regime

II data with U* = 3000 cal/mole. A significant difference

between the kinetics of poly(isoprene) and polypropylene is

the region of the growth rate curve in which regimes are

observed. For polypropylene, the Regime II-Regime III

transition occurs well into the high temperature side of the

growth rate curve. From a calculated growth rate curve (from

results of kinetics analysis), the growth rate maximum occurs

at approximately 80°C (AT = 107°) while the II-III transition

occurs at «138°C (AT = 49°) . This implies that the
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Table 5,10 Kinetics Analysis with Variation of U* for
Isotactic Polypropylene, Mw = 83,000 Crystallized at
Atmospheric Pressure.

U*(J/mole) Kq(xl0-5) log Gq

III II III II

3138 2.99 1.39 8.06 4 .25

6276 3.15 1.47 9.34 5.36

9414 3.30 1.56 10.62 6.47

12552 3.46 1.64 11. 90 7.58

15690 3.62 1.73 13.18 8. 69

18828 3.78 1.81 14 .47 9.79

21966 3.93 1.90 15.75 10. 90

25104 4.09 1.98 17 .03 12.01
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transition occurs in the rucleation controlled region of the

growth rate curve. However, for poly(isoprene), where the

growth rate can be measured over sufficient crystallization

temperature range to obtain a bell shaped growth rate curve,

the Regime II-Regime III transition occurs near the maximum

in the growth rate curve. Thus, the Regime II data are in

the nucleation controlled region of the curve while much of

the Regime III data are in the diffusion controlled region of

the curve. This explains why the Regime III data of cis-

poly(isoprene) are more significantly affected by the change

in the activation energy U* for the diffusion component of

the secondary nucleation theory. Thus with polypropylene

exhibiting a Regime II-Regime III transition relatively far

from the diffusion controlled region of the growth rate

curve, the kinetics analysis was not significantly affected

by a change in U*.

The effect of changing Tg and Tm® was also evaluated for

the isotactic polypropylene 83,000 M„ homopolymer kinetics.

The most significant change occurred with change in Tm° • The

effect of changing Tg was much less significant. This

follows with the reasoning for the effect of changing U* on

the kinetics, since Tg has more effect on data in the

diffusion controlled region. The effect of a small change

(1°C) in Tm° has previously been reported to be about a 5%

change in both Kg and Gq [135]. Table 5.11 compares the
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Table 5.11 Kinetics Analysis for Isotactic Polypropylene
83, 000 M„ Homopolymer - f(Tni°,Tg)

Kg (xlO-5) , k2 log Go

III II III II

=
187°C

Tg, °C
-20 3.12 1.46 9.20 5.25

-10 3.15 1.47 9.38 5.39

0 3.19 1.50 9.58 5.55

=
215°C

-20 8.84 4 . 90 15.05 9.15

-10 8.94 4 . 95 15.29 9.33

0 9.05 5.03 15.57 9.55
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kinetics results with changing Tm® and Tg. It is seen that a

higher value of Tmo that has been reported in the literature

gives significantly different results for the kinetics.

However, Wunderlich [124] has stated that the results of the

kinetics analysis with Tm° = 212°C for isotactic polypropylene

are unrealistic and that the value of 187.5°C is probably

correct.

5.4.2 Elevated Pressure Kinetics

The unusual elevated pressure kinetics cannot be

explained without the orthorhombic unit cell of the y form of

isotactic polypropylene. The resulting values of the GCq

product at intermediate pressures are nearly three times

larger than those at atmospheric pressure or 200 MPa

pressure. In the cases of atmospheric pressure

crystallization and 200 MPa crystallization, only a single

crystal structure is present. This suggests that the unusual

crystallization behavior at the intermediate pressures is

related to the presence of the two crystal structures which

interfere with each other.

While only limited attempts have been made in the past

to study the effects of pressure on crystallization behavior,

even fewer studies have applied secondary nucleation theory

to the crystallization behavior at elevated pressure. No

study in the past has performed this evaluation for isotactic

polypropylene. Secondary nucleation theory has been applied
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to the elevated pressure crystallization kinetics of cis-

polyisoprene [136], linear polyethylene [137], and

poly(ethylene terephthalate [138], with acceptable results.

Secondary nucleation theory should be applicable to the

kinetics of elevated pressure, provided that the

crystallization mechanisms at atmospheric pressure and

elevated pressure are similar. Also, the parameters used in

secondary nucleation theory must be corrected for the effect

of pressure. While the effect of pressure on U* and Tg is

unknown at this time for isotactic polypropylene, it is clear

from the preceding section that variations in these

parameters do not significantly affect the results of the

kinetics analysis within reasonable variations of these

parameters. Using dielectric relaxation at elevated

pressure, Dalai [139] has determined the effect of pressure

on the parameters U* and Tg for cis-poly (isoprene) . It was

observed that for the pressure range 0 to 200 MPa, the change

in Tg with pressure, dTg/dP, was approximately 17.8°K/100 MPa.

The value of U* increased approximately 13%, from 17.6

KJ/mole to 19.9 KJ/mole. While the U* values are higher than

those typically used for isotactic polypropylene at

atmospheric pressure, the change in U* of 13% has been shown

to have little effect on the Kg for polypropylene.

Spherulitic growth from the melt was observed at all

crystallization temperatures studied at each pressure. This
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indicates some similarities in the crystallization mechanisms

at atmospheric pressure and elevated pressure. Table 5.12

lists the parameters used in the kinetics analysis of the

elevated pressure data. Since the effect of pressure on U*

is presently unknown, the value of U* was held constant,

which is a reasonable assumption [72] . The change in Tg with

pressure (dTg/dP) for several polymers is approximately

20°C/100 MPa as predicted by free volume theories from the

ratio of compressibility to expansivity. Saur and Pae [140]

esimated the change in Tg with pressure, dTg/dP, for isotactic

polypropylene from E versus P data to be 20°C/kbar using the

data of Boyer [141] . The available literature values of

dTg/dP agree with these predictions. The equilibrium melting

temperature is incorporated into the dominant term exp[-

Kg/(TATf)] and is important in kinetics analysis. The Tm®'s

reported in section 5.3 using the plot of Tm versus Tc were

used in the kinetics analysis. As shown previously, the

dTjnO/dP of 23°C/100 MPa agrees well with that for other

polymers. However, other values of dTm/dP for isotactic

polypropylene have been published [142]. Accordingly, a

value of dTm°/dP = 38°C/100 MPa was also used as an alternate

in analyzing the crystallization kinetics, with some

interesting results.

The plots of log G + U*/R(Tc - Too) versus 1/TATf at

atm., 25, 50, 75, ICQ, 150 and 200 MPa are shown in Figures
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Table 5.12 Isotactic Polypropylene Input Parameters for
Kinetics Analysis at Various Elevated Pressures.

Press(MPa)
Parameter

atm 25 50 75 100 150 200

Tg(°C) -12 -7 -2 5 1- 18 28

Tmo (°C) 187 190 198 195 209 234 241

U*(cal/mole) 1500 1500 1500 1500 1500 1500 1500

Ahf 209 209 209 209 209 209 209
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5.25 to 5.27 respectively. The data are fitted to lines

with correlation coefficients of 99% or greater. It is seen

that from the linear growth rate kinetics analysis, the

crystallization behavior changes with pressure. At

atmospheric pressure and at 25 MPa, the kinetics exhibit a

Regime II-Regime III transition clearly. The kinetics data

for atmospheric pressure and 25 MPa essentially coincide. On

increasing the pressure to 50 MPa, the data exhibit behavior

indicative of a Regime I-Regime II transition.

Interestingly, this I-II transition temperature at 50 MPa

occurs lower than the II-III transition temperature for the

atmospheric data and the 25 MPa data. Over the experimental

temperature range, no evidence of a Regime II-Regime III

transition is observed at this pressure. At a

crystallization pressure of 75 MPa, the data appear to

exhibit no regime transition over the experimental

temperature range. The 100 MPa kinetics data exhibit a

Regime I-Regime II transition. The 150 MPa data exhibited

both a Regime I-Regime II transition and a Regime II-Regime

III transition. The 200 MPa data exhibited only a Regime II-

Regime III transition over the experimental crystallization

temperature range. Figure 5.28 shows the behavior of the

regime transition supercoolings with crystallization

pressure. There does not appear to be a trend in the data.

However, the plot of the regime transition temperature as a
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function of crystallization pressure, shown in Figure 5.29,

exhibits a linear relation between the Regime II-Regime III

transition temperature and the crystallization pressure.

Table 5.13 gives the result of the kinetics analysis of

the crystallization of isotactic polypropylene at elevated

pressure with experimentally determined Tm®'s. The data are

analyzed using ao and bo for the a-form monoclinic unit cell.

While it is known that the crystal structure of polypropylene

changes with pressure, in the pressure range of the

experimental kinetic data, the composition is a mixture of

crystal forms a and y. At the highest crystallization

pressure studied of 200 MPa, there is approximately 100% of

the Y form present. It is known that a and y crystal forms

can coexist on the lamellar level at atmospheric pressure

(for low molecular weight polypropylene) and the electron

microscopy of elevated pressure crystallized materials up to

100 MPa show evidence of the coexistence of the two crystal

forms for elevated pressure and high molecular weight

material [144] . Table 5.14 gives the results of the kinetics

analysis with equlibrium melting temperatures calculated

using dTm°/dP of 23°C/100 MPa and 38°C/100 MPa.

The nucleation constant Kg changes with increasing

pressure for isotactic polypropylene. This is shown in

Figure 5.30 where Kg is plotted versus Pc. Kg increases

nonlinearly with increasing crystallization pressure.
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Table 5.13 Kinetics Analysis of Isotactic Polypropylene
Crystallized at Elevated Pressure.

Data log Go Kg
(xlO-5)

k2

aoe

erg2/
cm'^

Oe

erg/cm2
q

kcal

/mol

Slope
Ratio

At

atm III 9.34 3.15 743 64. 6 6.4 2.14 47

II 5.36 1.47 694 60.3 6.0

25 III 10.01 3.11 725 63.0 6.2 2.88 41

II 4.79 1.08 503 43.7 4.3

35 I or 9.92 3.67 851 74.0 7.3

Ill

50 II 4.74 0.92 424 36. 9 3.6 3.93 49

I 10.80 3.62 833 72 . 4 7.2

75 II 11.06 4.06 1847 160.6 15. 9 1.53 56

I 15.32 6.21 1412 122.8 12.2

100 II 9.20 2.79 1254 109.0 10.8 3.11 42

I 23.74 8.68 1951 169.7 16.8

150 III 7.76 2.46 523 45 . 5 4.5 7.0 57

II 2.74 0.35 149 13.0 1.3

I 4 .85 1.13 240 20. 9 2.1 3.2 51

200 III 9.44 3.63 778 67 .7 6.7 2.65 52

II 4 . 96 1.37 588 51.1 5.1
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Table 5.14 Kinetics Analysis with Variation of Tm® for
Isotactic Polypropylene Crystallized at Elevated Pressure.

Pressure Regime

rtT../dP = 23 K/kbar dTj^/dP = 38 K/kbar

log Go Kg xlO-5 log Go Kg xlO-5

atm III 9.34 3.15

II 5.36 1.46

25 III 10.01 3.11 10.71 3 . 67

II 4.79 1.08 5.15 1.32

35 I or III 9. 92 3.67 11.10 4 . 62

50 II 4 .74 0.92 5.07 1.22

I 10.80 3.62 13.04 5.27

75 II 11.06 4.06 13.18 6.09

I 15.32 6.21 19. 63 9. 92

100 II 9.20 2.79 11.74 5.09

I 23.74 8.68 34.63 17 .47

200 III 9.44 3.63 14 . 66 9. 64

II 4 . 96 1.37 9.09 5.22
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Assuming no change in lateral surface free energy (5, the fold

surface free energy <5q also increases with increasing

pressure. The work of chain folding q also shows an

increase with increasing pressure. For linear polyethylene,

this large increase in Kg and Gq is not observed. Tseng

showed that the Ce values up to 200 MPa are relatively

constant. However, in studies of cis-polyisoprene at

elevated pressure, a doubling of Ge was observed over a

narrow pressure range. With cis-polyisoprene, the Ge was

fairly constant up to 100 MPa, then increased to nearly

double the value. The value of Ge then remained relatively

constant with pressure up to the maximum experimental

pressure of 300 MPa. This variation in the effect of

pressure on fold surface free energy must indicate a

difference in the conformational structure of the folds

present in these polymers. For cis-polyisoprene, the change

in Ge with pressure was explained in terms of fold

conformation. With the change in stem tilt in the y lamellae,

the fold conformation may also change.

5.4.3 Analysis of Kinetics Results

The linear growth rate curve can be extended to beyond

the limits of the experimental data by using the linear

growth kinetics analysis results. Figure 5.31 shows such the

linear growth rate G as a function of crystallization

temperature calculated using the kinetics results for the
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Figure 5.31 Calculated linear growth rates with experimental
data superposed on the curve (isotactic
polypropylene 151,000 homopolymer, atmospheric
pressure).
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151,000 Mw homopolymer in equation 2.30. The experimental

data are plotted on the curve also. It is seen that the

experimental data cover a rather limited portion of the

entire curve, well into the nucleation controlled region of

the curve. The theoretical curve exhibits a maximum near

80°C. The shape of the growth rate curve is determined by

the relative rates of the nucleation and diffusion components

of the growth rate equation 2.30. Figure 5.32 shows the

theoretical diffusion and nucleation components separately

for the 151, 000 homopolymer. The two curves cross at

approximately 120°C. The shape of the growth rate curve in

the region in which regime transitions occur is determined by

the supercoolings of the transitions and the shape of the

growth rate curves for the regimes. The transitions occur

where the growth rate curve of a given regime crosses the

growth rate curve of an adjacent regime. In isotactic

polypropylene the Regime II-III transition (AT « 50°) occurs

in the nucleation controlled portion of the curve. Figure

5.33 shows schematically the behavior of the growth rates as

a function of crystallization temperature if the separate

curves for Regimes I, II, and III are represented completely.

It is then clearly seen that the experimental growth rate

curve is determined by the relative growth rates and the

supercoolings.
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Estimation of isotact-lc polypropylene Regime I-II Transition

The Regime I-II transition for high molecular weight

polypropylene, which has not been observed experimentally,

can be estimated from kinetics theory. A Regime I-II

transition that has been reported for a low molecular weight

isotactic polypropylene can be used as a check of the

theoretical calculation. The Regime I-II transition can be

estimated using the relationship [144]:

Giii Liii
[5.10]

where L, the substrate length, is given by the product of the

width ao and the number of stems on a substrate n. At the

Regime I-II transition, the growth rate in Regime I, Gj, must

equal that in Regime II, Gn. Theory estimates that Lm = 2-

4 ao. By assuming that 0.1 |a.m < Li < 1 |a.m, the Regime I-II

transition is then predicted to occur between 153°C and

160°C. This would then give the supercooling AT for the

Regime I-II transition to occur between 34° and 27°. Janimak

reported a Regime I-II transition of AT = 37° for a

relatively low molecular weight isotactic polypropylene (M^ =

25,000). Figure 5.33 shows the calculated growth rates for
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Regimes I, II, and III for the 151,000 M„ homopolymer as a

function of crystallization temperature. In this figure, the

Regime I curve is estimated with Lm = 2ao, Lj = l|lm. The

agreement between the observed supercooling of the Regime I-

II transition and the theoretical estimate is good,

considering the difference in molecular weights and the

assumptions involved in the theoretical estimation. The AT

of the Regime I-II transition for polyethylene has been shown

to decrease by 1-2° with increasing molecular weight for a

similar molecular weight range [145].

Comparison of Linear Growth and Half-Time Kinetics

While it has been shown that the reciprocal bulk

crystallization half-time, l/ti/2, can be used in place of the

linear growth rate in the analysis of secondary nucleation

kinetics [146, 147], the application of the half-time data in

secondary nucleation kinetics analysis has shortcomings.

While the regime behavior can be observed and the

supercoolings of regime transitions can be determined, the

technique does not yield a true Kg.

It was desired to compare the results from kinetics

using linear growth data and half-time data for isotactic

polypropylene crystallized at atmospheric pressure and

elevated pressure. Also, Hammami has recently shown that the

half-time data could be corrected for nucleation effects to

yield a Kg equal to that from linear growth kinetics [50].
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For heterogeneous, spherulitic crystallization, the

Avrami equation rate constant k can be expressed as:

k =

where G is the linear growth rate and N is the nucleation

density. Alternately, the rate constant can be related to

the half time as:

^ _ani2I
(tl/2)^

Now relating the two expressions for the rate constant gives

the following expression:

ti/2 3 In (2)

The equation can then be solved for G and the resulting

expression substituted for G into the secondary nucleation

theory. Then an expression relating the half-time and

nucleation density to the crystallization temperature takes

on the form:
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Rearranging and taking the log of both sides of the equation

gives the following:

^ti/2~ ̂ 3^^ ̂ 3 In (2) ̂ ^ "^R(Tc-Too) " " TATf

Thus one can correct half-time data wih the term
1  47C 1[^In (-j^-^^-y^+jln (N) ] and then obtain Kg from the half-time

data directly. Figure 5.34 shows the kinetics analysis for

linear growth data, reciprocal half-time data, and nucleation

corrected reciprocal half-time data for the 83,000

homopolymer crystallized at atmospheric pressure. In all

cases, the data exhibited two regimes. However, the

nucleation correction did not produce a Kg value comparable

with that from linear growth kinetics. Table 5.15 gives the

results of the kinetics analysis for atmospheric pressure

data. Table 5.16 gives the results of the kinetics analysis

for the elevated pressure data. In the case of the

atmospheric pressure 83,000 data, the Kg for nucleation

corrected half-time for Regime II is further from the linear

growth Kg than before correction. The half-time data for

elevated pressure also were not corrected to the linear

growth value by the nucleation correction. Also, the half-

time data for elevated pressure, which showed a Regime II-

Regime III transition at all pressures, did not exhibit a

Regime I-Regime II transition after correction as the linear
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Table 5.15 Comparison of Kinetics Analysis from Linear
Growth Data;. Half-Time Data, and Nucleation Corrected Half-
Time Data for Atmospheric Pressure Crystallization.

Sample Regime
Linear

KaXlO-5
Growth

log Go

Half-Time

KaXlO-5 log Go
Nucleation

Kox10-5 log Go

83,000 II 1.550 5.66 2.12 4.83 3 .09 4 . 99

homo. III 3.358 9.93 5.20 11.94 5 .195 9.70

151,000 II 1.786 4.55 3.41 8.24 3.136 5.25

homo. III 2.915 9.34

151,000 II 1.821 6.01 2.30 5.21 2 .164 2 . 93

(copoly) III 2.859 8.44
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Table 5.16 Comparison of Kinetics Analysis from Linear
Growth Data, Half-Time Data, and Nucleation Corrected Half-
Time Data for Elevated Pressure Crystallization.

Pressu

re

Regime
Linear

KgxlO-5
Growth

log Go
Half-

KgXlO
Time

-5 log Go
Nucleation

KgxlO-5 log Go

atm II 1.786 5.36 2.12 4 .83 3.136 5.25

III 2.915 9.34 5.2 11. 94

25 II 1.08 4.79 0.41 1.55 0.216

III 3.11 10.01 1.70 4 .85 0.616

50 I 3.62 10.80

II 0. 92 4.74 1.06 3.59 0.647 0.71

III 2.14 6.46 1.353 2 .54

75 I 6.21 15.32

II 4 .06 11.06 1.36 4 .04 0.818 0.72

III 2 . 60 6. 97 1.596 2 .48

100 I 8.68 23.74

II 2.79 9.20 0.99 3.18 0.556 0.15
III 2 .28 6.47 1.348 3.71
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growth data did for 50, 75, and 100 MPa. Hammami concluded

that the nucleation correction treatment for half-time data

was valid. The observed slope differences between linear

growth kinetics and half-time kinetics were attributed in

large part to the fact that bulk crystallization incorporates

nucleation and growth while the linear growth kinetics do

not. It is not clear why the nucleation correction technique

appeared to be valid for Hammami's data but does not correct

the data in the present investigation. It is possible that

the narrow spread of Hammami's Kg and C3 values (all of which

were Regime III) and the relatively similar nucleation

densities led to a fortuitous coinciding of the linear growth

kinetics slopes and the nucleation corrected half-time

slopes.

With the apparent failure of the nucleation corrected

half-time kinetics analysis to predict the Kg of the linear

growth rate kinetics analysis, it was desired to attempt to

explain the differences between the two kinetics analyses on

components other than nucleation. With polypropylene at

atmospheric and elevated pressure, a significant amount of

the material can crystallize as a branching component. This

component, which could be considered as an in-filling, would

not be accounted for in the Avrami theory without

modification but would contribute to the observed bulk

crystallization. It has been shown that the Avrami analysis
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for polymers frequently gives nonintegral n values.

Therefore, an attempt was made to calculate the bulk

crystallization behavior from the linear growth data and

compare with the observed bulk crystallization behavior in

order to estimate the branching. The difference should be

due to 'secondary' crystallization processes such as

branching and in-filling. The Avrami equation for the

depolarized light intensity experiment can be expressed as:

exp [ - (-^NG3) t3] = ̂ ^
•3 loo Iq

for spherulitic growth. The bulk crystallization

behavior can then be calculated from the linear growth and

nucleation density. Figure 5.35 shows the plot of the

comparison of experimental bulk crystallization and linear

growth calculated bulk crystallization. It is observed that

the two curves are different, with the experimental bulk

crystallization showing a faster crystallization rate. The

values of the Avrami exponent were similar (3 for the

calculated data and 3.1 for the experimental data), but the

values of the Avrami k were different by an order of

magnitude. However, this order of magnitude difference does

not cause an order of magnitude change in the time required

for the completion of primary crystallization as determined

from the bulk crystallization curve. It is possible that the
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differences between the two bulk crystallization curves are

due to secondary crystallization and branching. The

expression of Hammami for nucleation correction could

possibly be adjusted with a factor to account for the

secondary crystallization and the radial-tangential

branching.

5.4.4 Pressure Dependence of Ge

The observed change in the nucleation constant Kg with

pressure can be explained on the basis of several

possibilities. These include a change in crystal structure,

heat of fusion, crystallization regime, growth face, or fold

conformation. Each change and its affect on Ge will now be

discussed.

Change in Crvstal Structure

Pressure-induced changes in crystal structure have been

observed for several polymers. This change in crystal

structure could result in a change in Ge if the fold

conformation changes . A fold conformational change almost

certainly would be required to connect adjacent stems in

different crystal structures. The change in crystal

structure can also involve changes in heat of fusion and

melting temperatures . It is known that the melting

temperature at atmospheric pressure of the y form is lower

than that of the a form by =10-15°C. However, this
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comparison of melting temperatures is for a low molecular

weight y (< 15,000 Mw) and a relatively high molecular weight

a. When the molecular weight difference is accounted for,

the melting temperatures of the a and y forms are similar.

This seems to indicate that the observed atmospheric melting

behavior of elevated pressure crystallized polypropylene is

partly due to the melting of the thinner y lamellae followed

by the melting of recrystallized material.

Change in Heat of Fusion

A change in the heat of fusion with pressure could

result in an apparent change in <Jq. This change in Oe would

be observed in values determined from both the lamellar

thickness and the growth rate. For this analysis, the Ahf

was assumed constant at the atmospheric pressure value since

no information was available on the pressure dependence of

Ahf of isotactic polypropylene. While some dependence on

pressure may be expected, this should not be large. A step

change could be expected with a change in crystal structure.

Change in Crvstallization Regime

The value of Ge determined from the experimental

kinetics data is dependent on the crystallization regime

assumed as well as the value of G, b©, Ahf, and Tm®. The

change in Ahf with pressure has been discussed. A change in

bo should not be large, based on the monoclinic and
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orthorhombic crystal structures. The lateral surface energy

a may change, particularly in light of Hoffman's recent

definition of O being due to the change in entropy from the

melt state to the crystal state. The entropy of the

monoclinic and orthorhombic crystal structures should be

different, based on the difference between chain stem

arrangements within the two crystal structures. However,

this change should not be large.

Change in fold conformation

The conformation of a tight fold connecting two adjacent

stems can change if the crystal structure changes or if the

growth face changes. With a change in either, the separation

and orientation of chain stems can change. No change in

growth face has been reported for atmospheric pressure

crystallization of isotactic polypropylene, but a change in

growth face has been suggested for cis-poly(isoprene) P

crystals [149].

5.4.5 Poisoning

From the optical microscopy and the electron microscopy

results, it is clear that a polypropylene and y polypropylene

do not form distinct spherulites in the pressure range where

both forms exist. Thus, the two forms must be present in the

same spherulite, most likely as different lamellae.
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As the Y content increases, the kinetics undergo

significant changes. However, the changes observed cannot

be assigned to a polypropylene or y polypropylene. At lower

pressures (< 50 MPa) , it would seem that the a form generates

the dominant lamellae. The observed Regime II-III transition

reflects this. The observed Regime I-II transition at Pc >

35 MPa would indicate a change from a dominant to y dominant

lamellae. The kinetics behavior at 200 MPa, where the Regime

II-Regime III transition is observed, should be attributed to

y-only growth. On the basis of the Briickner-Meille y

polypropylene crystal structure, the a form and the y form

differ only in terms of sheets of non-parallel chains. If,

during a-dominated growth, a chain attampted to deposit on

the growth face in a non-parallel fashion, the growth face

would be 'poisoned' with the chain stem out of

crystallographic register. This condition can be illustrated

by Figure 5.36a which shows a schematic representation of an

a growth face and the poisoning by a non-parallel chain

deposited on the growth face. This poisoning would reduce

the rate of secondary nucleation. Under conditions of y-

dominated growth, the y growth front could be poisoned in like

manner by the deposition of a chain in a parallel fashion.

This condition is depicted schematically in Figure 5.36b.

The change in secondary nucleation could be responsible for

the observed shift in regimes.
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Figure 5.36 Schematic of growth front poisoning for
isotactic polypropylene; A. a growth front, B. y
growth front.



313

The GOe was observed to increase with increasing

pressure in the crystallization pressure range where both a

and Y polypropylene are present. If the growth is determined

by the dominant lamellae, one would not necessarily expect

the change in GGe to be gradual, but rather a step change

with change in the crystal structure would be expected. If

one considers the relative rates of surface nucleation and

lateral spreading, one can see that under conditions of

poisoning, that the kinetics change. This is due to the

effect of the rate of surface nucleation being reduced

relative to the rate of lateral spreading. Thus the observed

increase in the GGe value is a reflection of the change in

the relative rates.
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Chapter 6

Conclusions

The elevated pressure crystallization of isotactic

polypropylene showed unusual behavior. Linear growth rates

shifted to higher temperature with increasing pressure but

the shift was not linear or even consistent. On analyzing

the kinetics data with secondary nucleation theory, unusual

behavior occurred that has not previously been reported for

polymers. At intermediate pressures, where a mixture of the

two crystal structures is present, the crystallization

mechanism changed as seen by the change from a Regime II-III

transition at atmospheric pressure to a Regime I-II

transition. This is an indication of an overall reduction in

the rate of surface nucleation relative to the rate of

lateral spreading. This reduction in surface nucleation was

explained on the basis of a 'poisoning' or deactivation of

the growth front of a given lamella by deposition of a chain

stem in a manner inconsistent with that lamella's crystal

structure. Indirect evidence that supported this hypothesis

was the 150 and 200 MPa kinetics results which again showed a

Regime II-Regime III transition. This pressure region is

sufficiently high to ensure that a significant portion of the

material is in the y form. A mechanism to explain this

'poisoning' behavior was developed on the basis of the

orthorhombic crystal structure for the y form.
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6.1 Morphology

While the morphology of the elevated pressure

crystallized samples retained a spherulitic texture, the

nature of the spherulites had changed. Optical microscopy

revealed a change in the nature of the birefringence of the

spherulites, which can be related to a change in the lamellar

structure as exhibited at atmospheric pressure. The nature

of the lamellar structure at atmospheric pressure has been

shown to consist of a complex network of near orthogonal

branching lamellae ('cross-hatching'), which changes with

crystallization pressure. Indeed, the transmission electron

microscopy revealed a change in the lamellar habit of the

elevated pressure samples. It is observed that essentially

all of the 'cross-hatch' branch lamellae are extinguished

with only moderate application of pressure (<50 MPa) . With

increasing pressure, the lamellae appear more curved, and

additional branching angles were observed. It is known that

isotactic polypropylene changes crystal structure with

increasing crystallization pressure. This change in

structure is not abrupt, but rather the composition of the

polypropylene changes from all a form (monoclinic) at

atmospheric pressure to all y form by approximately 200 MPa.

At pressures between atmospheric and 200 MPa, the two forms

apparently coexist, possibly on the lamellar level. The SAXS

data showed a decrease in lamellar thickness with increasing
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pressure to a value at 200 MPa that was considerably less

than that at atmospheric pressure. The orthorhombic unit

cell predicts this change on the basis of the angle between

chains within the lamellae.

6.2 Thermal Behavior

The equilibrium melting temperatures of the elevated

pressure crystallized samples were determined from Tm versus

To plots for all pressures and from Tm versus 1/1 plots for

100 and 200 MPa. The results showed that the Tm° does not

shift simply with pressure. At low pressures, the dTm°/dP is

approximately 23°C/100 MPa, but the 150 MPa and 200 MPa

melting data did not fall on this line but rather above the

extrapolated line. UP to 100 MPa, the Clapeyron equation fit

the data well, except for the 75 MPa melting temperature.

The increase at 150 and 200 MPa would result in a near

doubling of the dTm°/dP value.

6.3 Crystallization behavior

While the nature of the tangential lamellar branching in

isotactic polypropylene is unique among polymers, the nature

of the changes in isotactic polypropylene crystallization

with pressure was also unusual. At low pressures (<35 MPa),

the kinetics exhibited behavior consistent with that at

atmospheric pressure. However, with further increase in

pressure to 100 MPa, the kinetics showed a change from Regime
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II - Regime III behavior to Regime I - Regime II behavior

with comparable growth rates. As the pressure was further

increased, the kinetics again showed a change from the Regime

I  - Regime II behavior, back to a Regime II - Regime III

behavior at 150 and 200 MPa. This was explained on the basis

of the change in crystal structure and a poisoning mechanism

was proposed to account for the crystallization behavior.

6.4 Growth Front 'Poisoning'

The idea of competition between two crystal structures

resulting in a deactivation of the lamellar growth front is

novel for polymers. The experimental evidence, however,

supports such a hypothesis. The SAXS data supports the

Bruckner structure in that at 145°C, the long period of all

elevated pressure samples approached that of the atmospheric

pressure sample. This indicates that if the stem length is

fixed by the supercooling, then on transformation of the y to

the a, the lamellar thickness should increase by =1.55 times

the initial value. This increase is indeed observed with the

change with temperature of long period at atmospheric

pressure taken into account. The literature had proposed

that the transformation of y to a was a solid-solid

transformation without melting occurring. This was based on

the triclinic structure that was only a slight distortion of

the a monoclinic and not the non-parallel arrangement of

chain stems proposed in Bruckner's model. It is hard to
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visualize a solid-solid transformation below a melting

temperature for chain folded materials, such that the chain

stems could go from non-parallel in the Y to parallel in the

a. However, in comparing the DSC at atmospheric pressure of

pressure crystallized samples to the observed SAXS behavior,

one must conclude that at 145°C, the material is not

significantly melted, and not melted to the extent to account

for complete melting of all Y present (=50% - 100%) . This

would imply that the material do not enter a true melt state,

but some intermediate disordered state (condis) that has

sufficient mobility so that the nonparallel chain stems can

realign to a parallel arrangement. The two structures, one

with parallel chain stem arrangement and the other with non-

parallel chain stem arrangement, cannot crystallize together.

The necessary chain stem arrangement of one structure would

not allow the crystallization of the other structure.
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Chapter 7

Further Work

7.1 Tm° of Y Polypropylene

The equilibrium melting temperature of Y polypropylene

has not been evaluated at atmospheric pressure. This can be

accomplished by two independent methods. First, a low

molecular weight isotactic polypropylene that crystallized in

the Y form can be studied. The melting temperature and the

lamellar thickness as a function of isothermal

crystallization temperature can be used to evaluate Tm®. The

second method can employ a high molecular weight isotactic

polypropylene. The sample can be crystallized at pressures

above 200 MPa to ensure complete crystallization in the Y form

as a function of crystallization temperature. The Tm® at each

pressure can then be evaluated in a manner similar to the

atmospheric pressure data. The atmospheric pressure Tm® can

then be evaluated from the Tm® versus Pc data extrapolated to

atmospheric pressure. Independently evaluating the Tm® will

allow for the effect of molecular weight on Tm® • The fold

surface free energies can be evaluated from the Tm versus 1/1

data for the low molecular weight atmospheric pressure data

and for the high molecular weight elevated pressure data and

compared.
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7.2 Stem Length Determination in a and y PP

To further confirm the results of the SAXS analysis that

indicate a decrease of lamellar thickness with increasing

pressure in accord with the orthorhombic structure, a study

of the Raman longitudinal accoustic mode (LAM) can be

undertaken. The Raman LAM can give the stem length in the

lamellae which can then be compared to the estimated stem

length fom the SAXS analysis.

7.3 Copolymer Studies

Additional studies of polypropylene copolymers can be

performed at atmospheric pressure and elevated pressure. A

series of increasing ethylene content copolymers with random

distribution of the comonomer can be studied at atmospheric

pressure to better understand the effect of the comonomer on

the crystallization behavior. This information could include

an analysis of comonomer incorporation into the crystal as a

function of content. Additional comonomers can be studied as

well.

7.4 Additional Elevated Pressure Studies

The effect of pressure on the melt state can be studied

in further detail by changing the melt conditions and

following the effect on the crystallization behavior.

Melting at atmospheric pressure followed by crystallization

at elevated pressure can be compared to melting at elevated
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pressure followed by crystallization at elevated pressure.

The state of the melt could be significantly affected by the

application of pressure which could result in changes in the

crystallization behavior. Additional electron microscopy

studies can resolve the lamellar thickness changes directly

for the Y form of isotactic polypropylene.
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